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Recent compilations of experimental grq@slecay properties, i.e., half-live§ {;;) and neutron-emission
probabilities P,,), are compared to improved global macroscopic-microscopic model predictions. The model
combines calculations within the quasiparti¢f@P) random-phase approximation for the Gamow-Te(laT)
part with an empirical spreading of the QP strength and the gross theory for the first-forbidden part of
decay. Nuclear masses are either taken from the 1995 data compilation oétAaidiwhen available, other-
wise from the finite-range droplet model. Especially for spherical and ne(grdi¥magic isotopes a consid-
erable improvement compared to our earlier predictions for pure GT déd2)DT, 1997) is observedT,
and P, values up to the neutron drip line have been used-process calculations within the classical
“waiting-point” approximation. With the new nuclear-physics input, a considerable speeding-up of the
r-matter flow is observed, in particular at thasabundance peaks which are related to magic neutron-shell
closures.
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[. INTRODUCTION outside the regions where the model parameters were deter-
mined. That is, they are reliable also for regions of neutron-
Interactions between astrophysics and nuclear physicgch nuclei beyond the experimentally known region ngar
have been long standing and rewarding. To the nucleastability. Most influential in the first studies of this type were
physicist many phenomena in the universe represent nucletlte “Moller-Nix” mass models and the “Krumlinde-Mter-
experiments on a grand scale, often under conditions thdtandrup” quasiparticle random-phas@RPA model of 3
cannot be replicated on earth. To the astrophysicist nucle&tecay. The first “Mdler-Nix” mass model was published in
physics represents experimental and theoretical sources &P81 [5]; its current enhanced forrfffinite-range droplet

data which are needed to model the energy balances and tirff®?de! (FRDM), 1992 was finalized in 1992 and published
scales in many astrophysical scenarios. Examples of this di” 1995[6]. The initial QRPA model is from 198{7] with

chotomy are the explanation of the source of the energy prorjumerous enhancements added over the next several years.

duction in the sun and the postulation of a rapid-neutron—An extensive discussion of the enhanced model was pub-

B . lished in 1990[8]. TabulatedB-decay properties for 8979
capture process, ar process 1-3], as the origin of many nuclei from %0 and beyond appeared in 198
heavy nuclei beyond Fe.

" . There are only a very few realistic m models in which
To us, modeling the process has represented a particu- ere are only a very few realistic mass models v

S . . .~~~ microscopic effects are calculated from microscopic effec-
larly fascinating challenge. Its detailed study requires inpu

: | : X . tive interactions. Single-particle potentials in the
of nuclear data from experiment and/or theory. HOWevermacroscopic—microscopic approach and two-body Skyrme-

properly designed studies can also provide information to th pe potentials in Hartree-Fock models are two examples of
nuclear theorist on nuclear properties far from stability thatg,cp, “microscopic” interactions. Examples of calculations
are inaccessible to experimental study. Informative studies dhgsed on such potentials are, apart from the work mentioned
ther process can be accomplished with a knowledge of jushbove, the early work by Seeger and Howaid] in a
a few nuclear properties, namely, the nuclear mdssm  macroscopic-microscopic approach and more current work
which neutron separation energigsand 3-decayQg values  based on Skyrme interactiops1—13. All these mass mod-
can trivially be obtained the B-decay half-livesT,,, and  els have an rms error of about 0.7 MeV in the region where
B-delayed neutron-emission probabiliti®s,. More elabo- the model constants were adjusted, and do not diverge, so
rate studies require additional quantities such as reactiofar, outside the region of adjustment. That is, when new
rates and temperature dependences of many quantities. masses are measured and compared to published masses the
A great leap forward in our understanding of therocess  rms error is still about 0.7 MeV. Despite such errors much
and other stellar nucleosynthesis processes took place abdwds been learned about therocess from calculations based
10 years ago, when data from global, unified, microscopion these nuclear data sources.
nuclear-structure models for the nuclear mass Andecay It is noteworthy that for 20 years the error of the realistic,
were used for the first time in such calculatidds. A key  extrapolatable mass models has remained fairly constant at
new feature was the reliability of some nuclear-structureabout 0.7 MeMour 1981 mass model error was 0.835 MeV
models, based on microscopic Sairger equations, also Very recently, we have even seen results of the first self-
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consistent Hartree-Fo.c(d-|F)_m.ass model with two-body neutron emission[T'\(E,)] and the total width [T
Skyrme-type forces with optimized parameters. Also in th'stL(En)vLFy] is set equal to 1 i.e., possibledecay from
appm"%‘:h the mass model rms error is near 0.7 MeV. A receMeutron-unbound levels is neglected. Again, because of the
analysis by Bohigas and Lebcelf4,19 proposes that this (Q;—E)® dependence of the Fermi function, the physical
empirically observed lower limit is actually obtained as a'.=#. . o X :
significance of theP, quantity is limited, too. It mainly re-

lower limit for the error for models of this type from very ) P
general and fundamental arguments. Because of correlatiorfllgCts the8 feeding to the energy region just beyofy.

in the mass errors for nuclei close to each other in the nucledd©WeVer. taking together the two gross decay propertigs,
chart, this translates to abottt0.5 MeV errors in calculated @ndPn, may well provide some first information about the
Qg and S, values. It may therefore be very difficult to de- nuclea_r structure determining dgcay. Generally speakling,
velop mass models that are not subject to these limitationdOr @ givenQ value ashorthalf-life usually correlates with
In our efforts to improve the nuclear data input of our astro-2small P, value, and vice versa. This is actually more than a
physical r-process calculations, we therefore in our newsimple rule of thumb; it can be used to check the consistency
studies here focus less on the mass models and the massdsexperimental numbers. Sometimes even global plots of
they produce, and instead concentrate ondtiecay models double ratios of experimental to theoretid¢a| to T/, rela-
from which we obtain decay half-lives. The former data in-tions are used to show systematic trends, see, for example,
fluence thestructureof the r abundances whereas the latter Ref.[17]. Several impressive examples in the literature show
relate directly to thetime scaleof the r process. However, that it is sometimes possible to identify special nuclear-
due to correlations 0Q; and S, errors with calculated  structure features solely froffy,, andP,,. Among them are:
B-decay properties again for nuclei far from stabilify, (i) the development of single-partic{&P structures and re-
andP,, values can only be predicted within about a factor 2jated ground-state shape changes in the §8<60 region of
to 3. We present some basic aspects of the 1990 version @fe Sr isotope§7,18]; (ii) the prediction of the at that time
our B-decay model and then introduce and justify two en-totally unexpected collectivity of the neutron-magic nucleus
hancements to this model. Subsequently, we investigate theN=28) 44S situated two proton pairs below the doubly
consequences of the model improvementsqmocess cal- magic “6Ca[19]; and (iii) the very recent interpretation of
culations. the surprising decay properties df3Cd just aboveN
=82[20-22.
Il. MODELS Today, in studies of nuclear-structure features, even of
, , . gross properties such as thg,, and P, values considered
Theoretically, the two integraB8-decay quantitiesTy,  here, 4 substantial number of different theoretical approaches
andP,, are interrelated via their usual definition in terms of 5.a sed. The significance and sophistication of these models

the so-called3-strength functiorj Sg(E)] [16], and their relation to each other should, however, be clear

before they are applied. In general, one can assign the

UTy= > Sp(E))Xf(Z,R,Qp—E)), (1) nuplear models usgd to calculate the above two decay prop-
0<Ej<Qg erties to the following different groups.

