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B decay rates for spherical neutron-riciprocess waiting-point nuclei are calculated within a fully self-
consistent quasiparticle random-phase approximation, formulated in the Hartree-Fock-Bogoliubov canonical
single-particle basis. The same Skyrme force is used everywhere in the calculation except in the proton-neutron
particle-particle channel, where a finite-range force is consistently employed. In all but the heaviest nuclei, the
resulting half-lives are usually shorter by factors of 2 to 5 than those of calculations that ignore the proton-
neutron particle-particle interaction. The shorter half-lives alter predictions for the abundance distribution of
r-process elements and for the time it takes to synthesize ff&0856-28189)02107-X]

PACS numbg(s): 23.40.Hc, 21.30.Fe, 21.60.Jz, 26.3€.

I. INTRODUCTION important even-even semimagic nuclei lying on thgrocess
path.

The astrophysicat-process[1-6], which creates about Special tools are needed to describe transitions to low-
half of all nuclei withA>70, proceeds through very neutron- lying excited states in weakly bound nuclei. Although large-
rich and unstable isotopes produced by stellar explosions acale shell model calculations successfully describe the GT
other violent events. The ultimate abundance of any stablstrength distribution in medium-mass nuclei close to the val-
nuclide depends strongly on the decay half-lives of its ley of g stability [7,8], large configuration spaces and diffi-
neutron-rich progenitors. The solar elemental abundance disulties with the continuuni9] make the approach hard to
tribution shows peaks near=80, 130, and 195, correspond- apply along the-process path. The continuum random phase
ing to progenitors with closed neutron shell¢£50, 82, and approximation[10,11 is often useful, but in very-weakly
126). These relatively long-lived nuclei not only define the bound nuclei pairing is important and a quasiparticle random
abundance peaks but also restrict the amount of heavier mahase approximatiofQRPA) based on coordinate-space
terial that is synthesized. Understanding the important feaHartree-Fock-BogoliuboyHFB) theory is required. Surpris-
tures of ther-process therefore requires knowledge of life- ingly little work has been done along these lines. Much more
times of closed-shell semimagic nuclei far from stability. Of common are globalin that they attempt to describe all nu-
course beta decay is only one of the processes that contributtei in the same framewoykbut non-self-consistent calcula-
to r-process abundances; neutron capture and photodisintdens [12—15 that substitute the Strutinsky methed BCS
gration also play important roles, as do the temperature, deffer HFB, approximate the continuum by bound or
sity, and initial neutron to seed ratio in the explosive envi-quasibound orbits, and use a schematic interaction
ronment. But these other aspects are beyond the scope of thig . 5,)(7,7,) in the QRPA. The work of Ref/16], which
article, which focuses on the crucial question of how to cal-syccessfully reproduced the half-lives of the nickel isotopes
culate beta decay far from stability. At present, most of theynq of 1325 in the Tamm-Dancoff approximation, used self-
very neutron-rich nuclei are out of experimental reach, an@onsistent single-particle energies and orbits but retained the
theory provides the only handle on their decay rates. traditional schematic residual interaction. But like most of

Precise theoretical estimates of beta-decay rates are hajige global calculations, this work did not include a proton-
to make.éMost of the strength associated with fhedecay  peytron pn) particle-particle interaction.
operatoro 7, lies in the Gamow-Telle(GT) resonance, well Borzov etal. [17,18 did use a more self-consistent
above decay threshold. The strength that actually contributasiethod in restricted regions of the nuclide chart. Their start-
to B decay is the small low-energy tail of the GT distribu- ing point was an energy-density functional optimized for the
tion. Calculated3 decay rates can therefore vary over a wideregions they considered, and a realistic interactinaluding
range without coming into conflict with sum rules, which for a zero-ranggn particle-particle componentn the QRPA.
other processes help reduce theoretical uncertainty. In addfheir energy functional was spin-independent, however, and
tion, B decay lifetimes depend sensitively on nuclear bindingso they did not obtain the residual interaction from the sec-
energies, and small errors in calculatgg values can cause ond derivative of the functional, as required if the QRPA is
large errors in predicted decay rates. These problems ate represent the small amplitude limit of time-dependent
complicated enough to demand a coherent and systematitFB (this is what we mean by self-consistency in an HFB
approach togB decay. Here we make a first attempt at a+QRPA calculatioh Instead they chose a phenomenologi-
completely self-consistent calculation. Our goal, in spite ofcal spin-dependent residual interact[dT]. In addition, they
the difficulties, is a reliable estimate @ decay rates in neglected positive-energy single-particle states in the HFB
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calculation, though they did include the entire particle-holespace factor for the nuclear charge and finite nuclear size,
continuum in the QRPA. In any event, Borzeval.[19,20 both of which affect the electron wave function.

have now abandoned attempts at fully self-consistent calcu- We would like an approximation fog; — E1$ in Eq. (2)
Iatlons in favor of the extended Thomgs-Ferm| with .Strutm-that does not require an explicit calculation of @g- value.

sky integral(ETFS) approach. No previous papers, in SUM, T4 gptain one we express ti@;- value in terms of nuclear
have used the same interaction in the mean-field cqlculatioaround_state binding energies:

and the QRPA, and most have neglected the resigual
particle-particle interaction. Neither has any previous work Qp-=AM;_n+Bgs(Z,N)=Bgs(Z+1N-1), (3

ly included the effects of the low- ti . .
propetly Include © efiects of the low-energy con InuumWhereAMr,,H=0.78227 MeV is the mass difference be-

on pairing.
Here we attempt to do better: we use the same interactio veen the neutron and the hydr_ogen atom. The grqund-state
inding energy of an odd-odd final nucleus, in the indepen-

in the HFB and QRPA calculations so as to preserve th 97 e
small-amplitude limit of time-dependent HFB. In then dent quasiparticle approximation, is given by
particle-particle channel of the QRPA, we use a finite-range  Bg(Z+1N—1)~Bys(Z,N)+Xp—Ny+Exqp iowest
interaction to soften the divergences induced by a delta func-

tion, but will show that this choice does not spoil self-

consistency. By adjusting one parameter, the strength of th&hereA,=dE/dZ and\,=dE/dN are the proton and neu-
pn particle-particle interactiotwhich we will often refer to  ron Fermi energies in the initial nucleusZ,NN), and
asT=0 pairing, we reproduce measured decay rates neaF2qp.lowestiS the energy of the lowest two-quasiparticle exci-
the closed neutron shells, and then make predictions for ratdgtion (with respect to the initial nucleliorrected for the
further from stability. For now we restrict our study to fesidualpn interaction between the yalence qyaS|part|cIes in
semimagic nuclei with closed neutron shells and their neighthe odd-odd systerf22]. The excitation energies of the'1
bors; besides being the most important for thprocess States with respect to the final ground state are

these nuclei are conveniently spherical.

