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Properties of proton-rich nuclei around doubly maéﬁl\lizo are studied in the framework of the self-
consistent mean-field theorfHartree-Fock, Hartree-Fock-Bogoliubov, and relativistic mean )ielrious
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 numbds): 21.10-k, 21.30.Fe, 21.60.Jz, 27.46z

I. INTRODUCTION tive binding energies with respect to a given inert core. These
binding energies, and hence also the separation energies, are
The structure of exotic nuclei, i.e., nuclei with extreme very accurately reproducegdee Ref[5], for example.

isospin values, is one of the most exciting challenges in low- However, the shell-model results are difficult to extrapo-
energy nuclear physics today. On the proton-rich side of théate far from the experimentally explored regions, because
periodic table, the proton drip line has been delineated up ttheir basic ingredients are unavailable there. For example,
Z=83[1]. In several cases, it has been possible to go beyonslystematic changes in the single-particle spectra, when de-
the line of proton stability. Due to their long lifetimes, rang- parting from theg-stability line, have to be known and/or
ing from 10°° s to a few second®], proton-unstable nuclei modeled before the shell model is applied in the new region.
(proton emittersare unique laboratories to study propertiesDue to the scattering of nucleons from bound shell-model
of single-proton orbitals, details of the proton mean field inorbitals to unbound states the standard shell-model treatment
the surface region, and residual correlations. Experimentadeems inappropriate when applied to drip-line nuclei, and
and theoretical investigations of proton emitters promise ta@ontinuum states have to be taken into account explicitly.
open up a wealth of new physics associated with the residudlhe resulting continuum shell modgd] properly takes into
interaction coupling between bound states and extremelgccount decay channels; in the continuum shell model there
narrow resonances in the region of very low density ofare no effective one-body potentials, the interaction has a

single-particle levels. two-body character, and the single-particle energies are cal-
On the neutron-rich side, the drip line has been ap-<ulated self-consistently.
proached only for very light nucl¢B]. In contrast to proton- The mean-field approaches, which are applied in the

rich systems, which are stabilized by the Coulomb barrierpresent study, are based on global experimental data for nu-
nuclei close to the neutron drip line are very weakly boundclei throughout the nuclear chart. Their principal goal is to
and, consequently, they are very extended spatially. Hencebtain a fair description of bulk properties of nuc{giasses,
the influence of the particle continuum is very important.  radii), mostly for the ground states only. In restricted regions
Because of the presence of collective modes and intrudesf nuclei the mean-field approches cannot compete for pre-
states, thesdf nuclei, i.e., those with 18N, Z<26, form cision with the shell model. On the other hand, for quantities
an interesting playground to confront the large-scale spheriwhich involve the spatial dimensions, such as the radii, Cou-
cal shell model with the approaches based on the mean-fieldmb energies, tunneling probabilities, etc., and for weakly
theory. Indeed, nuclei from this region are heavy enough tdound systems where the particle continuum effects cannot
exhibit low-energy collective phenomena and, at the samée ignored, the mean-field theory has certain advantages.
time, they are sufficiently light to be treated by the state-of-Therefore, in many respects, the shell-model and mean-field
the-art shell-model techniqudg—6]. On the other hand, calculations are complementary.
both approaches use different input and have rather different The mean-field methods may better take into account
scopes. large-scale changes of structure of nuclei far from stability.
The shell model is strongly based on the experimentaFor such predictions one needs the best possible effective
data in a given restricted region of the nuclear chart. It usesteractions. The main objective of our study is, therefore, to
the single-particle properties and two-body matrix elementsinvestigate the self-consistent mean-field theories with vari-
which are obtained by a best-fit procedure, and then are apus interactions, and compare the results to experimental
plied in the same region of nuclei, mainly to calculate thedata and shell-model analyses. This is done for proton-rich
complete low-energy spectra. Of course it also gives the relaauclei around the doubly magitNi. The degree of agree-
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ment with the modern shell-model calculations in the regionculated with the spherical Hartree-Fock-Bogoliub@¥B)
where (i) the configuration space is not prohibiting afid  model with the effective Skyrme interaction SKE,24 and
the effect of the particle continuum is less severe due to thith the macroscopic-microscopic finite-range droplet model
Coulomb barrier gives us more confidence in extrapolatingFRDM) [25] are indicated in Fig. 1 by thick black and bro-
the mean-field results to more exotic systems on the neutrorken lines, respectively. The calculated two-proton drip lines
rich side, where, due to extremely large configuration spacegre rather similar in both models. In particular, the doubly
and continuum effects, the standard nuclear shell model camyagic 48Ni is predicted to be two-proton unstable while its
not be used. _ _ _ lighter isotone*®Fe is expected to be very weakly bound in
The paper is organized as follows. Section Il discusses th§.. {EB+SKP model. (In the FRDM calculations, this

borders of this regiofi.e., the particle drip lines The mod- ;
' ) i ucleus has a two-proton separation energy very close to
els employed are described in Sec. Ill. Sections IV and \)é"ero; see the discussion in Sec) V.

