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Systematic study of nuclearb decay
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b-decay properties of nuclei are studied in the framework of proton-neutron quasiparticle random-phase
approximation with a schematic Gamow-Teller residual interaction. Particle-hole and particle-particle terms of
the separable Gamow-Teller force are consistently included for bothb1 andb2 directions, and their strengths
are fixed as smooth functions of mass numberA of nuclei in such a way that the calculation reproduces
observedb-decay properties of nuclei. Using the fixed interaction strengths,b-decay half-lives of nuclei up to
A5150 are calculated, and generally good agreement with experiment is obtained. A schematic force which is
relevant to the unique first-forbidden decay is also included in a similar way to the Gamow-Teller force, and
its effects are studied.@S0556-2813~96!03512-1#

PACS number~s!: 23.40.Hc, 21.10.Tg, 21.30.Fe, 21.60.Jz
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I. INTRODUCTION

The knowledge of weak interaction rates of nuclei is o
of the most important factors for resolving astrophysi
problems. Most nuclei of interest in astrophysics are the o
far from stability, and theirb-decay properties have to b
estimated theoretically.

The most reliable predictions may be obtained by a
diagonalization of an effective Hamiltonian in some mod
space. Wildenthal@1# obtained nuclear wave functions in th
full sd-shell model space, which reproduce a wide range
nuclear structure properties. These wave functions are
cessfully applied to calculate Gamow-Tellerb-decay observ-
ables@2–4#, and are also used in calculations of the elect
capture rates in stellar matter@5,6#. Unfortunately, such a
sophisticated calculation is tractable only forsd-shell nuclei
in the current situation, and cannot be applied tofp-shell and
heavier nuclei which play important roles in the nuclear p
cesses in massive stars. We thus use a simplified model
systematic study ofb-decay properties of a number of nu
clei.

Extensive calculations ofb-decay rates of nuclei hav
been performed by several authors previously@7–10#. A cal-
culation based on the gross theory@7# was performed by
Takahashiet al. more than twenty years ago. This statistic
model describes the average properties of theb strength
functions, and the shell structure of nuclei is not fully i
cluded.

A simple but microscopic model based on the proto
neutron quasiparticle random-phase approximat
~pnQRPA! has also been widely used in studies of nucl
b-decay properties. In this model, one first constructs a q
siparticle basis with a pairing interaction, and then solves
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RPA equation with a schematic Gamow-Teller~GT! residual
interaction. The pnQRPA model was developed by Halbl
and Sorensen@11# by generalizing the usual RPA to describ
charge-changing transitions; their original model uses
spherical single-particle model and particle-hole terms of
separable GT force. During about thirty years after the or
nal work of Halbleib and Sorensen, the pnQRPA model h
been extended by many authors for its applications to
formed nuclei and nuclei with odd nucleons@12–16#.

The extended pnQRPA model has been used to calcu
b-decay half-lives of nuclei throughout the nuclidic cha
@8–10#. The authors of Refs.@8,9# use particle-hole~ph!
terms of the separable GT force forb2 decay@8#, whereas
for b1 decay and electron capture@9# they include, in addi-
tion to the ph force, particle-particle~pp! force which is
known to be important to reproduce the observed supp
sion of GT strengths in theb1 direction@17–20#. Their cal-
culations are generally in remarkably good agreement w
observedb-decay half-lives. It has been pointed out@21#,
however, that they fail to reproduce observed systematic
b-decay half-lives@22#. This failure seems to originate from
their approach in determining the strengths of the GT for
They fitted the strengths separately for each isotopic ch
and therefore the observed smooth variation of half-liv
among neighboring nuclei is not reproduced because
strengths of the GT force are significantly different from o
isotopic chain to another.

Recently Möller et al. @10# calculated tables of nuclea
properties for astrophysical applications, includingb-decay
half-lives of nuclei ranging from16O to 339136 and extend-
ing from the proton drip line to the neutron drip line. The
calculation is based on the finite-range droplet model a
folded-Yukawa single-particle potential, which are used
calculate nuclear ground-state masses and deformations@23#.
They calculated GTb-decay rates in the pnQRPA mod
using only the ph force, the strength of which is a smoo
function of mass number.

The pnQRPA model has revealed its usefulness in
description ofb-decay properties of nuclei, but at prese
there are no systematic studies including the ph and pp te
of the GT force consistently for bothb1 andb2 directions.
In this paper, we try to determine the strengths of the ph
pp forces such that the calculation reproducesb-decay half-
2972 © 1996 The American Physical Society
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54 2973SYSTEMATIC STUDY OF NUCLEARb DECAY
lives of a wide range of nuclei, assuming the strengths to
smooth functions of mass numberA of nuclei. We expect
that our approach has an advantage to find out global tre
of b-decay properties throughout the periodic system,
though specific observables of individual nuclei may not
reproduced well enough. We also examine a possible refi
ment of the pnQRPA model by introducing a schematic
teraction relevant to the unique first-forbiddenb decay,
which has been totally ignored in the previous QRPA st
ies, and discuss its effects on the calculated results.

This paper is organized as follows: In Sec. II we brie
describe the method of the calculation. The model has s
eral adjustable parameters as described in Sec. III. They
determined by adjusting the calculatedb-decay observable
to experimental values. In Sec. IV,b-decay half-lives of nu-
clei up toA5150 are calculated using the fixed paramete
and the accuracy of the calculation is discussed by com
ing them with experimental values. Further, effects of
residual interaction which is relevant to the unique fir
forbidden decay are discussed.

II. METHOD OF CALCULATION

The probability l f i of a b transition from an initial
nuclear statei to a final nuclear statef can be expressed a

l f i5
me
5c4

2p3\7(
DJp

g2f ~DJp; f i !B~DJp; f i !, ~1!

where f (DJp; f i ) and B(DJp; f i ) are the integrated Ferm
function and the reduced transition probability, respective
for the transition which induces a spin-parity changeDJp,
andg is the weak coupling constant which takes the va
gV or gA according to whether theDJp transition is associ-
ated with the vector or axial-vector weak interaction. If w
are concerned only with allowed transitions, Eq.~1! reduces
to

l f i5
me
5c4

2p3\7 @gV
2 f ~01; f i !B~F6 ; f i !

1gA
2 f ~11; f i !B~GT6 ; f i !#, ~2!

with the reduced Fermi (DJp501) and Gamow-Teller
(DJp511) transition probabilities forb6 direction

B~F6 ; f i !5
1

2Ji11
u^ f uu(

k
t6
k uu i &u2, ~3!

B~GT6 ; f i !5
1

2Ji11
u^ f uu(

k
t6
k skuu i &u2, ~4!

whereJi is the total spin of the statei , sk and t6
k are the

Pauli spin matrix and the isospin raising/lowering operat
which act on thekth nucleon in the nucleus.