Our paper is organized as follows: In Sec. Il we review
the general formalism for calculatingdecay, briefly present :
coo?dinate—space HFB theory andr[tghe QF¥PA, an):dahen shofyhereEqrea is the QRPA phonon energgee Sec. |1 € It
how to combine them in a self-consistent way. Section 11170/loWs from Egs.(3) and(4) that the energy released in the

discusses the problem of choosing a good effective interadransition from the ground state of the initial nucleus to'al
tion. Section IV contains the results of numerical calcula-Stat€ in the final nucleus is

tions and arr-process simulation, and Sec. V presents con- Ei_Elr;:ng_(z,N)_EI+%)\n_)\p+AMn7H_EQRPA-
clusions. m 6)

EI;] ~ EQRPA_ E2q p,lowests ®)

Il. FRAMEWORK This expression allows us to avoid calculating ground-state

A. Calculation of half-lives masses of the final nuclei.

The rate for allowed Gamow-Teller decay of an even-

. B. Skyrme-Hartree-Fock-Bogoliubov method
even nucleus is given by

1 2702 Our first-order description of the even-even ground state
7T Oa N - dn, ! . e : -
—=— | dE.>, [(1:]> anri|07)2==", (1) and quasiparticle excitations is based on a self-consistent
Ty In2 7 m n dEe mean field. Several schemes are currently used in mean-field

] ) ) o calculations for heavy nuclei, among them the nonrelativistic
where the index labels particles|0™) is the initial ground HF and HFB methods with the Skyrme interacti@8], the
state and thél ;) are the final state§We use units in which  HFB approach with the Gogny for¢@4], and the relativistic
c=1.) The sum ovem runs over all final I states with an  mean-field model25,26. All these provide a parameterized
excitation energy smaller than tkg;- value. We will setthe  energy functional that describes nuclear properties through-
weak axial nucleon coupling constagy to 1 rather than its  out the chart of nuclides. But in neutron-rich nuclei near the
actual value of 1.26 to account for the near universal quenchdrip-line, where the Fermi energy and pairing potential are
ing of isovector spin matrix elemen{21] in nuclei. The  close in magnitude, pairing cannot be treated as a small cor-
kinematic factordn,,/dE is the density of final ¢ ,v,) rection to the HF solution. Instead the physics underlying the
states. It can be written as HF and BCS approaches must be incorporated into a single

E— variational principle, through HFB theory. Our version of
%: Ee Ee_me(EA_E +—E,)2F(Z,Ey) ) HFB is formulated in coordinate space and described in de-
dEe 273 b O e tail in Refs.[27,28); here we discuss only the key ingredients
needed for calculatingg decay.
whereE; is the ground state energy of the even-even initial Our effective interaction comes from the Skyrme energy-
nucleus withZ protons and\ neutronsEl; is the energy of  density functionall. The functional can be divided into two

themth excited 1" state in the final nucleus witd+ 1 pro-  Parts:
tons andN—1 neutrons, and~(Z,E.) corrects the phase- E=Epnt Epair- (7)
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The particle-hole par€,, depends primarily on the density By working directly in the coordinate space we are able to
matrix pq(ro,r' '), while the pairing(particle-particl¢ part ~ Properly include unbound states, which, as we have re-
Epar depends primarily on the pairing density matrix marked, become important near the neutron drip line. A par-
Xq(Fa,F’a’) (the indexq denotes protons or neutranThe ticular virtue of our approach is the accurate representation

coupling betweem andy comes from the density-dependent of the canonical single-pgrticle b.a.sis, consisting of eigen-
terms of the Skyrme and/or pairing interaction. Because thétates%ﬂ(ro) of the density matrix:

nuclei we consider are so neutron-rich, we shall negbact 3 )

pairing in the HFB ground stat@ee Sec. I)l; as a result our d r’z pq(ro,r' o) g, (r'o’)=vg, g, (ro).

HFB wave function will be a product of proton and neutron 7 (14)
wave functions, and matrices pfand y will be block diag-

onal ing. Expressions defining the Skyrme and pairing en-c4nqnical states form an infinite, discrete, and complete set

ergy functionals have been presentgd many titses, e.g., . of localized wave function§27,28; they describe both the

Refs. [29-32), and so are only briefly discussed here inyng states and the positive-energy single-particle con-

Secs. II1A and Il B. o tinuum. The canonical basis is well defined for all particle-
The particle-hole, hy(ro,r’a’), and particle-particle, bound nuclei, no matter how close they are to the drip line.

Aq(Fa,F’o’), mean fields are defined as the first derivativesWe use it in the next section to formulate the QRPA.

of the energy functional with respect to the corresponding

densities: C. Proton-neutron QRPA

6 Although one can derive coordinate-space QRPA equa-
®  tions for the generalized density matfik0,17,18, here we

stick with the older representation in terms of a discrete
SE single-particle basis. The canonical HFB basis is ideal for
(9 this purpose because it simplifies the HFB equations, so that
HFB + QRPA can be formulated in complete parallel with
BCS + QRPA (described, e.g., in Ref33]). Thepn QRPA
equations take the form

h (FO’,F’O"):T,
d Opy(r'o’,ro)

Ayfror'o)= ————m .
4 Oxq(r'o’,ro)

The residual interactions that enter the QRPA equatidiss
cussed in Sec. Il Care the corresponding second derivatives A B\ /X X
of the energy functional. Rearrangement terms, which result ( )( ):E A( ) (15)
from the density dependence of the energy functional are -B —A/\Y] TRPAY)
therefore included in both the HFB and the QRPA.