contain the analysis of binding energies, deformations, an As far as the neutron drip line is concerned, there are clear

separation energies 6f=18, 20, and 22 isotones. COUIOmbnchferences between the model predictions. The largest dis-

energy displacements and single-particle energies arou ti for the Ti isot here the t i
“8Nji are calculated in Sec. VI and the diproton lifetimes are29'€€Ment IS seen for ihe 11 ISolopes, where the two-neutron
drip lines calculated in the FRD and HFESKP models dif-

estimated in Sec. VII. Finally, conclusions are contained in , ) : i )
Sec. VIIL. fer by eight neutron numbers. An interesting effect is seen in

the FRDM calculations for Ne, Mg, and Fe isotopes, where

there appear local islands of particle stabilltgyondthe

two-neutron drip ling(e.g., the nucleus®Ne is two-neutron
Figure 1 displays the experimental situation in #@f  stable, while®***Ne are not As discussed in Ref26], such

region of nuclei withN=16 and 16=Z<28 (only even-even a situation might be caused by configuration/shape changes.

systems are presenjedrhe lightest and heaviest isotopes A spectacular example, due to the transition from spherical

known experimentally are indicated by the stars. Accordingo deformed shapes, is the backbending in$hevs-N plot

to a recent experimental stu@i§] based on the fragmentation fgr the Sm isotopes seen ldt-88[26]. (The effect of defor-

of *Ni (see also the earlier Reff9,10)), the nuclei **Ti,  mation is not considered in the HRESKP calculations,

“*Fe, and*Ni are particle stable. On the neutron-rich side,\yhich yield a single-valued dependenceSyf, on N.)

the heaviest even-even isotopes found experimentally in this 5q 5 typical example of the theoretical uncertainty when

region are*Ne [11], *Mg [12], **Si [13], **S[13], *Ar o i anolating very far from the line 0B stability, Table |

[12], 52Ca[14], 58Ti [15], S2Cr [14], ®Fe [16], and ToNi . opoalng very Y,

[17] displays the values of the two-neutron separation energy for

: "0Ca predicted with the Hartree-Fo¢KF), relativistic mean

In the region of the periodic chart shown in Fig. 1, there,. . ) o
are six doubly magic nuclei, i.e., the Ca and Ni isotopes withfleld (RMF), and HFB models with different effective inter-

N=20, 28, and 50. Three of them, namefCa, “3Ca, and actions(see Sec. Il for detai)s In the HF and RMF calcu-
56N, ére Well knoWn experimentélly. Very re’centI)’/, three lations performed here, pairing correlations are treated by
events attributed td®Ni have been reportefd7]. This very ~M€ans of the constant-gap approximation with the pairing

neutron-rich nucleus, which has recently attracted consided@PS taken from the HFBSkP modelsee Sec. I)l. Except
able interesf18—21), is expected to lie a fair distance from for the RMF+L1 and RMF+TS models of Ref{27], which

the neutron drip lindsee Fig. 1 The remaining two doubly predict unusually strong neutron binding, calculations sug-
magic nuclei are drip-line systems. The very proton-richgest that’®Ca is very close to the neutron drip line; namely,
nucleus*®Ni is expected to lie on the edge of proton stability according to HR-SIII, HF+SkI6, HF-SLy4, HFB+SkP,
[22]. The neutron stability of’°Ca still remains an open and HFB+SIII %, the nucleus’Ca lies very close tdbut
guestion(see the discussion beldpw beyond the two-neutron drip line, while according to HF
The theoretical two-proton and two-neutron drip lines cal-+SkM*, HF+Skll, RMF-NL-SH, RMF+PL40, and

Il. THE PERIODIC CHART OF THE sdf NUCLEI
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TABLE |. Predicted values 0§, for ZSCaSO. In the HF, RMF Ill. THE MODELS
+NL-SH, and RMF-PL40 calculations, pairing correlations are

treated by means of the constant-gap approximation with the values !N thiS study, several self-consistent models based on the
of pairing gaps taken from the HFBSKP calculationga,=0, ~HFFBCS, HFB, and RMF approaches are used. In the fol-

A(%Ca)=1.37 MeV,A(7°Ca)=1.32 MeV]. lowing, their effective interactions and other parameters are
discussed briefly.
Model S, (MeV) Model S, (MeV) The spherical HFB-Skyrme calculations have been carried
out in spatial coordinates following the method introduced in
HF+SII -0.18 RMF+L1° 20.78 Ref.[23]. Several effective interactions are employed. These
HF+SkM* 133 RMF+TS? 7.35 are (i) the Skyrme parametrization SkP introduced in Ref.
HF+Ski6 -1.85 RMFR-NL-SH 0.60 [23] (SKkP has exactly the same form in the particle-hole
HF+SLy4 -1.48 RMR-PL40 1.00 (p-h) and pairing channels (i) the Skyrme interaction
HF+Ski1 1.31 FRDM 0.39 SkP? of Ref. [37] (which in the p-h channel is the SkP
HFB+SkP -0.24 HFB-SIII % -0.02 Skyrme parametrization, while its pairing component is
From Referonch27] glal](’an by the density-dependeatinteraction(DDDI) [38

From Referenc§25].