) ) ) . (1) Models where the physical quantity of interest is given
whereR is the nuclear radiugQ is the maximumg-decay  py a polynomial or some other algebraic expressiblor-
energy (or the isobaric mass differenceand f(Z,R,Qs  mally, the parameters are determined by adjustments to ex-
—E;) the Fermi function. With this definition];,, may yield  perimental data and the models only describe a single
information on theaverageg feeding of a nucleus. However, nyclear property. No nuclear wave functions are obtained in
since transition rates to low-lying daughter states arghese models. Examples of theories of this type are purely
strongly enhanced by the phase-space factog afecay,f  empirical approaches that assume a specific shaSa ()
~(Qp—E;)®, the largest contribution td;;, comes from  (ejther constant or proportional to level densityuch as the
decays to the lowest-energy resonanceSj(E;); that is,  Kratz-Herrmann formuld23] or the statistical gross theory
from the(near) ground-state allowed Gamow-Tellg8T) or  of B decay[24,25. These models can be considered to be

first-forbidden(ff) transitions. analogous to the liquid-drop model of nuclear masses, and
The g-delayed neutron emission probabilit? {) is sche-  are—again—appropriate for dealing witlverageproperties
matically given by of B decay. In these approaches, it is inherent that no insight
0 into the underlying SP structure is possible.
E‘f S(EV(ZROA—E (2) Models that use an effective nuclear interaction and
< s(EDF(Z,R,Qp—Ej) usually solve the microscopic quantum-mechanical Schro
P.= Q; , (2)  dinger or Dirac equation The approaches that actually do
_ e solve the Schrdinger equation provide nuclear wave func-
% Ss(ENHZRQp—EY) tions that allow a variety of nuclear propertigsg., ground-

state shapes, level energies, spins and parities, transition
thus definingP,, as the ratio of the integrg intensity to  rates, Ty, P,,, etc) to be modeled within a single frame-
states above the neutron separation en&gto the total3  work. Most theories of this type that are currently used in
intensity. As is done in nearly alP, calculations, in the large-scale calculations, such as the FRBRPA model
above equation, the ratio of the partial widths fewave [9] used here or the ETF$CQRPA approacht11,26], in
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principle fall into two subgroups, depending on the type ofGamow-Teller residual interactions to the folded-Yukawa
microscopic interaction used. Another aspect of these modekingle-particle Hamiltonian and solving the resulting Sehro
is whether they are restricted to spherical shapes, to everlinger equation in the QRPA. Because this model has been
even isotopes, or whether they can describe all nucleagompletely described in two previous papgfs] we refer to
shapes and all types of nuclei. Examples of this type of modthose two publications for a full model specification and for
els are the following. a definition of notation used. We restrict the discussion here

(a) SP approaches that use a simple central potential witfy, an overview of features that are particularly relevant to the
additional residual interactions. The Sctliger equation is  regyits discussed in this paper.

solved in tt?e SP pgtgntihal ar&%additkipnal two-body intgrac- It is well known that wave functions and transition matrix
t'ﬁns may et_rea}tg |nTthe B |  Lip ![n—l\tlloiqaml, orran ?m'elements are more affected by small perturbations to the
phase approximation. 1he nuciear potential energy as a gy yiionian than are the eigenvalues. When transition rates

tion of shape is calculated by combining the SP model with . : :
macroscopic model in the so-called macroscopic?are calculated it is therefore necessary to add residual inter

microscopic method. Within this approach, the nucleafiaions to the folded-Yukawa single-particle Hamiltonian, in
ground-state energy is calculated as a sum O’f a microscop ddition to the pairing interaction that is included in the mass
correction obtained from the SP levels by use of the StrutinM0del. Fortunately, the residual interaction may be restricted
sky method and a macroscopic energy. to a term specific to the particular type of decay considered.

(b) Hartree-Fock-type models, in which the postulated ef-TO obtain reasonably accurate half-lives it is also very im-
fective interaction is of a two-body type. If the microscopic Portant to include ground-state deformations. Originally, the
Schralinger equation is solved then the wave functions ob-QRPA formalism was developed for and applied only to
tained are antisymmetrized Slater determinants. In suchpherical nuclef28—30. The extension to deformed nuclei,
models, it is possible to obtain the nuclear ground-state enwhich is necessary in global calculations@®fdecay proper-
ergy asE=(W¥,|H|¥,), otherwise the HF models have ties, was first described in 1984]. The Gamow-Teller force
many similarities to those in categorya? but have fewer in our model is given by
parameters.

In principle, models in group(®) are expected to be more Ver= 2y B LT 3
accurate, because the wave functions and effective interac- oT=2Xer:B B ®

tions can, in principle, be more realistic. However, two prob- = ) ) )
lems still remain today: what effective interaction is suffi- Which is added to the folded-Yukawa single-particle Hamil-

ciently realistic to yield more accurate results, and what aréonian after pairing has already been incorporated, with the

the optimized parameter values for such a two-body interacstandard choicggr=23 MeV/A [7,8,28,29.

tion? Here B'* == 0, are the Gamow-Telle3*-transition
Some models in category 2 have been overparametrize@perators and the colon notation signifies that all contrac-

which means that their minOSCOpiC Origins have been |03ﬁ0ns in the quasipartide expansion are ignored_

and the results are just parametrizations of the experimental The process of3 decay occurs from an initial ground

data. An example of such models is found in REZ7],  state or excited state in a mother nucleus to a final state in the

where the strength of the residual GT interaction has beeaaughter nucleus. Fg8~ decay, the final configuration is a

fitted for each elementZ( numbey in order to obtain opti- nycleus in some excited state or its ground state, an electron

mum reproduction of knowit;,, and P, values in each iso- (with energyE,), and an antineutrinéwith energyE,). The

topic chain. _ _ _ ~ decay ratew;; to one nuclear stateis
To conclude this section, let us emphasize that there is no

“correct” model in nuclear physics. Any modeling of

nuclear-structure properties involves approximations of the mec? I'2

true forces and equations with the goal to obtain a formula- wii=— — IMi[*f(Z,R, ), (4)

tion that can be solved in practice, but that “retains the es- 2m

sential features” of the true system under study, so that one

can still learn something. What we mean by this, depends owhereRis the nuclear radius angy= E,/myc?, with mq the

the actual circumstances. It may well turn out that whenelectron mass anf, the energy release in the decay. More-

proceeding from a simplistic, macroscopic approach to a@ver,|Mg;|? is the nuclear matrix element, which is also the

more microscopic model, the first overall result may bepg-strength function, apart from a constahtefined below:

“worse” just in terms of agreement between calculated and

measured data. However, the disagreements may now be un-

derstood more easily, and further microscopic-based, realistic _ 1

i : : Sp(Ei) =M} 7. )
provements will become possible. B

Ill. PREDICTION OF Ty, AND P, VALUES

FROM FRDM.ORPA The dimensionless constalitis defined by

A. Model .
The formalism we use to calculate G3-strength func- = 9 (@) , (6)
tions is fairly lengthy since it involves adding pairing and moc?\
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whereg is the Gamow-Teller coupling constant. The quantityexperimental data are unavailapg&9]. The matrix elements
f(Z,R,€p) has been extensively discussed and tabulated elsé¢; are obtained from our QRPA model. More details are
where[31-33. provided elsewhergs].