Variation of the energy functiondl’) with respect to the with matricesA andB defined as
densities leads to the coordinate-space HFB equations for

protons and neutron@7), Apnpn'=Ep,p Onn+ Enn 8p,pr +Vonprnr (UpnUp vy
f 5 E hq(FU,F’a’) Aq(Fa,F’a’) 0 pUnv prUnr) + Vo prnr (UpUpUpr Uy,
d’r’ .. .
o' Aq(rO',r’O',) —hq(I'O',I'IO'/) +UpUnUp’vn’) (16)

Bpn‘prnr :Vpn’prnr(vpunuprvnr + upU nU prunr)

(¢1<a,F'o'>)
X =

boa,r'a")

Eathq O )(czsl(a,Fo)) and
0 Ea_)\q ¢2(01,F0') '

(10) —Vpnyprnr(upunl}plvn/+Upl)nup/unr). (17)
where« enumerates the HFB quasiparticle eigenstates. The ) )
two-component quasiparticle wave functiondq(a,?’o’) Herep, p’_’ andn, n:denote proton_and neut_ron qua_lsupgrtl-
and ¢2(a,r+,g,) self-consistently define the densities: cle ce+1non|cal statesll|s the pn particle-hole mtgrac;uon in
the 1™ channel, obtained from the second derivative of en-
plfoi'a)= 3, doaf)dzlaio’) @ G T o responding paticle-particie nteracton,
obtained from the second derivative with respect to the pair-
XTo 0= 3 hilafordtiar o). 12 G and wo-quasinole sites fiom the core-
lated vacuum. The occupation amplitudgsare the eigen-
The Lagrange mu|tip|iersq_the Fermi energies of the neu- values of the denSity matrl‘(].4) Since the canonical HFB

trons and protons—are fixed by the particle-number condibasis does not diagonalize the HFB Hamiltonidg), the
tions one-quasiparticle terms in E¢L6) have off-diagonal matrix

elementsE; ;. The presence of these terms is the only formal
Nq:f d3r 2 pq(Fo,Fo). (13) difference betwe_en our QRPA eql_Jations and_ those based on
o=+ the BCS approximation. The localized canonical wave func-
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tions, however, are more realistic than the single-=0) pairing interaction. This last ingredient appears only in

quasiparticle states used to mock up the continuum in théhe QRPA but, as mentioned already, is crucial for reducing

BCS approximation. calculated lifetimes to values that are consistent with experi-
To actually solve the matrix QRPA equatios5) we  ment.

have to truncate the canonical basis. The diagonal matrix

elements of the one-quasiparticle Hamiltonian provide a con- A. The particle-hole interaction

venient measure of excitation, and we include only those ] ] S )

canonical states for which these matrix elements are less than '!'he pn particle-hole In_ter_actl_on is responsible fgr the

a cut-off value (For the choice of the cut-off energy, see Sec.main features of the GT dlstrlbutlo_n. For our calculations to

Ill.) Occupation probabilities of canonical states usually de/nake sense, we need to find an interaction that reproduces

crease much faster with excitation energy than in the gcdhe distribution reasonably, at both high and low energies.

approximation[28], allowing us to work with matrices of Before doing this, we have to discuss the general form of the
manageable size. particle-hole interaction in the Skyrme framework.

For even-even nuclei, the particle-hole Skyrme energy
functional of Eq.(7) can be written as

. INTERACTIONS 5ph: Eunt Esct Ec (18)
Different channels of the effective interaction have differ-

ent effects on thg-strength function. Roughly speaking, the i-€., as the sum of a kinetic-energy functiodgl,, an effec-

like-particle andpn particle-hole interactions determine the tive strong-interaction functionalsy, and a Coulomb func-

single-particle spectrum. The like-particle pairing interactiontional £&c. The functionals are the spatial integrals of the

smears the Fermi surface and changes the elementary exeerresponding local energy densitigs

tations from particles to quasiparticles. Without further

many-body correlations, the GT resonance is not collective 5[p,7',J]=f d3rHp(r),7(r),I(r)]. (29

and too much of the3 strength is located at low energies.

Thepn partlcle-h_ole force, treated in the .QRPA’ solves theThe kinetic-energy and Coulomb energy densities are given

problem by pushing GT strength up and into the resonanc%y

leaving the low-lying spectrum depleted. This depletion is so

great, however, that the resulting lifetimes can become too h?

long; the half-lives of Refs[12], for example, usually ex- Hkin:ﬁﬂ (20)
ceed measured half-lives. Then particle-particle force .
cures this problem by pulling some strength back down. In- e’ 3, Pp(N)pp(r") 3e?( 3\ 43
terestingly, this part of the force is also necessary to describe HC:EJ d°r |F——F’|_ a2\ p - (2D
B* decay in proton-rich nuclei, but there it decreases the
low-lying strength. . o . en
To be consistent, one should use a single interaction in aglgdstrlgin;?eerk;(ialirr?ga(:ei?lsgnze-lgvt;i Sﬁg;ﬁzgﬁ deins?ties
channels and in every step of calculation. This means, fof Sk '

respectively[30,34. Only H™" affects the ground-state

example, that the samgn particle-hole energy functional . - .
properties of even-even nuclei; it can be written as

that determines single-particle properties in the HFB calcu

lation must also be used in the QRPA. The same is true for bo 5 3 .o

the pairing(particle-particlg forces, both in the like-particle Ha = 702+ bip7— 5 pAp+ 30“2— b4pV-J

and pn channels. The constraint is not as tight as in the

particle-hole channel, however, because the proton and neu-

tron Fermi surfaces are so far apart in neutron-rich nuclei ->

that pn pairing correlations are neglibigle in the HFB. Fur- d

thermore, to the extent that thie=1 pairing force can be .o 1

approximated by a delta function, it does not affect #fe +bﬁqu-Jq} )

=1" states obtained in the QRPA. Even with a finite range

force, the effects are negligible. Then component of the . .