FRDM, this nucleus igvery weakly bound. Considering the
rather small theoretical values [8,,|, the question of par-
ticle stability of this extremely exotic, doubly magic system
remains open. Experimentally, the direct study ‘8€a is . . _ o
impossible at present because this system is far too neutrodhere p=p(r) is the isoscalar nucleonic densitiiii) the
rich. One can hope, however, that some indirect informatiorforce Sl (in the p-h channel, this is the Sill Skyrme
on 7°Ca will become available from the analysis of solar-Parametrizatiofi41]; its pairing part is given by the DDDI of
systemr -process abundance distributioi28]. Ref.[37]); (iv) the force SKM” (in the p-h channel, this is

In the present work, we concentrate on properties of anthe SkM* Skyrme parametrizatiof42] and its pairing part
other exotic doubly magic nucleu&Ni,o, and its neigh- IS given by the DDDI with the parameters of RE87])).
bors. As mentioned above, the proton-rich nuclei from the Al HFB-Skyrme results have been obtained using a box
1f,,, region have recently been subjects of several studieQf 20 fm. A_II o_ther details o_f_ the calculations, in particular
based on the intermediate-energy heavy-ion fragmentatiowe determination of the pairing phase space, closely follow

techniquel8—10,29. As discussed in Ref§4,30,6, the re- the method outlined in Ref23]. _

gion around“®Ni is a very promising one in which to look _The Jpairing fields generated by the density-dependent
for diproton decay, the best candidates beifij, “Fe, and  Pairing interaction, such as SkP or DDDI, are surface peaked
48 ' ' ’ and give rise to a strong coupling to the particle continuum

The experimental information on the very proton-righf [43,39,44. Figure 2 illustrates this effect for thg=20 iso-

systems is very scarce. The masses and, consequently, dies *Ne (neutron rich and “°Fe (proton rich. The single-
two-proton separation energi&, are not known. In some particle densities calculated in the HFBkKP model are
cases, the binding energies ’(’)f tiy<0 nuclei [Ta= shown in the upper portion. I?PNe, the neutron skifi.e., an

(N—2)/2] can be deduced from a quadratic isobaric multip-EXC€SS of neutrons at large distancesclearly seen. Al-
let mass equatioiMME ) [31]: though both nuclei have the same number of neutrons, their

neutron distributions are quite different. This can be ex-
plained in terms of the strong coupling between neutron and
proton systems, which gives rise to a larger neutron density
in “8Fe in the surface region. However, at still larger dis-
The coefficientsa, b, andc of the IMME can be either tances (>5.2 fm), the neutron density if°Ne exceeds that
determined experimentally from known mas$82-33 or  in “%Fe, due to a weaker neutron binding. Because of an
calculated perturbatively using the isospin-nonconserving inexcess of protons, if°Fe the proton density is larger than
teraction[36]. In particular, the relatioiil) can be applied to  the neutron density, which is particularly pronounced at large
determine the binding energy difference between mirror NUgistancegproton skin.
clei with T;==T: The corresponding pairing densitigsare displayed in the
bottom portion of Fig. 2(The pairing density is defined as in
B(AT,T3=-T)=B(AT,T3=T)-2b(ATT. (2) Refs.[23,44, p(r)==,u,v,|¢,(r)|? wherex label the
canonical statesSeveral observations are noteworthy. First,
This method has proven to be a very accurate tool for prereutron pairing is different from zero in both nuclei in spite
dicting binding energies of proton-rich nuclg#,6]. It is  of their magic neutron numbed =20 [24]. Secondly,p be-
worth noting that shell-model techniques in general and th€omes very extended spatially with reduced binding. Indeed,
IMME in particular do not take into account variations in the the neutron pairing density if°Ne and the proton pairing
Coulomb energy of drip-line nuclei due to weak binding. Asdensity in “°Fe disappear rather slowly at large distances.
estimated by the self-consistent the¢sge Sec. \J| the con-  Thirdly, the pairing densities are peaked in the surface re-
tribution to the Coulomb energy shift caused by an increasedion. (For more discussion of pairing effects in drip-line nu-
Coulomb radius can be as large as a few hundred keV.  clei, we refer the reader to Rd#4].)

1
Vo(r,r'y=| Vo+ gv3,97) S(r—r"), 3)

B(A,T,Ty)=a(AT)+b(AT)T3+c(ATT:. (1)
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etrization PL40 which employs a stabilized form of the func-

tional for the scalar field. The more standard parametrization

NL1 from [53] is likely to fail under exotic conditions due to

'3 ;1 5 . ""7 instapility of the scalar field at high dens.it'ies.

t (fm) It is well known [23,37,44,54 that traditional models of
pairing correlationgBCS) become inappropriate when ap-
proaching particle drip lines. The main drawback is the scat-

FIG. 2. Top: Single-particle densitigs(r) for **Ne and“®Fe  tering of nucleons from bound shell-model orbitals to un-
calculategl in the HFB SkP model. Bottom: Corresponding pairing bound states, giving rise to an unphysical component in the
densitiesp(r) defined as in Refd23,44. nucleonic density with the wrong asymptotic behavior. This
problem becomes particularly severe for neutron-rich nuclei

‘ A Set (_)f Sphhe???" HFB caGIcuIatio_ns has. alsgltgae? FE’efrilvhere the particle continuum lies very low in energy. On the
omed using the finite-range Gogny interaction of k€ ‘proton-rich side, the effect of the continuum is weak&s|

[45]. The pairing f!eld IS ca_llculated_from th? [_)15 force, thusbecause of the Coulomb barrier which tends to localize the
producing a consistent microscopic description for both the oo . .
roton density in the nuclear interior.

