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Properties of proton-rich nuclei around doubly magic28
48Ni 20 are studied in the framework of the self-

consistent mean-field theory~Hartree-Fock, Hartree-Fock-Bogoliubov, and relativistic mean field!. Various
effective interactions are employed to investigate two-proton separation energies, deformations, single-particle
levels, proton average potentials, and diproton partial decay half-lives in this mass region.

PACS number~s!: 21.10.2k, 21.30.Fe, 21.60.Jz, 27.40.1z
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I. INTRODUCTION

The structure of exotic nuclei, i.e., nuclei with extrem
isospin values, is one of the most exciting challenges in l
energy nuclear physics today. On the proton-rich side of
periodic table, the proton drip line has been delineated u
Z583 @1#. In several cases, it has been possible to go bey
the line of proton stability. Due to their long lifetimes, ran
ing from 1026 s to a few seconds@2#, proton-unstable nucle
~proton emitters! are unique laboratories to study propert
of single-proton orbitals, details of the proton mean field
the surface region, and residual correlations. Experime
and theoretical investigations of proton emitters promise
open up a wealth of new physics associated with the resi
interaction coupling between bound states and extrem
narrow resonances in the region of very low density
single-particle levels.

On the neutron-rich side, the drip line has been
proached only for very light nuclei@3#. In contrast to proton-
rich systems, which are stabilized by the Coulomb barr
nuclei close to the neutron drip line are very weakly bou
and, consequently, they are very extended spatially. He
the influence of the particle continuum is very important.

Because of the presence of collective modes and intr
states, thesd f nuclei, i.e., those with 10<N, Z<26, form
an interesting playground to confront the large-scale sph
cal shell model with the approaches based on the mean-
theory. Indeed, nuclei from this region are heavy enough
exhibit low-energy collective phenomena and, at the sa
time, they are sufficiently light to be treated by the state-
the-art shell-model techniques@4–6#. On the other hand
both approaches use different input and have rather diffe
scopes.

The shell model is strongly based on the experime
data in a given restricted region of the nuclear chart. It u
the single-particle properties and two-body matrix eleme
which are obtained by a best-fit procedure, and then are
plied in the same region of nuclei, mainly to calculate
complete low-energy spectra. Of course it also gives the r
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tive binding energies with respect to a given inert core. The
binding energies, and hence also the separation energies
very accurately reproduced~see Ref.@5#, for example!.

However, the shell-model results are difficult to extrap
late far from the experimentally explored regions, becau
their basic ingredients are unavailable there. For exam
systematic changes in the single-particle spectra, when
parting from theb-stability line, have to be known and/o
modeled before the shell model is applied in the new regi
Due to the scattering of nucleons from bound shell-mo
orbitals to unbound states the standard shell-model treatm
seems inappropriate when applied to drip-line nuclei, a
continuum states have to be taken into account explici
The resulting continuum shell model@7# properly takes into
account decay channels; in the continuum shell model th
are no effective one-body potentials, the interaction ha
two-body character, and the single-particle energies are
culated self-consistently.

The mean-field approaches, which are applied in
present study, are based on global experimental data for
clei throughout the nuclear chart. Their principal goal is
obtain a fair description of bulk properties of nuclei~masses,
radii!, mostly for the ground states only. In restricted regio
of nuclei the mean-field approches cannot compete for p
cision with the shell model. On the other hand, for quantit
which involve the spatial dimensions, such as the radii, C
lomb energies, tunneling probabilities, etc., and for wea
bound systems where the particle continuum effects can
be ignored, the mean-field theory has certain advanta
Therefore, in many respects, the shell-model and mean-fi
calculations are complementary.

The mean-field methods may better take into acco
large-scale changes of structure of nuclei far from stabil
For such predictions one needs the best possible effec
interactions. The main objective of our study is, therefore,
investigate the self-consistent mean-field theories with va
ous interactions, and compare the results to experime
data and shell-model analyses. This is done for proton-r
nuclei around the doubly magic48Ni. The degree of agree-
740 © 1996 The American Physical Society



53 741STRUCTURE OF PROTON DRIP-LINE NUCLEI AROUND . . .
FIG. 1. Part of the chart of the
nuclides corresponding to the re-
gion of nuclei withN>18 and 10
<Z<28 ~only even-even systems
are presented!. The lightest and
heaviest isotopes known experi-
mentally are indicated by the stars.
The two-particle drip lines calcu-
lated with the spherical HFB1SkP
model @23,56,44# and with the
macroscopic-microscopic FDSM
@25# are indicated by means of
thick black and broken lines, re-
spectively. See text for more de-
tails.
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ment with the modern shell-model calculations in the reg
where~i! the configuration space is not prohibiting and~ii !
the effect of the particle continuum is less severe due to
Coulomb barrier gives us more confidence in extrapolat
the mean-field results to more exotic systems on the neut
rich side, where, due to extremely large configuration spa
and continuum effects, the standard nuclear shell model c
not be used.

The paper is organized as follows. Section II discusses
borders of this region~i.e., the particle drip lines!. The mod-
els employed are described in Sec. III. Sections IV and
contain the analysis of binding energies, deformations,
separation energies ofN518, 20, and 22 isotones. Coulom
energy displacements and single-particle energies aro
48Ni are calculated in Sec. VI and the diproton lifetimes a
estimated in Sec. VII. Finally, conclusions are contained
Sec. VIII.

