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Gamow-Teller and first-forbidden decays near ther-process paths atNÄ50, 82, and 126

I. N. Borzov*
Institute for Nuclear Theory, University of Washington, Box 351550, Seattle, Washington 98195

and Institut d’Astronomie et d’Astrophysique, Universite Libre de Bruxelles, CP226, Bvd. duTriomphe, 1050 Bruxelles, Belgiu
~Received 26 September 2002; published 27 February 2003!

The b-decay rates of neutron-rich nuclei relevant to ther-process nucleosynthesis are mostly beyond ex-
perimental reach. Their predictions demand a self-consistent extrapolation of various nuclear properties away
from the experimentally known regions. The allowed transitions approximation commonly used in large-scale
microscopic calculations also needs to be revised in different mass regions. The density functional1continuum
QRPA approximation to self-consistent calculations of the ground state properties, Gamow-Teller and first-
forbiddenb-decay transitions of nuclei far from stability is developed. Systematic calculations are performed
of the allowed and first-forbiddenb-decay rates for ther-process relevant nuclides near the closed neutron
shells atN550,82,126. The importance of first-forbidden decays nearZ>50, N'82 and nearN5126 is
shown. The totalb-decay half-lives in the region ‘‘east’’ of the208Pb are estimated. A comparison with recent
experimental data, global calculations, and self-consistent microscopic predictions is presented.

DOI: 10.1103/PhysRevC.67.025802 PACS number~s!: 23.40.Bw, 21.60.Jz, 25.30.Pt, 26.30.1k
th

e
-
o

tr

is
in

le

ea

t
to
-
th
n
o

in
th

d

om
ll
led
to

r

-

ay.
t-
s
ys

cay
p
la-

elf-
on-

a
on-

ion
-
r

d

n
ial

l-

been
we
I. INTRODUCTION

The various supernova models fail so far in predicting
physical conditions necessary for a successfulr-process nu-
cleosynthesis@1#. In addition to numerous problems in th
quest of the astrophysical site for ther process, nuclear phys
ics uncertainties are still high. To describe the production
the r-process isotopes, the knowledge of the properties
thousands of~mostly unknown! neutron-rich nuclei is re-
quired. Those include the characteristics of strong, elec
magnetic and weak interaction processes. In particular,b2

decays play a key role since they are the major mechan
for driving the material to heavier elements and for sett
ther-process time scale. In the case where ther process takes
place in a neutrino-rich environment, charged-current e
tron neutrino captures, could amplify the effect of theb de-
cays. It could also change ther-abundance distribution by
subsequentn-induced neutron spallation@2#. Hence, it is of
great importance to make reliable predictions of nucl
weak interaction rates for very neutron-rich nuclei.

The nuclear models fitted to experimental data close
theb-stability line usually allow for a crude extrapolation
extreme isospin values. For ther-process calculations, self
consistent models are mandatory. The predictions of
b-decay rates based on the same ground state descriptio
the one used to calculate the nuclear masses provide m
reliable extrapolation far from stability. This is essential
order to ensure the internal consistency of the nucleosyn
sis models.

Two different microscopic approaches have been use
the large-scale calculation of weak rates forr-process
applications—the shell-model and the quasiparticle rand
phase approximation~QRPA!. The advantage of the she
model is the possibility to take into account the detai
structure of theb-strength functions. It has been applied
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calculate the Gamow-Teller~GT! b-decay rates for a numbe
of the r-process relevant neutron-rich nuclides atN550,82
@3# and also atN5126 @4#. The ‘‘no-core’’ calculations using
the effective interactions and multi-\V model space are fea
sible for the GT decay of light nuclei@5#. For heavier nuclei,
a truncation of the basis is inevitable even for the GT dec
As different oscillator shells are involved for the firs
forbidden decays, a multi-\V treatment is needed in thi
case. A ‘‘valence-core’’ calculations of the forbidden deca
in the tin and lead region were done in Ref.@6#. The shell
model with continuum has been applied to forbidden de
of light nuclei @7#. The density matrix renormalization grou
method@8# can be used in large-scale shell-model calcu
tions. The problem of self-consistency of the multi-\V shell-
model calculations has been discussed in Ref.@9#.

The up-to-date QRPA approach is based on the s
consistent predictions for the ground state within the c
tinuum HFB @10#. The excited states can be treated in
linear response theory with exact account for the whole c
tinuum ~unrestricted ph configuration space! @11,12#. For the
ground state pairing, well defined basis regularizat
schemes exist@10,13#. The QRPA models used for large
scale calculations of theb rates have considered so fa
simple particle-hole (ph) configurations, but this limitation
is not a principal one and can be removed.

The first QRPA models for theb6-decay half-lives which
replaced the phenomenological ‘‘gross theory’’@14# lacked
self-consistency and relied on separable effectiveNN inter-
actions. They were based on the Nilsson1BCS formalism
@15# or on the finite-range droplet model with a folde
Yukawa single-particle potential~FRDM1QRPA! @16#. The
scheme of Ref.@15# was extended to unique first forbidde
transitions, but this decay channel is important in spec
cases only.

The first self-consistent HF-BCS1continuum QRPA
~CQRPA! model for theb-decay half-lives has been deve
oped in Ref.@17# within the finite Fermi system theory~FFS!
@18#. The self-consistent ETFSI1CQRPA approximation to
the ground state masses and weak processes rates has
r
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elaborated in Ref.@19#. It was used in the coherent large
scale predictions of nuclear masses,b2-decay rates, and
ne-capture rates in Ref.@20#, as well as ofn̄e-capture rates
@21#. The self-consistent treatment of the ground state pr
erties and consideration of the particle-particle (pp) effec-
tive interaction resulted in a more realistic evaluation of od
even effects in the total half-lives@17,19,20# compared to the
FRDM tables@16#. The b2-decay rates of spherical even
even semimagic nuclides withN550, 82, and 126 have
been calculated within the HFB1QRPA with a Skyrme
energy-density functional in Ref.@22#. The results are close
to those of Ref. @20# provided the same effectiv
p-interaction is adopted. The first-forbidden decays for
r-process relevant nuclides atN550,82 have been treate
recently within the self-consistent HF-BCS1CQRPA in Ref.
@23#.

Experiments using a new generation of the radioactive
beam facilities are crucial in validation of the theories. Gr
attention has been paid to the nuclei near the closed neu
shells atN550, 82, and 126 of special importance for t
r-process modeling. The high precision data for short-liv
Ni isotopes near78Ni @24#, 1212129Ag isotopes,@25# and
1332137Sn @26# have been measured at RILIS~CERN!, which
benefits from the high isotopic and isobaric selectiv
reached by a laser ion source and by mass spectrosc
respectively. The current experimental studies in the neut
rich and neutron-deficient lead regions@27,28# are very im-
portant for studying the evolution of nuclear structure at
treme isospin, as well as for elucidating the weak interact
andb-decay theories.