mean field and the pairing interaction. As discussed in Ref” The proper mean-field tool to describe the pairing in
[44], the D1S interaction produces pairing densities that have prop N scfl pairing |

volume charactefthe pairing component of D1S is density weakly bound nuc_lei is the HFB theory. In particular, thg use
independent The parameters of the D1S interaction were©f the HFB formalism guarantees the correct asymptotic be-

chosen to reproduce certain global properties of a set dfavior of nucleonic densitie$23,44. Consequently, this
spherical nuclei and of nuclear mattpt6,47. The HFB methpd is free from the problem of an.art|f|0|al “pgrtlcle
+Gogny results presented here were obtained by expandir@gs” inherent to the HFBCS approximation. Interestingly,
the HFB wave functions in a harmonic oscillator basis contelative binding energie¢e.g., separation energjeseem to
taining 18 shells. be less sensitive to the particle-gas problem, provided the
The HF+BCS calculations were performed using the Self-consistent pairing gaps obtained from the HFB calcula-
techniques of Ref[48] with several Skyrme parametriza- tions are used in HFBCS within the fixed-gap approxima-
tions: SllI, SkM*, Skl1[49], SLy4[50], and Ski6. The last tion (the HF+BCS4 method of Refl23]). In order to illus-
force, Ski6, is a variant of Skl1 which was refitted with the trate this point, Fig. 3 displays theoretical two-proton
basis data set of Reff49] and additional particular emphasis separation energies,, for the even-eveN =18, 20, and 22
on energy differences along isotopic chaif¥0@a—*¥Ca and isotones obtained in the HFB and HBCS calculations
the isotopes of Snaiming at a more reliable extrapolation with the SkP effective interaction. The values of HFB pairing
towards the drip line. Apart from other parameters, theseyaps used in HFBCS are displayed in Table Il. From Fig. 3
forces differ in their values of the effective mass for sym-it is seen that the values &,, obtained in the HFB and
metric nuclear mattemn*/m. For most of the interactions HF+BCS calculations are very similar. Guided by these re-
employed in this study, the effective mass is significantlysults, in the HR-BCS and RMR-BCS calculations per-
lower than 1; namelym*/m=0.69, 0.69, 0.76, and 0.79 for formed in this study, we always use the same constant values
Ski6, SLy4, Slll, and SkM, respectively. The only excep- of the pairing gaps listed in Table Il. However, it has to be
tion is SkP which hasn*/m=1. emphasized that the excellent agreement between HFB and
In the RMFBCS calculations, two parametrizations HF+BCS for the separation energies illustrated in Fig. 3
have been used: NL-SF61] and PL40[52]. These models does not extend to other quantities such as f{&8i54,56,
yield rather low values for the effective mase*/m=0.58 where the effect of the positive-energy quasibound states is
(PL40 and 0.66(NL-SH). Note that we are using the param- dramatic.

0.02F = ]
- ; Proton Number

—~ _ y
@ - ] FIG. 3. Two-proton separation energies for the even-even
_E - ] N=18, 20, and 22 isotones predicted in the HFB andHBES
= o.01F E calculations with the SkP effective interaction.
CaN :
Q. C 7

(=]
-
N
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TABLE Il. Self-consistent average values of the neutron and

proton pairing gaps, andA,, (in MeV) for N=18, 20, and 22 RMF-PL40 ! N_Z=2 \_—/
even-even isotones calculated with the HFBkP model. b ]
Z N=18 N=20 N=22
A, A, A, A, A, A,
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 _ l _ l
18 1.43 1.12 1.17 1.20 1.65 1.27 ST N o Lsslisatind N 2
20 138 040 051 029 150 053 71000° 100 1000 100
22 129 122 037 129 139 123 Quadrupole Moment (fm ?)
24 1.22 1.29 0.34 1.34 1.30 1.31
26 1.22 1.18 0.32 1.13 1.28 117 FIG. 5. Same as Fig. 4 except for the RMBCS+PL40 model.
28 1.18 0.99 0.43 0.81 1.27 0.82

+PL40 calculations, especially for thé=22 isotones of Cr
and Fe. The largest differences betweent$fl and RMF
IV. EQUILIBRIUM DEFORMATIONS +PL40 are seen for weakly bound or slightly unbound nuclei
such as*®Ni. Here, the self-consistent results are not stable
Most calculations presented in this study assume spheric@e to the occupation of positive-energy quasibound proton
shapes which is fairly well justified for the proton-rich gtates.
N=18, 20, and 22 isotones. Indeed, according to the FRDM | order to illustrate the effect of quasibound states on the
calculations[25], all even-even nuclei wittN=18, 20, and  HF+BCS results, Fig. 6 shows the HIBCS+SlIII potential

22 and 14<Z<28 are spherical. In the extended Thomas-gnergy curve of™Ni, together with the total occupation of

[57], the N=20 isotones and th2=20 and 28 isotopes are
practically spherical(Only “°Fe and®'Ni are predicted to be
slightly deformed,3,=0.14; the associated deformation en- Np(ep>0)= E 2vi2, (4)
ergy Eqes is about 0.2 MeV). The largest deformations are hei=0

calculated in ETFSI fobiCr g (8,=0.24, E4e=1.26 MeV)

and35Cr, (8,=0.24, Eq4e=1.20 MeV); the contribution to

S, due to deformation does not exceed 900 keV in these ~ 38
isotopes. % -386
The potential energy curves for the proton-riék-18, 20, > a8y
and 22 isotones are shown in FigsiHF+SlII) and 5(RMF e
+PL40 as functions of the mass quadrupole moment. In m: -388
general, deformation effects are predicted to be weak. The i 50NTs )
tendency towards deformation is slightly stronger in RMF Ni jJ— '
0.8
s L
T ||||||/|||||||| Am07_
. [HF+SIII . A N @ I ]
=™ 0.6 1