Theb-decay half-life is readily obtained as

T1/25
ln2

( fl f i
, ~5!
e

ds
l-
e
e-
-

-

v-
re

,
r-
e
-

,

e
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where the sum runs over all statesf lying below the initial-
state energy.

Since the Fermi transition strength is strongly conce
trated in only one final state, i.e., the isobaric analog s
~IAS!, the reduced transition probability~3! is easily evalu-
ated as

B~F6!5T~T11!2T3~T361!, ~6!

whereT is the total isospin andT3 is its projection to the
third axis in the initial nuclear state.

As for the Gamow-Teller transitions, the situation is mo
complicated. The strengths~4! are distributed over a wide
range of final states, and so we need to know the structur
the initial and final nuclear states. To do this, we apply
extended pnQRPA model, which we describe briefly in t
following. A general description of the model is found
Ref. @15#, and a comprehensive representation of
pnQRPA model with separable GT forces is presented
Ref. @16#. We would like the reader to refer to the abov
materials for details, and will present here only the outline
the calculation.

We start with a deformed Nilsson single-particle mod
in which we use a well-known modified oscillator potenti
with a quadratic deformation. We neglect, as usual, n
vanishing off-diagonal matrix elements between different
cillator major shells. The pairing correlation is taken in
account in the BCS approximation using constant pair
forces. The BCS calculation is performed in the deform
Nilsson basis for the proton and neutron systems separa
and then the quasiparticle states are defined by a Bogoliu
transformation. The terms neglected at this stage are m
less important than RPA correlations@15#.

The ground-state correlation is then introduced by add
a residual interaction to the Hamiltonian, and it is treated
RPA. Creation operators of QRPA phonons are defined

Qv
† ~m!5(

p,n
@Xv

pn~m!ap
†an̄

†2Yv
pn~m!anap̄#, ~7!

whereak
† is the creation operator of a quasiparticle in t

statek; k5p, n represents the proton and neutron quasip
ticle states, andk̄ the time-reversed state ofk. m denotes a
spherical component of the GT transition opera
(m50,61), and the sum runs over proton-neutron pa
which satisfym5mp2mn and pp•pn51, wheremk and
pk are the spin projection to the symmetric axis and
parity, respectively, of the statek. The excitation energyv
and the amplitudesXv , Yv of the phononQv

† (m) are ob-
tained by solving the well-known RPA matrix equation

F A B

2B 2AGFXYG5vFXYG , ~8!

with @15#

Apn,p8n85dpn,p8n8~ep1en!

1Vpn,p8n8
pp

~upunup8un81vpvnvp8vn8!

1Vpn,p8n8
ph

~upvnup8vn81vpunvp8un8!, ~9!
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2974 54H. HOMMA et al.
Bpn,p8n85Vpn,p8n8
pp

~upunvp8vn81vpvnup8un8!

2Vpn,p8n8
ph

~upvnvp8un81vpunup8vn8!, ~10!

where ek is the quasiparticle energy, andvk/uk are
occupation/unoccupation amplitudes, which are obtained
the BCS calculation.

We use a simple schematic force—so-called G
force—of the form

VGT;(
m

~21!m~ t2sm!•~ t1s2m!, ~11!

which has been widely used in studies of GTb-decay prop-
erties of nuclei. The GT force~11! has separable ph matri
elements

Vpn,p8n8
ph

512xGTf pn~m! f p8n8~m!, ~12!

where xGT is the strength parameter andf pn is a single-
particle GT transition amplitude between Nilsson sing
particle statesup& and un&:

f pn~m!5^put2smun&. ~13!

In many previous applications, only the ph terms of the G
force are taken into account, assuming the pp terms to h
only a minor effect on GT strength functions@12,13#. How-
ever, the pp force is found to be important for describi
b1 andbb decay@18,19#. We therefore take into account
separable pp force@20#, which gives the pp matrix element

Vpn,p8n8
pp

522kGTf pn~m! f p8n8~m!. ~14!

The ph and pp forces are defined to be repulsive and at
tive, respectively, when the strength parametersxGT and
kGT take positive values, reflecting the general feature of
nucleon-nucleon interaction in theJp511 channel. An ad-
vantage of using the separable forces is that the RPA ma
equation reduces to an algebraic equation of fourth or
@16#, which is much easier to solve in comparison with t
full diagonalization of the non-Hermitian matrix of a larg
dimension.

The Jp501 ground state of an even-even nucleus is
pressed by the QRPA vacuum stateu0g.s.

1 & defined by
Qv(m)u0g.s.

1 &50 for all v and m. A one-phonon state
u1v

1(m)&5Qv
† (m)u0g.s.

1 & then denotes theJp511 excited
state of an odd-odd daughter nucleus with the excitation
ergyEx5v2(ep1en), whereep anden are energies of the
single-quasiparticle states of the smallest quasiparticle
ergy in the proton and neutron systems, respectively.
reduced transition probability from the ground stateu0g.s.

1 & to
the one-phonon stateu1v

1(m)& is expressed by

B~GT6!5u^1v
1~m!u(

k
t6
k sm

k u0g.s.
1 &u2. ~15!

For an odd-mass or odd-odd parent nucleus, the ground
may be expressed as a one-quasiparticle state or a pr
neutron quasiparticle-pair state of the smallest energy
these cases, quasiparticle transitions are also possible, i
dition to the phonon excitations in which the quasiparti
in
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acts merely as a spectator. We introduce phonon correlat
to the quasiparticle transitions in first order perturbati
@11,13–16#. The explicit descriptions of the probabilities o
the phonon excitations and the quasiparticle transitions
presented in Ref.@16#.

III. DETERMINATION OF MODEL PARAMETERS

The model briefly described in the preceding section
several adjustable parameters, which should be caref
chosen in order to obtain reliable predictions ofb-decay
properties of nuclei. In this section, we determine the para
eters in such a way that the calculation reproduces obse
b-decay properties. Once the parameters are fixed, we
calculate theb transition probabilities~2!. We use the con-
stants@24#

D[
2p3\7ln2

gV
2me

5c4
56295 s and

gA
gV

521.254, ~16!

and calculate the Fermi functions forb-decay and electron
capture following Refs.@25,26#. Fermi transition probabili-
ties are separately calculated using observed positions o
IAS taken from Ref.@27#.

In the following, we discuss the model parameters se
rately for the two main steps of the QRPA calculatio
namely the Nilsson1BCS calculation and the succeedin
RPA calculation.