A detailed theoretical study of theb decays near the
closed shells atN550, 82, and 126 is of key importance.
provides a clear case for application of the CQRPA mod
for a comparison of different methods and for experimen
check. First, these nuclei are not extreme drip-line syste
(Sn'2.0–3.0 MeV.D, whereD is the pairing potential!,
therefore a mean-field approach is relevant. Second, mo
these nuclei are spherical, hence theirb-decay half-lives are
very sensitive to nuclear structure effects. Third, the nu
with Z'28 near78Ni and Z'50 near132Sn undergo high-
energy GT and/or first-forbiddenb decays. In these condi
tions, the spherical, 1p1h-QRPA approaches accounting fo
the allowed and first-forbidden transitions have a reason
accuracy in predicting theb-decay half-lives.

Up to now, there have been no microscopic large-sc
calculations performed beyond the allowedb-decay approxi-
mation, which certainly needs to be revised in different m
regions. It has been argued that the relative contribution
the GT and first-forbiddenb decays may vary in the vicinity
of the Z>50 nuclei nearN582 and for the nuclei nearN
5126 @20,23#. It is of prime interest to perform systemat
calculations for those heavyr-process relevant nuclei wher
the first-forbidden transitions are expected to play an imp
tant role.

The outline of the paper is as follows. In Sec. I the dev
oped density functional1CQRPA approximation is describe
in detail. It is shown that the method is appropriate for se
consistent large-scale calculations of the ground state p
erties, Gamow-Teller and first-forbiddenb-decay rates of
02580
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heavy nuclei far from theb-stability line. In Sec. II the re-
sults of systematic calculations are presented for the allo
and first-forbiddenb-decay rates near the closed neutr
shells atN550,82,126.

II. THEORETICAL FRAMEWORK

In the normal approximationpR!1, qR!1, the electron
(p) and neutrino (q) momenta are smaller than the mome
tum of order of 1/R transferred to nucleus~hereR5r 0A1/3 is
the nuclear radius!. The allowed GT and first-forbidden de
cays from the parent nucleus ground stateu i & to the final
statesu f & of the daughter nucleus depend on sevenb mo-
ments related to the nuclear matrix elements of the follow
operators:

sW ,

g5 ,@sW rW# (0),

a,rW,@sW rW# (1),

@sW rW# (2),

where sW are the Pauli spin matrices and the rank of t
tensor operators@sW rW# (J) is defined by the momentumuJi
2Jf u<J<uJi1Jf u transferred to the daughter nucleus. A
lowed and unique transitions involve only singleb moments,
while theb rates of the nonunique decays are determined
incoherent~and mutually cancelling! contribution of differ-
ent b moments. In addition, forJ50,1 transitions, the rela
tivistic vector operatora and axial charge operatorg5 should
be included alongside with the spacelike operators. In a n
relativistic limit the former corresponds to the velocit
dependent fieldsPW /2M and sW •PW /2M , whereP5Pi1Pf is
the total momentum transferred to the nucleus andM is the
bare nucleon mass. Thus, the consistent treatment of the
dium induced fields requires to take into account t
velocity-dependent and two-body spin-orbit effectiveNN in-
teractions. This complicates the large-scale calculations s
stantially.

The present model for large-scale calculations of the to
half-lives of the first-forbidden decays is based on the s
consistent description of the ground states within the den
functional approach. To find the mean field and pairing p
tentials, and a quasiparticle basis with account for the pair
correlations, we use the Fayans phenomenological den
functional @10#. The dependence on the normal densityr is
simulated by fractional-linear functions and the surface
ergy is related to the density-dependent finite-range forc
The quasiparticle spectrum and wave functions are ca
lated from a self-consistent mean field which is the first fun
tional derivative of the interaction energy with respect to t
normal density, while the pairing potential is obtained as
functional derivative of the pairing energy with respect to t
anomalous nucleon densityn. An additional self-consistency
condition@29# is used which removes a spurious isospin m
ing for Fermi (F) transitions.
2-2
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GAMOW-TELLER AND FIRST-FORBIDDEN DECAYS . . . PHYSICAL REVIEW C 67, 025802 ~2003!
The excited states are treated within the continu
QRPA-like framework of the finite Fermi system~FFS!
theory @18# with exact treatment of the particle-hole (ph)
continuum, density-dependent pairing and finite-range ef
tive NN interactions in the particle-hole and particle-partic
(pp) channels. The perturbation theory can be used in o
to simplify the treatment of the velocity dependent nucle
responses. However, for global calculations of the total h
lives, it is convenient to replace them by the space-depen
fields. The exact nonrelativistic relation between the ma
elements of the timelike operatora and its spacelike coun
terpartrW can be applied which reflects the conservation of
nuclear vector current~CVC! @30#. For the timelike operator
g5 and its spacelike counterpartsW •rW, no analogous exac
relation exist due to the partial conservation of the axial c
rent ~PCAC!. The self-consistent FFS sum rule approa
@31# helps to approximate the operatorg5 by the spacelike
operatorsW •rW taking into account the medium correction
With the resulting set of the space-dependent external fi
the large-scale calculations of theb-decay half-lives are fea
sible.

A. The ground-state description

The total interaction energy of a superfluid nucle
Eint@r,n#5*drW « int(rW;@r,n#), is a functional of two densi-
ties, the normal oner(rW), and the anomalous onen(rW). Self-
consistent calculations with such a functional look similar
the standard variational HFB procedure in which the sing
particle Hamiltonian takes the form

H5S h2m D

2D* m2hD , ~1!

where

h5
p2

2M
1

dEint@r,n#

dr
, D52

dEint@r,n#

dn
. ~2!

The Hamiltonianh contains the free kinetic energy operat
~the quasiparticle effective massm* being equal to the bare
nucleon massM ). The interaction energy density is writte
as

« int5«main1«Coul1«sl1«pair, ~3!

where«main contains the volume isoscalar and isovector c
tributions, and also the surface isoscalar and isovector in
action energies generated by the density-dependent fi
range forces~see Ref.@10#, and references therein!. The
Coulomb interaction energy density«Coul takes its usual form
and includes the exchange part in the Slater approximat
The spin-orbit self-consistent potential«sl in Eq. ~3! comes
from the two-body spin-orbit effectiveNN interaction

Fsl
tt854N0

21r sl
2 ktt8@¹W1d~rW12rW2!3~pW 12pW 2!#•~sW 11sW 2!,

~4!
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and from the first-order velocity harmonic of the spi
dependent Landau-Migdal effectiveNN interactions

F (sp)54N0
21r sl

2 ~g11g18tW1•tW2!d~rW12rW2!~sW 1•sW 2!~pW 1•pW 2!.
~5!

Here the operatorspW 1,2 do not act on thed(rW12rW2). Thus,
the spin-orbit effective interaction generates the sing
particle potential consisting of the usual term and cen
component

Ûsl5Usl
t ~rW !sW lW1Usl2o

t ~r !

54N0
21r 0

2(
t8

ktt8F1

r

drt8

dr
sW • lW2

1

r 2

d

dr
~rsl

t8r !G . ~6!

