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Mapping the proton drip line up to A570
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Coulomb energy differences between mirror nuclei withA<70 are calculated within the framework of the
nuclear shell model using an effective Coulomb plus isovector and isotensor interaction. Absolute binding
energies for proton-rich nuclei are predicted by adding the calculated Coulomb shifts to experimentally mea-
sured binding energies for the neutron-rich mirror. The location of the proton drip line is investigated, as well
as candidates for the exotic decay mode known as diproton emission. Taking into account the lifetimes of
competing decay modes and limits imposed by experimental setups, it is concluded that the best candidates for
the observation of correlated diproton emission are45Fe, 48Ni, and 63Se. @S0556-2813~97!06505-9#

PACS number~s!: 21.10.Dr, 21.10.Sf, 21.10.Tg, 23.50.1z
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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 lo
energy nuclear physics today. Detailed theoretical studie
exotic nuclei, when confronted with experiments, will yie
important information about the interaction between nuc
ons in the nucleus and the validity of our models for t
structure of nuclei. In addition, the study of exotic nuclei
essential to many fundamental issues in physics today
particular, the weak interaction and nuclear astrophysics.
example, it is believed that many of the heavy elements
the universe are produced by the radiative capture of n
trons ~r process! @1# or protons~rp process! @2# on unstable
nuclei. The competition between beta decay and particle c
ture traces out a path that synthesizes the known elem
The details of this path, and, hence, the abundance of
elements produced, depends on the temperature of the si
well as explicit nuclear properties such as binding energ
level densities, spectroscopic factors, and beta-decay
times.

An additional new feature of proton-rich nuclei that w
be explored in the next few years is the possibility of a n
decay mode known as diproton emission. Because of
pairing interaction, a nucleus with an even number of p
tons (Z,N) is generally more tightly bound than
(Z21,N) nucleus, but because of the symmetry energy
Coulomb repulsion, it may be unbound relative to t
(Z22,N) system. The number of candidates for the obser
tion of this decay mode, however, is sharply limited by t
two-proton separation energy. This is in part due to the f
thatb1 emission is a competing decay mechanism, and
cause of the large Coulomb energy difference between
parent and daughter nuclei, the beta-decay lifetimes ar
the order of 1–100 ms. In addition, a further constraint
the observation of diproton emission can be imposed by
experimental apparatus, since, in many experiments, the
ent nucleus must live long enough to be identified. Gener
speaking, these two practical constraints limit the observa
lifetime for diproton decay to 1028–1023 s. On the other
550556-2813/97/55~5!/2407~11!/$10.00
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hand, the decay rate for diproton emission is determined
the probability to penetrate through the Coulomb barri
which, in turn, is exponentially dependent on the two-prot
separation energy. As will be shown here, the number
candidates for which the observation of diproton decay
practical is limited to nuclei with two-proton separation e
ergies between 0.9 and 1.4 MeV.

One of the principal motivations for the construction
radioactive beam facilities is to study the properties of nuc
near the limits of stability. Very few nuclei near the proto
drip line have been identified, and the heaviest and m
proton-rich nucleus observed to date is49Ni @3#. Even more
difficult than the identification of an exotic nucleus is th
measurement of its mass, and, at present, predictions reg
ing ther andrp processes must rely on theoretical estima
for nuclear binding energies.

Several methods have been used to obtain theoretica
timates for absolute binding energies. One is the liquid-d
formula and associated variants, such as the microsco
macroscopic approach@4,5#. In general, these models are d
termined by fitting a set of liquid-drop parameters while i
cluding effects due to pairing and shell corrections
experimental data over a wide range of nuclei, and have b
found to reproduce known nuclear masses at the leve
approximately 800 keV~see, for example, Ref.@5#!. Al-
though the microscopic-macroscopic approach gives a g
global description of nuclear binding energies and is
method of choice for heavy nuclei where detailed mic
scopic calculations are not feasible, there are notable disc
ancies between experimental and calculated binding ener
with neutron number between 20 and 40, as is illustrated
Fig. 1 of Ref.@5#.

For lighter nuclei, however, more accurate binding en
gies can be achieved using the nuclear shell model, sinc
many cases, it is necessary only to compute the Coulo
energy difference between mirror nuclei@6–8#. In this paper,
Coulomb energy differences are computed for mirror nuc
in the f p shell for 46<A<70. By then making use of ex
perimental data for the neutron-rich members tabulated
Ref. @9#, absolute binding energies are predicted with an
2407 © 1997 The American Physical Society
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2408 55W. E. ORMAND
timated accuracy at the level of 50–200 keV. With the
binding energies, two-proton separation energies are c
puted and rough estimates for the lifetimes for diproton
cay are made. Given the practical constraints on the de
half-lives mentioned above, it is found that the best can
dates for the experimental observation of correlated tw
proton emission are45Fe, 48Ni, and 63Se.

This paper is organized into five sections. In Sec. II,
systematics of Coulomb energy differences between an
nuclei are discussed, while in Sec. III a shell-model desc
tion of these energy shifts is presented. Candidates for
exotic decay mode known as diproton emission are prese
and analyzed in Sec. IV, and concluding remarks are
lected in Sec. V.

II. SYSTEMATICS OF COULOMB ENERGY
DIFFERENCES

If the nuclear Hamiltonian is composed of only one- a
two-body parts, quite generally, it may be separated i
three components. The dominant part, which is also resp
sible for most of the nuclear binding energy, is due to
strong interaction and is isoscalar in nature. The other
components are due to both the Coulomb interaction
charge-nonsymmetric parts of the nucleon-nucleon inte
tion, and are isovector and isotensor in character. If the
ovector and isotensor components are weak relative to
isoscalar component, then the binding energies for the m
bers of an isospin multiplet may be obtained within the co
text of the isobaric mass multiplet equation~IMME ! @10–12#

BE~A,T,Tz ,i !5a~A,T,i !1b~A,T,i !Tz1c~A,T,i !Tz
2 ,

~1!

whereT andTz5(Z2N)/2 denote the isospin and its thir
component for the members of the isospin multiplet, a
Z, N, andA5Z1N are the number of protons, neutron
and nucleons, respectively. The labeli in Eq. ~1! represents
all other quantum numbers needed to denote the state,
as angular momentum, state number, etc. The coeffici
a, b, andc separately depend on the isoscalar@13#, isovec-
tor, and isotensor components of the nuclear Hamilton
respectively.