A. Nilsson1BCS calculation:
Choice of single-„quasi…particle Hamiltonian

Since the transition rates of nuclei with odd nucleons
determined mainly by quasiparticle transitions, accurate p
dictions of single-quasiparticle levels are very important.
the other hand, single-particle models have been widely s
ied concerning various properties of nuclei such as excita
spectra, ground-state masses and deformations, etc. T
fore, we shall determine the single-particle Hamiltonian
using the values of the parameters available in literature

In the Nilsson calculation, we take the well-known mod
fied oscillator potential@28,29# with the shell-dependen
l•s- and l2-strength parameters determined by Ragnars
and Sheline @29#. The oscillator constant is chosen a
\v0545A21/3225A22/3 MeV @30#. For simplicity, we con-
sider only quadrupole deformation, which can, in princip
be determined by minimizing the ground state energy.
use, instead of doing this, thee2 parameters recently pub
lished by Möller et al. @23#. In order to cover nuclei through
out the periodic system, oscillator major shellsN5 0–7 are
included in the calculation.

In the BCS calculation, we use constant pairing forc
The interaction strengths are fixed to the pairing energy g
Dp andDn for the proton and the neutron systems. The lat
may be calculated from mass differences among the ne
boring nuclei@31#; alternatively, we may use the global sy
tematics@31#

Dp5Dn512/AA MeV. ~17!

For aN-nucleon system withN being an odd integer, the
BCS equation is usually solved with the even avera
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54 2975SYSTEMATIC STUDY OF NUCLEARb DECAY
nucleon numberN21, and aN-nucleon state is constructe
by putting a quasiparticle upon the ground state ofN21
nucleons. In the present calculation, however, we always
N itself for the average nucleon number even ifN is odd
@32#.

In the previous pnQRPA studies@8,9,13#, the single-
quasiparticle basis is constructed for the parent nucle
Namely, the parent-nucleus deformation is taken in the N
son calculation, and the energy gaps of the parent nucleu
taken in the BCS calculation. Such an approach totally
nores the properties of the daughter nucleus. In addition,
BCS equation is solved under the restriction that the aver
nucleon number is equal to that of the parent nucleus.
cause the resulting quasiparticle levels and occupation
plitudes sometimes depend strongly on this average num
a simple use of the nucleon number of the parent nuc
might be inappropriate.

To reflect the properties of both the parent and daug
nuclei, we construct a kind of averaged nucleus by using
following values for the parameters.

~1! For the deformation, we use the arithmetic mean
the deformation parameters of the parent and daughter
clei.

~2! For the energy gaps, we use the systematics~17!.
~3! For the average nucleon numbers, we use the pro

number of the parent nucleus and the neutron number of
daughter nucleus forb1 decay, and vice versa forb2 decay.

The choice for the average nucleon number is made
cause the single-quasiparticle level for the decaying nucle
which is transformed from proton into neutron inb1 decay
and vice versa forb2 decay, is most important.

We have examined various sets of choices for the th
model parameters, the deformation, energy gaps, and a
age nucleon numbers. It has been turned out that the a
choices give the overall best fit. Details of the examinat
will be presented later in this section.

FIG. 1. Contour plots of log10(T1/2
calc/T1/2

expt) as functions of the
strengths of the ph and pp forces.
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B. RPA calculation: Strengths of GT residual interaction

The inclusion of the GT residual interaction significant
changes the calculated GT strength distribution, and is
decisive importance for reproducing observed GT stren
functions. The strengths of the ph and pp GT forces, wh
are respectively referred to asxGT and kGT, are assumed
here to be smooth functions of mass numberA of nuclei and
are parameterized as

xGT5x0 /A
m, ~18!

kGT5k0 /A
m, ~19!

wherex0, k0, andm are constants to be determined such t
the calculatedb-decay properties agree with observation.

In the present work, we focus our attention mainly
b-decay half-lives. First of all, we study how the strengths
the GT forces affect the calculated half-lives. Some typi
examples are shown in Fig. 1. As the strengthxGT of the ph
force increases, a calculated half-lifeT1/2

cal increases almos
linearly because of reduction of the low-lying GT streng
Meanwhile, effects of the pp force depend on whether
parent nucleus has odd nucleons or not@9#: For an even-even
parent nucleus,T1/2

cal decreases when the strengthkGT in-
creases, with a steeper slope for largerkGT @see Fig. 1~d!#.
On the other hand,T1/2

cal is almost constant for small values o
kGT if the parent nucleus has odd nucleons@Figs. 1~a!–~c!#,
since theb-decay rate of an odd parent nucleus is genera
dominated by quasiparticle transitions, which are affected
the pp interaction only through weak correlations w
phonons.

In a region of the largest values ofkGT, the half-life
T1/2
cal decreases suddenly withkGT in all cases shown in Fig

1. Because the pp force is attractive, the lowest eigenvalu
the RPA equation approaches zero as the strengthkGT is
increased, and finally it becomes imaginary, i.e., the QR
‘‘collapses,’’ when kGT exceeds some critical value, sa
kc . Generally the value ofkc decreases with increasin
mass numberA, and is expressed approximately as~see Fig.
2!

FIG. 2. Critical valueskc of the strength of the pp force versu
mass number. The value ofkc decreases with increasing mass nu
ber A, and is approximately proportional to 1/A0.65 MeV. In the
present work, the strength of the pp force is taken
kGT50.58/A0.7 MeV, which is well below the critical valueskc .
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2976 54H. HOMMA et al.
kc;1/A0.65. ~20!

We must choose the strengthkGT within the physical region,
i.e. kGT,kc , for all nuclei.

A method for determining unknown parameters in ord
that theoretical and observed quantities agree as well as
sible is provided by the least-squares-minimization of t
model error. We minimizeS defined by

S5
( i51
n wir i

2

( i51
n wi

, r i5 ln~T1/2
calc/T1/2

expt! i , ~21!

with respect to the adjustable parameters. HereT1/2
expt is the

measured half-life andT1/2
calc the corresponding calculate

quantity for a particular nucleus indicated by the subscr
i . Then r i measures the difference between calculated
experimental half-lives of thei th nucleus in the logarithmic

FIG. 3. Nuclei included in the present analysis for determini
the strengths of the GT forces. The black squares denote s
isotopes and the dots denote nuclei whose masses are know
perimentally @35#. Nuclei which satisfy the selection criteria de
scribed in the text are indicated by the open squares~systematics! or
crosses~average!, according to the choice for the parametersDp

andDn .

FIG. 4. Calculatedb2 strength functions for different choice
for the strength of the ph force. The observed positions of
GTGR are indicated by the vertical broken lines.~a! xGT523/A
MeV ~solid! and xGT515/A MeV ~shaded!. ~b! xGT55.2/A0.7

MeV. ~c! xGT51.3/A0.4 MeV.
r
os-
e

t
d

scale. Here we use the logarithmic scale becauseb-decay
half-lives vary by many orders of magnitude, and in additio
the calculated and measured half-lives may differ by ord
of magnitude.