The spin-orbit density is given by

rsl
t 5(

l
nl

t ^sW • lW&lufl
t ~rW !u2, ~7!

here N0
21 is inverse density of states at the Fermi surfa

defined as 2N0
215C05300 MeV fm3, with C052«F/3r0,

andr050.0859 fm23 being the equilibrium density of one
kind of particles in the symmetric nuclear matte
r sl5(3/8pr0)2/3 is a dimensionality factor,ktt85(k1

1k2tW1•tW2) and g1 , g18 are the dimensionless FFS co
stants,nl

t 5vl,t
2 are the occupancy factors of the quasipa

cle levelslt, fl
t are their wave functions (lt5nl j mt is the

standard set of the quantum numbers,t5n,p), and^sW • lW&l

5 j ( j 11)2 l ( l 11)23/4.
The fully self-consistent approach should include the

velocity dependent effective interactions both for the grou
and excited states calculations. Thus, the effect
NN-interaction should contain non-local terms in the scatt
ing channel which complicates the QRPA problem. In ord
to facilitate the large-scale calculations, the veloci
dependent interactions are not included in the present m
at the QRPA level. At the ground state level, an additio
self-consistency condition is applied which is associated w
a spontaneous breaking of the isospin symmetry. It rela
the symmetry potential to the charge-exchange dens
dependent effective NN interaction Ft

25Fnn2Fnp

5Fpp2Fnp:

Ft
254N0

21Fad8d~rW12!1ar8u~rW12!1
b

4r0
r1S rW11rW2

2
D d~rW12!G .

~8!

The strength parametersad8 , ar8 andb @31# are related to the
usual FFS parameters as follows:f in8 5ad81ar82b/2 and f ex8
5ad81ar8 , where f in8 ( f ex8 ) are the isovector interaction
strengths inside~outside! the nucleus,u(r ) is the normalized
Yukawa function,r15rn1rp is the isoscalar density. Thes
parameters may be constrained from the additional s
consistency condition@29#
2-3
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I. N. BORZOV PHYSICAL REVIEW C 67, 025802 ~2003!
U2~rW !5„Ft
2~rW,rW8;@r#!r2~rW8!…, ~9!

where U2(rW)5Un(rW)2Up(rW) and r2(rW)5rn(rW)2rp(rW).
Here, and below, each pair of external brackets indicates
integration on the spatial coordinates.Within the full ba
CQRPA, the relation Eq.~9! excludes the spurious isosp
mixing for the Fermi transitions. It is more convenient to u
an integral analog of Eq.~9! relating the double-folded
monopole component ofFt

2 to the potential symmetry en
ergy Es5bs(N2Z)2/A

Es[2p„U2~r !r2~r !…52p„~r~r !F0
2~r ,r 8;@r#!r~r 8!!….

~10!

The second term in Eq.~3! is the pairing energy densit
«pair5

1
2 n†Fjn, where the effective force in the particle

particle channel is

Fj~rW12!524N0
21f j~x!d~rW12!. ~11!

The f j(x) is a dimensionless strength treated in the lo
density approximation as a~local! functional of the isoscala
densityx5(rp1rn)/2r0, therp,(n) are the proton~neutron!
densities. This is expressed in a Skyrme-like form@10#

f j~x!5 f ex
j 1hjxq~rW !, ~12!

where f ex
j is negative~attractive in thepp channel!, hjxq(rW)

is positive with q52/3 ~a repulsive short-range part!, the
gradient term is omitted. The superscriptj refers to the en-
ergy cutoff parameter. It defines the number of single-part
levels taken into account when evaluating the anomal
Green’s functions and, correspondingly, when solving
equations for the pairing fieldsD(rW) and chemical potentials
m, as well as the QRPA equations for the excited states
the case of the density dependent pairing, a local cutoff tr
ment of the pairing energy density@10# helps to avoid the
problem of the cutoff energy. An efficient pairing regulariz
tion procedure has been suggested in Ref.@13#.

The pairing has been treated in the diagonal approxi
tion. For the contact pairing force, this corresponds to
self-consistent HF-BCS calculations. In the case of the d
sity independent pairing, the strength parameter in Eq.~12! is
chosen to reproduce the empirical matrix elements of
pairing potential Dt. It varies in the range of f j

50.25–0.33~in units of 4N0
21), depending on the mas

number if the pp basis includes all the single-particle sta
with energies less thanEcutoff515 MeV. For the density de
pendent pairing option the use is made off ex

j 520.89,hj

50.83 with theEcutoff540 MeV @10#.
In the present work, the parameter set DF3@17# of the

Fayans density functional is used. It reproduces not only
known ground-state properties of~magic! nuclei but also the
single-particle energies near the ‘‘magic cross’’ at132Sn @32#.
Theb-decay calculations have also been performed with
ground state description given by the~MSk7! Skyrme type
density functional@33#. The corresponding Skyrme forc
contains ten parameters, ad-function pairing force with four
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parameters plus aA-dependent cutoff. The important differ
ence with the DF3 is that the parameters of Msk7~including
the pairing strengths! are subject to the additional constrai
of fitting at best the measured masses. The root-mean-sq
error of the fit to the 1888 measured masses given in R
@34# is 738 keV. As the pairing parameters are treated as
parameters in such a fitting, the balance of the mean vs p
ing fields given by the self-consistent HF-BCS might be d
stroyed. One of the aims of the present work is to stu
whether the Msk7 parameters found in such a way allow
the same time, a reasonable description of the basic nuc
properties~such as single-particle energies, etc.! crucial for
the b-decay rates predictions.

It is of interest to note that, so far, the large-scale cal
lations of the masses@10,33,35# and the self-consistent pre
dictions of theb-decay half-lives@17,20,22,23# have used
phenomenological density functionals or energy-independ
effectiveNN interactions. One of the alternatives is to co
struct the energy-dependent effectiveNN-interaction from
the vacuumNN-scattering amplitude. Recently, such a c
culation of the ground-state masses has been perfor
within the so-called quasiparticle Lagrange version of
self-consistent FFS@36#. It has been shown that for sma
values of the neutron chemical potential, the parameter
the effective NN interaction, and consequently the se
consistent mean fields, vary strongly. As the result, the n
tron drip-line position shifts to very large values of the ne
tron excesses@36#. Such a modification of the ground sta
characteristics for neutron-rich nuclei may, for instan
change the concentration of ther-process ‘‘seed’’ nuclei.

B. Spin-isospin charge-exchange effectiveNN interaction

The spin-isospin effectiveNN interaction in the particle-

hole (ph) channel written in the transferred momenta (kW )
space is

Fst
v 54N0

21Fg08sW 1•sW 21gpeqp
2 ~sW 1•kW !~sW 2•kW !

k21mp
2 1PD~k2!

1g%eqr
2 @sW 1kW #@sW 2kW #

k21m%
2 Gt1•t2 . ~13!