HF+SIII+BCS

=N
[~

-
=)

2
Q,,(€,>0) (fm?)

1 1
. -200 -100 0 100 , 200
100 0 100 100 0 100 100 0 100 Quadrupole Moment (fm)

Quadrupole Moment (fm 2)

FIG. 6. Top: Potential energy curve GPNi versus the total
FIG. 4. Potential energy curves versus total quadrupole momerjuadrupole moment calculated in the HBCS+SIIl’ model.
for proton-rich even-evehl=18, 20, and 22 isotones calculated in Middle: The total occupation of the positive-energy states. Bottom:
the HFBCS+SIII model. The isotopes that are predicted to be The contribution of the positive-energy states to the total quadru-
unbound §,>0) are indicated by dashed lines. pole moment.
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and the contribution of the positive-energy states to the total e

guadrupole moment, 15 F oo HFB+SkP | &
* | HFB+SkP%
10

Q2o(ep>0)= > 20700; - ) — sE
i,e;>0

In Egs. (4) and (5), v and Oy0; are the BCS occupation =
coefficient and the single-particle quadrupole moment, re—"n_l
spectively. The calculations presented in Fig. 6 were per-, & |
formed by discretizing the energy functional on a three- of
dimensional Cartesian spline collocation lattice of size sE
(20 fm)3, without imposing any self-consistent symmetry S S S
[58]. In the following, we shall refer to this model as HF
+BCS+SIIl . The small differences between the HBCS 20 2z 24 26 28 2622 24 26 28
+SlIl and HF+BCS+SIII ' results(cf. the potential energy Proton Number
curves of Figs. 4 and)6can be attributed tdi) a small
triaxiality which appears in the HFBCS+SIIl ' model(the FIG. 7. Two-proton separation energies for the even-even

Q,, moment was constrained b@,, was noj and (i) the = N=18, 20, and 22 isotones with 2 <28 predicted in the HFB
different description of quasibound states in the two ap-alculations. The Sk results are indicated by a dotted line in the
proaches. In the considered deformation range, the occupapper left panel. The experimental data from Ré0] are marked
tion of quasibound proton states due to BCS pairing varie®y “ X" symbols or, if deduced from systematic trends, by "
between 0.5 and 0.8, which is less than 2% of the total num-

ber of particles in®Ni. At the same time, however, the con- €xcept ETFSI, Slll, and SkK.

tribution from unbound states ©Q,, is large, about 10%. By The influence of deformation d8,, is illustrated in Figs.
inspecting single-particle contributions ®@,(¢,>0), one 8 (HF+SII) and 9(RMF+PL40. In the HF+SIII model,
finds that its significant part comes from the states withthe difference between spherical and deformed calculations

£,>5 MeV having very low values ofj,) (j, is not con- IS small. In the RMR-PLA40 calculations, the strongest effect

) : . - i —99 21146
served in the calculationssmall occupations, and very large 'S predicted for theN=22 isotones, especially Cr and
values ofg,; ranging between 30 and 70 fmThe wave Ni. In neither case does the inclusion of deformation seem

functions of these states are not localized inside the nucledp influence the predicted position of the two-proton drip

volume, but they are pushed towards large valueg?dfy  line. _ ,
the constraining quadrupole field. These spurious states, re- Most models give a rather good agreement with the data

sulting from the discretization of the particle continuum, alsofor the N=20 isotones except'Ti which is reproduced only
give rise to the large proton hexadecapole moment, which if} the RMF calculatlo.nsﬁéll models strongly underbind
10-20 times larger than the neutron hexadecapole moment. 11 and strongly overbind*Ca.

As discussed in Ref59], the nonlocalized quasibound states

are often degenerate, reflecting the fact that they are not af-  VI. SINGLE-PARTICLE ENERGIES AROUND  “Nji
fected by the spin-dependent part of the interaction. The

above result indicates that, due to non-negligible couplings ucleus N, Z) can be obtained from studies of its known

to the nonphysical continuum states, the constrained H irror partner N'=2, Z' =N). In particular, there exists a
+BCS approach becomes rather unreliable when applied o) P =4 £ =N).Inp ’

nuclei close to the particle drip lines.

Valuable information about properties of an unknown

V. SEPARATION ENERGIES

Figures 7—9 display the two-proton separation energies
S, for the even-eveN=18, 20, and 22 isotones calculated <
in this study. In addition, the results for the proton drip-line @
isotopes of Cr, Fe, and Ni are shown in Table lll and com- 2

A

pared with predictions of the FRDNR5] and ETFSI[57] o,
and the analysis based on the IMMIE6,32. Experimental 5™
data(or Sy, values deduced from systematic trentisken 10
from Audi and Wapstr@60] are also shown. 5 .
Apart from calculations based on the SKMBkyrme pa- N TR T~ e 1
rametrization, which tends to overbind all nuclei discussed
(cf. Ref. [37] for comparison between SkP, SliI, and 2022 24 26 28 2022 24 26 28
SkM*), all models predict*®Ni to be two-proton unstable Proton Number
and *Ni to be bound. The nucleu&’Fe is expected to be
bound in all model¢FRDM givesS,, very close to zerp as FIG. 8. Same as Fig. 7 except for the HBCS calculations.