In shell-model calculations, the isoscalar part of t
nuclear Hamiltonian is usually determined empirically by fi
ting to experimental binding energies and levels that h
had the Coulomb energy subtracted off in an average
~cf. @14–16#!. The predictive power of these effective Ham
tonians is indicated by the rms deviation between experim
tal data and calculated binding energies, and, to date, the
empirically determined Hamiltonian is that due to W
denthal@14# for use in the 0d5/2, 0d3/2, and 1s1/2 orbitals,
where the rms deviation between theory and experiment i
the order 200 keV. For the most part, this interaction may
thought of as indicative of the best accuracy that may
achieved within the framework of the nuclear shell mod
For other model spaces, such as thef p shell ~defined by the
0 f 7/2, 0f 5/2, 1p3/2, and 1p1/2 orbitals!, the effective shell-
model Hamiltonian is less well determined and the deviat
between theory and experiment is somewhat larger and
the order 300 keV@16#. With this in mind, we must conclude
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that any attempt to compute absolute binding energies f
first principles in the shell model would include an unce
tainty of at least 200–300 keV in thea coefficient of Eq.~1!.

From Eq.~1!, the binding energy difference between io
baric analogs withTz56T is given by

BE~A,T,Tz5T,i !2BE~A,T,Tz52T,i !52b~A,T,i !T.
~2!

Therefore, the most accurate way to predict absolute bind
energies for proton-rich nuclei whose analog has an exp
mentally measured mass is to compute theb coefficient
for the multiplet ~or the Coulomb energy difference! and
add 2bT to the experimental binding energ
BEexpt(A,T,Tz52T,i) of the neutron-rich analog. The overa
uncertainty in the predicted binding energy is then of t
order

dBE~A,T,Tz5T,i !

5A~2dbT!21d„BEexpt~A,T,Tz52T,i !…2, ~3!

where db is the uncertainty in theb coefficient and
dBEexpt(A,T,Tz52T,i) is the uncertainty in the experimenta
binding energy. In many cases, it is possible to estimate
b coefficient with an uncertainty of the order of 30–40 ke
@17#, and, therefore, it may be possible to predict the bind
energies of extreme proton-rich nuclei at the level of 10
200 keV.

In Refs.@6–8#, the procedure outlined above was used
predict the absolute binding energies of nuclei w
36<A<55. Those three works approached Eq.~3! using
slightly different methods, but with about the same level
accuracy, as is indicated by the overall agreement betw
them. In Ref.@6#, Eq. ~3! was evaluated using shell-mod
calculations for the pure 0f 7/2-shell nuclei and a weak cou
pling approximation for those nuclei that spanned both
0d3/2 and 0f 7/2 orbits. In Ref.@7#, all the Coulomb energy
differences were evaluated within the framework of the sh
model using the 0d3/2 and 0f 7/2 orbits and an empirica
isospin-nonconserving~INC! interaction @17#. Finally, in
Ref. @8#, Eq. ~3! was evaluated using a method based o
parametrization of the Coulomb displacement energies@18#.
The overall success of these works, and agreement betw
them, is essentially due to their empirical foundations.
each, a set of parameters was fit to experimental data, an
models were then extrapolated to predict the masses of
known nuclei. This work is an extension of Ref.@7# in which
absolute binding energies of proton-rich nuclei wi
46<A<70 are predicted by computing the Coulomb d
placements within the framework of the nuclear shell mod

Before continuing with the details and the results of t
shell-model calculations, it is instructive to examine the s
tematic behavior of the Coulomb displacement energies.
deed, one of the reasons for the success of the three diffe
methods is the smooth behavior as a function of nucle
numberA exhibited by experimentalb coefficients. In addi-
tion, for a given mass number, theb coefficients are essen
tially constant to within 100 keV or so, as can be seen fr
Tables 3–7 in Ref.@17#. This behavior is easily understoo
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55 2409MAPPING THE PROTON DRIP LINE UP TOA570
from the liquid-drop model, where the Coulomb energy o
sphere of radiusR5r 0A

1/3 with chargeZe is given by

EC5
3

5

~Ze!2

R
. ~4!

The Coulomb energy difference between analog nucle
then

DEC5
3

5

e2

R
@Z22~A2Z!2#5

3

5

e2

R
A~Z2N! ~5!

5
3

5

e2

R
2AT5

3

5

e2

r 0
A2/3~2T!, ~6!

where A5Z1N and the isospin is defined b
T5uZ2Nu/2. Hence, by comparing Eqs.~3! and ~6!, it is
seen that theb coefficient is expected to increase asA2/3.

For a comparison with experimentalb coefficients, we
turn to the more sophisticated liquid-drop parametrization
Ref. @5#. Here the form of the ‘‘Coulomb’’ energy will be
outlined, and the Coulomb energy difference between ana
nuclei will be evaluated using the parameters defined in R
@5#. In macroscopic models, the ‘‘Coulomb’’ contribution t
the binding energy is@5#

ECoul5c1
Z2

A1/3 B32c4
Z4/3

A1/31 f ~kfr p!
Z2

A
2ca~N2Z!,

~7!

where c153e2/5r 0 and c455/4(3/2p)2/3c1 . The first two
terms in Eq.~7! are the direct and exchange Coulomb en
gies, the third is the proton form factor correction, and
last is the charge-asymmetry energy. The factorB3 is the
shape-dependent relative Coulomb energy, which, to lea
order for a spherical shape, is given by

B3512
5

y0
2 1

75

8y0
3 2

105

8y0
5 , ~8!

with y05(r 0 /aden)A
1/3;1.657A1/3. The proton form factor

f is dependent on the Fermi wave numb
kf5(9pZ/4A)1/3(1/r 0) and the proton rms radiu
r p50.8 fm ~see Eq.~8! of Ref. @5#!, and for nuclei with
A;50 and Z;A/2 may be accurately approximated b
f520.214 MeV. Usingr 051.16 fm andca50.145 MeV
from Ref. @5#, the b coefficient derived from the Coulom
energy difference between analog nuclei is

bLD5@0.7448A2/321.88211.535A21/320.7828A21# MeV.
~9!

Shown in Fig. 1 is a comparison between Eq.~9! ~solid
line! and experimentalb coefficients~solid squares!. The ex-
perimental data comprise 116b coefficients, and were take
from Tables 3–7 in Ref.@17# and the known ground-stat
analog mass differences tabulated in Ref.@9# for A<59. In
the figure, all theb coefficients for a given mass numb
were averaged together, and error bar reflects both the s
dard deviation and the experimental uncertainties. Gener
speaking, for a givenA, theb coefficients are roughly con
stant, with the mean standard deviation being 61 keV. Fr
is

f
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the microscopic point of view, deviations from constan
can be expected for two reasons. First, in some cases sin
particle orbits from different major oscillator shells com
into play, as in 15<A<17, and second, near the limits o
stability, the single-particle orbits are nearly unbound, a
the Thomas-Erhman shift@19,20# needs to be accounted fo
~see Sec. III!.