Here gp522p/N0 ( f p
2 /mp

2 ), g%522p/N0 ( f %
2 /m%

2),
where mp(m%) and f p( f %) are the bare pion (%-meson!
mass and thepNN(%NN) coupling constants, respectivel
The pion irreducible polarization operator in the nuclear m
dium PD(k2) takes care of the virtualD isobar-nucleon hole
excitations. The contact part of the effective spin-isospin
teraction Eq.~14! is governed by the Landau-Migdal con
stantg08 . The operatoreqp

2 5Q5eq@st#2 is assumed to de
scribe the quenching of the pion-nucleon vertex@18#. The
operatoreq%

2 is defined from the condition that the%NN
coupling strength isg%50.4g%

bare due to the short-rangeNN
correlations.
2-4
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The one-p and one-r exchange terms modified by th
nuclear medium are important in describing the magn
properties of nuclei and the nuclear spin-isospin respon
The competition between the one-pion attractiongpQ,0
and spin-isospin repulsiong08.0, determines a degree o
‘‘softness’’ of the pionic modes in nuclei that influences d
rectly theb-decay half-lives. So far, two basic sets of FF
parameters have been found to describe satisfactory the
isospin excitations in nuclei:~1! Q50.81,g850.9–1.0 de-
rived from the magnetic moments@18#, which allows for a
moderately softp modes@37#; ~2! Q50.64,g851.0–1.1 de-
rived from observed GT andM1 strength distributions
@31,38,39#. A strong quenching excludes the existence of s
p modes. The recent analysis of (p,n) reaction spectra a
Ep5295 MeV @40# and excitation energies up toEx,50
MeV gives some evidences ofQ50.9360.05, i.e., of a
lower quenching than previously expected from the
(p,n) data atEx,30 MeV @39#. As the experimental uncer
tainties are still large, both sets will be used in the calcu
tions of theb-decay half-lives.

In a general case, the spin-isopsinT50 pp effectiveNN
interaction in Eq.~24! has a form similar to the one forT
51 pairing:

Fstj~r i j !524N0
21~gj81hjxq!d~r i j ! ~Jp502,11, . . . !,

~14!

Ft
j~r i j !524N0

21~ f j81hjxq!d~r i j ! ~Jp501,12, . . . !,
~15!

wherex(r ) is defined in Eq.~12!. An increase ofgj8 leads to
shorterb2-decay half-lives and softer (p,n) spectra@longer
b1-decay half-lives and harder (n,p) spectra# @41#. This al-
lows us to selectgj850.3–0.5 for the density-independe
pairing ~with Ecutoff515 MeV! from the recent (n,p) reac-
tion data in the Fe-Co-Ni region~see Ref.@42#, and refer-
ences therein!.

C. FFS description of the excited states in the system
with pairing correlations

The CQRPA equations for the finite Fermi system w
pairing correlations@18#, involve the particle-hole, particle
particle, and hole-hole blocks. Assuming that the effect
NN interaction is non retarded, these equations can be w
ten in terms of the density matrix variationsr̂ i in the external
field V̂0

V̂i5êqiV̂i
01(

k
~~ F̂ ikr̂ ik!!, ~16!

~here the 333 matrix formalism of Ref.@43# is used!. The
density matrices are related to the effective fields by

r̂ i5(
k

~~ÂikV̂k!! ~17!

and to a linear response theory by
02580
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01(

k
~~ÂikF̂ ikr̂k!!. ~18!

In the above equationsr5*(d«/2p i )R̂i(rW,rW;«,v), R̂j
5(dG,dF1,2,dGh)( j 50,1,2,h) being the variations of the
normal, anomalous, and hole Green functions in the exte
fields V̂i

0 . Here and below, each pair of external brack
indicates the integration on the spatial coordinates an
summation on the total spins.

The effective field supermatrixV̂i consists of the
ph-vectorV̂ ~a variation of the nonsingular term of the ma
operatorS in the external fieldV̂0), as well as of thepp and
hh vectorsd̂(1), d̂(2) ~variations of the gapsD (1),D (2)). In
Eqs.~16!,~18! the velocity-dependent terms are not includ
and the effectiveNN-interactionF̂ consists of theph com-
ponentFv coming from the normal part of the density fun
tional and of thepp,hh componentsFj connected to pairing
energy density. Note that for a density dependent«pair Eq.~3!,
the component withFvj also arises, the explicit formulas ar
given in Refs.@41,43,44#. The operator of quasiparticle loca
chargeeq@V0# taking account for the~beyond the QRPA!
medium renormalization of nuclear response is discusse
detail in Sec. II E.

The QRPA-propagator supermatrixÂ is obtained by inte-
grating various pair products of the Green’s functions o
the energy variable«. To avoid the ph basis truncation in
evitable in thel representation, Eqs.~14!,~16! can be solved
in the mixed (r ,l) approximation. The idea of the method
physically transparent: the nuclear pairing is importa
within the ‘‘valencel space’’ only. It is defined asmt2j
,«,mt1j, wheremt are the neutron and proton chemic
potentials. The corresponding part of the propagatorL is con-
structed in thel space and transformed to ther space. For
the states far from the Fermi surface the propagator ma
degenerates into a singleph propagatorÃ of the system with
no pairing. It is calculated via the Green functions co
structed in ther space@45,46# which allows the exact inclu-
sion of theph continuum. Thus, the full propagator reads

A~rW,rW8;v!5Ã~rW,rW8;v!1( @Lpn~v!2Ãpn~v!#

3wn* ~rW1!wp~rW1!wn~rW2!wp* ~rW2!, ~19!

where theÃpn term, i.e., the part of the propagatorA cor-
rected for the pairing contribution, is subtracted to avoid
double counting. The (r ,l) approximation was first devel
oped for the non-charge-exchange case in Ref.@43#, and then
extended for the charge-exchange excitations in Ref.@41#
~for the complete formulas including the important case
the odd-A nuclei see Ref.@44#!.

D. FFS transition densities andb moments

As b decay proceeds to the discrete statesus& of the
daughter nucleus, Eq.~17! can be replaced by the one for th
transition density matrix defined as
2-5
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r̂s
tr~vs!5~Â~r ,r 8;vs!ĝs~r 8;vs!!, ~20!

where the excitation amplitudeĝs is a solution of the homo-
geneous equation

ĝs~vs!5~~ F̂Âĝs~vs!!!, ~21!

with a normalization condition@18#

S S ĝs
1

dÂ

dv
ĝsD D

v5vs

521. ~22!

The beta moment for the transitionu0&→us& is given by

MJLS5~2J11!~ êq
JLSV̂0

JLS~rW !r̂ tr
JLS~rW;vs!!, ~23!

where the partial transition densitiesr̂ tr
JLS(rW;vs) are found

from Eqs.~16!,~20!,~22!.
For the decay to the states withQb2v.Sn , it is more

convenient to use the partialb-strength functions

Sb
JLS~v,g!5

~2J11!

4p
~eq

JLS!2E V̂0
JLS~r !r̂JLS~r ;v,g!r 2dr,

~24!

where r̂5N•Im(ÂV̂) are the density matrices Eq.~17!, the
explicit formulas involving theirph, pp, and hh compo-
nents can be found in Ref.@44#. The transition density is
normalized on the matrix element of the transitionu0&→us&

uMosu25~2J11!ueq
JLSV0

JLS~r !r tr
JLS~r ,vs!u2

5E
Dvs

Sb
JLS~v,g!dv. ~25!