For the special case in which the two-neutron separation
energyS,, in the daughter nucleus is greater th@p, the

energy released in ground-state to ground-sgatiecay, the B. Calculated results

probability for B-delayed one-neutron emission, in percent, We compare here two calculations. The first is our origi-

is given by nal model as described in Rd] with the following en-
hancements.

To calculateB-decayQ values and neutron separation en-

Sin<E1<Qp Wi ergi_esSVn we use experimental ground-state masses where
P,,=10 , (7) available, otherwise calculated mas$6§ In our previous
Wy recent calculations we used the 1989 mass evaluffidh
0<Ef<Qg here we use the 1995 mass evaluafigs].

It is known that at higher excitation energies additional
whereE¢=Qg—E, is the excitation energy in the daughter residual interactions result in a spreading of the transition
nucleus ands,, is the one-neutron separation energy in thestrength. In our 1997 calculation each transition goes to a
daughter nucleus. We assume that decays to energies abqyiecise, well-specified energy in the daughter nucleus. This
Sin always lead to delayed neutron emission. can result in very large changes in the calcula®edvalues

To obtain the half-life with respect t6 decay, one sums for minute changes in, for exampl&,;,, depending on
up the decay ratesy; to the individual nuclear states in the whether an intense, sharp transition is located just below or

allowed energy window. The half-life is then related to thejust above the neutron separation endigly To remove this
total decay rate by unphysical feature we introduce an empirical spreading
width that sets in above 2 MeV. Specifically, each transition

T.— In2 ®) strength “spike” above 2 MeV is transformed to a Gaussian

B : of width
Wi

0<Ef<Qg 8.62

=—. (13
The above equation may be rewritten as S p0s7

3
T.= h_2min2 ! This choice is equal to the error in the mass model. Thus, it

b mec? T2 2 IM i 2£(Z,R, &) accounts approximately for the uncertainty in calculated neu-
0<Er<Qg fi o tron separation energies and at the same time it roughly cor-
responds to the observed spreading of transition strengths in
B the energy range 2—10 MeV, which is the range of interest
- ' ©) here[36—4(Q. The results are insensitive to the exact choice
> IMy[*f(ZR.€) of spreading width.
0<Er<Qp We also base our calculations on more correct ground-
with state deformations that affect the energy levels and wave
functions that are obtained in the single-particle model. The
3 ground-state deformations calculated in the FRDM mass
B= A 2mIn2 (10) model(Moller et al, 1992, generally agree with experimen-
mec? T2 ' tal observations, but in transition regions between spherical
and deformed nuclei discrepancies do occur. We therefore
For the value oB corresponding to Gamow-Teller decay we replace calculated deformations with spherical shape, when
use[7,8] experimental trends so indicate. This has been done for the
following nuclides: 8" "8Fe, ¢~ 79Co, " 80Nij, 73 8lCy,
B=4131 s. (11) 78784Zn, 79787Ga, 83790Ge, 84791AS, 87794891 8779GBr,
92798Kr, 91796Rb’ 96’97SF, 96798Y, 134— 14OSb, 136— l4l-|-e,
The energy released in ground-state to ground-state eled’ 143, 141-143e and4' 14%Cs. In the second calculation
tron decay is given in terms of the atomic mass exceswe account for the effect of ff strength, calculated in the

M(Z,N) or the total binding energ#i,«(Z,N) by statistical gross theor{24,25, on the decay half-lives and
B-delayed neutron-emission probabilities. Relative to the al-
Qp-=M(Z,N)—M(Z+1N-1). (12 lowed Gamow-Teller strength, which over a given energy

range is represented by relatively few strong peaks, the ff

The above formulas apply to the@™ decays that are of strength with its numerous small, densely spaced, peaks to a
interest here. The deca® values and neutron separation good approximation constitutes a “smooth background.” It

energiesS,,, are obtained from our FRDM mass model whenis therefore a reasonable approach to calculate the GT tran-
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B-Decay of *Rb in 3 Successively Improved Models
(Exp.: Ty, =50.3ms P, ,=17.3 %)

< 10 [ \ \ ™ QRPA
=2 |- .
g F 1 Pure GT strength
5 sl ] Pure g.p. levels
[0 = 4
oL ]
2
g I ] P,=29.53%
8 ot . LR T ,= 44,50 (ms)
FIG. 1. Calculated3-strength functions, cor-

2 QRPA responding half-lives, and delayed-neutron emis-
£ 1 sion probabilities for®Rb in three successively
g [ | Pure GT strength enhanced models. The narrow arrow indicates the
2B : Spreading of Qg value, the wide arrows successive neutron-
21r ] q.p. levels separation energies; the lowest arr®&,, the
'; F 1 second lowestS,,,, and so on. The results are
g [ 1  P,=26.88% further discussed in the text.

Sofk 3 44 Tp=4361(ms)

2 QRPA (GT)

+

Gross Th. (ff)

with spreading

GT + ff Strength
=

P,=2752%
Typ=40.41 (ms)

or, Tt T
0 5 10 15
Excitation Energy (MeV)

sitions in a microscopic QRPA approach and the ff transi-Fig. 2 and for'®’ in Fig. 3 the effect of the two improve-
tions in a macroscopic statistical model, in analogy with thements is dramatic. We have chos&Rb as one illustrative
macroscopic-microscopic method in which the nuclear enayample for two reasons. First, in the standard model calcu-
ergy as a function of shape is calculated as a sum of a liquidyion, illustrated in the top subploS,, sits just below the
drop-type model that va:crles smoothly W'tﬂ [i)lroton NUMDbeT girst major peak in the strength function, with some strength,
neutron number, and deformation and a shell-correction patt yiscernable on this plot occurring below the one-neutron
that exhibits rapid variation in these variables. Strictly Speak'separation energy. This leads to a very high delayed-neutron

g, f.(.Z’R’EO) is different for allowed an_d first-forbidden emission probability, in contradiction to experiment. Second,
transitions. Here we use the saf{&,R, ;) in both cases, a : o : .
most of the strength occurring within th@; window lies

p;%!gé?ﬁ gg(p:);())élmatmn in our statistical model of the first- just below Q;. Therefore we obtain a half-life of the order of