From Fig. 1, it is evident that the experimentalb coeffi-
cients exhibit a globalA2/3 behavior. On the other hand, Eq
~9! tends to underestimate theb coefficients forA,40, and
the rms deviation with the data is 138 keV. Within the co
text of a global parametrization, a slight improvement on E
~9! can be obtained by fitting to the experimental data, an
rms deviation of 102 keV is achieved with

b5@0.710A2/320.946# MeV, ~10!

which is also represented in Fig. 1 by the dashed line. For
most part, Eq.~10! leads to a global description of the Cou
lomb energy differences between analog nuclei with an
curacy of the order 100uZ2Nu keV. To improve upon this, it
is necessary to account for local nuclear structure via a
croscopic model, which is the topic of the next section.

III. SHELL-MODEL CALCULATIONS
OF COULOMB ENERGY DIFFERENCES

In this section, the procedure for computing the Coulom
energy difference between analog nuclei within the fram
work of the shell model is outlined. In Ref.@17#, empirical
isovector and isotensor, or isospin-nonconserving~INC!,
Hamiltonians were determined for several shell-mo
spaces by constraining them to reproduce experimentalb and
c coefficients. The primary components of the empirical
teractions were the Coulomb interaction and two-body

FIG. 1. Dependence ofb coefficients as a function of mas
numberA. Experimental data are represented by the solid squa
while the values from the liquid-drop formula and the fit@Eqs.~9!
and ~10!# are represented by the solid and dashed lines, res
tively.
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2410 55W. E. ORMAND
ovector and isotensor interactions. In general, the empir
two-body isovector interaction was rather weak, while t
isotensor interaction was found to to be consistent with
differences observed in the proton-proton and proton-neu
scattering lengths. The deviations between theoretical
experimentalb and c coefficients were of the order of 3
keV and 15 keV, respectively.

In this work, proton-rich nuclei in the mass rang
46<A<70 are investigated. For all but two cases~the
T51/2, A569 isodoublet and theT51, A570 isotriplet!,
the binding energy of the neutron-rich analog has been m
sured and is tabulated in Ref.@9#. The shell-model calcula
tions were performed using the shell-model computer c
OXBASH @21# in proton-neutron formalism using the config
ration space defined by the 0f 7/2, 0f 5/2, 1p3/2, and 1p1/2
orbitals ~the f p shell! and the FPD6 Hamiltonian given i
Ref. @16#. Here, instead of computing theb coefficients, the
‘‘Coulomb’’ energy differences between analogs were co
puted directly by adding the INC interaction to the FPD
Hamiltonian. Because of the large dimensions present, s
truncations on the model space were found to be neces
For A<59, all configurations contained within the 0f 7/2 and
1p3/2 orbits were included, and the truncations were based
the number of particles permitted to be excited out of
0 f 7/2 and 1p3/2 orbits into the 0f 5/2 and 1p1/2 orbits. Gener-
ally, this ranged from two to four particles so that the to
dimensions~with good angular momentum! were less than
14 000. ForA.60, the 0f 7/2 orbit was taken to be a close
core, and the 0f 5/2, 1p3/2, and 1p1/2 single-particle energies
of the FPD6 interaction were modified so as to reproduce
levels of 57Ni under this assumption~the modified interac-
tion is denoted as FPD6* !. For the most part, it was foun
that the Coulomb energy shifts were not particularly sen
tive to the applied truncations, and in a few cases where
effects of the truncations were tested, differences of on
few keV were found. Therefore, the applied model-spa
truncations are not expected to provide a significant con
bution to the uncertainty in the computed binding energie

The INC Hamiltonian used here consists of Coulomb p
nucleon-nucleon isovector and isotensor interactions.
explicit form the Hamiltonian is given in Ref.@17#, and is
only briefly described here. Assuming isospin to be a go
quantum number in the two-nucleon system, the two-bo
matrix elements of the Hamiltonian may be written in term
of theT50 andT51 nucleon-nucleon channels as

H5vT50I 0
~0!1 (

k50

2

vT51
~k! I 1

~k! , ~11!

where the explicit isospin dependence has been sepa
from the radial and spin degrees of freedom by the opera
I T
(k) given by

I 0
~0!5 1

4 2t~1!•t~2!, ~12!

I 1
~0!5 3

4 1t~1!•t~2!, ~13!

I 1
~1!5 1

2 @ tz~1!1tz~2!#, ~14!

I 1
~2!5tz~1!tz~2!2 1

3 t~1!•t~2!, ~15!
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with t( i ) denoting the isospin of thei th particle. With this
construction, theT51 two-body matrix elements are take
to be of the form

V5V01SCVC~ 1
3 I 1

~0!1I 1
~1!1I 1

~2!!1S0
~1!V0I 1

~1!1S0
~2!V0I 1

~2! ,
~16!

whereVC andV0 represent the two-body matrix elements
the Coulomb and original isoscalar interactions, respectiv
In this representation, the matrix elements of the isovec
and isotensor nucleon-nucleon interactions are taken to
directly proportional to theT51 matrix elements of the isos
calar Hamiltonian, i.e., the FPD6 interaction. In proto
neutron formalism, the proton-proton (pp), neutron-neutron
(nn), and theT51 part of the proton-neutron (pn) two-
body matrix elements are given by

v ~pp!5V01SCVC1 1
2 S0

~1!V01
1
6 S0

~2!V0 , ~17!

v ~nn!5V02
1
2 S0

~1!V01
1
6 S0

~2!V0 , ~18!

v ~pn!5V02
1
3 S0

~2!V0 . ~19!

In addition to the two-body matrix elements in the acti
valence space, the effect of the INC interaction between
valence particles and the closed core must also be accou
for, and is represented by the ‘‘Coulomb’’ single-partic
energiese(r), with r denoting each single-particle orbi
Following Ref.@17#, the ‘‘Coulomb’’ single-particle energies
and the strengths of the two-body Coulomb (SC), isovector
(S0

(1)), and isotensor (S0
(2)) components are determined em

pirically by fitting to experimentalb andc coefficients.
An important parameter for the INC interaction is the o

cillator frequency\v, since the Coulomb components a
scaled as a function ofA by the factor@17#

S~A!5F\v~A!