Here, the energy intervalDvs*Gesc14g includes the state
us& located within theb-decay window,Gesc being the cor-
responding escape width, andG↓54g is the artificial width
of the individual excitation which may be introduced in ord
to simplify numerical integration.

E. Reduction of the relativistic b-decay moments

In the nonrelativistic limit, the first-forbidden transition
are generated by the following external fieldsV̂0

52ApVJLS
0 t2:

V0,1,1
0 5eqsisW •rW2eq5sW •PW /2M ,

V1,1,0
0 5

1

A3
~ irW2PW /2M !, ~26!

V1,1,1
0 5eqsA2@sW rW# (1),

V2,1,1
0 5eqs

2

A3
@sW rW# (2).
02580
The normalization of the space-dependent external fie
VJLS

0 corresponds to the one accepted in Ref.@47#. The uni-
versal medium renormalization of the external fields of
different symmetry~beyond the QRPA-type correlations! is
taken into account via the quasiparticle local charge ope
tors êqi5eq@V0

JLS#. The so-called ‘‘quenching factor’’Q
5eqs@st#25(gA /GA)2 is usually introduced in order to sup
presses the spin-isospin fields in the nuclear medium.
smallerQ, the less strength contained in the low-energy p
(v,«F) of the spin-isospin response, and therefore
shorter theb-decay half-lives.

It was shown on the basis of the chiral symmetry a
soft-pion limit that^g5& vertex is substantially amplified in
the nuclear medium due to the meson-exchange currents
the effectiveNN interactions@48# but the details have no
been well established~see Refs.@49,50#!. The treatment of
the response to the velocity-dependent fieldsPW /2M and
(sW •PW /2M ) is simplified if the induced fieldsV5sW •PW /2M

1VsW •PW andV85PW /2M1VPW are assumed to be small pertu
bations. These yield

V̂s•PW 5S F̂Â
eq5sW •PW

2M
1F̂ÂV̂sW •PW D ,

~27!

V̂PW 5S F̂Â
PW

2M
1F̂ÂV̂PW D .

HereF includes the velocity-dependent and spin-orbit effe
tive interactions.

From Eqs.~16!,~26!,~27!, it is seen that the renormaliza
tion of the spin-isospin fields is given by the FFS loc
chargeeqs5gA /GA and ~at the QRPA level! by the spin-
isospin effective interactions governed by the strength
rametersg8,gp,r8 of Eq. ~11!. ThesW •PW field is renormalized
by the FFS axial local chargeeq55eq@g5# and~at the QRPA
level! by the one-pion exchange, spin-isospin velocity d
pendent (g18), and two-body spin-orbit (k2) effective NN
interactions of Eqs.~4!,~5!. Considering only the one-pion
exchange and spin-isospin velocity dependent harmonicg18
one arrives ateq55(11R)(11 2

3 g18) @51#, where the ratio of
the two-particle exchange current diagram to the impulse
proximation one is estimated as 0.44,R,0.62 @49#. The
FFS quasiparticle local charges used in the present calc
tions were eq551.5 (for g1850), eq551.2 (for g18520.4)
@51#, eqs

2 50.64 @31#, and 0.81@37#. More sophisticated for-
mula foreq5 involving the Landau-Migdal tensor harmonic
as well as the one based on the chiral Lagrangian theory
be found in Ref.@50# ~all the above estimates agree with
10%!.

To facilitate the large-scale calculations of the firs
forbidden transitions, it is convenient not to consider t
relativistic b-moments explicitly. Instead, the exact relatio
between the relativistic vector current transition matrix e
ment ^a& and its spacelike counterpart^ irW& is applied

^a&5
j

|e
L1^ irW&, ~28!
2-6
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where |e5386.1 fm is the electron Compton waveleng
The analogous approximate relation between the axial ch
^g5& and^ isW •rW& beta-moments can be constructed by tak
into account the medium effects

^g5&5
j

|e
L0^ isW •rW&. ~29!

The state dependent factorLJ( i→ f ;v) is found using the
QRPA energy-weighted and nonweighted sum rules, the s
consistency criteria Eq.~9!, and the properties of the FF
transition densities Eq.~22!. Extending the approach of Re
@31#, LJ is represented as a sum of the irregular part a
smoothed corrections

jLJ5v i f 1(
j

ū j1(
k

w̄k, ~30!

wherev i f 5v2DMnp is the energy of the nuclear transitio
satisfying the specific selection rules,j is the dimensionless
Coulomb parameterj5Ze2/2Rmec

2, Z and R being the
charge and radius of the daughter nucleus, the terms on
right hand side of Eq.~30! are in units ofmec

2.
The smoothed termsūi originate from the CoulombUC ,

spin-orbit Usl, and the symmetryU2 self-consistent poten
tials, while thew̄i relate to the effectiveNN interactionsFi
Eqs. ~4!,~5!,~13!. They are obtained by averaging over t
neutron excess densityr2 and spin-orbit densityrsl as fol-
lows:

ūi5eqs
2 ~V0V0

†Ur! i /m0
JLS,

~31!
w̄i5eqs

2 ~V0V0
†rFr! i /m0

JLS.

Here the QRPA sum rules for the external field operat
V0

JLS5eqsf (r )@sYL#JMt6

mn
JLS5(

s
vs

nu^suV̂0
JLSu0&u2

5E dv@vnSt2

JLS~v!2~2 !nvnSt1

JLS~v!#, ~32!

involve the full charge-exchange strength functions for b
t2 andt1 channels.

For the relativistic vectorb moment ^a&, the self-
consistency condition Eq.~9! provides precise cancellatio
of all the terms in Eq.~30!, except the averaged Coulom
potential

jL15v i f 1ūC. ~33!

In the case of the uniformly charged sphereUC56/5j, and
Eq. ~33! coincides with the well-known result of Ref.@52#
obtained under the CVC hypothesis.

For the axial-vector moment^g5&, the sum rule estimate
L05L1 was obtained in Ref.@52# neglecting the off-
diagonal matrix element of the nuclear hamiltonian. It w
used in Ref.@53# to calculate theb decays in the lead region
Within the FFS, state independent~beyond the QRPA! renor-
malization of thê g5& is included into the local axial charg
02580
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operatoreq5. The renormalization of theL0 associated with
the effectiveNN interactions can be found from the FFS su
rulesm1

011 andm0
011

jL05v i f 1ūC1~w̄sl2ūsl!1~w̄g82w̄f 8!1w̄p . ~34!

The termw̄f 8 appears here instead ofū2 according to the
self-consistency condition Eq.~9!. The w̄g8,p terms corre-
spond to the ones from Eq.~13!. Once the self-consisten
densitiesrt and spin-orbit densitiesrsl

t are found, all the
terms in Eq.~34! can be evaluated.