T=1 pairing/particle-particle interaction can therefore be ne- e (.aner.gy den.:smeS depend on. the Igcal mat}er dep§|:ty

glected everywhere. In addition, one is free to chooseTthe the kinetic densityr, and the spin-orbit currert; . Densi-

=0 pairing component solely on the basis of its effects in thelies without aq index are totalisoscalar densities, e.g.po

QRPA, since it has no like-particle component and does=pPp+pn- The parameterb;, bi, c;, andc; are the time-

nothing at the mean field level unless~Z. even coupling constants of the Skyrme functional. The pa-
For these reasons we organize the discussion in this seeameters all play different roles; the terms with and by,

tion as follows: First we describe the particle-hole interactionfor example, determine the density-dependent parts of the

in detail; it largely determines both single-particle propertiesinteraction, and thé,, b, andc,, c; terms define the spin-

and the collectivity of the GT resonance. We then brieflyorbit interaction. All the parameters are fit to a few key

discuss the like-particle pairing force, which plays a rolenuclear-structure data, e.g., total binding energies, charge ra-

only in the HFB calculation. Finally, we describe tha(T  dii, and surface thicknesses of nuclei in the valley of stabil-

by 2 3
5 Pa+bipgTe— 5 Pelpg+ 5 P PG

¢ J2—c;> 35} (22)
q
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TABLE I. Properties of symmetric nuclear matter at saturation densjtpredicted by representative
Skyrme interactionsE/A is the energy per nucleom*/m the effective mas,, the incompressibility, and
as,mthe asymmetry coefficient. The remaining quantities are the Landau-Migdal parafefgrg,, andg,

[39]; g, controls the effective interaction in the spin-isospin channel. The empirical values were taken from

Ref. [43].
Force Po E/A m*/m K. Asym fo fo do do
[fm™%] [MeV] [MeV]
SGll 0.158 —15.58 0.786 214 268 —0.233 0.728 0.622 0.934
SkMm* 0.160 —15.75 0.789 216 30.0 -0.229 0.926 0.325 0.937
SkP 0.162 —15.93 1.000 201 30.0 -—0.102 1.417 -0.229 0.062
SLy4 0.160 —15.97 0.694 230 320 -—0.276 0.813 1.385 0.901
SLy5 0.161 —15.98 0.698 230 32.0 -0.276 0.814 1.137 -0.152
SLy6 0.159 —15.92 0.690 230 32.0 —0.280 0.803 1.408 0.899
Ski4 0.160 —15.92 0.650 248 29.5 -—0.273 0.559 1.768 0.881
SkO' 0.160 —15.75 0.896 222 320 -—0.097 1.328 -1.612 0.792
Empirical 003 ~1.6 ~0.4 ~1.80

ity, and they generally reproduce ground-state properties dhteraction in nuclear matter with phenomenological values

nuclei between'®0 and the heaviest elemeri5,36. or predictions of realistic calculations. In nuclear matter the
The energy densit§t%% the detailed form of which can interaction strength in the GT channel is sensitive to a single

be found in Ref[34], involves time-odd quantities: the mo- combination of the Skyrme parameters, the Landau-Migdal

mentum density, spin density, and vector part of kinetic-parameteg [39]:

energy density. The time-odd terms contribute to the energy

of polarizedstates, i.e., those with nonzero angular momen- ) 1,0 2 1 2

tum, including the T states populated b decay. As a go:_No[g bo+§bo) + gl Pst 5bs]p®+eike

consequence, the distribution of GT strength depends prima- (23

rily on this time-odd part of the energy density. Although

most of the coefficients i22% are in principle independent o

parameters, they are fixed by the values of the parameters Y¥nere e hzave _used the normalization factdf,

HEE"in the usual Skyrme ansaft34]. The restriction is not :ZKFT /(Zgﬁ ), with the Fermi momentum defined &g

in the spirit of the local density approximatig87,3g, but ~ — (37 p/2)™". Table 1 shows predlctlgns of representative

has been made implicitly in almost all prior work. The pre- SKyrme interactions—SGI[39]; SkM* [40]; SkP [27];

dictions of most existing Skyrme forces for excited states inoLY4, SLy5[41]; Ski4[35]; and SkO [42]—for properties

odd-odd nuclei are therefore completely determined by fits,or']c s¥mmetrig nuctl)ear rplatter at saturation c(;jlensi}y. While all
of HE®"to properties of even-even ground states. Not suril® fOrces give about the same saturation dengjfyenergy

prisingly, we find the GT spectra predicted by most of thesd’®" nucleon&/A, and incompressibilit.,, small but no-

forces to be well off the mark. ticeable differences appear in the effective mass and

Clearly, the proper approach to beta decay in the Skyrm&Symmetry coeff|C|eL1Kx . The Landau parametd, is a
framework is to fit coefficients it to properties of Cimt?'”,a“on ofpg, m*, andK.., andf, is related topo and
nuclear states with nonzero angular momentum. That task i€+ it iS therefore not surprising that most fOI‘C(,%S predict
not so easy, however. Excited states take more computé&milar values for the time-even quantitiés and fo, and
time to explore than ground states because they requifdat those values are close to the empirical ¢#&% But the
methods beyond mean-field thedsuch as the QRPAFur-  Parametersgy, andgg, which act in time-odd channels, re-
thermore, X contains many parameters, and fixing themflect spin-dependent components that are not constrained by
all would be a major undertaking. For these reasons, we havelandard fits. As a result their values scatter within a wide
chosen here to use the relations between time-even and timénge: —1.6<go=<+1.8 and—0.2<g,= + 1. Furthermore,
odd densities imposed by the the traditional Skyrme-forcdwo otherwise very similar forces can give quite different
ansatz, in spite of the drawbackThe ansatz, incidentally, Vvalues for these parameters. The interactions SLy4 and
relates theb;, b/, c;, and ¢} of Eq. (22 to the usual SLy5, for exam*ple, are identical for one small detail, the
Skyrme-force parametetts and x;, as spelled out in Ref. treatment of thel® term during the fit. But despite the close
[35].] We will explore the effects of independent time-odd

densities in a future publication.