11.096G
1/2

. ~20!

Generally, \v is chosen to reproduce experimental rm
charge radii, and for many nuclei it can be accurately para
etrized by

\v~A!545A21/3225A22/3 MeV. ~21!

It is important to note, however, that forA>45, Eq. ~21!
underestimates\v as compared to values derived from e
perimental charge radii. Indeed, in Ref.@17# the value of
10.222 MeV was used forA553 as opposed to the value o
10.208 MeV implied by Eq.~21!. In addition, thef p-shell
INC interaction was refit in Ref.@22#, where it was found
that better overall agreement between theoretical and exp
mental Coulomb energy shifts was obtained using oscilla
frequencies derived from the rms charge radii of Hartr
Fock calculations using the SkyrmeM* interaction. These
values of\v are tabulated in Table I, and are used in t
present work.

In Refs.@17, 22#, the fitted INC interactions were able t
reproduce the experimentalb coefficients forf p-shell nuclei
with a rms deviation of approximately 33 keV. However, t
most difficult parameters to determine for the INC intera
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55 2411MAPPING THE PROTON DRIP LINE UP TOA570
tion are the Coulomb single-particle energies for the 0f 5/2
and 1p1/2 orbits, as there is very little experimental da
available that is sensitive to these quantities. In Ref.@22#,
these single-particle energies were fit upon by making
sumptions regarding spin assignments for excited level
57Cu and 59Zn. In retrospect, these levels are probably n
appropriate for determining parameters for heavier nuclei
cause of uncertainties in spin assignments and the fact
the levels comprising the assumed doublet at 1.040 MeV
57Cu @23# are unbound, and strong Thomas-Ehrman sh
@19,20# may apply ~see below!. Also, shell-model calcula-
tions for theJp51/22 and 5/22 states in59Zn indicate that
these levels are predominantly 1p3/2

3 configurations. On the
other hand, the the beta end-point energies for both62Ga @9#
and 66As @24# are sensitive to the 0f 5/2 Coulomb single-
particle energy and were used to help fix this parameter
regards to the 1p1/2 single-particle energy, however, no da
exist that will definitively set this parameter. For this reas
the value obtained in Ref.@22#, which also happens to repro
duce the b coefficients for the assumed 1/22 states in
A557 and 59, is used.

Two additional concerns that affect this work are~1!
whether thef p shell alone is sufficient to describe the nuc
in question and~2! the effect of the Thomas-Ehrman shift o
the Coulomb displacement energies near the drip line. A
measure of the appropriateness of just thef p shell for the
calculations, we examine the the excitation energies of
first J521 states inN5Z, even-even nuclei in the regio
60<A<80. Shown in Table II, are the experimental@25,26#
excitation energies of the these states in comparison with
values obtained with the FPD6* interaction~FPD6 modified
as indicated above after closing the 0f 7/2 orbit!. Overall,
there is good agreement between the calculated and ex
mental values untilA576, where there is a sudden drop
the excitation energy, which is an indication of the onset

TABLE I. Values of\v used forf p-shell nuclei.

A \v ~MeV! A \v ~MeV!

40 10.603 60 10.156
41 10.603 61 10.087
42 10.603 62 10.017
43 10.608 63 9.954
44 10.614 64 9.890
45 10.603 65 9.786
46 10.592 66 9.681
47 10.581 67 9.589
48 10.570 68 9.496
49 10.560 69 9.460
50 10.550 70 9.424
51 10.539 72 9.331
52 10.528 73 9.168
53 10.507 74 9.203
54 10.486 76 9.032
55 10.470 77 9.100
56 10.454 78 8.923
57 10.376 79 9.869
58 10.298 80 8.816
59 10.227
s-
in
t
e-
at
in
s

In

,

i

a

e

he

ri-

f

collective behavior that would necessitate the inclusion
orbits from the next major shell, such as the 0g9/2 orbit.
Given the results in Table II, thef p shell is sufficient to
describe the nuclei studied in this work.

In general, Coulomb energies are computed using h
monic oscillator, or sometimes bound Woods-Saxon, sing
particle wave functions for the protons, with the length sc
chosen to reproduce experimental rms charge radii. Near
drip line, however, this approximation can be inadequa
Because they are loosely bound, the proton single-part
wave functions are pushed out of the nuclear interior, and
a consequence, the Coulomb energy is reduced. This sh
the Coulomb energy was first noted by Thomas@19# and
Ehrman@20# in theA513 system, and is most important fo
light nuclei where the Coulomb barrier, which acts to confi
the wave function in the nuclear interior, is smaller, and
orbits with little or no centrifugal barrier, e.g., thes1/2 orbit-
als. This effect is well illustrated by the single-particle sta
in A517, where the Coulomb displacement energy of
Jp55/21 ~the 0d5/2 orbit! ground state is 3.543 MeV, while
the shift for theJp51/21 state, which is a 1s1/2 single-
particle state that is bound by only 107 keV, is 3.168 Me
The influence of the centrifugal barrier is also apparent
these nuclei, as the Coulomb shift for theJp53/2 state~the
0d3/2 spin-orbit partner of the ground state!, which is un-
bound by 4.5 MeV, is 3.561 MeV. On theoretical ground
there are also self-consistent calculations@27# that suggest
that Thomas-Ehrman shifts for nuclei near the drip line m
be as large a few hundred keV. Because of the empir
nature of the INC interaction, however, it is not clear ho
much of the Thomas-Ehrman effect has been absorbed
the interaction by the fit. In addition, for nuclei near the dr
line, the estimate of the theoretical uncertainty is of the or
of 100–250 keV, and the effects of the Thomas-Ehrman s
are likely to lie within the quoted uncertainties for the abs
lute binding energy.

The parameters for the INC interaction used in th
work are e(0 f 7/2)57.487 MeV, e(1p3/2)57.312 MeV,
e(0 f 5/2)57.337 MeV, e(1p1/2)57.240 MeV, SC51.006,
S0
(1)50.0, andS0

(2)524.231022. Last, because of the dif
ficulties associated with determining the 0f 5/2 and 1p3/2
single-particle energies, the uncertainties in the theoret
estimates of theb coefficients for nuclei withA.60 are
increased from 33 keV to 45 keV.

Shown in Table III are the results obtained for proton-ri
nuclei whose binding energies are unknown in the mass

TABLE II. Comparison between theoretical~with FPD6* ! and
experimental excitation energies~in MeV! of the firstJp521 state
in even-evenN5Z f p-shell nuclei.