II. THE PERIODIC CHART OF THE sdf NUCLEI

Figure 1 displays the experimental situation in thesd f
region of nuclei withN>16 and 10<Z<28 ~only even-even
systems are presented!. The lightest and heaviest isotope
known experimentally are indicated by the stars. Accord
to a recent experimental study@8# based on the fragmentatio
of 58Ni ~see also the earlier Refs.@9,10#!, the nuclei 38Ti,
46Fe, and50Ni are particle stable. On the neutron-rich sid
the heaviest even-even isotopes found experimentally in
region are32Ne @11#, 36Mg @12#, 42Si @13#, 48S @13#, 50Ar
@12#, 52Ca @14#, 58Ti @15#, 62Cr @14#, 68Fe @16#, and 78Ni
@17#.

In the region of the periodic chart shown in Fig. 1, the
are six doubly magic nuclei, i.e., the Ca and Ni isotopes w
N520, 28, and 50. Three of them, namely,40Ca, 48Ca, and
56Ni, are well known experimentally. Very recently, thre
events attributed to78Ni have been reported@17#. This very
neutron-rich nucleus, which has recently attracted consid
able interest@18–21#, is expected to lie a fair distance from
the neutron drip line~see Fig. 1!. The remaining two doubly
magic nuclei are drip-line systems. The very proton-ri
nucleus48Ni is expected to lie on the edge of proton stabili
@22#. The neutron stability of70Ca still remains an open
question~see the discussion below!.

The theoretical two-proton and two-neutron drip lines c
n

the
ng
on-
es
an-

the

V
nd

und
re
in

s
g

,
his

e
ith

e

er-

h
y

l-

culated with the spherical Hartree-Fock-Bogoliubov~HFB!
model with the effective Skyrme interaction SkP@23,24# and
with the macroscopic-microscopic finite-range droplet mod
~FRDM! @25# are indicated in Fig. 1 by thick black and bro-
ken lines, respectively. The calculated two-proton drip line
are rather similar in both models. In particular, the doub
magic 48Ni is predicted to be two-proton unstable while its
lighter isotone46Fe is expected to be very weakly bound in
the HFB1SkP model. ~In the FRDM calculations, this
nucleus has a two-proton separation energy very close
zero; see the discussion in Sec. V.!

As far as the neutron drip line is concerned, there are cle
differences between the model predictions. The largest d
agreement is seen for the Ti isotopes, where the two-neutr
drip lines calculated in the FRD and HFB1SkP models dif-
fer by eight neutron numbers. An interesting effect is seen
the FRDM calculations for Ne, Mg, and Fe isotopes, whe
there appear local islands of particle stabilitybeyond the
two-neutron drip line~e.g., the nucleus38Ne is two-neutron
stable, while34,36Ne are not!. As discussed in Ref.@26#, such
a situation might be caused by configuration/shape chang
A spectacular example, due to the transition from spheric
to deformed shapes, is the backbending in theS2n-vs-N plot
for the Sm isotopes seen atN;88 @26#. ~The effect of defor-
mation is not considered in the HFB1SkP calculations,
which yield a single-valued dependence ofS2n on N.!

As a typical example of the theoretical uncertainty whe
extrapolating very far from the line ofb stability, Table I
displays the values of the two-neutron separation energy
70Ca predicted with the Hartree-Fock~HF!, relativistic mean
field ~RMF!, and HFB models with different effective inter-
actions~see Sec. III for details!. In the HF and RMF calcu-
lations performed here, pairing correlations are treated
means of the constant-gap approximation with the pairin
gaps taken from the HFB1SkP model~see Sec. III!. Except
for the RMF1L1 and RMF1TS models of Ref.@27#, which
predict unusually strong neutron binding, calculations su
gest that70Ca is very close to the neutron drip line; namely
according to HF1SIII, HF1SkI6, HF1SLy4, HFB1SkP,
and HFB1SIII dr, the nucleus70Ca lies very close to~but
beyond! the two-neutron drip line, while according to HF
1SkM* , HF1SkI1, RMF1NL-SH, RMF1PL40, and
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FRDM, this nucleus is~very weakly! bound. Considering the
rather small theoretical values ofuS2nu, the question of par-
ticle stability of this extremely exotic, doubly magic syste
remains open. Experimentally, the direct study of70Ca is
impossible at present because this system is far too neu
rich. One can hope, however, that some indirect informat
on 70Ca will become available from the analysis of sola
systemr -process abundance distributions@28#.

In the present work, we concentrate on properties of
other exotic doubly magic nucleus,28

48Ni 20, and its neigh-
bors. As mentioned above, the proton-rich nuclei from
1 f 7/2 region have recently been subjects of several stu
based on the intermediate-energy heavy-ion fragmenta
technique@8–10,29#. As discussed in Refs.@4,30,6#, the re-
gion around48Ni is a very promising one in which to look
for diproton decay, the best candidates being38Ti, 45Fe, and
48Ni.
The experimental information on the very proton-richsd f

systems is very scarce. The masses and, consequently
two-proton separation energiesS2p are not known. In some
cases, the binding energies of theT3,0 nuclei @T35
(N2Z)/2# can be deduced from a quadratic isobaric mult
let mass equation~IMME ! @31#:

B~A,T,T3!5a~A,T!1b~A,T!T31c~A,T!T3
2 . ~1!

The coefficientsa, b, and c of the IMME can be either
determined experimentally from known masses@32–35# or
calculated perturbatively using the isospin-nonconserving
teraction@36#. In particular, the relation~1! can be applied to
determine the binding energy difference between mirror
clei with T356T:

B~A,T,T352T!5B~A,T,T35T!22b~A,T!T. ~2!

This method has proven to be a very accurate tool for p
dicting binding energies of proton-rich nuclei@4,6#. It is
worth noting that shell-model techniques in general and
IMME in particular do not take into account variations in th
Coulomb energy of drip-line nuclei due to weak binding. A
estimated by the self-consistent theory~see Sec. VI!, the con-
tribution to the Coulomb energy shift caused by an increa
Coulomb radius can be as large as a few hundred keV.