Even with constraints ori(g,", it is difficult to include INot all the properties in Table | are predictions of the parameter

excited-state properties in the data set used t&(8f". In-  sets: the effective mass of SkP, the incompressibility of SLy4 and
stead we follow the approach advocated in H80] and  SLy5, and the asymmetry coefficient of SLy4, SLy5, and SkO
compare the effective strength of our spin- and isospin-fliphave been used as constraints in the fits.
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) FIG. 2. Same as Fig. 1, but for the open-shell nucl&3ed. No

FIG. 1. Summed GT strength up to 20 MeV as a function Ofexperimental data exist here.
excitation energy for the closed-shell nucleligr, calculated with
the SkQ, SLy5, and SkP Skyrme forces. We also plot the measured
strength reported in Reff59]. The calculated strength, as is custom-
ary, is multiplied by (1/1.26%; the quenching corresponds to setting illustrated in Figs. 1 and 2, which display the summed GT
ga to 1.0 in our calculations oB decay. strength calculated foP°Zr and *#Cd. Here we use three

Skyrme forces with different values of Landau-Migdal pa-

rameter: SkO (gy=0.792), SkP §¢;=0.062), and SLy5
agreement for most nuclear-matter parameters, the differ(-g(’):_o_152). In general both the energy of the GT reso-
ences in botly, andg, between the two are significant. ~ nance and the strength in it increase witfy they are small-

We remarked above that predictions of existing Skyrmeest for SLy5 and largest for SKOForces with small values
forces for GT distributions usually are not good. This fact isq¢ g;, fail to concentrate enough strength in the resonance,
reflected in Table | by the values af), all of which are leaving too much at low energy.
much smaller than the empirical valgg(exp)~1.8[43]. In Although none of the interactions have large enoggh
fact, we are not aware of a single Skyrme interaction thaiyvhen used self-consistently, some are better than others.
gives g, close to the 'empir.ical value and at the same timeHaving opted for now not to increas, by using energy
does an acceptable job with global nuclear properties anfiinctionals in which &*"andH & decoupled, we decided
single-particle shell structure. State-of-the-art Skyrme forceg, ;se Sk0) [42], which has one of the larger values in Table
tend to yield ag, of about 0.9, a value too small by a factor | The SkG energy functional is more general than the origi-
two. An important related point: the valugo=0.503 re- nal Skyrme functionals in the spin orbit channel; the extra
ported for SGII in Ref[39] does not correspond to the con- generality manifests itself as a difference in the valueb,of
sistent application of any Skyrme force. The authors left outandb), [35]. Without this extended interaction it seems to be
the last ternfin bracket$in Eq. (22) when fitting the param-  impossible to obtain a consistent description of spin-orbit
eters of their force, but included its effects in their Ca|CU|a'spIittings and other global observables unless the last term in
tion of g4 (and in their RPA calculationsTo be consistent prackets in Eq(22) is neglected44]. The extension rem-
with their mean-field interaction, they should have omittededies the problem quite nicely, and in spite of the low value
the term proportional td)(,zz in Eq. (23). Doing so givesy), of g5, SkO reproduces GT spectrgd5] measured in
=0.93, the value in Table I. We will elaborate on this remarkcharge-exchange reactions fairly well. The predicted reso-
in a future paper. For now, what's important is that evennances, though usually a little too low in energy, contain
calculated properly the value of, associated with this in- about the correct fraction of the strendth.
teraction, which was designed explicitly for GT resonances,
is far too small.

Of, coursegp in ?ymmemc nuclear matter at Saturatlon 2This observation is important because most published Skyrme-
density does not directly measure the strength of spin- anflpa caculations do not address the problem of the GT strength
isospin-flip interactions in a finite nucleus. All effects due 10 gistripution For instance, Ref[46] proposes that the difference
the nuclear surface, finite nuclear volume, and excess Neyetween the centroid energy of the GT resonance and the energy of
trons disappear in nuclear matter. Moreover, the GT distrithe isobaric analog state be included as a constraint on effective
bution depends strongly on the single-particle spectrum agteractions. Getting the right energy difference seems to be too
well as the residual interaction. Nonetheless, the paramet@feak a criterion; the force SGII, which passes the test in Rél,

0o summarizes the gross features of the distribution. This isias a value ofj;=0.93 that is well below the empirical one.
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1

B. Like-particle pairing interaction

10 - - - - - -
The T=1 pairing interaction between like particles af- delta force
fects only the HFB part of our calculation. To incorporate it 10° \\ 4
we use a simple pairing energy functional that corresponds to . N
a delta force, % 10" bmodel space: ]
1 R i <+ 10MeV
gpairZZJ' d3r E Vl,qXS(r)a (24 & o[ 15 MeV
g=p.n 102 F-—-- 20 MeV 3
——- 25 MeV
where xq(r) == ,x4(r,0:r,0) is the local pairing tensor. 5 [T 30MeV. , , , ,
This interaction has vanishing matrix elements in the 1 1010 100 200 300 400 500 600
channel and therefore contributes nothing to the residual in- 10 ' T : : ' T
teraction in thepn QRPA. We adjust the strength 4 in the ' two Gaussians
HFB calculation to reproduce experimental pairing gaps as 10° \ 4
explained in Ref[47], though unlike the authors of that pa- = .
per we use different values for protons and neutrons, and o 100 i
allow them to depend slightly on mass. This refinement ap- 0
pears to be necessary for a precise description oBttlecay -
rates. For light nuclei wittN~50 we adopt the values 107 F ;
Vip,=—188.1 MeVfn?, V,,=-213.8 MeV fnt, - A