AZ Expt. FPD6*

60Zn 1.004a 0.825
64Ge 0.902b 0.700
68Se 0.854b 0.600
72Kr 0.709b 0.707
76Sr 0.261b 0.752
80Zr 0.289b -

aFrom Ref.@25#
bFrom Ref.@26#
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TABLE III. Predicted binding energies, one- and two-proton separation energies~Sp andS2p , respectively!, andb-decay end-point
energies for proton rich nuclei with 46<A<70. The absolute binding energies were computed with theoretical Coulomb energy shifts
onto the experimental binding energy for the neutron-rich analog, also listed in the table.

BEtheory BEexpt
analog Sp S2p QEC

AZ Tz Jp ~MeV! AZ-analog ~MeV! ~MeV! ~MeV! ~MeV!

46Mn 2 41 364.186~132! 46Sc 396.610~1! 0.156~146! 3.234~139! 17.007~134!
46Fe 3 01 350.144~198! 46Ca 398.769~2! 1.408~224! 0.328~215! 13.260~238!
47Mn 3/2 5/22 382.326~99! 47Ti 407.072~1! 0.351~101! 5.237~100! 12.020~100!
47Fe 5/2 7/22 365.973~165! 47Sc 407.254~2! 1.787~211! 1.943~177! 15.571~192!
47Co 7/2 7/22 348.349~231! 47Ca 406.045~2! 21.795(304) 20.387(254) -
48Mn 1 41 397.101~66! 48V 413.904~3! 1.973~68! 6.740~66! 13.579~66!
48Fe 2 01 385.106~132! 48Ti 418.698~1! 2.780~165! 3.131~134! 11.213~148!
48Co 3 61 365.153~198! 48Sc 415.487~5! 20.820(258) 0.967~238! -
48Ni 4 01 348.854~264! 48Ca 415.991~4! 0.505~351! 21.290(330) 15.517~330!
49Fe 3/2 7/22 399.802~99! 49V 425.457~1! 2.701~119! 4.674~100! 12.963~102!
49Co 5/2 7/22 384.184~165! 49Ti 426.841~1! 20.922(211) 1.858~192! -
49Ni 7/2 7/22 365.830~231! 49Sc 425.618~4! 0.677~304! 20.143(284) 17.572~284!
49Cu 9/2 3/22 344.413~297! 49Ca 421.138~4! 24.441(397) 23.936(376) -
50Co 2 61 400.060~132! 50V 434.790~1! 0.258~165! 2.959~148! 16.585~145!
50Ni 3 01 385.693~198! 50Ti 437.780~1! 1.509~258! 0.587~238! 13.585~238!
50Cu 4 51 362.299~264! 50Sc 431.674~16! -3.531(351) -2.854(330) -
50Zn 5 01 340.823~330! 50Ca 427.491~9! 23.590(444) 28.031(423) -
51Co 3/2 7/22 417.864~99! 51Cr 444.306~1! 0.164~116! 4.317~102! 12.868~100!
51Ni 5/2 7/22 401.684~165! 51V 445.841~1! 1.624~211! 1.882~192! 15.398~192!
51Cu 7/2 3/22 382.472~231! 51Ti 444.153~1! 23.221(304) 21.712(284) -
52Co 1 61 432.912~66! 52Mn 450.851~2! 1.398~68! 6.283~66! 14.003~67!
52Ni 2 01 420.478~132! 52Cr 456.345~1! 2.614~165! 2.778~145! 11.652~148!
52Cu 3 31 399.399~198! 52V 453.152~1! 22.285(258) 20.661(238) -
52Zn 4 01 380.321~264! 52Ti 451.961~7! 22.151(351) 25.372(330) -
53Ni 3/2 7/22 435.558~99! 53Mn 462.905~2! 2.646~119! 4.044~100! 12.956~101!
53Cu 5/2 3/22 418.835~165! 53Cr 464.285~2! 21.643(211) 0.971~192! -
53Zn 7/2 7/22 397.948~231! 53V 461.631~3! 21.451(304) 23.736(284) -
54Cu 2 31 434.906~132! 54Mn 471.844~2! 20.652(165) 1.994~148! -
54Zn 3 01 418.605~198! 54Cr 474.004~1! 20.230(258) 21.873(238) 15.519~238!
54Ga 4 31 393.891~264! 54V 467.744~15! 24.057(351) 25.508(330) -
55Cu 3/2 3/22 452.997~99! 55Fe 481.057~1! 20.153(111) 3.701~101! 13.568~100!
55Zn 5/2 5/22 435.071~165! 55Mn 482.071~1! 0.165~211! 20.487(192) 17.144~192!
55Ga 7/2 3/22 414.644~231! 55Cr 480.250~1! 23.961(304) 24.191(284) -
56Cu 1 41 467.899~66! 56Co 486.906~1! 0.552~67! 5.166~66! 15.307~67!
56Zn 2 01 454.214~132! 56Fe 492.254~1! 1.217~165! 1.064~141! 12.903~148!
56Ga 3 31 432.226~198! 56Mn 489.315~1! 22.845(258) 22.680(238) -
56Ge 4 01 412.381~264! 56Cr 488.507~10! 22.263(351) 26.224(330) -
57Zn 3/2 7/22 469.440~99! 57Co 498.282~1! 1.541~119! 2.093~100! 14.461~100!
57Ga 5/2 3/22 451.874~165! 57Fe 499.885~1! 22.340(211) 21.123(192) -
57Ge 7/2 5/22 430.634~231! 57Mn 497.992~3! 21.592(304) 24.437(284) -
58Ga 2 21 468.039~132! 58Co 506.855~2! 21.401(165) 0.140~148! -
58Ge 3 01 451.578~198! 58Fe 509.945~1! 20.296(258) 22.636(238) 15.679~238!
58As 4 31 426.697~266! 58Mn 504.480~30! 23.937(352) 25.529(331) -
59Ga 3/2 3/22 486.040~99! 59Ni 515.453~1! 20.920(111) 1.357~100! -
59Ge 5/2 7/22 468.097~165! 59Co 517.308~1! 0.058~211! 21.343(192) 17.161~192!
59As 7/2 3/22 447.648~231! 59Fe 516.526~1! 23.930(304) 24.226(284) -
60Ga 1 21 500.080~66! 60Cu 519.933~3! 0.080~77! 2.971~66! 14.130~67!
60Ge 2 01 487.127~132! 60Ni 526.842~1! 1.087~165! 0.167~141! 12.171~148!
60As 3 51 465.094~198! 60Co 524.800~1! 23.003(258) 22.945(238) -
61Ga 1/2 3/22 515.179~48! 61Zn 525.223~16! 0.187~49! 5.307~48! 9.262~50!
61Ge 3/2 3/22 501.415~135! 61Cu 531.642~2! 1.335~150! 1.415~141! 12.982~143!
61As 5/2 3/22 484.381~225! 61Ni 534.595~1! 22.746(261) 21.659(246) -
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TABLE III. ~Continued!.