The quantityAS is the root-mean-square~rms! deviation
of r i with the weightswi . In the simplest definition of the
rms deviation, the weights are all taken to be equal. Mo¨ller
and Nix @33# state that this simplest definition of the rm
deviation is unsatisfactory to estimate the model error wh
the errors associated with the measurements are large
cause both the experimental and theoretical errors contri
to the rms deviation. They use statistical arguments and
maximum-likelihood method to decouple the theoretical a
experimental errors from each other, and show that, when
uncertainty of thei th measurement is given bysexpt

i the
theoretical errorscalc is estimated by

scalc
25

( i51
n wi

2~r i
22sexpt

i 2!

( i51
n wi

2 ~22!

with

wi5
1

sexpt
i 21scalc

2 , ~23!

and the best values of the adjustable parameters are obta
by minimizingS of Eq. ~21! using the weightswi defined in

ble
ex-

e

FIG. 5. Dependence ofS on k0, for the groups presented in
Table I.

TABLE I. Result of the fit. The strength of the ph force is fixe
asxGT55.2/A0.7MeV. ~a! The values of the parameterk0 ~in MeV!
which minimizeS of Eq. ~21! are presented for several groups
nuclei~see text!. The quantitiesr̄ andsmeasure the accuracy of th
calculation and are defined in Eq.~25!. ~b! The errors of the calcu-
lation atk050.58 MeV.

~a! ~b!

Group n k0 ~MeV! r̄ s k0 ~MeV! r̄ s

All 373 0.61 1.18 9.37 0.58 1.18 9.37
T1/2
expt,104 s 309 0.51 1.43 6.03 0.58 1.43 6.0

T1/2
expt,103 s 269 0.58 1.43 5.25 0.58 1.43 5.2

T1/2
expt,102 s 228 0.30 1.39 4.13 0.58 1.35 4.1

T1/2
expt,101 s 159 0.71 1.10 3.10 0.58 1.14 3.1

T1/2
expt,100 s 88 0.66 0.94 2.40 0.58 0.97 2.4
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TABLE II. Agreements between calculated and observedb-decay half-lives evaluated by the quantitie
defined in Eq.~25!, for different choices for the parameters in the Nilsson1BCS calculation described in th
text.

Deformation Energy gap Nucleon number n r̄ s

Parent Parent Parent 347 1.19 22.4
Parent Parent Parent/daughter 355 1.07 15.0
Parent Average Parent 347 1.26 15.1
Parent Average Parent/daughter 356 1.13 14.6
Parent Parent/daughter Parent 365 1.32 21.7
Parent Parent/daughter Parent/daughter 370 1.08 15.
Parent Systematics Parent 365 1.13 11.8
Parent Systematics Parent/daughter 377 1.13 11.8
Average Parent Parent 350 1.27 21.3
Average Parent Parent/daughter 352 1.17 13.1
Average Average Parent 347 1.32 12.8
Average Average Parent/daughter 350 1.17 10.4
Average Parent/daughter Parent 368 1.41 19.7
Average Parent/daughter Parent/daughter 369 1.21 14.0
Average Systematics Parent 371 1.55 20.6
Average Systematics Parent/daughter 374 1.18 9.38
ti
io

o
ng

tal
Eq. ~23!. While scalcmeasures the magnitude of the theore
cal error, the systematic trend of the error in the calculat
is measured by the mean value ofr i ,

r̄5
( i51
n wir i

( i51
n wi

. ~24!

We usescalc and r̄ defined above to measure the error
the calculated half-lives, since the experimental errors ra
-
n

f
e

from the smallest;1023 to the largest;0.5, where we use
relative uncertainty (dT1/2

expt/T1/2
expt) i of the measurement@34#

for the experimental errorsexpt
i . We also use the following

quantities measured in the linear scale:

r̄5er̄ , s5escalc. ~25!

If the calculated half-lives are exactly equal to experimen
values, thenr̄51 ands51.
-
k

FIG. 6. b-decay half-lives of nuclei with
A<150 calculated by the QRPA model, in com
parison with experimental values. The blac
squares denote nuclei withZ<40.
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2978 54H. HOMMA et al.
To fix the parameters by the least-squares-fit, we ca
latedb-decay half-lives of nuclei which satisfy the followin
conditions, changingxGT andkGT step by step.

~1! Proton number 8<Z<40.
~2! The masses needed to calculate theQb value are ex-

perimentally known@35#.
~3! b-decay half-life is experimentally known@34#.
The selected nuclei are indicated by the squares in Fig

In the actual analysis in the following, we further exclud
some nuclei for which the calculation gives no GT transiti
within theQb window.

We have three adjustable parameters, namelyx0, k0, and
m. We may fix all of these parameters such that the cal
lated half-lives agree with observation by minimizingS.
Then we consider only low-lying GT strengths within th
Qb-window which contribute to the half-life. It is desirabl
that the calculation gives correct GT strengths also at hig
excitation energies.

Information of higher-lying GT strengths is obtained b
(p,n) and (n,p) experiments, by which the GT giant reso
nance~GTGR! is observed at a high excitation energy. Sin
the calculated position of the GTGR inb2 direction is de-
termined mainly by the ph force@17–20#, it is reasonable to
fix the strengthxGT such that the observed positions of th
GTGR are reproduced. Two values ofxGT determined in this
approach have been proposed previously; one isxGT523/A
MeV which is derived using the data@36# or 208Pb, and the
other isxGT515/A MeV @14# obtained from the Fe region
nuclei, both of which assume thatxGT is inversely propor-

FIG. 7. Same as Fig. 6, but ratios of calculated to experime
half-lives are plotted against mass number.
u-

3.

-

er

tional to mass numberA, i.e.,m51. Figure 4~a! shows GT
strength functions for48Ca, 90Zr, and 208Pb, calculated using
the above two values forxGT. The observed positions of th
GTGR are indicated by the broken lines. One can see tha
calculated position is too high in48Ca for the choice
xGT523/A MeV and too low in 208Pb for the choice
xGT515/A MeV. This suggests a weaker dependence
xGT on mass number. We calculated the strength functi
changing the mass-dependence parameterm @see Figs. 4~b!
and 4~c!#, and found that

xGT55.2/A0.7MeV ~26!

well reproduces the positions of the GTGR in all the thr
cases.