We show in Figs. 1-3 three representative examples 0tﬁours, again in contradiction with experiment. Already after

the effect of two of our model enhancements on the strengtifPlémenting the first model enhancement, the spreading of
functions, half-lives, and delayed neutron probabilities forth® GT strength, the agreement with experiment improves
%Rb, %2Rb, and 31. The top subplot shows the original considerably: the half-life is reduced by a factor of 6.5 and
model, the middle subplot the effect of spreading the transithe delayed-neutron emission probability by a factor of 20.
tion strength, and the bottom subplot the effect of also inn the next step there are even more dramatic changes in the
cluding ff transitions. calculated half-life and neutron-emission probability and the
The first case®Rb in Fig. 1, is a well-deformed nucleus. agreement with experiment is now quite good. The last case,
In the original model there is significant strength at low en-'%l, has been chosen as a typical example of nuclei in the
ergies, as is often the case in deformed nuclei. Thereforbeavy fission-peak mass region where—consistently—there
there is for this nucleus little effect of our two model en-is no low-lying GT strength. In the initial model there are
hancements: strength spreading and inclusion of ff transilarge differences between the calculated and experimental
tions. In contrast, for the spheric8fRb nucleus shown in T,,, and P, values. The effect of the spreading of the GT
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B-Decay of ®’Rb in 3 Successively Improved Models
(Exp.: T,,=4.49s P,=0.01 %)
< 20 [ \ \ ™ QRPA
=) L i
% F 1 Pure GT strength
510l 1 Pureq.p. levels
g - 4
: [ ]
s f ” H ' P,=82.81%
8 o | | wTﬂ # I nn\ wnnw ' % I | i T1/2: 130 (h)
FIG. 2. Calculateds3-strength functions, cor-
2 RPA responding half-lives, and delayed-neutron emis-
£ f ‘ ‘ ‘ "] Q sion probabilities for®?Rb in three successively
g [ | Pure GT strength enhanced models. The narrow arrow indicates the
- 1 Spreading of Qg value, the wide arrows successive neutron-
2T ] q.p. levels separation energies; the lowest arr@y,, the
Tt 1 second lowessS,,, and so on. The results are
g | 1 P=414% further discussed in the text.
Sop — L + 1 Tw=1205(min)
050 QRPA (GT)
L ] +
g [ 1 Gross Th. (ff)
& 0.25 |- 71 with spreading
o L i
= [ i
5 i i P,= 0.05%
0.00 - ‘ Ty ‘ % . Tyo= 8.47 (S)
0 5 10 15
Excitation Energy (MeV)

strength is somewhat less dramatic than ¥éRb but after small Q. Since Qg increases quite rapidly with distance
the ff strength is included we again achieve good agreemeritom g stability (for example, for*'Sr Q4 is 2.36 MeV and
with experimental data. for 19°Sr it is 6.86 MeVJ we expect for this reason alone that

It is not our aim here to make a detailed analysis of eachhe errors in the calculated half-lives will decrease with in-
individual nucleus, but instead to present an overview of therreasing distance from stability evenQf; were to develop
model performance in a calculation of a large number ofsomewhat increasing errors.
B-decay half-lives and delayed neutron-emission probabili- Before we make a quantitative analysis of the agreement
ties. In Figs. 4 and 5 we compare measugsddecay half- between calculated and experimental half-lives we briefly
lives andB-delayed neutron-emission probabilities with cal- discuss what conclusions can be drawn from a simple visual
culations based on our two models, for nuclei throughout thénspection of Fig. 4. As a function of 4 ¢, one would ex-
periodic system. To address the reliability versus distanc@ect the average error to increaselas,, increases. This is
from stability, we present the ratids cac/ T exp VErsus the indeed the case in both of the model calculations. When, as
quantity T4 .., Because the relative error in the calculatedin the lower part of the figure, ff transitions are included the
half-lives is more sensitive to small shifts in the positions ofagreement between calculations and experiment is better, in
the calculated single-particle levels for decays with smallparticular for long half-lives, as expected, because for the
energy releases, where long half-lives are expected, one camall decayQ values here the ff transitions are relatively
anticipate that half-life calculations are more reliable farmore important. In addition, one is left with the impression
from stability, where theB-decayQ values are large, than that the errors in our calculation are fairly large. However,
close togB-stable nucleisee Table)l this is partly a fallacy, since for small errors there are many

Furthermore, because the Fermi function is dominated bynore points than for large errors. This is not clearly seen in
the phase space factd@g— E;)°, whereE; is the excitation the figures, since for small errors many points are superim-
energy of the final state in the daughter nucleus, it is cleaposed on one another. To obtain a more exact understanding
that the same absolute erraE in the calculated) value  of the error in the calculation we therefore perform a more
will result in a smaller error inly, for large Q4 than for  detailed analysis.
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B-Decay of 137l in 3 Successively Improved Models
. = = 0
(Exp.: T;,=241s P, =7.0%)
e ‘ ‘ ‘ RPA
5 | i Q
% H 41 Pure GT strength
Bos| 1 Pureq.p. levels
ﬁ - 4
N i
s r ” H 1 P,=96.03%
S of L ] T 441(h)
FIG. 3. Calculatedg3-strength functions, cor-
50 — ‘ ‘ ‘ QRPA rgspondlng hg!f-llves,lgnq delayed-neutron emis-
£ T 1 sion probabilities for*>l in three successively
s | | Pure GT strength enhanced models. The narrow arrow indicates the
@ s 1 Spreading of Qg value, the wide arrows successive neutron-
2251 ] q.p. levels separation energies; the lowest arr@,, the
'; 3 1 second lowestS,,,, and so on. The results are
g | 1 P,=9898% further discussed in the text.
8 0.0 - — T1/2: 56.09 (mln)
0.50 QRPA (GT)
L i +
2 0 1 Gross Th. (ff)
g
& 0.25 - 1  with spreading
2 L )
" L i
5 i 1 P.=266%
0.00 - ; T ‘ B ] Typ=18.12 (s)
0 5 10 15
Excitation Energy (MeV)
C. Error analysis about zero average deviation from the calculated half-lives,

One often analyzes the error in a calculation by studying £° NO renormalization factor is necessary.
root-mean-squar@ms) deviation, which in this case would In another extreme, suppose half the points were located
be on the lineTg caic/ T exp=10 and the other half on the line

Tgcac/ Tpexp=0.1.  In this case the average of
n 1091o(T g,caic! T g,exp Would be zero. We are therefore led to
z (Tgexp Tﬁycak)z. (14 the conclusion that there are several types of errors that are
=1 of interest to study; namely, the average position of the
oints in Fig. 4, which is just the average of the quantity
?glo(T,g,cam/Tﬁ,ex;), and the spread of the points around this
yerage. To analyze the error along these ideas, we introduce
e quantities

2__
Orms —

S|

However, such an error analysis is unsuitable here, for tw
reasons. First, the quantities studied vary by many orders
magnitude. Second, the calculated and measured quantiti
may differ by orders of magnitude. We therefore study the
quantity logo(T g caic/ T g,exp)» Which is plotted in Fig. 4, in-
stead of T 3 exp— Tgcald>- We present the formalism here for r=Tg cac! T g exps (15
the half-life, but the formalism is also used to study the error
of our calculatedP,, values.