well as #‘Cr. Another borderline nucleus in this region, The deformed SliI calculations are indicated by a dotted line in the
42Cr, is predicted to be two-proton unstable by all modelsupper left panel.
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FIG. 10. Bottom: Differencé "e; [i=(n/j)] between the pro-
FIG. 9. Same as Fig. 7 except for the RMBCS calculations.  ton single-particle energies iffNi and the neutron single-particle

The deformed PL40 calculations are indicated by a dotted line irfnergies in**Ca, calculated in the HFSkM*, HF+SkP, and HF
the upper panel. +SlIIl models. Top: Differencér; between the rms radii of proton

states in*®Ni and the rms radii of neutron states 1fCa, calculated

correspondence between excited levels of two mirror nuclein the HFESIl model. The average valugAr)=\(r?)

the relative energy shift can be explained by the Coulomb<(*Ni) —\(r2)(*Ca) is indicated by the arrow.

energy difference (including the isospin-nonconserving

nuclear interactions and other electromagnetic corredtionssingle-particle energies in “8Ni, calculated in the
[61,62. There exist many phenomenological expressiondiF+SkM*, HF+SkP, and HR-SIII models. The single-
that relate neutron and proton energies in mirror nuclei. Foparticle energies predicted by the SKMSKP, and SllII in-
instance, Goldanskj22] proposed a simple expression for teractions are different. Although all three models vyield
the difference between protos,, and neutrong,, single-  rather similar spectra around the Fermi level, the single-

particle energies: particle spectrum of SkP is compressed relative to those of
SkM* and SllI, due to different effective mas4&¥]. How-
Afe=e,(5My) —en(RM2) ever, in spite of the different single-particle spectra, the
curves ofA™e; vs g, cluster in a rather narrow bar(@ith
%1.2[ - E(Z—N—l) the width of ~100 ke\) around the average value of
A2 A~ e=-0.04,+9 MeV. (The weak dependence af e; on

properties of individual orbitals has already been observed in
] Mev, (6 Ref.[63]) When applied to*Ni, the simple expressiof6)
givesA~e=8.54 MeV.
o ) . From the experimental single-neutron energies*iGa
where the sign in the superscript denotes the sigNefZ.  and the energy correlation shown in Fig. 10, one can estimate
Relatl_ons such a®) have a global c_haracter, ie., th_ey _d(_) NOtthe energies of the proton-hole orbitals 4#Ni:
take into account the microscopic structure of individual
single-particle orbitals(e.g., angular momentum or radial e (%8Ni)=[9MeV+e. (*8Ca)1/1.04 8
features of the wave functipnTherefore, in the following, p(TND=1 n("CAJL. ®
\évr%ifglf#lﬁ]tteeee_; self-consistently for each single-particle (see Table IV. The deduced position of theys_, shell is
The mirror nucleus td*Ni is the well-knownT,=4 sys-  consistent with the value of the one-proton separation energy

tem, “%Ca. Figure 10(bottom) shows the energy displace- for i extracted in Ref[4] from the IMME, S,=0.469

1 1
X(A—-2) A-DB (AP

ments, MeV; in both cases thefk,, shell is predicted to be weakly
bound.
A_eiEeip(48Ni) —en(®Ca), i=(n/j), (7) A similar analysis can be performed for the neutron states

in “8Ni. The differenceA *e;,
between the proton single-particle energies*iNi and the
neutron single-particle energies HiCa, versus the proton Ate=e,(*®Ca)—e(®Ni), i=(n/j), 9
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TABLE lIl. Experimental and predicted values of the two-proton separation enesgider “4Cr, *6*%e, and*®>Ni. In the HF and
RMF calculations, pairing was treated by means of the constant-gap approximation. In all cases, exceptytSIHFand
RMF4++PL40, calculations were performed at the spherical shape. For details see text.

Szp (MeV)
Model Ref?  Ref.” 24C1s 24Cr20 25Fex 26F€2 28Ni 20 2Ni 2
Systematics [60] -0.26-0.34 299013 0.29-0.38 3.2200.1 (-1.99-(-0.99°  0.26+0.28
Benenson [32]¢ -0.58 3.03 0.46 3.14 -1.33 0.54
Brown [4]¢ -0.50 2.90 0.45 3.14 -1.36 0.50
Ormand [6]¢ -0.4515) 2.91(8) 0.3415) 3.229) -1.1421)
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
HFB-+SkP [23] -0.22 3.46 0.57 4.23 -1.97 1.33
HFB-+SkP? [37] -0.21 3.38 0.55 4.13 -2.10 1.08
HFB-+SIII % [37] -0.12 3.99 1.66 4.26 -1.04 1.84
HFB+SkM® [37] 0.96 4.81 2.53 5.39 0.44 3.41
HFB+Gogny [46] -0.45 3.52 1.07 4.79 -1.36 2.23
HF-+SkM* [42] 0.93 4.77 2.57 5.85 0.49 3.49
HF+SIII [41] 0.01 4.00 1.73 5.24 -0.47 2.76
HF ger+ SHI [41] 0.62 3.99 1.70 4.95 -0.47 2.36
HF-+SkI1 [49] -0.70 3.69 1.55 4.89 -0.38 2.48
HF-+SkI6 [49] -0.11 3.81 1.74 5.36 -0.14 3.07
HF+SLy4 [50] -0.30 3.47 1.16 5.24 -0.93 2.88
RMF+PL40 [52] -1.90 2.30 0.30 4.20 -1.40 2.20
RMF g+ PLA0 [52] -0.89 2.18 0.12 3.12 -1.58 0.32
RMF+NL-SH [51] -0.50 3.00 1.20 5.10 -0.50 3.00

8Results taken from the reference indicated.

bParameters taken from the reference indicated.