TABLE I. Predicted values ofS2n for 20
70Ca50. In the HF, RMF

1NL-SH, and RMF1PL40 calculations, pairing correlations a
treated by means of the constant-gap approximation with the va
of pairing gaps taken from the HFB1SkP calculations@Dp50,
Dn(

68Ca!51.37 MeV,Dn(
70Ca!51.32 MeV#.

Model S2n ~MeV! Model S2n ~MeV!

HF1SIII –0.18 RMF1L1 a 20.78
HF1SkM* 1.33 RMF1TSa 7.35
HF1SkI6 –1.85 RMF1NL-SH 0.60
HF1SLy4 –1.48 RMF1PL40 1.00
HF1SkI1 1.31 FRDMb 0.39
HFB1SkP –0.24 HFB1SIII dr –0.02

aFrom Reference@27#.
bFrom Reference@25#.
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III. THE MODELS

In this study, several self-consistent models based on
HF1BCS, HFB, and RMF approaches are used. In the f
lowing, their effective interactions and other parameters a
discussed briefly.

The spherical HFB-Skyrme calculations have been carr
out in spatial coordinates following the method introduced
Ref. @23#. Several effective interactions are employed. The
are ~i! the Skyrme parametrization SkP introduced in Re
@23# ~SkP has exactly the same form in the particle-ho
(p-h! and pairing channels!; ~ii ! the Skyrme interaction
SkPdr of Ref. @37# ~which in the p-h channel is the SkP
Skyrme parametrization, while its pairing component
given by the density-dependentd interaction~DDDI! @38–
40#,

Vdr~r,r8!5SV01
1

6
V3r

gD d~r2r8!, ~3!

where r5r(r) is the isoscalar nucleonic density;~iii ! the
force SIIIdr ~in the p-h channel, this is the SIII Skyrme
parametrization@41#; its pairing part is given by the DDDI of
Ref. @37#!; ~iv! the force SkMdr ~in the p-h channel, this is
the SkM* Skyrme parametrization@42# and its pairing part
is given by the DDDI with the parameters of Ref.@37#!.

All HFB-Skyrme results have been obtained using a b
of 20 fm. All other details of the calculations, in particula
the determination of the pairing phase space, closely follo
the method outlined in Ref.@23#.

The pairing fields generated by the density-depende
pairing interaction, such as SkP or DDDI, are surface peak
and give rise to a strong coupling to the particle continuu
@43,39,44#. Figure 2 illustrates this effect for theN520 iso-
tones30Ne ~neutron rich! and 46Fe ~proton rich!. The single-
particle densities calculated in the HFB1SkP model are
shown in the upper portion. In30Ne, the neutron skin~i.e., an
excess of neutrons at large distances! is clearly seen. Al-
though both nuclei have the same number of neutrons, th
neutron distributions are quite different. This can be e
plained in terms of the strong coupling between neutron a
proton systems, which gives rise to a larger neutron dens
in 46Fe in the surface region. However, at still larger dis
tances (r.5.2 fm!, the neutron density in30Ne exceeds that
in 46Fe, due to a weaker neutron binding. Because of
excess of protons, in46Fe the proton density is larger than
the neutron density, which is particularly pronounced at lar
distances~proton skin!.

The corresponding pairing densitiesr̃ are displayed in the
bottom portion of Fig. 2.~The pairing density is defined as in
Refs. @23,44#, r̃(r )5(mumvmuc̄m(r )u2, wherem label the
canonical states.! Several observations are noteworthy. Firs
neutron pairing is different from zero in both nuclei in spit
of their magic neutron numberN520 @24#. Secondly,r̃ be-
comes very extended spatially with reduced binding. Indee
the neutron pairing density in30Ne and the proton pairing
density in 46Fe disappear rather slowly at large distance
Thirdly, the pairing densities are peaked in the surface
gion. ~For more discussion of pairing effects in drip-line nu
clei, we refer the reader to Ref.@44#.!

e
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53 743STRUCTURE OF PROTON DRIP-LINE NUCLEI AROUND . . .
A set of spherical HFB calculations has also been p
fomed using the finite-range Gogny interaction D1S of R
@45#. The pairing field is calculated from the D1S force, th
producing a consistent microscopic description for both
mean field and the pairing interaction. As discussed in R
@44#, the D1S interaction produces pairing densities that h
volume character~the pairing component of D1S is densit
independent!. The parameters of the D1S interaction we
chosen to reproduce certain global properties of a se
spherical nuclei and of nuclear matter@46,47#. The HFB
1Gogny results presented here were obtained by expan
the HFB wave functions in a harmonic oscillator basis co
taining 18 shells.

The HF1BCS calculations were performed using th
techniques of Ref.@48# with several Skyrme parametriza
tions: SIII, SkM* , SkI1 @49#, SLy4 @50#, and SkI6. The last
force, SkI6, is a variant of SkI1 which was refitted with th
basis data set of Ref.@49# and additional particular emphas
on energy differences along isotopic chains (40Ca–48Ca and
the isotopes of Sn! aiming at a more reliable extrapolatio
towards the drip line. Apart from other parameters, the
forces differ in their values of the effective mass for sym
metric nuclear matter,m* /m. For most of the interactions
employed in this study, the effective mass is significan
lower than 1; namely,m* /m50.69, 0.69, 0.76, and 0.79 fo
SkI6, SLy4, SIII, and SkM* , respectively. The only excep
tion is SkP which hasm* /m51.