To facilitate the interpretation of the error plots we con- r=10g:0(r),
sider two hypothetical cases. As the first example, suppose
that all the points were grouped on the liig cac/T g exp
=10. It is immediately clear that an error of this type could M, =
be entirely removed by introducing a renormalization factor, !
which is a common practice in the calculation gfdecay
half-lives. We shall see below that in our model the half-lives
corresponding to our calculated strength functions have

n
2, i
i=1

S|

M;°=10"n  [mean deviatiorffacton],

055802-7



PETER MQLLER, BERND PFEIFFER, AND KARL-LUDWIG KRATZ

104 1 n _ 1/2
E | = i_ 2
10° & o=l ;g; (=M,
10® E 10 .
E oy, =10’ [ mean fluctuatiorifacton],
10" &
Fo n 1/2
10° 1 .
S.=|=> (r)?| , and
107 & ; Ni=1
E P, * o o % .o.. e ® E
g 1072 ;rTotaI Error = 3.73 for 184 nuclei, Tyep <1 . ° s 10_
o _3 F Total Error =21.16 for 546 nuclei (fs clipped), Ty < 1000 s o 2"| 102” [tOtal errOf(faCtOl’)],
t 104 L . \HHH} | \HHH} | \HHH} | \HHH} | \HHH} [
% 10 E T T T T T T T T T T T \\HHE ) . ) 3
E 10° [ B decay (Theory: GT + ff) ; whereMrI is the ayerage position of the points aanq is the
¢ spread around this average. When we prefer to represent the
L] .
10? : ‘.., .,:‘ o error by a single number we use the meas.i]ﬁ%1 for the
| [ ] -
10 & LN L 2 “total” error factor. The spreaokrrI can be expected to be
E LA = .. . . .
10° E° . related to uncertainties in the positions of the levels in the
. underlying single-particle model. The use of a logarithm in
107 the definition ofr, implies that these two quantities corre-
1072 |- Total Error = 2.08 for 184 nudlel, Tye <15 :" ¢ . spond directly to distances as seen by the eye in, for ex-
, E Total Error = 432 for $46 nuclel, Ty <1000 1 oS ample, Fig. 4, in units where one order of magnitude is 1.
10_ L LI IR L LI IR L LI I}

10°® 102 10' 10° 10* 102 10°

FIG. 4. Ratio of calculated to experimenf@l -decay half-lives
for nuclei from %0 to the heaviest known in our previous and

PHYSICAL REVIEW C67, 055802 (2003

After the error analysis has been carried out we want to
discuss its result in terms like “on the average the calculated
Experimental B-Decay Half-life Tgep () half-lives are ‘a factor of 2’ too long.” To be able to do this
we must convert back from the logarithmic scale. Thus, we
realize that the quantitiel;” and o;{ are conversions back

current models. Th@-decay rates of-process nuclei are normally to “factor of” units of the quantitiesM, ando, which are
shorter than 150 ms. expressed in distance or logarithmic units.

10° T T B-delayed neutron-emission probability comparisons in Fig.
o * - : 3 5 in Table Il. The half-life comparison shows, as earlier
10° & * B decay (Theory: GT); [8,9], that the mean deviation of the calculated half-lives
N B o Se .. ] from the experimental values is approximately zero, that is,
10 c¥e M,Iwo. Thus, no “renormalization” of the calculate@
10° L Y strength is indicated. This is true both for the GT calculation,
and in particular for the GFff calculation. A large mean
107 error is obtained for the GT calculation when nuclei with
L oF . * ] very long half-lives are included. This does not indicate a
3 107 Total Error = 5.54 . E need for a general renormalization, because the calculated
E 10°F half-lives of nuclei with short half-lives are correct on the
g U i ] average. Rather, the deviations of the mean half-lives occur
o 102 L B decay (Theory:GT + ff) 4 because the effect of ff strength is not considered in GT-only
F E calculation. When the ff strength is included, the mean de-
10— e e e E viation is always very close to zero. In addition, in the GT
10° K +ff case the total error factat rllo increases only very slowly
E % J °te, o8 I3 3‘.' ::? when nuclei with very long half-lives are included in the
107 7" * . calculations. This increase is expected because whe@ the
LF o« ° * ] window becomes increasingly small the calculated half-life
10 E otal Emor= 3.52 ¢ 3 values are more sensitive to small errors in the calculated
03 v i e ) positions in energy of the GT transitions.
102 10 10° 10t 10? For delayed-neutron emission there are fewer data points

Experimental Neutron Emission Probability P, e, (%)

055802-8

We are now in a position to analyze the deviations be-
tween our calculations and experiment. An analysis of the
half-life comparisons in Fig. 4 is given in Table | and of the

available than forgB-decay half-lives. However, the more
than 100 data pointg41] are sufficient to allow us to draw

FIG. 5. Ratio of calculated to experimentgddelayed neutron-  Several conclusions. First, just as for the half-lives we find
emission probabilitied,, for nuclei in the fission-fragment region that the calculations are more accurate for decays corre-
in our previous and current models. sponding to larg& ; values; that is, far from stability, where



NEW CALCULATIONS OF GROSS3-DECAY PROPERTIES . .. PHSICAL REVIEW C 67, 055802 (2003

TABLE I. Analysis of the discrepancy between calculated and meas@iredecay half-lives shown in
Fig. 4. Each line uses an experimental dataset that is limited to nuclei with half-lives shorter than the value

given in the last column.

Model n My, MO 7y, o’ 3 370 T

()
GT 546 0.34 2.20 1.28 19.09 1.33 21.17 1000.0
GT+ff 546 —0.04 0.92 0.68 4.81 0.68 4.82 1000.0
GT 431 0.19 1.55 0.94 8.81 0.96 9.21 100.0
GT+ff 431 —0.04 0.91 0.61 4.10 0.61 4.12 100.0
GT 306 0.14 1.38 0.77 5.87 0.78 6.04 10.0
GT+ff 306 -0.03 0.93 0.55 3.52 0.55 3.53 10.0
GT 184 0.03 1.06 0.57 3.72 0.57 3.73 1.0
GT+ff 184 -0.08 0.84 0.48 3.04 0.49 3.08 1.0
GT 137 -0.01 0.97 0.55 3.53 0.55 3.53 0.5
GT+ff 137 -0.09 0.81 0.49 3.10 0.50 3.17 0.5
GT 72 —0.04 0.92 0.54 3.44 0.54 3.45 0.2
GT+ff 72 -0.10 0.80 0.50 3.19 0.51 3.25 0.2
GT 42 -0.03 0.94 0.51 3.24 0.51 3.25 0.1
GT+ff 42 -0.08 0.83 0.47 2.92 0.47 2.97 0.1

data are often not available. Lar@®; values usually corre- havior of calculatedP, values, shown in Figs. 8 and 9, is
spond to largeP, values. Second, we find also here thatsimilar. We have substantially fewer data points here, but it is
including ff transitions in the simple statistical gross theoryc|ear that some systematic deviations n@astability disap-
model considerably improves the calculations. pear when ff transitions are included. In Fig. 10 we plot the
To gain further insight into the consequences of includingatig of the half-lives calculated without and with ff transi-
ff transi_tions in ou.rﬂ—strength functions we make several tions included. Then neutron separation ener§ies3.0 and
comparisons. 'f‘ Figs. 6 and 7 we plot 1@©T03'C,/Texﬂ) for . S§,;=1.5 are shown as black lines. Nuclear properties in this
‘(‘:r?tlﬁ:lljleezlatlogﬁar\t,}’”:‘g?rl:]t '?I?g re\;\gglltsﬁwitsr:geur:g;fhtr;csli'::i%?g ilnn region are expected to affect the fimedbundances. As could
. 3 - . be partly concluded already from our discussion of Figs. 6
Fig. 6 are very clear: close to stability, and close to magic nd 7, we find big differences neg@ stability and near

numbers, the calculated half-lives are systematically muc . e .
too long. The calculated half-lives are large near magic num™adic numbers, in this latter case also far from stability. The
bers also far from stability. This is very undesirable; the con-différences are particularly noticeable just beyoNe: 50
sequence will be that the calculated time for tharocess to  @nd N==82 for nuclei in the vicinity of ther-process line.
reach the heavy region and to reach a steady-state situatig0ve we made the case that the enhanced model with the ff
can be expected to be too long compared to the actual durdansitions included is the more realistic one.

tion. The reason for these deviations ngastability and near The calculated half-lives and-delayed neutron-emission
magic numbers was elaborated in our discussion of Figs. Rrobabilities on which the calculations here are based are
and 3. Figure 7 shows that when ff transitions are includedivailable through a Los Alamos National Laboratory web

then these systematic deviations largely disappear. The béscation[42] on the T16 site.