BEtheory BEexpt
analog Sp S2p QEC

AZ Tz Jp ~MeV! AZ-analog ~MeV! ~MeV! ~MeV! ~MeV!

62Ge 1 01 517.720~91! 62Zn 538.119~10! 2.541~102! 2.728~91! 9.664~95!
62As 2 11 499.816~180! 62Cu 540.529~4! 21.599(225) 20.264(192) -
62Se 3 01 484.239~270! 62Ni 545.259~1! 20.142(351) 22.888(301) 14.795~325!
63Ge 1/2 3/22 530.597~110! 63Ga 540.930~100! 2.431~113! 5.374~111! 9.551~148!
63As 3/2 3/22 516.321~135! 63Zn 547.232~2! 21.399(163) 1.142~143! -
63Se 5/2 3/22 499.885~225! 63Cu 551.382~1! 0.069~288! 21.530(262) 15.654~262!
64As 1 01 530.315~90! 64Ga 551.147~4! 20.282(142) 2.149~94! 14.853~266!
64Se 2 01 517.411~180! 64Zn 559.094~2! 1.090~225! 20.309(202) 12.122~201!
65As 1/2 3/22 545.522~46! 65Ge 556.010~10! 20.428(254) 4.592~110! -
65Se 3/2 3/22 531.473~135! 65Ga 563.036~2! 1.158~162! 0.876~174! 13.267~143!
65Br 5/2 1/22 514.580~225! 65Zn 567.020~2! 22.831(288) 21.741(262) -
66Se 1 01 548.091~95! 66Ge 569.290~30! 2.569~105! 2.141~267! 10.087~112!
66Br 2 01 529.780~180! 66Ga 572.176~3! 21.693(225) 20.535(201) -
66Kr 3 01 514.579~270! 66Zn 578.133~2! 20.001(351) 22.832(325) 14.419~325!
67Se 1/2 5/22 560.882~110! 67As 571.610~100! 1.922~125! 4.872~110! -
67Br 3/2 1/22 546.355~135! 67Ge 578.398~5! 21.736(165) 0.833~143! -
67Kr 5/2 1/22 529.935~225! 67Ga 583.403~2! 0.155~288! 21.538(262) 15.638~262!
68Br 1 31 560.365~135! 68As 581.910~100! 20.517(174) 1.405~147! -
68Kr 2 01 547.668~180! 68Ge 590.792~6! 1.313~225! 20.423(204) 11.915~225!
68Rb 3 11 526.980~270! 68Ga 591.680~2! 22.955(351) 22.800(325) -
69Br 1/2 3/22 575.737~54! 69Se 586.620~30! 20.663(305) 4.127~114! -
69Kr 3/2 5/22 561.477~138! 69As 594.180~30! 0.075~193! 20.442(176) 14.515~148!
70Rb 2 41 559.398~187! 70As 603.520~50! 21.042(232) 20.967(230) -
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gion 46<A<69. The table lists the experimental bindin
energy of the neutron-rich analog, the predicted binding
ergy, and one- and two-proton separation energies, as we
the Q value for electron capture (QEC). The ground-state
spins were taken from Ref.@25# and are also listed in the
table. Wherever available, experimental binding energ
tabulated in Ref.@9# were used in conjunction with theore
ical values to computeQEC and the separation energies.

In addition to the nuclei listed in Table III, predictions fo
the ‘‘Coulomb’’ energy differences for the theT51/2,
A569 isodoublet and theT51, A570 isotriplet, for which
the binding energy of the neutron-rich member has not
been measured experimentally, are given in Table IV. T
theoretical uncertainties forA570 include an uncertainty o
20 keV in thec coefficient of Eq.~1!.

Shown in Fig. 2 is a comparison of the binding energ
reported here with those from three other theoretical stud
This comparison is illustrated by the differenc
DBE5BE~this work!2BE~other work!, which is plotted in
the figure as a function of mass number, with the order
the same as in Table III. The error bars plotted atDBE50

TABLE IV. Predictions for the ‘‘Coulomb’’ energy difference
for theT51/2, A569 andT51, A570 nuclei.

ZA2Z21A Jp DBE ~MeV!

69Br-69Se 3/22 210.883(45)
70Kr-70Br 01 211.241(50)
70Br-70Se 01 210.801(50)
-
as

s

t
e

s
s.

g

represent the theoretical uncertainty of the binding energ
listed in Table III. The open circles show the compariso
with the previous shell-model calculations of Ormand in Re
@7# (A<48) and the open triangles the comparison with th
binding energies of Cole in Ref.@8# (A<52), while the solid
squares represent the comparison with the binding energ
obtained from the unified macroscopic-microscopic model

FIG. 2. Difference between absolute binding energies listed
Table III with those of Mo¨ller and Nix @5# ~solid squares!, Ormand
@7#, and Cole@8# ~open triangles!. The error bars atDBE50 denote
the theoretical uncertainty of the binding energies listed in Tab
III.
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Möller and Nix @5# (46<A<70). While the results of Refs
@7, 8# are in agreement with those reported here, those
Möller and Nix are in severe disagreement for some nuc
The origin of these differences is twofold. First, in th
Möller-Nix study, the Coulomb energy difference betwe
analog nuclei is considerably smaller than in this work. T
is illustrated in Fig. 3, where theb coefficients for the nucle
listed in Table III~open triangles! are plotted as a function o
A in comparison with those derived from the Mo¨ller-Nix
masses~solid squares!. In the mass region 52<A<64 the
Möller-Nix b coefficients are generally 100–200 ke
smaller than those determined here. In addition, the Mo¨ller-
Nix b coefficients are also in disagreement experimen
trends, as is evidenced by the59Zn-59Cu binding energy dif-
ferences, where the Mo¨ller-Nix b coefficient is 9.683 MeV,
which is 200 keV smaller than the experimental value
9.881~40! MeV @9#. The second reason for the large d
agreement in Fig. 2 can be attributed to poor reproduction
the mass of the neutron-rich analog nucleus. For exam
the Möller-Nix 59Cu mass excess is254.8 MeV, which is in
considerable disagreement with the experimental value
256.3515(17) MeV tabulated in Ref.@9#.