In the present work, we assume the same mass de
dences for the ph and pp forces. This assumption seems
sonable, since the 1/A0.7 dependence determined from o
served positions of the GTGR is approximately the same
the mass dependence of the critical valueskc of the pp force
@see Eq.~20! and Fig. 2#. The remaining parameter,k0, is
determined by minimizingSof Eq. ~21!. In the calculation of
S it is desirable to include as many nuclei as possible. On
other hand, nuclei with long half-lives may cause bad effe
on the fit, because the present model is not expected to w
well for those nuclei, as will be discussed in the next secti
Therefore, we performed the minimization for several grou
of nuclei. The results are shown in Table I~a!. The first group
denoted by ‘‘all’’ includes 373 nuclei which are selected
the way described above~see Fig. 3!. The other groups in-
clude nuclei with half-lives which satisfy the condition in th
first column. The values ofk0 which minimizeS differ con-
siderably among the groups, but the change ofS in the vi-
cinity of the minimumSmin is so gentle, as shown in Fig. 5
and in each caseS at k050.58 MeV increases no more tha
0.5 percent in comparison with the real minimumSmin @see
also Table I~b!#. So we decided to use

kGT50.58/A0.7MeV ~27!

for the strength of the pp force. Note that this value ofkGT is
well below the critical valueskc ~see Fig. 2!.

C. Different choices of the Nilsson1BCS parameters

As has been mentioned before, we use the averaged p
erties between the parent and daughter nuclei for the par
eters in the Nilsson1BCS calculation, namely the deforma

al
TABLE III. Accuracy of the present pnQRPA calculation for nuclei withA<150, evaluated by the
quantities defined in Eq.~25!. The last three columns show the numbers~percentage! of nuclei for which
half-lives are reproduced within factors of 10, 5, and 2, respectively.

Group n r̄ s Factor 10 Factor 5 Factor 2

All 842 1.19 18.3 662~78%! 574 ~68%! 339 ~40%!

T1/2
expt,104 s 694 1.57 7.69 579~83%! 510 ~73%! 308 ~44%!

T1/2
expt,103 s 587 1.52 6.76 506~86%! 449 ~76%! 274 ~46%!

T1/2
expt,102 s 446 1.41 5.57 396~88%! 358 ~80%! 222 ~49%!

T1/2
expt,101 s 277 1.22 3.60 256~92%! 230 ~83%! 147 ~53%!

T1/2
expt,100 s 144 1.02 2.92 111~97%! 105 ~92%! 73 ~64%!
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tions, the energy gaps, and the average nucleon number
check the validity of this choice, we compare agreement
tween calculated and experimental half-lives for seve
choices for these parameters. The examined choices her
summarized as follows.

~1! Deformations:~a! parent;~b! average.
~2! Energy gaps:~a! parent; ~b! average; ~c! parent/

daughter;~d! systematics.
~3! Average nucleon numbers:~a! parent; ~b! parent/

daughter.
Here ‘‘parent’’ is the value in the parent nucleus, a

‘‘average’’ is the mean value of the parent and daugh
nuclei. In the case ‘‘parent/daughter’’ for the energy ga
and the nucleon numbers, we use the value in the pa
~daughter! nucleus for the proton~neutron! system forb1

decay, and vice versa forb2 decay. This is not examined fo
the deformations, since the proton and neutron states are
pressed by different sets of basis wave functions if we
different deformation parameters for the proton and neut
systems. Finally, ‘‘systematics’’ means that we use the s
tematics~17! for the energy gaps; otherwise we calcula
them using observed masses@35# of neighboring nuclei.

Table II shows the agreement between the calculated
observed half-lives analyzed by use of the quantities defi
in Eq. ~25!. In the analysis we include nuclei selected in t
same way as in the determination of the strengths of the
forces~see Fig. 3!. Note that we have an additional conditio
if the energy gaps are calculated from masses of neighbo
nuclei; we need their experimental values. The nuclei wh
satisfy all conditions in those cases are indicated by
crosses in Fig. 3.

One can see from Table II that the meanr̄ is close to unity
in all cases. On the other hand, the values ofs differ consid-
erably among different parameter sets, and in general, b
descriptions ofb-decay half-lives are obtained by use
averaged properties of the parent and daughter nuclei.
indicates that the single-quasiparticle basis should be c
structed for a kind of averaged nucleus, not for the par
nucleus, in order to obtain accurate predictions ofb-decay
properties. In fact, our choice~the bottom row in Table II!
gives the smallests.

IV. CALCULATION OF b-DECAY HALF-LIVES
INCLUDING HEAVIER NUCLEI

We have calculatedb-decay half-lives of nuclei with
mass numberA<150 using the parameters of the separa
Gamow-Teller forces determined in the preceding sec
@Eqs.~26! and~27!#. In this section, we discuss the accura

TABLE IV. Accuracy of the present pnQRPA calculation fo
nuclei with A<150 andT1/2

expt,1000 s. The same quantities as
Table III are separately presented for even-even~e-e!, odd mass
~odd!, and odd-odd~o-o! nuclei.

Group n r̄ s Factor 10 Factor 5 Factor 2

All 587 1.52 6.76 506~86%! 449 ~76%! 274 ~46%!

e-e 110 1.27 4.78 99~90%! 93 ~84%! 56 ~50%!

Odd 296 1.03 4.19 266~89%! 241 ~81%! 183 ~48%!

o-o 181 3.18 14.1 141~77%! 115 ~63%! 74 ~40%!
To
e-
l
are

r
s
nt

ex-
e
n
s-

nd
d

T

ng
h
e

ter

is
n-
nt

e
n

of the present calculation by comparing the calculated a
experimental half-lives. We also discuss a possibility to im
prove the pnQRPA model by including the effects of forbid
den transitions.

A. Comparison with experiment

We illustrate in Figs. 6 and 7 the agreement between
calculated and observed half-lives. Figure 6 shows that
calculation reproduces general trend ofb-decay half-lives.
The scatter of the points in the figure around the lin
T1/2
calc5T1/2

expt increases asT1/2
expt increases. This can be unde

stood by the following considerations: First, some nuc
with long half-lives are expected to be dominated by forbi
den decay, which we have not considered in the present
culation. Second, a longer half-life generally corresponds
a smallerQb value, hence errors in the calculated G
strength have larger effect upon the calculated half-life.

We have fixed the strength of the pp force by adjusti
the calculatedb-decay half-lives to observed values for nu
clei with proton numberZ<40, which are indicated by the
black squares in Figs. 6 and 7. The figures also inclu
heavier nuclei indicated by the open squares. For the la
nuclei, no significant change is found in the quality of agre
ment. This seems to justify the 1/A0.7 dependence of the GT
forces and indicates the validity of the strength parameters
the GT forces in the predictions ofb-decay properties of
heavier nuclei.