TABLE Il. Analysis of the discrepancy between calculated and meas@rddlayed neutron-emission
probability P, values shown in Fig. 5. Each line uses an experimental dataset that is limited to nuclei with
half-lives shorter than the value given in the last column.

Model n M, M }IO o, a}lo 3 zrll" Thee
(9

GT 126 0.08 1.21 0.74 5.48 0.74 5.54 100.0
GT+ff 126 -0.11 0.78 0.54 3.44 0.55 3.52 100.0
GT 74 0.04 1.10 0.75 5.66 0.74 5.50 10.0
GT+ff 81 —-0.14 0.72 0.56 3.67 0.61 4.06 10.0
GT 43 0.06 1.16 0.75 5.66 0.71 5.18 1.0
GT+ff 43 —-0.14 0.73 0.65 4.45 0.71 5.17 1.0
GT 16 0.18 1.52 1.08 11.94 0.94 8.80 0.1
GT+ff 19 -0.07 0.86 0.81 6.51 0.85 7.05 0.1
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FIG. 6. (Color Plot of the ratio of calculated to experimenj@l -decay half-lives for nuclei fromt®0 to the heaviest known.
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C GT +ff Model Error .!:F:
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FIG. 7. (Colon Plot of the ratio of calculated to experimengil -decay half-lives for nuclei front®0 to the heaviest known. In this case
first-forbidden transitions, as given by the statistical gross theory, are taken into account.
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FIG. 8. (Color Plot of the ratio of calculated to experiment@l -delayed neutron-emission probabilities for nuclei in the fission-
fragment region.

IV. SPEEDING-UP THE r PROCESS times r, . This provides a sufficiently narrow, grid to ob-

In order to study the effect of the new theoretigatiecay tain convergence in the calculated final isotopabundances
properties orr-process calculations to reproduce the solar-(see, e.g., Ref44]). An instantaneous freeze-out of the ini-
system isotopig-abundance patterrN¢ ), we use an ex- tial r-progenitor distribution was assumed; i.e., neutron cap-
tension of the classical “waiting-point” model which is out- tures during decay back to stability were neglected. How-
lined in detail in Refs[4,43]. In our present time-dependent ever, B-delayed emission of one to three neutrons has fully
calculations we use a superposition ofrtéomponents with  been taken into account using our recent compilation of ex-
constant neutron densities in the rangé®,(cm 3)<3 perimentalP,, values[41,45 together with theoretical pre-

X 10°" and a constantfreeze-out temperatureTo=1.35  dictions from either Ref[9] [P,(GT)] or the present work
(whereTg is in units of 18 K) over varying process duration [P,(GT+ff)].

60 rrrrr1r1r7rr7prrrrrT T T TTy T T T T T T T T Ty T T T T T T T T T T T T T T T T T T T T T I rrr DT

GT +ff Model Error J

— IOng(Pn,caIc./Pn,exp)

[T
=
\‘
a

50

1.25
0.75
0.25
-0.25
-0.75
-1.25
-1.75

40

Proton Number Z

30 I |
40 50 60 70 80 90 100

Neutron Number N

FIG. 9. (Color) Plot of the ratio of calculated to experimen{@l -delayed neutron-emission probabilities for nuclei in the fission-
fragment region. In this case first-forbidden transitions, as given by the statistical gross theory, are taken into account.
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FIG. 10. (Color) Plot of the ratio of calculate@™ -decay half-lives without and with first-forbidden transitions included. Then neutron
separation energieS,=3.0 andS,=1.5 are shown as black lines. Just beydwd 50 andN=282 there is a significant decrease of the
calculated half-lives in the-process path between these two lines when ff transitions are included.

Since occasionally questions arise concerning our interelose to the neutron drip line, it is the final freeze-out with a
pretation of how in a simplified-process model the ob- path closer tog stability that leaves its fingerprint in the
servedr-abundance features and nuclear-physics propertiesbserved\, ., pattern. This freeze-outprocess path is still
far from stability are related, we summarize our main argu-15 to 35 mass units away frog stability. Thus, at freeze-
ments once again. Initially, based on the identification of theyut ther process seems to have “forgotten” its early history,

13 i . ) _ . ) .
and **'Cd[46-48 we have determined tfT;-To conditions  \jey—in particular at the magic neutron shells—determine
of anr process required to form th@=80 and 130, o  the final picture. With respect to a realistic treatment of the
peaks at the correct position, see, for example, Figs. 4 and Xgeo,6_out, several effects have been discussed, such as non-
in Ref. [4] orl Fig. ?h n Ref.l [4|9]£. Most _tf#IIy—t(rj]ynamlct:' equilibrium captures of remaining seed neutrons and their
f-process nucieosyninesis caiculations within the neutrinog,, o ce photodisintegrations, recapture of neutrons emitted
wind model of a core-collapse supernova of typ&SN 1) after B8 decay, and neutrino reactiofiS0—69. The freeze-
(see, for example, Ref§50-53) have confirmed oun;-Te out tests have, however, shown that these effects do not af-

conditions above. For example, Takahashil. [51] have ) .
shown in detail that their time-varying trajectories of neutronf€Ct the medium-heavy nuclei up to tie=130N, o peak

densities(or entropies and temperatures towards freeze-outSignificantly. But—somewhat depending on the specific as-
were exactly lying within our predicted, Ty band, thus trophysmgl model—they may be important for Fhe heavier
proving the principal validity of our simple and elegant ap-huclides in the rare-earth and tie=193N, ¢ regions, al-
proximation. though the overall picture will not change.