Also shown in Fig. 3 is a comparison between the th
reticalb coefficients and the systematic trends expected fr
the liquid-drop model of Eq.~9! ~solid line! and the fit of Eq.
~10! ~dashed line!. For the most part, the shell-modelb co-
efficients derived from the nuclei listed in Table III are
good agreement with the fitted parametrization of Eq.~10!,
although they tend to be somewhat smaller than the sys
atic trend in the regionsA,50 andA.66. Note that for
A,50, this is a continuation of the trend for experimen
data as is observed in Fig. 1 for 40<A<50.

FIG. 3. Dependence of theoreticalb coefficients for nuclei listed
in Table III ~open triangles! as a function of mass numberA. For
comparison, the b coefficients derived from the unified
microscopic-macroscopic model of Mo¨ller and Nix @5# are also
shown ~solid squares!. The systematic behavior as expected fro
Eqs. ~9! and ~10! is represented by the solid and dashed lines,
spectively.
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As a further illustration of the systematic trend for th
Coulomb energy shifts, we examine the half-lives for t
Fermi transition between analogJp501, T51 states in
N5Z, odd-odd nuclei withA562, 66, and 70. The partia
half-life for theb decay from the parent ground state to t
i th state in daughter nucleus is given by

t1/2
i 5

K

GV
2 uMo→ i u2f o→ i

, ~22!

whereK52p3(ln 2)\7/(me
5c4) andK/GV

25617064 s @28#.
The statistical rate functionf o→ i depends on the beta end
point energy and here it is evaluated using Eq.~10! of Ref.
@7#. For a pure Fermi transition betweenT51 analog states
the transition matrix elementMo→ i is given by
A2(12dC), wheredC is a small correction due to isospin
symmetry breaking. Recent calculations@22# indicate that for
these nucleidC is expected to be of the order 1–2 %, and f
the purpose of comparing with experimental data, will
taken to be equal to 1.5%. In general, Gamow-Teller tran
tions to excited states may also take place, and would ten
decrease the total beta-decay half-life. However, not only
the matrix elements for these transitions much smaller t
for the Fermi transition, but since they occur to states in
daughter nucleus at a higher excitation energy, the statis
rate function is also much smaller. Hence, to a good appr
mation, the beta decay of these nuclei may be taken to
pure Fermi. Listed in Table V are the predictedQ values for
electron capture as well as a comparison between the ex
mental@24,29,30# and predicted beta-decay half-lives. Give
the fact that the statistical rate function strongly depends
the beta end-point energy~to the fifth power!, the excellent
agreement between the experimental and predicted b
decay half-lives for all three nuclei is a good indication th
the overall systematic behavior of the Coulomb energy d
ferences is well reproduced here.

This section is concluded with a discussion on65As,
which is important from an astrophysical point of view. B
cause of the long beta-decay half-life for64Ge, if 65As were
significantly proton unbound,64Ge would then become a
‘‘waiting point’’ in the rp process and would inhibit the
production of heavier elements. If, however, the half-life
65As is dominated by beta decay, therp process will proceed
through 65As primarily by proton capture to66Se, although
photodisintegration may begin to play an important role
65As is proton unbound@31#.
From Table III, 65As is found in this work to be unbound

to proton emission by 0.428~254! MeV, with most of the

-

TABLE V. Comparison between experimental and predict
beta-decay half-lives for odd-odd,N5Z Fermi transitions. The pre-
dictedQEC-value is also given.

ZA QEC ~MeV! t1/2 ~ms! t1/2
expt ~ms!

62Ga 9.191~50! 115~2! 116.1~2!a

66As 9.592~50! 94~2! 95.8~2!b

70Br 10.019~50! 76~3! 79.1~8!c

aFrom Ref.@29#.
bFrom Ref.@24#.
cFrom Ref.@30#.
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uncertainty due to the uncertainty in the binding energy
64Ge ~0.250 MeV!. On the other hand,65As has been ob-
served experimentally@32# with a beta-decay half-life of
190270

1110 ms. From the fact that no protons were observed
the stopping detector during this experiment, it may be
ferred that the partial half-life for proton emission is signi
cantly longer and must be greater than 1 s. The partial h
life for proton emission may be estimated using the WK
approximation, which is outlined in some detail in the ne
section@see Eq.~23!# and, in particular for proton emission
in Ref. @33#. A shell-model calculation within thef p shell
assuming a closed 0f 7/2 orbit and the FPD6* interaction
yields 0.13 for the spectroscopic factoru2. Using the poten-
tial parameters of Ref.@33#, a partial half-life for proton
emission longer than 1 s requires the one-proton separati
energy to be greater than20.23 MeV, which is in agree-
ment with the value given in Table III. Because of the e
treme sensitivity on the separation energy, however, it m
never be possible to give a reasonable prediction for the
tial half-life for proton emission without explicitly measurin
the masses for both64Ge and65As. With the present uncer
tainty of 0.254 MeV, a range of 16 orders of magnitude
found for the half-life, i.e., between 1.4310212 and
1.63104 s. On the other hand, supposing that the bind
energy of 64Ge could be measured to within a few keV,
theoretical uncertainty of;50 keV remains for65As, which
for a separation energy of20.2 MeV leads to a range o
nearly four orders of magnitude in the proton partial ha
life.

IV. IDENTIFICATION OF CANDIDATES
FOR DIPROTON EMISSION

In this section, the partial half-lives for diproton emissio
are examined, with the intention of identifying candidat
amenable to experimental detection while taking into
count theoretical uncertainties. As was mentioned in the
troduction, the range of observable lifetimes for diprot
emission is limited by competing decay mechanisms and
perimental setups. In general, all candidates for dipro
emission have largeb end points, and as a consequence,
b-decay half-lives are expected to be of the order of 1–1
ms @7#. Also, in several experiments, such as in Ref.@3#, the
initial nucleus must live long enough to be identified. In th
case, the limiting time is determined by the time of flight
the experimental apparatus. In general, these two condit
impose a practical limit on the observable half-life for dipr
ton emission to be in the range 1028–1023 s.