In the RMF1BCS calculations, two parametrization
have been used: NL-SH@51# and PL40@52#. These models
yield rather low values for the effective mass:m* /m50.58
~PL40! and 0.66~NL-SH!. Note that we are using the param

FIG. 2. Top: Single-particle densitiesr(r ) for 30Ne and 46Fe
calculated in the HFB1SkP model. Bottom: Corresponding pairin
densitiesr̃(r ) defined as in Refs.@23,44#.
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etrization PL40 which employs a stabilized form of the func
tional for the scalar field. The more standard parametrizat
NL1 from @53# is likely to fail under exotic conditions due to
instability of the scalar field at high densities.

It is well known @23,37,44,54# that traditional models of
pairing correlations~BCS! become inappropriate when ap
proaching particle drip lines. The main drawback is the sc
tering of nucleons from bound shell-model orbitals to un
bound states, giving rise to an unphysical component in
nucleonic density with the wrong asymptotic behavior. Th
problem becomes particularly severe for neutron-rich nuc
where the particle continuum lies very low in energy. On th
proton-rich side, the effect of the continuum is weaker@55#
because of the Coulomb barrier which tends to localize t
proton density in the nuclear interior.

The proper mean-field tool to describe the pairing
weakly bound nuclei is the HFB theory. In particular, the us
of the HFB formalism guarantees the correct asymptotic b
havior of nucleonic densities@23,44#. Consequently, this
method is free from the problem of an artificial ‘‘particle
gas’’ inherent to the HF1BCS approximation. Interestingly,
relative binding energies~e.g., separation energies! seem to
be less sensitive to the particle-gas problem, provided
self-consistent pairing gaps obtained from the HFB calcu
tions are used in HF1BCS within the fixed-gap approxima-
tion ~the HF1BCS4 method of Ref.@23#!. In order to illus-
trate this point, Fig. 3 displays theoretical two-proto
separation energiesS2p for the even-evenN518, 20, and 22
isotones obtained in the HFB and HF1BCS calculations
with the SkP effective interaction. The values of HFB pairin
gaps used in HF1BCS are displayed in Table II. From Fig. 3
it is seen that the values ofS2p obtained in the HFB and
HF1BCS calculations are very similar. Guided by these r
sults, in the HF1BCS and RMF1BCS calculations per-
formed in this study, we always use the same constant val
of the pairing gaps listed in Table II. However, it has to b
emphasized that the excellent agreement between HFB
HF1BCS for the separation energies illustrated in Fig.
does not extend to other quantities such as radii@23,54,56#,
where the effect of the positive-energy quasibound states
dramatic.

FIG. 3. Two-proton separation energies for the even-ev
N518, 20, and 22 isotones predicted in the HFB and HF1BCS
calculations with the SkP effective interaction.
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IV. EQUILIBRIUM DEFORMATIONS

Most calculations presented in this study assume sphe
shapes which is fairly well justified for the proton-ric
N518, 20, and 22 isotones. Indeed, according to the FR
calculations@25#, all even-even nuclei withN518, 20, and
22 and 14<Z<28 are spherical. In the extended Thom
Fermi with Strutinski-integral~ETFSI! model calculations
@57#, theN520 isotones and theZ520 and 28 isotopes ar
practically spherical.~Only 46Fe and50Ni are predicted to be
slightly deformed,b250.14; the associated deformation e
ergy Edef is about 0.2 MeV.! The largest deformations ar
calculated in ETFSI for24

42Cr18 (b250.24,Edef51.26 MeV!
and24

46Cr22 (b250.24,Edef51.20 MeV!; the contribution to
S2p due to deformation does not exceed 900 keV in th
isotopes.

The potential energy curves for the proton-richN518, 20,
and 22 isotones are shown in Figs. 4~HF1SIII! and 5~RMF
1PL40! as functions of the mass quadrupole moment.
general, deformation effects are predicted to be weak.
tendency towards deformation is slightly stronger in RM

TABLE II. Self-consistent average values of the neutron a
proton pairing gaps,Dn andDp , ~in MeV! for N518, 20, and 22
even-even isotones calculated with the HFB1SkP model.

Z N518 N520 N522
Dn Dp Dn Dp Dn Dp

8 1.81 0.02 1.78 0.02 1.80 0.02
10 1.59 1.71 1.50 1.75 1.76 1.70
12 1.40 1.67 1.29 1.65 1.59 1.66
14 1.26 1.02 1.18 1.06 1.45 1.05
16 1.31 0.77 1.21 1.04 1.52 1.14
18 1.43 1.12 1.17 1.20 1.65 1.27
20 1.38 0.40 0.51 0.29 1.50 0.53
22 1.29 1.22 0.37 1.29 1.39 1.23
24 1.22 1.29 0.34 1.34 1.30 1.31
26 1.22 1.18 0.32 1.13 1.28 1.17
28 1.18 0.99 0.43 0.81 1.27 0.82

FIG. 4. Potential energy curves versus total quadrupole mom
for proton-rich even-evenN518, 20, and 22 isotones calculated
the HF1BCS1SIII model. The isotopes that are predicted to
unbound (lp.0! are indicated by dashed lines.
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1PL40 calculations, especially for theN522 isotones of Cr
and Fe. The largest differences between HF1SIII and RMF
1PL40 are seen for weakly bound or slightly unbound nuc
such as48Ni. Here, the self-consistent results are not sta
due to the occupation of positive-energy quasibound pro
states.

In order to illustrate the effect of quasibound states on
HF1BCS results, Fig. 6 shows the HF1BCS1SIII potential
energy curve of50Ni, together with the total occupation o
positive-energy states,

np~«p.0!5 (
i ,« i.0

2v i
2 , ~4!

nd

ent
n
e

FIG. 5. Same as Fig. 4 except for the RMF1BCS1PL40 model.