The other issues addressed in detail following the above [N summary, we can conclude that despite the above de-
initial results were(i) what additional effects can enter in the tails, our admittedly rather simple and site-independent mul-
“early” phases of anr process(prior to freeze-oyt and(ii)  ticomponent model is a valuable approximation to the still
how can an astrophysically realistic treatment of a freeze-ouflavorably discussed core-collapse SN Il scenario, well emu-
alter the obtained-abundance distribution. A summary of lating the conditions just before and at freeze-out. Therefore,
these discussions is given in, for example, the paper othe waiting-point approximation has remained an important
Freiburghau®t al.[52]. It was concluded that, while heavy- test bed for systematic parameter studies of various nuclear
element production in a realistic astrophysical scenario maglata sets for masses apddecay propertief43,67,70—72
well be fast in the very early phase with afprocess path In the context of this paper, the-decay half-lives of the
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TABLE Ill. Comparison ofg-decay half-lives of neutron-magic the half-lives determine the total duration of mprocess. In
N=50, 82, and 126-process waiting-point nuclei from different particular, the rapidly expanding high-entropy bubble of the

tabulations. In column 2, we list the theoretidg), values for pure
GT decay[9]. Column 3 summarizes the corresponding values from
our newTq,,(GT+ff) calculations. And in column 4, we give our
experimental values together with tteteadily updatedT 4, evalu-

neutrino-wind SN Il scenario would require a rather short
r-process time scale of the order of 1 s. Under typical freeze-
out conditions Ty=1.35 is chosen heyeand with an Fe-
group seed, this can only be achieved with “shofft},.
This is particularly the case for the classidé+ 50, 82, and

126 waiting-point nuclei where theprocessclimbs a stair-

ation[45,41].
Waiting-point Beta-decay half-lifgms)

isotope Ty (GT) Ty (GT+A) Ty (eval)
"bFe 44.6 27.2 13.2
Co 13.4 13.7 9.8
T8N 477.1 224.4 210.0
®Cu 430.3 156.8 188
80Zn 3068 1260 546
81Ga 1568 1227 1222
1251¢ 9.1 8.9 7.5
26Ru 34.2 29.7 16.6
121Rh 22.0 20.4 69.7
128pg 125.1 74.2 115.0
129q 47.0 31.7 46
0%¢cd 1123.1 502.3 168
B 147.1 139.2 278
1909Gd 14.2 9.4 15.8
BlTp 15.9 10.2 13.8
19Dy 31.6 19.7 30.0
%o 27.7 17.7 20.4
94r 87.1 50.2 95.8
195Tm 67.3 42.0 90.4
1%yp 396.6 181.2 222.0

3Experimental value.

case with Z and A both increasing by unity after each step”
when plotted versus mass numiel], or climbs a ladder at
the magic shell when plotting versus neutron numbeer
[73,74. At these magic neutron numbers, therocess iso-
topes have the longest half-livéthe most important ones at
N=50 and 82 have now been determined experimentally, cf.
Refs.[21,43,46—48,72,75-1) Thus, they form the major
bottlenecks for the-matter flow at the rising wings of the
N; o peaks atA=80, 130, and 195.

Table Il compares theT,(GT) [9] and our new
T1(GT+1f) with the (steadily updated T,, evaluation
[45,41 used in most of our-process nucleosynthesis calcu-
lations since the early 1990[¢l]. More than 40 years ago
Burbidgeet al.[1] and Coryell[3] suggested that the sum of
the half-lives of allr-process isotopes between Fe and the
heaviest species in the Th, U region will yield a rough esti-
mate of the total duration of an process ¢;). When we
follow this prescription it immediately becomes evident that
our improved macroscopic-microscofig,(GT+ ff) predic-
tions will speed up the classical process considerably.
Within this picture, clearly theN=50 shell closure repre-
sents the strongest bottleneck for thmatter flow due to the
rather long half-lives 0f%n and 8'Ga. Based on the theo-

retical T,;»(GT) from Ref.[9], anr process would need
about 5.6 s to pass thé=50 shell. With our newr ;,,(GT
r-process progenitor isotopes are of major importance since- ff) values this time would already be reduced to 2.9 s. At
they define to a large extent the time behavior of thethe next neutron shell withl=82 this value will be within
r-process matter flow from the seed regitvere assumed to 1.5 s when using th&,,,(GT) half-lives, speeded up to 0.8 s
be Fe up to the Th, U and thé&= 250 fission region. Thus, with the newT,,(GT+ff) half-lives. The waiting-point ef-

10% e T e T T T T R ARARATR AR e aIaaasna 5
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FIG. 11. Comparison of calculated
r-abundancen,-7, components that mainly build
the A=130N, ;, peak at a freeze-out temperature
of T4¢=1.35, wusing exclusively theoretical
T1(GT) andP,(GT) values from Ref[9] (left
par) with our new T(GT+ff) and P,(GT
+1ff) predictions (right pard. In all calculations,
nuclear masses were used from the Audi evalua-
tion [35] or from the FRDM model[6]. It is
clearly evident from this comparison, that—
within the same process times=2.00 s for the
upper figures and, =2.15 s for the lower ones—
the shorteiT,,,(GT+ff) result in a faster-matter
flow at theN =82 bottleneck region, thus produc-
ing already considerably higherabundances of
rare-earth elements than with the use of the older
T.5(GT) values. For more details, see text.
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fect is somewhat less pronounced for tNe=126 shell. r-Process Duration T(1,) (S)
Whe_n we sum up thg theoretical half—hyges of the neutron- 121 1.40 1.61 1.86 2.14 2.47 2.85 3.29
maglcr-process nUC|eI betweé?(bd and GYb’ the use Of 101 E T 11T YHHHW YHHHW YHHHW YHHHW YHHHW YHHHW YHHHW TTTT

the T1»(GT) from Ref.[9] yields a value of 0.64 s, to be T2(GT), P(GT) from 1997 Model

compared to 0.33 s for the neWw,,(GT+ff). In summary, 10°
most of the time needed for anprocess is to overcome the 107!
N=50 andN=282 bottleneck regions, whereas tNe=126

shell is passed relatively quickly. As soon as thprocess 107

succeeds in breaking out of the magic neutron shells, the&Z
matter flow will accelerate in the regions in between the ¥,
abundance peaks and beyord=200. In these regions
mainly very short-lived deformed-process progenitors are
involved. For these the earlidr ,(GT) [9] are quite similar
to our newT,(GT+ff) predictions.

Today we know, however, that the initial picture of Bur-
bidgeet al. [1] of summing-up theT,;, of the waiting-point
nuclei is too simplistic, and in fact not quite correct. Since
the early 1990’s, at the latest, when the first experimental
information about the-process isotope®zn and *%Cd be-

1

—e— %97Zn,, peak
—s— 13Cdy, peak
—a— 19Tm,,; peak

O(E
[EEY
<
LRI RLLLL I L1111 AL 11 S 1L AL A

10—7 TR RRTIT MO UUTT AN AR NI R UTTT AR TTT A R AT11 M I WU TTTT M IR RTTTT AR

T TTTTI

QLILLLL B HHHW T HHHW T HHHW T HHHW T HHHW T HHHW TTTT
Ty2(GT +1f), Po(GT +ff)
from Current Model

Progenitor Abundance N poq(1,,T) (Si

—a— 1%Tm,,¢ peak

-1
came available, it is definitely clear that the formation of the 10
three N, o peaks requires different neutron-density condi- € 1072 L -
tions, implying differentr-process paths at different dis- o F ]
tances fromga stability [4,70,74. To be more specific, under 107 F E
the astrophysicah,-7, conditions where thé=80 peak is 104 L .
produced at relatively “low"n,,, the A=130 peak will only - F 3
barely be formed and th&=195 peak not at all, unless 10 £ —e— %9Zn,, peak E
“higher” n,, densities are invoked. For othey-7, condi- 106 [ 5 oGl peak ]

tions where theA=130 peak is produced at “mediuni, , l l l l l l l \
denS|t|eS(See, e.g', Flg. 11 of thls pape[heA:So reglon 10_ I EERTTT . I T T S T T A W NV 1T N W NN 17|
19 20 21 22 23 24 25 26 27 28
has already been partly depleted, and Are195 peak only 107 107 10° 107 107 107 107 10 107 10
starts to fill up. Neutron Density n, (cm™)
To show the situation in more detail, Fig. 11 compares _ .