°From Ref.[9].

9From the IMME.

®From experimental binding energies of neutron-rich analogs with theoretical Coulomb energy shifts added.

between the proton single-particle energies*iGa and the AriE<r2>i1/2_<rﬁ>i1/27 i=(n/j), (11
neutron single-particle energies fiNi is shown in Fig. 11 P
(bottom) as a function of the neutron single-particle energiesbetween the single-proton and single-neutron rms radii in the
in “8Ni. The results of SkM, SkP, and Sl calculations are mirror nuclei “Ni and “%Ca calculated in the HFSIII
very similar: all values lie in a narrow band e= model. The arrow indicates the average value
—0.008,+6.7 MeV between 6.6 and 7.2 MeMor com-  (Ar)=(r3)*?—(r2)*2 While the single-proton radii in
parison, for*8Ca, Eq.(6) yields A"e=6.76 MeV]. This re-  “*&Ca are only slightly shifted<0.03 fm) with respect to the
sult, together with experimental single-proton energies irsingle-neutron radii in*®Ni (Fig. 11), the proton radii in
48Ca, allows us to estimate the energies of single-neutro®Ni are significantly larger than neutron radii iffCa
orbitals in *&Ni: (~0.08 fm), and the differencér; has a pronounced depen-
dence on the proton binding energlig. 10. It is worth
ein(*®Ni)=[e;,(*°Ca) —6.7MeV]/0.994, (100  noting that for the low<” states(such as 8;,,) and loosely

TABLE IV. Proton and neutron single-particle energiéa
. g . g
The different average behavior &f e and A*e, as a MeV) predicted in*Ni from experimental dat$66] in “Ca. The

function of the single-particle energy can be explained ir]uncertainties of the predicted values are tentatively deduced from
terms of the different radial behavior of the proton and neu—the spread of theoretical results presented in Figs. 10 and 11.
tron wave functions irf®Ni and “8Ca. Indeed, the Coulomb 484 4y

perturbation modifies the radial wave function of the protong i

see Table IV.

! . : Experimental Predicted

in the analog state with respect to the corresponding neutron

in the parent statéThomas-Ehrman effe¢64,65), leading n p n p

to a decrease in the energy difference between analog states;,, —12.55 -15.3 -2240.2 —3.38:0.15
As discussed in detail in Ref62], the Thomas-Erhman ef- 1dg, —-12.52 -15.7 -2250.2 -3.410.15
fect is significant for loosely bound stat¢s.g., states in  1f,, -9.94 -9.6 -16.40.1 —-0.96:0.15
drip-line systempsand for states having low angular momen- 2p,,, -19 -8.7#0.1

tum. 2P 0.0 -6.7:0.1

The upper panels of Figs. 10 and 11 show the difference
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FIG. 11. Bottom: Difference\ " e, [i=(n/]j)] between the pro-
ton single-particle energies iffCa and the neutron single-particle
energies in*®Ni, calculated in the HFSkM*, HF+SkP, and HF
+SIlIl models. Top: Differencér; between the rms radii of proton
states in*Ca and the rms radii of neutron states*fiNi, calculated
in the HF+SII model. The average valugAr)= \/@

X (*8Ca)— \/(r2)(“®Ni) is indicated by the arrow.

bound orbitgsuch as 1;,), the value ofAr; can be as large

W. NAZAREWICZ et al.
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FIG. 12. Bottom: self-consistent proton potentid} in “Fe
obtained in the HF and HFB calculations with different effective
interactions. The details of,, in the region of the Coulomb barrier
are magnified in the inset. Top: proton effective maggm in the
HFB+SkP, HFB+SIII %7, and HF+Ski6 models.

In Eq.(14), Qp=—5,,>0, andV,(r) is the average dipro-
ton potential(including the Coulomb potentiglin our cal-

as 0.11 fm. The results presented in Figs. 10 and 11 indicateulations, V,, has been approximated byg(r), where
that the Thomas-Ehrman effect is significant in medium-V,(r) is the self-consistent proton potential fthiFe. Figure

mass proton-rich nuclei. In particular, it explains the depen42 (bottom) displays the calculated proton potentials for
dence ofA ~e; andA *e; on the separation energy, and it can “éFe in HF, HFB, and RMF approaches with different effec-
lead to the modification of transition rates in drip-line sys-tive interactions. The average potentials differ both in the
tems. nuclear interior and in the Coulomb barrier regi@ee in-
sed. The main origin of the differences inside the nucleus is
the proton effective mass*/m which, for most interactions
employed in our study, is significantly lower than the one
inside the nuclear volumsee Sec. I). The upper portion of
Fig. 12 illustrates the behavior af* /m for HFB-+SkP, HFB
+SkM?, and HF+SkI6. (Results for SLy4 are very similar
to those for Skl6. Generally, the reduced effective mass
gives rise to a deeper single-particle potential. Indeed, the
proton potential in HFB-SkM?" (or HF+SkI6) is approxi-
mately 25%(or 509 deeper than that in HFBSkP. To take
where#? is the spectroscopic factor for finding a diproton in INto account the effect of the effective mass, the WKB rela-
the correlated. =0 state, u is the reduced mass,, and tion (14) has to be modified. The resulting wave number is