A more quantitative analysis can be made with the help
the quantities defined by Eq.~25!. Table III lists the same
quantities as in Table I for nuclei withA<150. The error of
the calculation is slightly larger compared to the result
Table I, which includes only nuclei withZ<40, but the gen-
eral features are unchanged. The table also shows the n
bers of nuclei whose half-lives are reproduced within facto
of 10, 5, and 2. For example, the present calculation rep
duces 97% of experimentally known half-lives shorter than
s within a factor of 10. In Table IV we select nuclei with
T1/2
expt,1000 s and show the results separately for even-ev

odd-odd, and odd-mass nuclei. It is seen that the calcula
tends to overestimate half-lives for odd-odd nuclei, whiler̄ is

FIG. 8. Agreement between calculated and observed half-liv
The ratios of calculated to experimental half-lives are distinguish
by different markers.
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TABLE V. Number of pairs of nuclei which violate the semi-empirical inequalities~28a!–~28h! for
experimental and calculated half-lives.T andT8 represent the lhs and rhs of the inequality, respectively.
the inequalities~28! requireT.T8.

Total number of Number of violation~expt! Number of violation~calc!
Inequality tested pairs T³T8 2T³T8 3T³T8 T³T8 2T³T8 3T³T8

a 131 2 1 0 3 2 2
b 157 5 2 2 38 14 6
c 101 3 2 1 3 2 2
d 140 1 0 0 7 5 2
e 130 1 1 0 0 0 0
f 145 1 0 0 0 0 0
g 126 1 1 1 0 0 0
h 164 1 0 0 10 3 1
re

e
en
he
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o
by

he

ved
m-
closer to unity in even-even and odd-mass cases. This t
is seen also in the previous pnQRPA calculations@9,13# ~see
TABLE E of Ref. @9#!.

The accuracy of the calculation for each nucleus includ
in the present analysis is shown graphically in Fig. 8. G
erally, the calculation is inaccurate for nuclei near t
b-stability line, and also for those which have the proton
neutron number near the magic numbers. For some of th
nuclei the calculated half-lives are significantly improved
considering forbidden transitions, as will be shown later.

Another test of the model calculation is provided by t
semi-empirical inequalities forb-decay half-lives given by
Kondoh and Yamada@22#:

T1/2
2 ~Z,2n!.T1/2

2 ~Z,2n12!, ~28a!

T1/2
2 ~Z,2n!.T1/2

2 ~Z,2n11!, ~28b!
nd

d
-

r
se

T1/2
2 ~2m,N!.T1/2

2 ~2m22,N!, ~28c!

T1/2
2 ~2m,N!.T1/2

2 ~2m21,N!, ~28d!

T1/2
1 ~2m,N!.T1/2

1 ~2m12,N!, ~28e!

T1/2
1 ~2m,N!.T1/2

1 ~2m11,N!, ~28f!

T1/2
1 ~Z,2n!.T1/2

1 ~Z,2n22!, ~28g!

T1/2
1 ~Z,2n!.T1/2

1 ~Z,2n21!, ~28h!

wherem andn are arbitrary integers andT1/2
6 (Z,N) denotes

b6-decay half-life of the nucleus withZ protons andN neu-
trons. These inequalities are quite well satisfied by obser
half-lives, as shown in Table V. For the calculation the nu
TABLE VI. Accuracy of the calculatedb-decay half-lives evaluated by the average deviationx̄ defined
in Eq. ~29!. ~a! Present calculation.~b! The pnQRPA calculation by Staudtet al. @8# and Hirschet al. @9#.

~a! Present calculation
b2 decay b1/EC decay

Group N n x̄ N n x̄

xi<10 T1/2
expt,106 s 390 299~76.7%! 3.00 408 351~86.0%! 2.56
T1/2
expt,60 s 250 218~87.2%! 2.81 158 148~93.7%! 2.12
T1/2
expt,1 s 69 66 ~95.7%! 2.64 45 45~100.0%! 1.67

xi<2 T1/2
expt,106 s 390 132~33.8%! 1.43 408 203~49.8%! 1.41
T1/2
expt,60 s 250 105~42.0%! 1.41 158 101~63.9%! 1.37
T1/2
expt,1 s 69 35 ~50.7%! 1.43 45 38~84.4%! 1.35

~b! References@8,9#
b2 decay@8# b1/EC decay@9#

Group N n x̄ N n x̄

xi<10 T1/2
expt,106 s 654 472~72.2%! 1.85 894 706~79.0%! 2.06
T1/2
expt,60 s 325 313~96.3%! 1.67 327 304~93.0%! 1.72
T1/2
expt,1 s 106 105~99.1%! 1.44 81 78~96.3%! 1.85

xi<2 T1/2
expt,106 s 654 369~56.4%! 1.37 894 489~54.7%! 1.36
T1/2
expt,60 s 325 267~82.2%! 1.36 327 245~74.9%! 1.31
T1/2
expt,1 s 106 96~90.6%! 1.35 81 59~72.8%! 1.23



qs.

54 2981SYSTEMATIC STUDY OF NUCLEARb DECAY
TABLE VII. Accuracy of the calculatedb-decay half-lives evaluated by the quantities defined in E
~31! and ~32!. ~a! Present calculation.~b! The pnQRPA calculation by Mo¨ller et al. @10#.

~a! Present calculation
b2 decay b1/EC decay

Group n Mr l
10 s r l

10 n Mr l
10 s r l

10

T1/2
expt,1 s e-e 10 1.15 2.36 5 0.95 1.26

Odd 31 0.60 2.24 24 1.06 2.06
o-o 28 1.75 4.96 16 1.03 1.40

T1/2
expt,10 s e-e 34 1.01 2.93 13 1.14 1.85

Odd 81 0.92 3.84 47 0.98 1.98
o-o 66 1.89 4.60 36 1.79 3.59

T1/2
expt,100 s e-e 52 1.13 3.58 26 1.00 2.27

Odd 127 1.07 4.29 94 0.89 2.28
o-o 85 3.15 10.51 62 2.37 7.54

T1/2
expt,1000 s e-e 63 1.39 6.10 47 1.11 3.03

Odd 157 1.10 5.55 139 0.97 2.78
o-o 93 3.02 10.25 88 3.36 11.30

~b! Möller et al. @10#
b2 decay b1/EC decay

Group n Mr l
10 s r l

10 n Mr l
10 s r l

10

T1/2
expt,1 s e-e 10 3.84 3.08 9 3.52 2.03

Odd 35 0.59 2.64 30 1.79 3.97
o-o 29 0.59 2.91 21 1.49 3.99

T1/2
expt,10 s e-e 34 2.50 4.13 33 1.62 4.46

Odd 85 0.78 4.81 77 1.07 3.38
o-o 59 0.76 8.83 43 1.22 5.77

T1/2
expt,100 s e-e 54 2.61 4.75 63 0.98 3.52

Odd 133 1.11 9.45 149 0.73 3.33
o-o 88 2.33 49.19 85 1.30 11.37

T1/2
expt,1000 s e-e 71 6.86 58.48 101 0.83 3.16

Odd 194 2.77 71.50 238 0.63 4.47
o-o 115 3.50 72.02 146 1.37 17.49
e
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ber of violation is larger compared to that for the observ
half-lives, but in most cases the violation is small; as is s
in the table, there are only a few pairs which violate t
inequalities by more than a factor of 3.