It is instructive to estimate the different contributions
Eq. ~34!. The termw̄g82w̄f 8 coming from the spin-isospin
and isospin effectiveNN interactions is proportional tog8
2 f 8, hence it disappears in the SU~4! limit g8' f 8. The
remaining terms are readily evaluated if the correspond
densitiesr2, rt, andrsl

t are replaced by the properly no
malized Fermi type distributions. The spin-dipole no
energy-weighted sum rule is given bym0

J1S5êq
2@(2J

11)/2p #(N^r n
2&2Z^r p

2&). The approximationŝr n
2&'^r p

2&
and ^ f ur lu i &53Rl/(l13) lead to m0

(011)'eq
2R2(N

2Z)/3p. The effect of thep-meson exchange~at the QRPA
level! is rather small, asw̄p'(N2Z)/2A2.

The major impact onL0 comes from the spin-orbit effec
tive NN interaction Eq.~4!. For theJ50 transitions, sum-
ming the terms arising fromūsl , and w̄sl leads tow̄sl2ūsl

' 2 4 ^ 0 u eq
2V0

(011)2Ûsl u 0&/m0
(011)524(t(eq

2V0
(011)2Usl

t rsl
t )/

m0
(011) . Assumingl' l 61'A1/3, and neglecting the terms t

order ;A21/3, the spin-orbit contribution is (w̄sl2ūsl)/j
'(8«F/3mec

2) r0r 0
3 n(A,Z)(k1/2)A1/3/(N2Z), wherek1

'0.4 is the isoscalar spin-orbit strength constant. The fa
n(A,Z) is introduced to take into account the number
partner levels involved and the possibility of partial occ
pancy of the particle level. For the highest energy transitio
in N582, Z.50 nuclei,L02L1 is estimated numerically to
be about 20% ofL1.

F. The b-decay half-lives

The general expression for the partialb-decay half-life is

1/t1/25D21~GA /GV!2E
mec2

Wmax
Cb ~W!

3F~Z,W!pW~Wmax2W!2dW, ~35!

where Cb(W) is the b-decay shape factor,F(Z,W) is the
usual Fermi function with the Coulomb screening and re
tivistic nuclear finite size corrections taken into account@54#,
D5616364 s, W is the electron energy, andWmax5W0
1mec

2 is the total disintegration energy. The shape facto
given by the exact expression

Cb~W!5

(
ke ,kn̄ ,J

CJ~ke ,kn̄ !

F~Z,W!~Wmax2W!2p2
, ~36!
2-7
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whereJ5uke2kn̄u is the momentum transferred to the lept
pair, and the coefficientsCJ(ke ,kn̄) are the standard comb
nations of b moments and leptons wave functions at t
nuclear radius@55#.

For the nonunique forbidden decays withECoul@v, the
distortion of the electron spectra is not significant and
shape factor is energy independent

Cb5
j

|e
(

J50,1
B~J!5 (

J50,1

U (
S50,1

^ f uMJLSu i &

2J11
U2

, ~37!

which is called the Coulomb (j) approximation. The orbita
b-decay term withJ52 does not containj and can be ne-
glected.

The total half-lives can be calculated within th
b-strength function formalism

1/T1/25D21~GA /GV!2E
0

Qb
dv f 0~Z,v! (

n51,4
^kJ&Sn~v,g!,

~38!

where the sum contains the GT term withJ51 and the first-
forbidden terms withJ50,1,2. For the GT and nonuniqu
first-forbidden decayŝkJ50,1&51, and for the unique first-
forbidden decays,̂kJ52&5 f 1 / f 0, with f 1 calculated as in
Ref. @56#. The integrated lepton (e2,n̄e) phase-space volum

f 05E
mec2

Wmax
F~Z,W!pW~Wmax2W!2dW ~39!

incorporates the Coulomb and finite-size corrections@54#.

III. THE b-DECAY HALF-LIVES NEAR NÄ50,82,126
NEUTRON CLOSED SHELLS

A. b decay in theZÄ28, NÄ50 region

According to available experimental@24–26# and pre-
dicted @16,20# decay schemes, the nuclei in the vicinity
Z528, N550 shell sequence undergo fast high–energy
decays which are built mainly on the simple shell-mod
configurationsn1 f 7/2,5/2→p1 f 7/2,5/2 andn1g9/2→p1g9/2. It
is of importance that the high–energy GT transitions ex
both atZ,28 and atZ528–29 when thep1 f 7/2 orbital is
completely blocked. The first-forbidden decays are d
mainly to the n1g9/2→p1 f 7/2 and n1 f 5/2→p1d5/2 transi-
tions with the energies close to that of the GT decays. In F
1 we show our predictions for Ni isotopes obtained includ
the first-forbidden decays. Two different ground state
scriptions are used, the DF3- and MSk7-based calculat
~Fig. 1! being in better agreement with the experimental d
than our previous ETFSI results@20#. Note that this improve-
ment results in part from the reduction of the half-liv
caused by the stronger effectivepp interaction used in the
present calculations.

For Q50.81, the half-lives are roughly 20% shorter th
for Q50.64~Fig. 1! due to the corresponding increase of t
strength in theQb window. For theb decays inZ'28, N
02580
e
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l

t

e
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-
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550 region, momenta transfer are small, and a ‘‘softenin
of the GT strength function due to the one-p-exchange is not
significant. Forbidden decays are more sensitive to the
mentum dependence of theNN interaction caused by the
one-p and one-r exchange.

We see from Fig.1 that approaching theN550 closed
shell, the MSk7 half-lives agree well with the DF3 ones a
existing experimental data. At smaller neutron numb
(73,74Ni), the deviations are more pronounced. This can
related to the different pairing force parameters in the MS
@33# and DF3.~In the present paper we discuss the calcu
tions with the density-independent pairing only.! Importantly,
it may also indicate that the constraint of a better mass
imposed on the MSk7 could distort the balance between
mean-field and pairing potentials, thus modifying the qua
particle energies important for the half-life predictions. A
the higher order corrections to the BCS are ignored, the
ticle number nonconservation effects may also affect
half-lives.

The first-forbidden transitions are of little effect for nucl
nearZ528, N550 ~Fig. 1!. In this region, our calculations
predict a number of GT and first-forbidden transitions w
comparable energies, hence the GT decay channel d
nates. Note that this picture does not change in theZ
528,29 nuclei in which the importantp1 f 7/2 orbital is fully
blocked, while many high-energy GT transitions rema
open.