Fout @re the classical inner and outer turning points, respecdiVen by
tively, ./ is the normalization factor,

Fin
0

andk(r) is the wave number given by

VII. DIPROTON DECAY OF “i

The diproton decay lifetime of®Ni has been estimated
using the Wentzel-Kramers-BrillouiWWKB) expression for
the partial width:

flz Tout
[op= 621" exp{ - 2] dr k(r) |, (12
Tin

4u

2u m*(r
1 SZ r , , T k(r): \/h_lZL %|Q2p_v2p(r)|- (15)
drmco fodr k(r )—ZFL (13

In the barrier region, SkNP, Sly4, and SkP models give
rather similar proton potentials. The Skl6 parametrization
yields a slightly lower Coulomb barrigby ~400 ke\) and
significantly larger barrier radius; . The highest barrier and
the lowest value of g are predicted by SIf.

2u

k(r)= \/F|Q2p_vzp(r)|- (14
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FIG. 13. Diproton partial decay half-lives fdfNi predicted in
the HFB+SkP, HFBHSIII %, HF+SkI6, and HF-SLy4 models as
a function ofQ,, . All theoretical results lie in a narrow baride-
tailed behavior in the region 12Q,,<1.4 MeV is shown in the
insed. The Q,, values predicted by different models are indicated ~ FIG. 14. Normalized contribution to the WKB exponent, Eq.
by open circles, and those by Broy4i and Ormand6] by arrows.  (16), as a function of the relative distance from the outer turning
(For the corresponding values @,=—S,,, see Table Il poiNt, (r u—1)/(Fou—rin) for Q;,=0.5 and 2.0 MeV in*™Ni. The

curves are representative of all models displayed in Fig. 12. The
open circles indicate the distance corresponding to the Coulomb

In order to check the sensitivity of the predicted half-livesbarrier radiusg .
to the details of the proton mean field, calculations were
performed for different self-consistent potentials. For the
spectroscopic ~ factor we adopted the value 0fQ,, should be larger than 1 MeV to enable experimental
6°=0.55/4=0.1375 from Browr{4]. The diproton partial de- observation of diproton emission from this nuclésse Fig.
cay half-lives for *®Ni, t(ﬁzp):hInZ/sz, are shown in Fig. 13).

13 for the HFB+SkP, HFB+SIII %, HF+Ski6, and HF To understand the weak sensitivity gf to the details
+SLy4 models. It is seen that all theoretical results cluster irof V,,, Fig. 14 displays thénormalized contribution to the
a rather narrow band. To see the differences between thexponent appearing in E¢L2) from different regions in the
models, the region 1.2 Me¥Q,,<1.4 MeV has been mag- barrier,

nified in the insert. For the models that predict the most

in

different proton potentials, i.e., HFBSIII ° and HF+SkI6, [roudr Kk(r)
calculated half-lives differ by only a factor of 2. One can (rn=-"———, (16)
thus conclude that the values 2 are not, at least in this Jidr k(r)

mass region, sensitive to the details of the nuclear mean

field. The effect ort{%’ due to changes iW;, seems 0 be 55 g function of the relative distance from the outer turning
less important than other theoretical uncertanties, relatecboim_ By construction, (rou= ZZeZ/sz)zo and
e.g., to the estimate af* or Q. {(riy)=1. The calculations are performed fQ,=0.5 and

As seen in Fig. 13, the main factor in determint{ is 2.0 MeV, thus covering the whole energy window of Fig. 13.
Qzp - Indeed, in the energy range of &8,,<2.0 MeV, the |t has been checked that the curves presented in Fig. 14 are
diproton half-lives vary by more than 22 orders in magni-very similar in all of the models employed in our study. The
tude; that is, the energy window for the experimental obserpoints corresponding to the barrier radigsare indicated by
vation of diproton emitters is extremely narrow. TR,  open circles. It is seen that more than 94—-99 % of the expo-
values obtained in different models are indicated by opement Eq.(16) comes from the region>rg, which is almost
circles in Fig. 13. Predictions by Browd] and Ormand6]  solely determined by the pure Coulomb interaction
(including error barsare shown by arrowsLifetime predic- v =2ze?/r. This result demonstrates thigf? can be well
tions for other models can be obtained by usByg values  estimated by ignoring the details of the proton potential, as

ported by shell-model analys¢Brown and Ormangd one  theqyy,

can conclude that{? for “Ni is between 107 and 1s.
This is consistent with th&,, values given by ETFSI, HFB
+SlI1 %, HFB+Gogny, HF+SLy4, and RMF-PL40. The
theoretical uncertainty irs,, is dramatically amplified for
t%). For instance, a difference i8,, of about 500 keV
between HR-SIIl and HF+SIII % gives rise to the differ- Several models based on the self-consistent mean-field
ence of nearly 13 orders of magnitudetﬁﬁg). Given the  approach were applied to proton-rich nuclei from the proton-
predictedB-decay half-life of*®Ni, 9.2 ms[4], the value of rich sdf region. The overall agreement with experimental

VIIl. CONCLUSIONS
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