The present calculation satisfies the inequalities~28a!–
~28h! much better than the quite similar pnQRPA calcu
tions @8,9#, especially those between nuclei with differe
proton number~inequalities c, d, e, and f! @21#. In Refs.@8,9#
the strengths of the GT forces are fixed separately for e
isotopic chain, hence the origin of the violation is probab
large differences of the strengths between nuclei in b
sides of the inequalities. In the present calculation we
free from this kind of problem, since the strength parame
are assumed to be smooth functions of mass number and
take similar values for nuclei in both sides of the inequaliti
d
n

-

ch

h
re
rs
us
.

B. Comparison with previous QRPA calculations

Extensive pnQRPA calculations ofb-decay half-lives
have been done by two groups@8–10#. The authors of Refs
@8,9# use the ph terms of the GT force forb2 decay, and
both the ph and pp forces forb1 decay and electron capture
The strengths of the ph and pp forces are fitted to experim
tal half-lives of known isotopes with a fixed atomic numbe
They evaluate the accuracy of their calculated half-lives
the average deviationx̄ defined by

x̄5
1

n(
i51

n

xi , ~29!

where
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TABLE VIII. The accuracy of the calculatedb-decay half-lives evaluated by the quantities defined
Eqs.~31! and~32!. ~a! Nuclei withZ<40, which are included in the fit of the strengths of the GT forces.~b!
Nuclei with Z.40, which are not included in the fit.

~a! Z<40
b2 decay b1/EC decay

Group n Mr l
10 s r l

10 n Mr l
10 s r l

10

T1/2
expt,1 s e-e 7 0.91 2.19 5 0.95 1.26

Odd 21 0.59 2.29 24 1.06 2.06
o-o 17 1.54 3.44 14 1.03 1.34

T1/2
expt,10 s e-e 20 1.08 3.22 9 1.26 1.91

Odd 48 0.83 3.59 32 1.06 1.89
o-o 33 1.85 4.02 18 1.14 2.08

T1/2
expt,100 s e-e 29 1.36 4.19 11 1.19 1.87

Odd 75 1.13 4.09 47 0.92 1.98
o-o 44 2.35 4.35 23 1.79 7.60

T1/2
expt,1000 s e-e 33 1.89 8.35 14 1.15 1.79

Odd 91 1.15 4.93 57 0.93 2.61
o-o 48 2.31 4.25 27 2.25 9.86

~b! Z.40
b2 decay b1/EC decay

Group n Mr l
10 s r l

10 n Mr l
10 s r l

10

T1/2
expt,1 s e-e 3 2.00 2.17 0

Odd 10 0.61 2.14 0
o-o 11 2.13 7.59 2 1.02 1.69

T1/2
expt,10 s e-e 14 0.91 2.49 4 0.92 1.60

Odd 33 1.07 4.15 15 0.82 2.09
o-o 33 1.93 5.21 18 2.83 4.57

T1/2
expt,100 s e-e 23 0.90 2.70 15 0.88 2.50

Odd 52 0.99 4.56 47 0.86 2.57
o-o 41 4.33 19.96 39 2.80 7.37

T1/2
expt,1000 s e-e 30 0.99 3.67 33 1.09 3.55

Odd 66 1.04 6.45 82 0.99 2.89
o-o 45 4.03 19.43 61 4.02 11.72
ef
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or-
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alf-
xi5H T1/2expt/T1/2calc if T1/2
expt>T1/2

calc,

T1/2
calc/T1/2

expt if T1/2
expt,T1/2

calc.
~30!

Table VI shows the analysis of the present work and R
@8,9#. The numbers given in Table VI~b! are taken from
TABLE A of Ref. @8# and TABLE A of Ref.@9#. In the table,
N denotes the number of nuclei with experimental half-liv
which satisfy the condition shown in the second column,n is
the number of nuclei which satisfy the condition in the fi
column. Generally, the accuracy of our present calculatio
slightly worse than in Refs.@8,9#. This can be expected be
cause the present model includes only three parametersx0,
k0, andm, which specify the strengths of the ph and pp G
forces, whereas in Refs.@8,9# the strengths are fixed sep
rately for each isotopic chain; this means that the model
s.

s

t
is

in

Refs. @8,9# have larger degrees of freedom in adjusting t
calculation to experimental data. It should be noted, ho
ever, that the present calculation reproduces the global
tematics~28! much better than Refs.@8,9#, as shown in the
preceding subsection.

Möller et al. @10# use a quite similar pnQRPA model wit
only the ph GT force, whose strength is inversely prop
tional to the mass number, namelyxGT523/A MeV. By this
parametrization of the ph GT force, the position of the e
perimental GTGR is reproduced only at208Pb. Also in their
calculations, some individual choices of nuclear parame
were made. They analyze the error of their calculated h
lives by the mean error

Mr l
5
1

n(
i51

n

r l
i , Mr l

10510Mr l ~31!
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and the spread around the mean

s r l
5F1n(

i51

n

~r l
i2Mr l

!2G1/2, s r l
10510sr l, ~32!

where

r l5 log10~T1/2
calc/T1/2

expt!. ~33!

Table VII shows the comparison of the accuracy between
present calculation and the data taken from Ref.@10#. It is
seen that the present calculation generally gives better ag
ment with experiment for both the meanMr l

10 and the spread

around the means r l
10. The accuracy of the calculation i

improved more forb1 decay and electron capture than fo
b2 decay in the present calculation, compared to the re

FIG. 9. Contribution of unique first-forbidden transition to tota
transition probability.
e

ee-

lt

of Ref. @10#, probably because of the inclusion of the pp G
interaction which affects significantly the GT strength
b1 direction.

Finally, Table VIII shows the same analysis separately
nuclei with proton numberZ<40 which are included in the
fit of the strengths of the GT forces, and for those which
not included in the fit. The error of the calculatedb-decay
half-lives are same order for both groups and it is expec
that the present model can be safely extrapolated to hea
nuclei and nuclei with large neutron excess which are
interest in astrophysical problems.

C. Effects of forbidden decay

In the calculation presented so far, we have conside
only allowedb transitions. The inclusion of forbidden tran
sitions is one possibility to improve the model. Here we
troduce a schematic interaction which is relevant to uniq
first-forbidden transitions, and study its effects on the cal
latedb-decay half-lives.