FIG. 6. Top: Potential energy curve of50Ni versus the total
quadrupole moment calculated in the HF1BCS1SIII 8 model.
Middle: The total occupation of the positive-energy states. Botto
The contribution of the positive-energy states to the total quad
pole moment.
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53 745STRUCTURE OF PROTON DRIP-LINE NUCLEI AROUND . . .
and the contribution of the positive-energy states to the to
quadrupole moment,

Q20~«p.0!5 (
i ,« i.0

2v i
2q20,i . ~5!

In Eqs. ~4! and ~5!, v i
2 and q20,i are the BCS occupation

coefficient and the single-particle quadrupole moment,
spectively. The calculations presented in Fig. 6 were p
formed by discretizing the energy functional on a thre
dimensional Cartesian spline collocation lattice of siz
~20 fm! 3, without imposing any self-consistent symmetr
@58#. In the following, we shall refer to this model as HF
1BCS1SIII 8. The small differences between the HF1BCS
1SIII and HF1BCS1SIII 8 results~cf. the potential energy
curves of Figs. 4 and 6! can be attributed to~i! a small
triaxiality which appears in the HF1BCS1SIII 8 model~the
Q20 moment was constrained butQ22 was not! and ~ii ! the
different description of quasibound states in the two a
proaches. In the considered deformation range, the occu
tion of quasibound proton states due to BCS pairing var
between 0.5 and 0.8, which is less than 2% of the total nu
ber of particles in50Ni. At the same time, however, the con
tribution from unbound states toQ20 is large, about 10%. By
inspecting single-particle contributions toQ20(«p.0), one
finds that its significant part comes from the states w
« i.5 MeV having very low values of̂ j z& ( ĵ z is not con-
served in the calculations!, small occupations, and very large
values ofq20,i ranging between 30 and 70 fm2. The wave
functions of these states are not localized inside the nucl
volume, but they are pushed towards large values ofz2 by
the constraining quadrupole field. These spurious states,
sulting from the discretization of the particle continuum, als
give rise to the large proton hexadecapole moment, which
10–20 times larger than the neutron hexadecapole mom
As discussed in Ref.@59#, the nonlocalized quasibound state
are often degenerate, reflecting the fact that they are not
fected by the spin-dependent part of the interaction. T
above result indicates that, due to non-negligible couplin
to the nonphysical continuum states, the constrained
1BCS approach becomes rather unreliable when applied
nuclei close to the particle drip lines.

V. SEPARATION ENERGIES

Figures 7–9 display the two-proton separation energ
S2p for the even-evenN518, 20, and 22 isotones calculate
in this study. In addition, the results for the proton drip-lin
isotopes of Cr, Fe, and Ni are shown in Table III and com
pared with predictions of the FRDM@25# and ETFSI@57#
and the analysis based on the IMME@4,6,32#. Experimental
data ~or S2p values deduced from systematic trends! taken
from Audi and Wapstra@60# are also shown.

Apart from calculations based on the SkM* Skyrme pa-
rametrization, which tends to overbind all nuclei discuss
~cf. Ref. @37# for comparison between SkP, SIII, an
SkM* ), all models predict48Ni to be two-proton unstable
and 50Ni to be bound. The nucleus46Fe is expected to be
bound in all models~FRDM givesS2p very close to zero!, as
well as 44Cr. Another borderline nucleus in this region
42Cr, is predicted to be two-proton unstable by all mode
al
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except ETFSI, SIII, and SkM* .
The influence of deformation onS2p is illustrated in Figs.

8 ~HF1SIII! and 9 ~RMF1PL40!. In the HF1SIII model,
the difference between spherical and deformed calculatio
is small. In the RMF1PL40 calculations, the strongest effec
is predicted for theN522 isotones, especially46Cr and
50Ni. In neither case does the inclusion of deformation see
to influence the predicted position of the two-proton dr
line.

Most models give a rather good agreement with the da
for theN520 isotones except42Ti which is reproduced only
in the RMF calculations.All models strongly underbind
44Ti and strongly overbind38Ca.

VI. SINGLE-PARTICLE ENERGIES AROUND 48Ni

Valuable information about properties of an unknow
nucleus (N, Z! can be obtained from studies of its know
mirror partner (N85Z, Z85N!. In particular, there exists a

FIG. 7. Two-proton separation energies for the even-ev
N518, 20, and 22 isotones with 20<Z<28 predicted in the HFB
calculations. The SkPdr results are indicated by a dotted line in th
upper left panel. The experimental data from Ref.@60# are marked
by ‘‘3 ’’ symbols or, if deduced from systematic trends, by ‘‘1.’’

FIG. 8. Same as Fig. 7 except for the HF1BCS calculations.
The deformed SIII calculations are indicated by a dotted line in t
upper left panel.
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746 53W. NAZAREWICZ et al.
correspondence between excited levels of two mirror nucl
the relative energy shift can be explained by the Coulom
energy difference ~including the isospin-nonconserving
nuclear interactions and other electromagnetic correctio!
@61,62#. There exist many phenomenological expressio
that relate neutron and proton energies in mirror nuclei. F
instance, Goldansky@22# proposed a simple expression fo
the difference between proton,ep , and neutron,en , single-
particle energies:

D6e[ep~Z
AMN!2en~N

AMZ!

'1.2H Z21

A1/3 2
1

2
~Z2N21!

3~A22!F 1

~A21!1/3
2

1

~A!1/3G J MeV, ~6!

where the sign in the superscript denotes the sign ofN2Z.
Relations such as~6! have a global character, i.e., they do no
take into account the microscopic structure of individu
single-particle orbitals~e.g., angular momentum or radia
features of the wave function!. Therefore, in the following,
we calculateD6e self-consistently for each single-particle
orbital of interest.