snapshots of-abundance calculations for a range of astro-, F'G: 12. The buildup of the initiat abundancedl proq Of the

. . S - three neutron-magic waiting-point nuclidé&n.,, 3%Cdy,, and
physical conditiongwith identical Tg, n,, and r,, respec- 1057 . .
tively) under which the secondd peak atA=130 is My 56 from an Fe seed as a function of neutron densjfyand
f d. Toaeth ith th ¢ ro i ies f Iﬁ:ocess duration, at freeze-out temperatuiig,=1.35. The above
ormed. Together wi € neutron separation Energies 1rory, ..o isotopes are the direct progenitors of the stable isdBaes
the FRDM mass moddl], the T,, and P,, values become

o S > 130Te, and Pt situated at the top of the respectiMg ., peaks.
the decisive nuclear quantities in these calculations. And, anejr buildup contains the full time history of tmeprocess “climb-

is clearly evident from the figure, with our new, “shorter” jng up” the respective magic neutron shellshat: 50, 82, and 126.
T1(GT+ff) and the same process time considerably more fFyrthermore, in the formation of the second and tiNid,, peaks, a
material has been built up beyond the peak in the rare-eartlnd of “memory effect” of the history of the-matter flow at the
region than with our old, “longer™T,(GT). earlierr peaks) is maintained. The upper part shows the calcula-
Finally, Fig. 12 shows the development of theabun- tions using theB-decay half-livesT,,(GT) obtained from the
dances of the important waiting-point isotop%n (N  QRPA model for GT decay onlj8]. The lower part exhibits the
=50), ¥%Cd (N=82), and*°*Tm (N=126) as a function of respective calculations using our new, shorter theoreliga{GT
neutron densityn,, and process duratiom,, respectively. +ff) values that include both GT decdjrom the QRPA model
These three nuclei form the respective tops of the thigg ~ and ff-decay(from the “gross theory”[25]). In all calculations,
peaks at freeze-out prior #8-decay back to stability. Again, nuclear_ masses have consistently been taken from the Audi 1995
one observes that the new macroscopic-microscopi€valuation[35] and from the FRDM mode]6].
T1,(GT+ff) predictions result in a speeding-up of thero-
cess compared to the earlier half-lives for pure GT d¢6qy regions, are sometimes as strong as the experimentally
Under these conditions the total duration for a robustknown ones in the valley g8 stability. This model currently
r-process nucleosynthesis up to Th, U is reduced to about gresents the most well tested and most unified prescription
S. for obtaining unknown nuclear properties far from stability,
In this paper, we have for consistency reasons based alith the best proven overall track record of reliability for a
our calculations on the FRDM mass modél|, in which  large number of nuclear-structure properties, when calculated
neutron-shell corrections in the vicinity of magic neutron quantities are compared to new data as they become avail-
numbers far from stability, in particular in the waiting-point able[9]. However, it is informative to investigate the conse-
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quences of the recent experimental evidence of a gradual V. SUMMARY AND CONCLUSIONS
shell weakening(“quenching”) of the classical shell gaps

with distance from stability. This feature—already well : .
lowed Gamow-Teller3 decay with the statistical gross

known for N=20 andN=28—also seems to occur &t X . .
=50 andN =82. For recent reviews, see, for example, Refs theory of first-forbidden decay. Experimental data show that

[43,77. Such a weakening of the shell effects may furtherthe first-forbidden strength over a given energy range is rep-
speed up the classical process even at moderate neutronf€Seénted by numerous densely spaced peaks whereas the al-
densities. In a calculation based on, for example, the microlowed GT strength is concentrated in a few strong peaks. Our
scopic HFB method with the specific Skyrme force SkP ofnew “microscopic-macroscopic” model g8 decay is there-
Dobaczewskiet al. [78,79, which exhibits a rather strong fore a reasonable approximation in analogy with the
shell quenching, a robust process from the classical Fe seewicroscopic-macroscopic model of nuclear potential-energy
up to the full thirdN, ¢ peak could be run within about 1.5 surfaces. Also, it is currently the only tractable way to glo-

s with a maximum neutron density of onlyn, bally calculate the required nuclear structure and decay prop-
=107 (cm 3) (see, e.g., Fig. 3 in Ref70] or Fig. 4 in Ref.  erties in a model that represents a unified, nondivergent ap-
[72)). proach across the entire nuclear chart. The model has a

However, in, for example, the neutrino-wind SN Il sce- proven track record of reliability when it is applied far from
nario, the rapid-neutron-capture process starts fromAan known regions of nuclei where the model parameters were
=90 seed composition, and consequently it avoids the domidetermined 6,9]. We have tested our calculations by com-
nantN=50 bottleneck in the-matter flow. In this scenario, paring the new model and old model, the latter without first-
with a calculation based on the “quenched-shell” mass modforbidden decays taken into account, to data throughout the
els, such as the ETF®)-[12] model, the total duration of an periodic system. These comparisons demonstrated that our
r process at freeze-out can be further reduced to about 83hhanced model leads to a substantial improvement in calcu-
ms. In this calculation we used the ETFQlmasses to de- |ated g-decay half-lives ands-delayed neutron-emission
termine all mass-related quantities, for example,@heval-  probabilities. This is particularly true near magic neutron
ues that were used in the calculation of thgy(GT+ff). numbers where the process “spends most of its time.”

It will presumably not be a problem to obtain short half-  The newT,(GT+ff) and P,(GT+ff) values have been
lives of r-process progenitor nuclei and corresponding shorgpplied to site-independemtprocess calculations. Calcula-
time scales to build up heavy elements in low-entropy envitions based on the new data base result in a considerable
ronments which are very neutron rich, such as neutron-stagpeeding-up of the-matter flow in the vicinity of theN, o
mergers{80-83, but it is still a difficult problem to realize peaks, which are related to magic neutron-shell closures,

short progenitor half-lives in high-entropy environments gjative to calculations based on the previdys(GT) and
with (only) moderate neutron densities, such as SN Il scep (GT) tabulation.

narios. As shown by, for example, Reff50-52,57,64 Clearly, still more work is needed in both experimental
rather high entropies up to 40@/nucleon are required 0 and theoretical nuclear physics as well as in astrophysics to
produce the full third\, o peak atA=195. Such high en- finally solve the problem of théorigin of the heavy ele-
tropies, corresponding to high densities are considerably bgnents between Fe and Th, Which has recently been con-

yond what is achieved in realistic hydrodynamic approachessigered number three among: “The 11 Greatest Unanswered
However, if shell quenching al=50 and 82 would defi- Questions in Physics83].

nitely be confirmed by future experiments, the above maxi-

mum neutron density of roughly #(cm™2)—which would

correspond to a maximum entropy of about ACKNOWLEDGMENTS
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