. . - 0 50 100 150 200 250 300 350 400
while for heavier nuclei witiN~82 we use strength

Vi,=—194.6 MeVf?, V,,=-186.7 MeV fn. _ _
FIG. 3. Dependence of the half-life dfCd on the size of the
) ] o ) canonical basis used in the QRPA, plotted versus the strength of the
C. Residual pn particle-particle interaction T=0 pairing interaction. The lower and upper panels show results
Although the GT resonance is built almost entirely of obtained with the finite-range force of E®5) and a delta force.
particle-hole excitations, the low-lying strength responsiblelhe configuration space in QRPA is defined by the cut-off energy,
for 8 decay involvespn particle-particle correlations and is €eutoffs S descrlped thhe text. The horizontal line shows the ex-
sensitive to theT=0 pairing interaction. The reason these Perimental half-life of "Cd.
correlations are important at low energies is that the proton
orbitals near the Fermi surface are neither completely empty 2, 2
nor completely occupied. They therefore can accept the ad- V= —Vozl gje 14l 110, (25
ditional particle created from occupied neutron orbitalsoy .
decay at the same time as they interact with those neutron - ) )
orbitals through th@ =0 pairing force. A level that is com- Wherells_;1_o projects onto states witB=1 andT=0.
pletely full, by contrast, can interact with the occupied neu-We take the rangeg;=1.2 fm andu,=0.7 fm of the two
tron orbitals but will not participate ir8 decay, while one Gaussians from the Gogny interactip49], and choose the
that is completely empty can accept additional protons fronf€lative strengthgy;=1 andg,=—2 so that the force is

B decay but will experience no particle-particle interactionfépulsive at small distances. The only remaining free param-
with the occupied neutron levels. eter isVy, the overall strength. Figure 3 depicts the rate of

BecauseT =0 pairing has no effect in our HFB calcula- convergence of the predicted half-life &fCd as a function

tions, we can treat its strength as a free parameter in th@f Vo for the interaction(25) and for aé interaction. The
QRPA. Our procedure is to fit that strength to knoysn latter gives results that do not converge when we increase
decay lifetimes in regions of the nuclear chart near those thacutor, the upper limit on theédiagona) energy of canonical
interest us. To keep matters simple, we restrict ourselves togates we include in the QRPA. The finite-range force be-
density-independent force acting only in tBe=1 channel; haves much better. The calculations reported below were
QRPA calculations of doub|ﬁ_ decay[33] and Sing|e_beta carried out with the tWO'GaUSSi%fDrce in Eq(25) and with
decay[48,13 have shown this component of the interaction €cutor=25 MeV for states above the Fermi surfa¢ee in-

to have the largest effect on low-lying strength. Unfortu-clude all states below the Fermi surfaces

nately, although a simple delta force successfully describes To fit the strength/,, we use recently measured half-lives
like-particle pairing, it turns out to be inadequate here; thedf neutron-rich nuclei in regions where thieprocess path
calculated half-lives diverge steadily as canonical single-

guasiparticle states are added to the basis used in the QRPA.

Actually, any purely attractive interaction suffers from the 3other choices are possible. For instance, we have checked that
same problem. The situation improves considerably, howthe convergence can also be achieved with a simplified particle-
ever, when we uséas a crude mock up of a microscopic particle interaction of Skyrme type withty=6.169%/,
G-matrix) a short-range repulsive Gaussian combined with aveV fm3, t,=-2.584%/, MeV fm®, x,=x,;=0.25, and all
weaker longer-range attractive Gaussian; others equal to zero.

2
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. . T T . . distribution can have a large effect on the rate. We therefore

adopt the valu&/y= 170 for the entire region. The reason the
10° F . value ofV, is so different here might be connected with the
quality of the single-particle spectra af@values predicted
by Skyrme forces, and with the simplicity of olir=0 pair-
. 10t ing interaction. We may be compensating for such deficien-
S cies by changing/,. The fact that we have to change the
i T=0 pairing strength by such a large amount when going
2o 10° from N=50 to N=82 demonstrates the sensitivity of calcu-
= lated 8 decay rates to other parts of the effective interaction.
In the N=126 region there are not enough experimental
10" data to support a fit of th&=0 pairing strength, so we use
the same value\(;=170 MeV) as in theN=382 region.
» This means that our predictions arouNe- 126 are less re-
10 . . . . . liable than in other regionsee, however, discussion in Sec.
0 50 100 150 200 250 300 350 V).
Vo [MeV]
FIG. 4. Ratios of calculated-to-measured half-lives for four nu- IV. RESULTS
clei nearN=50 as a function of th& =0 pairing strength. The
solid horizontal line corresponds to equal values for measured and A. Measured half-lives

calculated half-lives, the short-dashed horizontal line to a factor of

- _ : Figure 6 displays the results of our calculations for nuclei
2 difference, and the dotted line to a factor of 5 difference.

near the neutron closed shells, alongside the QRPA results
without T=0 pairing (Vy=0), the results of Refs.
comes closest to the valley of stabilitg.g., around’®Ni) [19,16,53, and measured half-livd&4]. (The predictions of
[50-52. Figure 4 displays the ratio of calculated-to- Ref. [19] appear only when the nucleus is thought to have
experimental lifetimes for three zinc isotopes affe, all small deformation. Our numbers in these nuclei are more
nearN=>50. The four lines intersect near a ratio of 1, show-suspect than elsewhere, since we ignore deformation in our
ing that the experimental lifetimes can all be reproduced withtalculation) Because we separately adjust the 0 pairing
a single value of th@ =0 pairing strengthY/,=230 MeV. strength in two regions, it is not surprising that our results
We use this interaction strength to predict the lifetimes ofare usually closer to experiment than those of global calcu-
nuclei (in this region that are still further from stability. lations in which parameter values are kept fixed. But the
Figure 5 shows the corresponding results ¥6+2813¢d,  errors in the global calculations are systematic; they almost
all nearN=82. The fit, while not as good here, is still rea- always overestimate the lifetimes. In the case of Refs.
sonable and gives a best value ¥y of about 170 MeV. At [12,53, at least, we attribute the problem to the neglect of
that value we slightly underestimate the lifetime’8fCd (by ~ the T=0 pairing. As the figure shows, the results of Refs.
a factor of 06 For 122Cd the discrepancy is greater—we [12,5?3 are much closer to ours in most of the nuclei when
underestimate its lifetime by a factor of 5—but that nucleuswe turn that force off.