B. b decay in theZÄ50, NÄ82 region

In the 1p1h approximation, the only high-energy G
transition in these nuclei corresponds to then1g7/2

FIG. 1. The experimentalb-decay half-lives for the Ni isotopes
taken from Ref.@24# and NUBASE compilation@57# compared to th
MSk7 and DF3 calculations (Q50.81,a: allowed transitions,a
11 f : allowed and first-forbidden transitions!.
2-8
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→p1g9/2 configuration, and the high-energy first-forbidde
decay is mainly due to then1h11/2→p1g9/2 configuration. It
is of interest to compare the DF3 and MSk7 calculations
the allowed GTb decays. One observes from Fig. 2 th
MSk7 predicts much shorter half-lives than DF3 does for
Ag isotopes. As in the case of the Ni isotopes, the agreem
between the calculations based on these models for
ground states gets worse when moving away from theN
582 closed shell. The calculations show that the fir
forbidden transitions have a moderate impact on the t
half-lives for nuclei nearZ,50, N582. For the Ag and Cd
isotopes~Figs. 2,3!, the first-forbidden transitions are respo
sible for up to a factor of 2 reduction in the total half-lives.
slight odd-even effect in the total half-lives is observed in
experimental data and in our calculations for Ag,Cd isoto
~Figs. 2,3!. It is due to the odd-even staggering of the cor
sponding transition energies. The results for the Ag and
nuclei support the conclusion that the high energy GT dec
dominate the total half-lives of the nuclei in theZ,50 region
near 132Sn @17,20#. Unlike in the Z528 region, the high-
energy GT and first-forbiddenb transitions mentioned abov
are no longer possible, forZ550-51 nuclei above132Sn, as
the 1pg9/2 orbital is fully blocked. Due to the phase spa
effect, the higher energy forbidden transitions related to
n2 f 7/2→p1g7/2, n f 7/2→p2d5/2 configurations dominate th
total half-life. For nuclei with Z>52 and N'82,
1pg9/2orbital is deblocked due to pairing correlations, a
the GT transition strength is quenched by the occupancy
tor of the proton level (12v1pg9/2

2 ).

FIG. 2. The experimentalb-decay half-lives for the Ag isotopic
chain taken from the NUBASE compilation@57# and RILIS CERN
data @25,26# compared to the predictions based on the DF3 a
Msk7 (Q50.81,a: allowed transitions,a11 f : the first-forbidden
transition included!.
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For the 1332139Sn isotopes, the FRDM calculations@16#
performed in the allowed transition approximation strong
overestimate the experimental half-lives~Fig. 4!. A fairly
good agreement of our calculations with the experiment~Fig.

d

FIG. 3. The same as Fig. 2 for the Cd isotopes. The experim
tal data are from the NUBASE@57# and Ref.@58#.

FIG. 4. The same as Fig. 2 for the Sn isotopes. The experime
data are from Ref.@26#.
2-9



e
rs

n

e
o

ay
82

ns
t-

t
lts
th
h
th

e

en
is

tors
d
st-
ic

rst
ther

e.
re-

t
h

on

e
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4! shows that Coulomb decay mechanism dominates in th
nuclei. The experimental evidence of the high-energy fi
forbidden transitions above132Sn has long been known@59#.

In the recent study@26#, theb-decay half-lives have bee
measured up to138Sn. Within theQb window of 9.0 MeV,
the experimental decay scheme for135Sn demonstrates th
existence of low energy GT transitions at 4–5 MeV and
high energy first-forbidden transitions at 7–9 MeV@26#. The
total half-lives of 450~50! ms and 520~30! ms have been
reported in Ref.@26# for 135Sn in agreement with 0.6~0.1! s
found earlier in Ref.@59#. Our estimate@23# was 2470 ms for
the pure GT decay and 520 ms with first-forbidden dec
included. The present calculations give the half-life of 4
ms for 135Sn.

In Fig. 5 we display the results of the DF3 calculatio
(Q50.81) of pure GT decays and including the firs
forbidden decays for nuclei atN582 andZ,50. The com-
parison is made with the HFB results@22# obtained with the
same particle-particle interaction strengthgj8 as in the presen
work andQ50.64. Also shown are the shell-model resu
@3# and measured half-lives. Our calculations including
first-forbidden decays show a small odd-even effect whic
in agreement with available experimental data. Note that
use of the same quenchingQ50.81 would drive the HFB
results in closer agreement with our results and the exp
mental data. For the shell-model calculations@3#, reducing
the quenching would drive the results below the experim
tal data. It is worth to mention that for tin isotopes the ex
tence of the next magic shell-closure atZ550, N5126 is
not overruled. Our DF3-based calculations give the174Sn to

FIG. 5. The experimentalb-decay half-lives for theN582
chain taken from the NUBASE compilation@57# compared to DF3
(Q50.81,a: allowed transitions,a11 f : the first-forbidden transi-
tion included!, HFB @22# (Q50.64) and shell-model results@3#
(Q50.55).
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be the last bound tin isotopes, it turns to be170Sn within the
MSk7. At the same time, the energy-dependentT-matrix in-
teraction leads to the neutron drip-line located above200Sn
@36#. With the ‘‘modified’’ neutron drip-line a role of forbid-
den decays may be more important, as the driving opera
contain the factorr /R0. A possible existence of superallowe
Fermi, as well as accelerated Gamow-Teller and fir
forbidden b decays may be anticipated in doubly-mag
drip-line systems. Our RPA estimate of the half-life for174Sn
is 0.58 ms for the pure GT decay and 0.18 ms with the fi
forbidden decays included. This subject deserves a fur
study.

C. b decay vs„ne ,eÀ
… capture in NÄ126 region

In the importantr-process region nearZ'60–75 andN
5126, the role of the first-forbidden decays is decisiv
These nuclei undergo high-energy first-forbidden decays
lated to then1i 13/2→p1h11/2 configuration. Our CQRPA cal-
culations predict a strongJp512(S51) transitions in nuclei
nearZ'70 andN5126. Theirb-decay energies are of abou
6 MeV, well above the GT transitions at about 4 MeV whic
are related to then1h9/2→p1h11/2 configuration weakened
due to the partial occupancy of the 1h11/2 level. The unper-
turbedb-decay energy of the main GT decay configurati
n1i 13/2→p1i 11/2 is low ~about 1 MeV!. Thus, it is clearly

FIG. 6. Theb-decay half-lives for theN5126 chain calculated
with the DF3 (Q50.81,a: allowed transitions,a11 f : the first-
forbidden transition included! and with the shell-model@4#
(TSM , Q50.55 was used!. Also shown are the half-lives against th
(ne ,e2) capture at the electron neutrino temperaturesTn54 MeV
(T4) @20# and 8 MeV (T8) @60# calculated for Ln

51052 erg s21 andR5100 km.
2-10
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GAMOW-TELLER AND FIRST-FORBIDDEN DECAYS . . . PHYSICAL REVIEW C 67, 025802 ~2003!
seen from Fig. 6. that the behavior of the half-lives for t
GT and GT1first-forbidden transitions reflects the blockin
of the 1pg9/2 and 1ph11/2 levels with increasingZ.

In Fig. 6 a comparison is presented with the shell-mo
calculations@3# performed in the allowed transition approx
mation and withQ50.55. It is seen that the inclusion of th
first-forbidden transitions results in noticeably shorter ha
lives in theN5126 region. The difference with the GT ap
proximation amounts to typically a factor 5 to 10, and
more pronounced for heavier nuclei approaching the clo
proton shell atZ582. Note that the shell-model half-lives o
Ref. @4# would be shorter if the first-forbidden decays we
included and/or a smaller quenching used.