The mirror nucleus to48Ni is the well-knownT354 sys-
tem, 48Ca. Figure 10~bottom! shows the energy displace-
ments,

D2ei[eip~
48Ni!2ein~

48Ca!, i[~nl j !, ~7!

between the proton single-particle energies in48Ni and the
neutron single-particle energies in48Ca, versus the proton

FIG. 9. Same as Fig. 7 except for the RMF1BCS calculations.
The deformed PL40 calculations are indicated by a dotted line
the upper panel.
ei;
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single-particle energies in 48Ni, calculated in the
HF1SkM* , HF1SkP, and HF1SIII models. The single-
particle energies predicted by the SkM* , SkP, and SIII in-
teractions are different. Although all three models yiel
rather similar spectra around the Fermi level, the singl
particle spectrum of SkP is compressed relative to those
SkM* and SIII, due to different effective masses@37#. How-
ever, in spite of the different single-particle spectra, th
curves ofD2ei vs eip cluster in a rather narrow band~with
the width of ;100 keV! around the average value o
D2e520.04ep19 MeV. ~The weak dependence ofD2ei on
properties of individual orbitals has already been observed
Ref. @63#.! When applied to48Ni, the simple expression~6!
givesD2e58.54 MeV.

From the experimental single-neutron energies in48Ca
and the energy correlation shown in Fig. 10, one can estim
the energies of the proton-hole orbitals in48Ni:

eip~
48Ni!5@9MeV1ein~

48Ca!#/1.04 ~8!

~see Table IV!. The deduced position of thee1 f7/2 shell is
consistent with the value of the one-proton separation ene
for 48Ni extracted in Ref.@4# from the IMME, Sp50.469
MeV; in both cases the 1f 7/2 shell is predicted to be weakly
bound.

A similar analysis can be performed for the neutron stat
in 48Ni. The differenceD1ei ,

D1ei[eip~
48Ca!2ein~

48Ni!, i[~nl j !, ~9!

FIG. 10. Bottom: DifferenceD2ei @ i[(nl j )# between the pro-
ton single-particle energies in48Ni and the neutron single-particle
energies in48Ca, calculated in the HF1SkM* , HF1SkP, and HF
1SIII models. Top: DifferenceDr i between the rms radii of proton
states in48Ni and the rms radii of neutron states in48Ca, calculated
in the HF1SIII model. The average valuê Dr &[A^r p

2&
3(48Ni)2A^r n

2&(48Ca) is indicated by the arrow.

in
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TABLE III. Experimental and predicted values of the two-proton separation energiesS2p for
42,44Cr, 46,48Fe, and48,50Ni. In the HF and

RMF calculations, pairing was treated by means of the constant-gap approximation. In all cases, except the HFdef1SIII and
RMFdef1PL40, calculations were performed at the spherical shape. For details see text.

S2p ~MeV!

Model Ref.a Ref.b 24
42Cr18 24

44Cr20 26
46Fe20 26

48Fe22 28
48Ni 20 28

50Ni 22

Systematics @60# –0.2660.34 2.9960.13 0.2960.38 3.2260.1 ~–1.99!–~–0.97! c 0.2660.28
Benenson @32# d –0.58 3.03 0.46 3.14 –1.33 0.54
Brown @4# e –0.50 2.90 0.45 3.14 –1.36 0.50
Ormand @6# e –0.45~15! 2.91~8! 0.34~15! 3.22~9! –1.14~21!
FRDM @25# –1.26 2.34 –0.06 4.04 –3.03 0.31
ETFSI @57# 0.57 4.08 1.07 4.54 –1.76 1.07
HFB1SkP @23# –0.22 3.46 0.57 4.23 –1.97 1.33
HFB1SkPdr @37# –0.21 3.38 0.55 4.13 –2.10 1.08
HFB1SIII dr @37# –0.12 3.99 1.66 4.26 –1.04 1.84
HFB1SkMdr @37# 0.96 4.81 2.53 5.39 0.44 3.41
HFB1Gogny @46# –0.45 3.52 1.07 4.79 –1.36 2.23
HF1SkM* @42# 0.93 4.77 2.57 5.85 0.49 3.49
HF1SIII @41# 0.01 4.00 1.73 5.24 –0.47 2.76
HFdef1SIII @41# 0.62 3.99 1.70 4.95 –0.47 2.36
HF1SkI1 @49# –0.70 3.69 1.55 4.89 –0.38 2.48
HF1SkI6 @49# –0.11 3.81 1.74 5.36 –0.14 3.07
HF1SLy4 @50# –0.30 3.47 1.16 5.24 –0.93 2.88
RMF1PL40 @52# –1.90 2.30 0.30 4.20 –1.40 2.20
RMFdef1PL40 @52# –0.89 2.18 0.12 3.12 –1.58 0.32
RMF1NL-SH @51# –0.50 3.00 1.20 5.10 –0.50 3.00

aResults taken from the reference indicated.
bParameters taken from the reference indicated.
cFrom Ref.@9#.
dFrom the IMME.
eFrom experimental binding energies of neutron-rich analogs with theoretical Coulomb energy shifts added.
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between the proton single-particle energies in48Ca and the
neutron single-particle energies in48Ni is shown in Fig. 11
~bottom! as a function of the neutron single-particle energ
in 48Ni. The results of SkM* , SkP, and SIII calculations ar
very similar: all values lie in a narrow bandD1e5
20.006en16.7 MeV between 6.6 and 7.2 MeV@for com-
parison, for48Ca, Eq.~6! yieldsD1e56.76 MeV#. This re-
sult, together with experimental single-proton energies
48Ca, allows us to estimate the energies of single-neu
orbitals in 48Ni:

ein~
48Ni!5@eip~

48Ca!26.7MeV#/0.994, ~10!

see Table IV.
The different average behavior ofD2ei and D1ei as a

function of the single-particle energy can be explained
terms of the different radial behavior of the proton and n
tron wave functions in48Ni and 48Ca. Indeed, the Coulom
perturbation modifies the radial wave function of the pro
in the analog state with respect to the corresponding neu
in the parent state~Thomas-Ehrman effect@64,65#!, leading
to a decrease in the energy difference between analog s
As discussed in detail in Ref.@62#, the Thomas-Erhman ef
fect is significant for loosely bound states~e.g., states in
drip-line systems! and for states having low angular mome
tum.