has such a sma@ - value that a small error in the strength  In the Ni isotopes our lifetimes are also too large by fac-
tors of 3—5. Part of the reason is the weak sensitivity of these

lifetimes to Vy, which in turn is due to th=28 andN
=40 shell closures. The proton orbitals important gde-
cay are completely empty and therefore couple throtligh
=0 pairing only to neutron orbitals that are at least partly
empty. Because of the closed shelNat 40, the lowest such
neutron orbit isgg,. But the gy, neutrons can only decay
into the protong orbitals, which are far above the proton
Fermi surface. Thus no low-energy strength can be moved
by the particle-particle interaction and the curves in Fig. 7,
which shows the calculated half-lives of the nickel isotopes
versusV,, are all flat. They do not turn down until after the
value ofV, (230 MeV) that is suitable for the other nuclei in
the region, and close to the point at which the QRPA col-
lapses. Such behavior clearly means that Sieot optimal

in this region; the SKP interaction used in the calculations of

al
Ty / To

107 0 100 150 200 250 300 350 Ref.[16] apparently better predicts single-particle properties
V, [MeV] and Q values. Those calculations use no particle-particle
force but, as discussed above, none is required in the Ni

FIG. 5. Same as Fig. 5, but for nuclei neé# 82. isotopes.
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3

Zn Cd Ni
10° 1F iF 3
I
— 10'} i{F 1F 3
9, = -
=
&. o
10° JL it
100 F 4 | O HFB+QRPA+SkO' RS 4
* HFB+QRPA+SkO’, V=0
A FRDM+QRPA
O ETFSI+QRPA
2 O HFB+TDA+SkP

44 46 48 50 52 70 72 74 76 78 80 82 84 38 40 42 44 46 48 50
Neutron Number N .

FIG. 6. Comparison of calculated half-lives for Zn, Cd, and Ni isotopes with (HEBRPA+SkO') and without
(HFB+QRPA+SkO', Vy=0) the residual particle-particle interaction, and results from REf8] (FRDM+QRPA), [19] (ETFSI
+QRPA), and[16] (HFB+TDA-+SkP, only for the Ni isotopgswith experimental values taken from R§&4] where possible. For the
nickel isotopes recent results froff1,52 are shown as well. When predicted half-lives are larger than 100 s, the FDRM Collaboration
reports only this lower bound, which is marked here with arrows pointing up. The ETSFI Collaboration reports half-lives only when the
predicted deformatiorB, is less than 0.1.

Our HFB + QRPA theory violates particle number con- force has a large effect; the corresponding neutron orbit and
servation, with the result that pairing correlations artificially its spin-orbit partner are not too far below the neutron Fermi
break down at closed shells. The predictions for nickelsurface and contain many neutrons, which both interact with
would probably be better in a number-conserving version othe protons at their Fermi surface and decay to fill the two

our approachfor the general formalism, see R¢&5]). proton holes. The effect of adding two protons to a closed
shell is a bit smaller. The several orbits above the closed

proton shell have lower spin or are far from the Fermi sur-

. _ _ face, and their contributions tend to cancel. These points are
The effects off =0 pairing vary just as much in closed- jjystrated in Fig. 8, which shows the dependence of the cal-

neutron-shell nuclei along theprocess path as they do in ¢ ateqd half-lives of severad =50 isotones oi,. The half-

the Tgeqsulged nUCIE'lJZUSt discussed. In doubly magic nuclgjte of the doubly magic nucleug®Ni, of course, varies al-

like "*Ni, **’Sn, and*?%Zr, the T=0 pairing force is inef- ot not at all, and we probably overpredict its lifetime

fective. On the other hand, when one takes away two proton§"ght|y just as in the other Ni isotopes.

from these nuclei, creating two holes in a high-spin orbit, the Figure 9 shows our predictions, together with those of

other authors, for the half-lives of all the crucial even-even

B. Closed-neutron-shellr-process waiting points

68Nil I I I I I l I T T T T T T T T
2
10 3
102 ]
1 -
10 10 -
E 0 | 0 ]
g 10 = 10
& 73% -1
10 J = 10
2
10 E
10° 3
10°® :
10»3 . L L ! L L L L
0 50 100 150 200 250 300 350 400 107 ) . . . . . . X
Vo [MeV] 0 50 100 150 200 250 300 350 40
Vo [MeV]
FIG. 7. Calculated half-lives of the neutron-rich Ni isotopes as a
function of the strength of th& =0 pairing interaction. FIG. 8. The same as Fig. 7, but fbk=50 isotones.
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O HFB+QRPA+SkO’

* HFB+QRPA+SkO’, V=0 #

10% b & FRDM+QRPA 1k 4k 4
O ETFSI+QRPA /

¢ Expt.