The shorter half-lives predicted forN5126 should have
significant implications on ther-process nucleosynthesis
this region. In the specific case of the neutrino wind mo
@2#, the charged-current electron neutrino captures by he
nuclei (ne ,e2) can compete with theb decays in driving the
material to higherZ elements. Thus, the effective ‘‘wea
flow’’ rate is given byleff5lb1ln . The neutrino capture
rates are, however, sensitive to the adopted neutrino dr
wind model, since they depend on the neutrino flux wh
scales with theR2—the distance to the center of the neutr
star. The (ne ,e2)-capture rates would also increase if t
neutrino oscillationsne
nm,t are included. We show in Fig
6 the calculated half-lives against the (ne ,e2) capture@20#
corrected for the contribution of forbidden transitions at t
electron neutrino temperatureTn54 MeV, and also the cal-
culations by Ref.@60# at Tn58 MeV ~for this temperature
the complete neutrino oscillations were assumed in R
@60#!. In both calculations the neutrino energy luminos
Ln51052 erg s21 andR5100 km are used.

One observes from Fig. 6 that for nuclides withZ<69 our
calculatedb-decay rates are higher even than the (ne ,e2)
rates atTn58 MeV with the neutrino oscillations include
@60#. In other words, for these given temperatures and n
trino flux, b decays dominate over charged-current elect
neutrino captures. The impact of the present calculations
speeding up ther-process nucleosynthesis remains to
studied.

D. b decay in the region ‘‘east’’ of 208Pb

The possibilities of experimental measurements neaN
5126 are very limited. The current experiments~see
@28,46#! concern mostly the nuclei ‘‘east’’ and ‘‘west’’ o
208Pb. In the region close to208Pb, the strong first-forbidden
b decays are well known experimentally. Numerous theo
ical studies@53,61,62# have shown a complicated charact
of the first-forbidden decays near208Pb, with their relatively
low Qb values and transition energies. The main problem
models encounter lies in a near cancellation of the lead
matrix elements forJ50,1 transitions which results in a de
viation of the electron spectra from a statistical shape. In
case, thej approximation may fail, and the Behrens-Bu¨hring
multipole expansion of theb-spectrum form factors@30# is
needed. While a detailed analysis of theb decays in the
208Pb region requires due consideration of the energy dep
dence of the shape factor, further to the ‘‘east’’ of208Pb, a
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simple estimate the total half-lives within the Coulomb (j)
approximation is of interest. The main aim is to study t
accuracy and limitations of the present model for large-sc
calculations. Figures 7–9 show the calculated half-lives
the 2092214Tl, 2152218Pb, and 2152220Bi isotopes where the

FIG. 7. Theb –decay half-lives for Tl isotopes calculated with
the DF31cQRPA (Q50.81,a: allowed transitions,a11 f : the
first-forbidden transition included! FRDM and GT2 models@16,14#.
The experimental half-lives are taken from NUBASE@57# and@27#.

FIG. 8. The same as Fig. 7 for Pb isotopes. The experime
data are from Ref.@28#.
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calculatedQb values are relatively high and varyin the inte
vals of 3.1–6.4, 2.1–2.2 and 2.8–5.7 MeV, respectively.

The half-lives based on FRDM@16# and on the semistatis
tical version of ‘‘gross-theory’’ GT2@14# are also presented
Figures 7–9 indicate that the FRDM calculations using
GT transition approximation@16# overestimate the availabl
experimental data by orders of magnitude. Ourb-decay half-
lives calculated for these nuclei in the GT approximation
much shorter than the FRDM ones. This is because of
different treatment of the ground state properties and pai
correlations, and also due to thepp effective interaction not
included in Ref.@16#.

The results of global GT2 calculations@14# with a para-
metric description of the forbidden transitions, vary sign
cantly from one isotopic chain to the other~Figs. 7–9!. For
example, the extent of the odd-even effects in the Tl isoto
~Fig. 7! predicted by the GT2 and FRDM calculations, h
been not confirmed by recent experimental data@28#. For
these isotopes, our calculations show an important contr
tion of the GT transitions to the total half-lives. According
the ground state and pairing properties predicted by DF3,
GT strength can come from the stretched (n1i 11/2p1i 13/2)
quasiparticle configuration with the partially occupie
n1i 13/2 level. The major first-forbidden strength in the Tl, P
and Bi isotopes is related to the (n1g9/2p1h9/2),
(n1g9/2p1 f 7/2), as well as to partially blocked
(n1k15/2p1i 13/2) shell-model configurations.

Even though our calculations show a fairly regular beh
ior of the total half-lives~Figs. 7–9!, they may be oversim-
plified in the specific region ‘‘east’’ of208Pb. Their accuracy
may decrease, for example, when theDJ50 transitions
dominate in the decay schemes. This is mainly due to

FIG. 9. The same as Fig. 7 for Bi isotopes. The experime
data are from the NUBASE@57#.
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neglect of the velocity-dependent terms in the effectiveNN
interaction and to the use of the Coulomb (j) approximation.
However, in general, the results are in a qualitative agr
ment with available experimental data on total half-live
Thus, they may provide a useful guide for the planning of
new experiments in this region of the nuclear chart.

IV. CONCLUSIONS

The developed density functional1CQRPA approach is
based on the self-consistent description of the ground s
properties and imposes no restriction on the ph sing
particle basis. This allows us to derive the mass-independ
~finite-rangeph and pp) effective NN interactions of FFS
and the energy independent spin-isospin local charge Q5eqs

2

from experimental data on the spin-isospin responses of
clei ~with no direct fitting to theb-decay half-lives!.

A special feature of the method is that the spa
dependent operators of the first-forbidden decay are tre
implicitly, while the relativisticb momentŝ a& and^g5& are
reduced to their space-dependent counterparts. An app
mation based on the self-consistent FFS sum rules takes
account the renormalization of the^g5& in nuclear medium.
The comparison with the newly measured experimental h
lives shows that the method provides a reasonably accu
prediction of the total half-lives important for ther process.
This gives some confidence that the model developed h
provides a framework for microscopic global calculations
the Gamow-Teller and first-forbidden decays for t
r-process relevant nuclei.

The calculations of the total half-lives for nuclei near t
N550,82 closed shells show a better agreement with av
able experimental data than our previous ETFSI results@20#.
For these nuclei crucial for ther-process modeling, the high
energy GT decays dominate the total half-lives. The effec
first-forbidden transitions is found to be small forN550
region, and moderate forN582 region. In contrast, the effec
of the high-energy first-forbidden transitions is found to
decisive in theZ>50, N'82 and especially in theN5126
regions. The impact of the improved half-lives on th
r-process abundances will be analyzed in the forthcom
paper.

We have performed the calculations of the total half-liv
in the regions where high-energy GT and first-forbidden
cays dominate. For the nuclei in which a retardation of
forbidden decays plays a role, due to the specific selec
rules, nuclear deformation effects, a cancellation of the co
petingb moments, etc.@30#, the approximations used abov
may be too simplistic. To properly describe these featu
~especially for partial half-lives!, an extension of the metho
will be needed. An advanced framework for the univer
description of the first-forbidden transitions requires a
fined treatment the electron radial wave functions@30#. An
implicit treatment of thê a& and ^g5& b moments is also
needed along with the inclusion of the velocity-depend
and spin-orbit terms to the effectiveNN interaction.

l
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