The upper panels of Figs. 10 and 11 show the differe
ies
e

in
tron

in
eu-

on
tron
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Dr i[^r p
2& i

1/22^r n
2& i

1/2, i[~nl j !, ~11!

between the single-proton and single-neutron rms radii in t
mirror nuclei 48Ni and 48Ca calculated in the HF1SIII
model. The arrow indicates the average valu
^Dr &[^r p

2&1/22^r n
2&1/2. While the single-proton radii in

48Ca are only slightly shifted (;0.03 fm! with respect to the
single-neutron radii in48Ni ~Fig. 11!, the proton radii in
48Ni are significantly larger than neutron radii in48Ca
(;0.08 fm!, and the differenceDr i has a pronounced depen
dence on the proton binding energy~Fig. 10!. It is worth
noting that for the low-l states~such as 2s1/2) and loosely

TABLE IV. Proton and neutron single-particle energies~in
MeV! predicted in48Ni from experimental data@66# in 48Ca. The
uncertainties of the predicted values are tentatively deduced fr
the spread of theoretical results presented in Figs. 10 and 11.

Orbital

48Ca
Experimental

48Ni
Predicted

n p n p
2s1/2 –12.55 –15.3 –22.160.2 –3.3860.15
1d3/2 –12.52 –15.7 –22.560.2 –3.4160.15
1f 7/2 –9.94 –9.6 –16.460.1 –0.9060.15
2p3/2 –1.9 –8.760.1
2p1/2 0.0 –6.760.1
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748 53W. NAZAREWICZ et al.
bound orbits~such as 1f 7/2), the value ofDr i can be as large
as 0.11 fm. The results presented in Figs. 10 and 11 indic
that the Thomas-Ehrman effect is significant in medium
mass proton-rich nuclei. In particular, it explains the depe
dence ofD2ei andD1ei on the separation energy, and it ca
lead to the modification of transition rates in drip-line sy
tems.

VII. DIPROTON DECAY OF 48Ni

The diproton decay lifetime of48Ni has been estimated
using the Wentzel-Kramers-Brillouin~WKB! expression for
the partial width:

G2p5u2N
\2

4m
expF22E

r in

rout
dr k~r !G , ~12!

whereu2 is the spectroscopic factor for finding a diproton i
the correlatedL50 state,m is the reduced mass,r in and
r out are the classical inner and outer turning points, resp
tively, N is the normalization factor,

N E
0

r in
dr

1

k~r !
cos2F E

0

r

dr8 k~r 8!2
p

4 G51, ~13!

andk(r ) is the wave number given by

k~r !5A2m

\2 uQ2p2V2p~r !u. ~14!

FIG. 11. Bottom: DifferenceD1ei @ i[(nl j )# between the pro-
ton single-particle energies in48Ca and the neutron single-particle
energies in48Ni, calculated in the HF1SkM* , HF1SkP, and HF
1SIII models. Top: DifferenceDr i between the rms radii of proton
states in48Ca and the rms radii of neutron states in48Ni, calculated
in the HF1SIII model. The average valuê Dr &[A^r p

2&
3(48Ca)2A^r n

2&(48Ni) is indicated by the arrow.
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In Eq. ~14!,Q2p52S2p.0, andV2p(r ) is the average dipro-
ton potential~including the Coulomb potential!. In our cal-
culations,V2p has been approximated by 2Vp(r ), where
Vp(r ) is the self-consistent proton potential for46Fe. Figure
12 ~bottom! displays the calculated proton potentials f
46Fe in HF, HFB, and RMF approaches with different effe
tive interactions. The average potentials differ both in t
nuclear interior and in the Coulomb barrier region~see in-
set!. The main origin of the differences inside the nucleus
the proton effective massm* /m which, for most interactions
employed in our study, is significantly lower than the o
inside the nuclear volume~see Sec. III!. The upper portion of
Fig. 12 illustrates the behavior ofm* /m for HFB1SkP, HFB
1SkMdr, and HF1SkI6. ~Results for SLy4 are very simila
to those for SkI6.! Generally, the reduced effective ma
gives rise to a deeper single-particle potential. Indeed,
proton potential in HFB1SkMdr ~or HF1SkI6! is approxi-
mately 25%~or 50%! deeper than that in HFB1SkP. To take
into account the effect of the effective mass, the WKB re
tion ~14! has to be modified. The resulting wave number
given by

k~r !5A2m

\2

m* ~r !

m
uQ2p2V2p~r !u. ~15!

In the barrier region, SkMdr, Sly4, and SkP models give
rather similar proton potentials. The SkI6 parametrizat
yields a slightly lower Coulomb barrier~by ;400 keV! and
significantly larger barrier radiusr B . The highest barrier and
the lowest value ofr B are predicted by SIIIdr.