N=50 N=82 N=126

20 22 24 26 28 30 32 38 40 42 44 46 48 60 62 64 66 68 70
Charge Number Z

FIG. 9. Predictions for the half-lives of closed neutron-shell nuclei along tiprocess path. Our results appear with
(HFB+QRPA+SkQO') and without (HFBFQRPA+SKO', V,=0) the pn particle-particle interaction. Also plotted are the results of Ref.
[12] (FRDM+QRPA), Ref.[19] (ETFSHQRPA), and experimental data where available.

closed-neutron-shell nuclei along therocess path. Our re- all other ingredients unchangdde also change rates Bk
sults agree fairly well with those of Ref12] for the very =84 and 86, by amounts equal to the change in correspond-
proton-poor nucle{with N=50 andN=82) but less well for ing nuclei with N=82). By specifying an appropriate tem-
larger Z. The trend is due to the closed proton shellZat perature and density dependence on time, we mock up con-
=20, 28, 40, and 50, where the particle-particle force haglitions in the ‘“neutrino-driven wind” from type Il
little effect. Between these magic numbers, and particularhsupernovae, the current best guess forrtpeocess site.
just below them(e.qg., in "®Fe), the differences can be large.  The results appear in Fig. 10. As expected, &we 130
To demonstrate again that they are dudte0 pairing, we  peak shrinks noticeably. Thie~ 195 peak broadens with the
plot results once more with that component of the forcenew half-lives because abundances aroNr€126 are built
switched off (/,=0), a step that brings our results into up not just at the longest live@most stablg nucleus pro-
agreement with those of Ref12] in nearly all nuclei with  duced, but at more neutron-ritth= 126 nuclei as well. As a
N=50 or 82. result, more nuclei are populated and the peak widens. By
As discussed in Sec. Il C, there are no experimental data
with which to fix Vo nearN=126. The lack of closed shells _ . —— — T . ]
in this region suggests that half-lives will depend strongly on 1
V. Our results with and withouT=0 pairing, however, 3
show that this is not the case. Even if we used a much g
smaller value ol/, by extrapolating the drop in that param-
eter betweerN=50 and 82, the lifetimes would not change
appreciably. In these heavy systems our results agree we 19
with those of Ref[19].

_4‘

<
C. Consequences for nucleosynthesis P 10_5

The closed-neutron-shell nuclei are instrumental in setting
abundances produced in theprocess; new predictions for R
their half-lives will have an effect on the resultsreprocess 6
simulations. ForN=50 and 82 our half-lives are usually 10
shorter than the commonly employed half-lives of R&g],
and longer folN=126. Replacing those lifetimes with ours
should therefore produce smallar=80 and 130 abundance — ' ' o

Without extending our calculations to other nuclei in the Mass Number A
r-process network, however, we cannot draw quantitative FiG. 10. Predicted abundances in a simulation ofrtipeocess.
conclusions from a simulation. Accordingly, we carry out The solid line corresponds to the rates of RaP], and the dotted
only one simpler-process simulation here, comparing final ine to the rates obtained here arouNd=82 and 126. All other
abundance distributions obtained from tBedecay rates of nuclear and astrophysical parameters are the same for the two lines.
Ref. [12] with those obtained from our calculations, leaving The diamonds are observed solar-system abundances.
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contrast, theN=50 peak(not shown in Fig. 1Ddoes not We can therefore compensate for a snagllby weakening
change much; its shape depends largely on the half life ofhe strength of th& =0 pairing interaction slightly. But we
"8Ni, which in our calculations is almost the same as in thosejefinitely cannot omit it altogether; as Fig. 6 shows, calcula-
of Ref. [12]. We have already pointed out, however, thattions that do almost always overestimate lifetimes.
both lifetimes are probably too long. It is therefore reason- As for ther process itself, shortg® decay rates will have
able to expect larger changes at léwthan our simulation an impact, but just how much is not yet clear. Abundances
indicates. will certainly shift somewhat, and the time it takes to com-
Besides altering the distribution of abundances, smalleplete ther process will shrink, perhaps substantially. But in
half-lives can shorten the time required for therocess to  order to explore these issues fully, one needs to know half-
synthesize all the elements. The process proceeds only as féiges for all the waiting point nuclei, not just those at the
as material can move through “bottlenecks,” the especiallyclosed shells. Other quantities that affect abundance distribu-
long-lived isotopes at the three closed neutron shells. Inions, particularly neutron separation energies, also have to
many simulations the sum of the lifetimes of the bottleneckbe better understodd7,58.
nuclei exceeds the expected durationr-girocess conditions One virtue of our self-consistent framework is that many
in neutrino-driven wind$56]. To see what our lifetimes do, extensions and improvements can be made systematically.
we run a series af-process simulations at different tempera- First, a new interaction, based on the concept of the energy
tures, with both the half lives of Ref12] and with those density functional, can be developed. This force should be
presented here. At low temperatures, for which neutron phoable to reproduce bulk nuclear observables, and at the same
todissociation rates are slower, the average nucleus is exme yield a value ofy, that is close to 1.8. Finding such a
tremely neutron rich and so the changedrhalf-lives does  force will require abandoning some of the conventional rela-
not have a large effect; the time required for thprocess tions between th g‘ﬁe”anng‘i" components of the energy

drops by ~15%. At higher temperatures, nuclei that are yensity[34]. Then the parameters &f ${*"can be adjusted to
slightly less n'eutlr.on-rlc'h are produc.ed,' and our ha'lf-llvesgbba' nuclear properties while those Hgﬁd can be fit to
have a more significant impact, resulting inraprocess time

. . . spin-dependent propertiegd, g5, moments of inertia, etg.
0, -
about 50% shorter. These high-temperature simulations havé) Following the development of a better interaction, one

difficulty reproducing the observed abundance dIStrIbUtIont:an both improve the calculations presented here and extend

Sowe cannot at present take them Very 'seriously. It might bﬁwem to open-shell nuclei that are not spherical. The formal-
possible, however, to alter other conditions so that the cor- '

rect distribution is restored. In any case, quantitative insight> " might also be developed so that particle-number and
will have to await more c;)m rezensivé qcalculations fg Isospin conservation are at least partly restored. Finally, all
decay P P the nuclear ingredients inprocess network simulations, in-

cluding neutron-separation energies, should be based on the
V. SUMMARY AND CONCLUSIONS same effective Hamiltonian. Only then might our under-
standing of neutron rich nuclei be sufficient to predict details

TZ'.S V\t/ork conta:_r:s theRgft fconsTtent tapplltc:jatlon O_f theof the r-process abundance distribution. This paper is a first
coordinate-space HFBQ ormalism to B decay in step towards that goal.

heavy neutron-rich nuclei. Our approach fully accounts for
the coupling between the nuclear mean field, pairing, and the
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