The probabilities of the unique first-forbidden~U1F! tran-
sitions are obtained in the same way as the Gamow-Te
case described in Sec. II, except that the ph and pp ma
elements are substituted by

Vpn,p8n8
ph

512xU1Ff pn~m! f p8n8~m!, ~34!

Vpn,p8n8
pp

522kU1Ff pn~m! f p8n8~m!. ~35!

Here

f pn~m!5^put2r @sY1#2mun& ~36!

is a single-particle U1F transition amplitude and nowm takes
the valuesm50, 61, and62, and the proton and neutro
statesp andn have opposite parities.
and
wed
TABLE IX. Contribution of unique first-forbidden transition to totalb-transition probability forN521
andN583 nuclei.T1/2

total is the total half-life including both allowed and unique first-forbidden decay
T1/2
allowed is the partial half-life for allowedb decay. The dash indicates that the calculation predicts no allo

transition.

Z N Direction T1/2
expt ~s! T1/2

allowed ~s! T1/2
total ~s! Contribution~%!

15 21 b2 5.903100 1.383102 1.363102 1.7
16 21 b2 3.033102 1.483102 1.463102 1.6
17 21 b2 2.233103 4.363108 100.0
18 21 b2 8.493109 7.603109 100.0
20 21 b1 3.2531012 7.4031011 100.0
50 83 b2 1.473100 5.073101 4.503101 11.4
51 83 b2 8.5031021 3.713102 3.403102 8.1
52 83 b2 1.923101 2.893103 1.263103 56.3
53 83 b2 8.403101 9.573103 4.963103 48.2
54 83 b2 2.293102 4.513103 3.723103 17.4
55 83 b2 1.933103 6.833104 3.743104 45.2
56 83 b2 5.083103 3.743104 3.553104 5.0
57 83 b2 1.453105 8.793104 8.593104 2.3
58 83 b2 2.813106 1.313109 100.0
59 83 b2 6.893104 9.5331011 100.0
61 83 b1 3.143107 7.5631010 100.0
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For a preliminary analysis, we adjust the strengthsxU1F
and kU1F to half-lives of several light nuclei which deca
through only U1F transitions, assuming a 1/A dependence
We obtain the best-fit values,

xU1F55.6/A MeV fm22, kU1F50. ~37!

Figure 9 graphically shows the contribution of U1F tran
tions to the total transition probability calculated using t
above strength parameters. A larger contribution is see
near-stable and near-magic nuclei, for which the calcula
with only allowed transitions is generally inaccurate. Tab
IX lists some examples for nuclei with neutron numb
N521 andN583. Good agreement between the calculat
and experiment is obtained for39Ar and 41Ca, for which
b-decay is known experimentally to be dominated
DJp522 transitions. Meanwhile, forN583 nuclei the cal-
culation taking only the allowed and U1F transitions in
account overestimatesb-decay half-lives. This suggests
possibility thatDJp502 and 12 transitions also have con
siderable contributions for those nuclei.

The above analysis shows that forbidden transitions
have large contributions especially for near-magic nuc
The present study includes only unique forbidden transitio
so it is worthwhile studying effects of non-unique forbidd
transitions which are expected, for some nuclei, to have
larger contribution to the calculated half-lives.

V. SUMMARY

We have presented a systematic study of beta-decay p
erties of nuclei in the pnQRPA model which includes t
particle-hole and particle-particle terms of the separable
residual interaction consistently for bothb2 andb1 direc-
tions, assuming that the strengths of the GT forces
smooth functions of mass numberA, i.e., proportional to
Am with m being a constant. The strength of the particle-h
force is determined by adjusting the calculated positions
the GT giant resonance to observed values for48Ca, 90Zr,
and 208Pb. This gives the mass dependence of the stren
}1/A0.7, which is different from the previously accepte
1/A dependence@13,14#. The same mass dependence is
sumed for the strength of the particle-particle force, and
coefficient is determined by a least-squares-fit to obser
b-decay half-lives of nuclei withZ<40. We also propose
the use of averaged properties between the parent and da
ter nuclei for the model parameters in the Nilsson1BCS cal-
culation, and show that this choice is in fact valid for
reliable prediction ofb-decay half-lives.
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The fixed parameters are used to calculateb-decay half-
lives of nuclei up toA5150. The calculation is generally in
good agreement with experiment, and no significant chan
in accuracy of the calculated half-lives are found for heav
nuclei, in comparison with nuclei withZ<40. The prediction
is more accurate for nuclei with shorter half-lives, and t
calculation reproduces 97% of the experimentally kno
half-lives shorter than 1 s within a factor of 10. It is also
confirmed that the calculated half-lives well satisfy the sem
empirical inequalities@22#, probably because of the smoo
variations of the strengths of the GT forces. It is thus e
pected that the parameters used in the present calculatio
also valid for nuclei with large neutron excess, which are
interest in astrophysical problems.

The calculated half-lives are relatively inaccurate f
near-stable and near-magic nuclei. We have shown, for s
of those nuclei, that the unique first-forbidden transition h
large contribution and its inclusion greatly improves the c
culated half-lives. This suggests that the inclusion of no
nique forbidden transitions is also effective to improve t
model. Besides the inclusion of forbidden transitions, refi
ments in the underlying single-particle and pairing mod
@13# may also improve the calculation.

In spite of many possibilities of refinements, the pres
pnQRPA model is expected to give useful results concern
nuclearb-decay properties needed for resolving astrophy
cal problems. Especially, it can be used to calculate w
interaction rates of nuclei at high temperature and high d
sity, which are of decisive importance in a study of the st
lar evolution, and we hope to do this in the future. Now w
are preparing to apply the present model to nuclei through
the periodic system, up to the proton and neutron drip lin
aiming at a unified understanding of nuclearb-decay prop-
erties. We plan to publish the table ofb-decay half-lives
when we have finished the calculation for all nuclei.
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@33# P. Möller and J. R. Nix, At. Data Nucl. Data Tables39, 213

~1988!.
@34# E. Browne and R. B. Firestone, inTable of Radioactive Iso-

topes, edited by V. S. Shirley~Wiley, New York, 1986!.
@35# G. Audi and A. H. Wapstra, Nucl. Phys.A565, 1 ~1993!.
@36# C. Gaarde, J. S. Larsen, C. D. Goodman, C. C. Foster, C

Goulding, D. J. Horen, T. Masterson, J. Rapaport, T. N. T
deucci, and E. Sugarbaker,Proceedings of 4th Internationa
Conference on Nuclei Far from Stability, Helsingo”r, 1981
~CERN 81-09, Geneva, 1981!, p. 281.