FIG. 12. Bottom: self-consistent proton potentialVp in 46Fe
obtained in the HF and HFB calculations with different effecti
interactions. The details ofVp in the region of the Coulomb barrie
are magnified in the inset. Top: proton effective massm* /m in the
HFB1SkP, HFB1SIII dr, and HF1SkI6 models.
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In order to check the sensitivity of the predicted half-live
to the details of the proton mean field, calculations we
performed for different self-consistent potentials. For th
spectroscopic factor we adopted the value
u250.55/450.1375 from Brown@4#. The diproton partial de-
cay half-lives for 48Ni, t1/2

(2p)5\ ln2/G2p , are shown in Fig.
13 for the HFB1SkP, HFB1SIII dr, HF1SkI6, and HF
1SLy4 models. It is seen that all theoretical results cluster
a rather narrow band. To see the differences between
models, the region 1.2 MeV<Q2p,1.4 MeV has been mag-
nified in the insert. For the models that predict the mo
different proton potentials, i.e., HFB1SIII dr and HF1SkI6,
calculated half-lives differ by only a factor of 2. One ca
thus conclude that the values oft1/2

(2p) are not, at least in this
mass region, sensitive to the details of the nuclear me
field. The effect ont1/2

(2p) due to changes inV2p seems to be
less important than other theoretical uncertanties, relat
e.g., to the estimate ofu2 or Q2p .

As seen in Fig. 13, the main factor in determiningt1/2
(2p) is

Q2p . Indeed, in the energy range of 0.5<Q2p,2.0 MeV, the
diproton half-lives vary by more than 22 orders in magn
tude; that is, the energy window for the experimental obs
vation of diproton emitters is extremely narrow. TheQ2p
values obtained in different models are indicated by op
circles in Fig. 13. Predictions by Brown@4# and Ormand@6#
~including error bars! are shown by arrows.~Lifetime predic-
tions for other models can be obtained by usingS2p values
from Table III.! Based on phenomenological studies su
ported by shell-model analyses~Brown and Ormand!, one
can conclude thatt1/2

(2p) for 48Ni is between 1027 and 1 s.
This is consistent with theS2p values given by ETFSI, HFB
1SIII dr, HFB1Gogny, HF1SLy4, and RMF1PL40. The
theoretical uncertainty inS2p is dramatically amplified for
t1/2
(2p) . For instance, a difference inS2p of about 500 keV
between HF1SIII and HF1SIII dr gives rise to the differ-
ence of nearly 13 orders of magnitude int1/2

(2p) . Given the
predictedb-decay half-life of 48Ni, 9.2 ms@4#, the value of

FIG. 13. Diproton partial decay half-lives for48Ni predicted in
the HFB1SkP, HFB1SIII dr, HF1SkI6, and HF1SLy4 models as
a function ofQ2p . All theoretical results lie in a narrow band~de-
tailed behavior in the region 1.2<Q2p,1.4 MeV is shown in the
inset!. TheQ2p values predicted by different models are indicate
by open circles, and those by Brown@4# and Ormand@6# by arrows.
~For the corresponding values ofQ2p52S2p , see Table III.!
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Q2p should be larger than 1 MeV to enable experiment
observation of diproton emission from this nucleus~see Fig.
13!.

To understand the weak sensitivity oft1/2
(2p) to the details

of V2p , Fig. 14 displays the~normalized! contribution to the
exponent appearing in Eq.~12! from different regions in the
barrier,

z~r ![
* r
routdr k~r !

* r in
routdr k~r !

, ~16!

as a function of the relative distance from the outer turnin
point. By construction, z(r out52Ze2/Q2p)50 and
z(r in)51. The calculations are performed forQ2p50.5 and
2.0 MeV, thus covering the whole energy window of Fig. 13
It has been checked that the curves presented in Fig. 14
very similar in all of the models employed in our study. Th
points corresponding to the barrier radiusr B are indicated by
open circles. It is seen that more than 94–99 % of the exp
nent Eq.~16! comes from the regionr.r B , which is almost
solely determined by the pure Coulomb interactio
VC52Ze2/r . This result demonstrates thatt1/2

(2p) can be well
estimated by ignoring the details of the proton potential,
was done in previous estimates@4,6# based on theR-matrix
theory.

VIII. CONCLUSIONS

Several models based on the self-consistent mean-fi
approach were applied to proton-rich nuclei from the proto
rich sd f region. The overall agreement with experiment

d FIG. 14. Normalized contribution to the WKB exponent, Eq
~16!, as a function of the relative distance from the outer turnin
point, (r out2r )/(r out2r in) for Q2p50.5 and 2.0 MeV in48Ni. The
curves are representative of all models displayed in Fig. 12. T
open circles indicate the distance corresponding to the Coulo
barrier radiusr B .
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data and shell-model calculations forS2p in thesd f region is
satisfactory. In particular, the mean-field calculations syste
atically predict the two-proton drip line to lie between42Cr
and 44Cr, 44Fe and46Fe, and48Ni and 50Ni. This result gives
us some confidence in extrapolating the results of our me
field calculations towards the neutron drip line where she
model calculations are not feasible.

Self-consistent Coulomb energies, taking into account t
Thomas-Ehrman shift, allowed us to estimate the sing
particle levels around the unbound doubly magic nucle
48Ni. As a by-product of our analysis, another doubly magi
neutron-rich system,20

70Ca50, was calculated to lie on the
border of two-neutron stability.

According to our study, diproton emission half-lives de
pend mainly on the two-proton separation energy and ve
weakly on the intrinsic structure of diproton emitters. Th
very weak dependence oft1/2

(2p) on the details of the proton
potential demonstrated in this study justifies the simple es
mates of Refs.@4,6# based on theR-matrix theory.
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