In Refs. @6, 7#, the diproton decay half-lives were est
mated usingr -matrix theory@34# while taking the channe
radiusR0 to be 4 fm for all cases. In contrast, in Ref.@27# the
half-life for 48Ni was estimated using the Wentzel-Krame
Brillouin ~WKB! approximation. Because of uncertainti
associated with the choice of the channel radius, the W
approximation for the diproton decay half-life will be use
here. Following Ref.@27#, the WKB expression for the par
tial decay width is

G2p5u2N
\2

4m
expF22E

r in

rout
drk~r !G , ~23!

whereu2 is the spectroscopic factor for finding the diproto
in the correlatedL50 state,m is the reduced mass,r in and
r
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r out are the classical inner and outer turning points, resp
tively, the normalization factorN is determined by

NE
0

r in
dr

1

k~r !
cos2F E

0

r

dr8k~r 8!2
p

4 G51, ~24!

andk(r ) is the wave number given by

k~r !5A2m

\2

m* ~r !

m
uQ2p2V2p~r !u. ~25!

In Eq. ~25!, the asymptotic energy of the diproton
Q2p52S2p , V2p(r ) is the average diproton potential, an
m* (r )/m is the proton effective mass. As in Ref.@27#,
V2p(r ) is approximated by 2Vp(r ), whereVp(r ) is the self-
consistent proton potential for the (Z22,N) nucleus ob-
tained from a Hartree-Fock or a Hartree-Fock-Bogoliub
calculation. Here, the half-lives were computed usi
Hartree-Fock potentials using a Skyrme-type two-body int
action. It was found that the various Skyrme interactio
give half-lives that are in agreement to within a factor of
and the results reported here were obtained using the Sky
M* interaction. In addition, the half-lives computed usin
Eq. ~23! were found to be approximately an order of mag
tude shorter than those obtained using ther -matrix represen-
tation with R054 fm ~as was used in Refs.@6, 7#!. On the
other hand, if the channel radius is chosen to be equal to
classical inner turning point,r in , the r -matrix approach
yields half-lives that are within a factor of 2 of the WKB
method.

The spectroscopic factoru can be evaluated within the
framework of the shell model. For diproton emission t
spectroscopic factor can be estimated using the clus
overlap approximation@35#, namely,

u25G2@A/~A2k!#lu^C f uccuC i&u2, ~26!

wherek, l, andG2 are parameters dependent on the mo
space and the emitted cluster, andcc is a two-proton cluster
wave function in which the relative motion of the particles
governed by the 0S state, and is obtained by diagonalizin
an SU~3!-conserving interaction within the shell-model co
figuration space@35#.

Of all the quantities in Eq.~23!, the diproton decay rate is
most sensitive to the two-proton separation energyS2p . In-
deed, it was illustrated in Ref.@7# that an uncertainty of
6100 keV in a separation energy of the order 500 keV c
lead to a range of nearly six orders of magnitude in
diproton decay half-life. In contrast, the spectroscopic fact
are expected to be of the order of 0.5–0.75@6#, and should
not lead to any more than an order-of-magnitude decreas
the decay rate~increase in the half-life!. Given that the the-
oretical uncertainties in the separation energy for each of
diproton emitters considered in this work are all greater th
175 keV, an accurate estimate of the spectroscopic facto
not needed in order to obtain an order-of-magnitude estim
of the diproton half-life for the purpose of identifying th
best candidates for experimental observation. Hence, the
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TABLE VI. Half-lives for diproton emitter candidates. Also listed are the theoretical predictions for the one- and two-proton sep
energies.

AZ Sp ~MeV! S2p ~MeV! t1/2 ~s! t1/2
min ~s! t1/2

max ~s!

Ref. @7#
38Ti 0.438~164! 22.432(132) 9310216 4310216 2310215

45Fe 20.010(198) 21.279(181) 1026 1028 1024

48Ni 0.502~164! 21.137(210) 331023 1025 4
This work

48Ni 0.505~351! 21.290(330) 431026 531029 0.09
49Ni 0.677~304! 20.143(284) 331049 631014 `
55Zn 0.165~211! 20.487(192) 531014 23109 331030
59Ge 0.058~211! 21.343(192) 1023 1025 0.3
63Se 0.069~288! 21.530(262) 631025 331027 531022

64Se 1.090~225! 20.309(202) 531032 631017 431079
66Kr 20.001(351) 22.832(325) 3310212 2310213 6310211

67Kr 0.155~288! 21.538(262) 231023 1025 0.2
68Kr 1.313~225! 20.423(204) 331024 831013 531049
69Kr 0.075~193! 20.442(176) 231023 231014 1040
r
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times reported here are evaluated assumingu251 with the
understanding that they are probably too short by a facto
2–4.

Listed in Table VI are the half-lives (t1/25\ ln 2/G2p)
associated with diproton emission for all nuclei in Table
that are predicted to be unstable to two-proton emiss
while being bound to proton emission. Also, for the purpo
of comparison, the half-lives for38Ti, 45Fe, and48Ni given
in Ref. @7# are also listed in the table. Given the practic
limitations on the half-life for the experimental observati
of this decay mode, the best candidates are45Fe, 48Ni, and
63Se. Of these three, perhaps the best is45Fe since it is likely
that it has already been identified experimentally@3#. On the
other hand, both59Ge and67Kr have half-lives that are long
enough to make them marginal candidates for experime
observation.

V. CONCLUSIONS

In this work, Coulomb energy differences between mir
nuclei with 46<A<70 were computed within the framewor
of the nuclear shell model using an effective Coulomb p
isotensor interaction. Absolute binding energies for prot
rich nuclei are predicted by adding the Coulomb energy
ferences to the experimental binding energy of the neutr
rich analog. With these binding energies, proton separa
energies are computed, and the location of the proton
line is delineated.

The computed Coulomb energy differences were a
compared with systematic trends predicted by the liquid-d
model and a fit to experimentalb coefficients assuming a
A2/3 dependence. It was found that the shell-model calcu
tions were in good agreement with the systematic tren
except forA<50 andA>66. As a further test on the sys
tematic trend of the shell-model Coulomb shifts, half-liv
for the Fermi transitions in odd-odd,N5Z nuclei with
A562, 66, and 70 were computed and found to be in ex
lent agreement with experimental data. The shell-mo
binding energies predicted here were also compared
of
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three previous works. While the results of Ormand@7# ~only
for A<48! and Cole@8# ~only for A<52! are in good agree-
ment with those reported here, those of Mo¨ller and Nix @5#
are not. It was found that the disagreement with the Mo¨ller-
Nix masses is due to differences in both the Coulomb ene
shifts and the binding energy of the neutron-rich analog.
the most part, the data presented in Fig. 1 are the only
that are explicitly sensitive to a parametrization of the Co
lomb energy. Given the importance of analog symmetry a
the overall success of the IMME, any global parametrizat
of binding energies should include a proper description
the Coulomb energy differences. Towards this end, perh
the best approach is to determine the parameters o
microscopic-macroscopic model using the neutron-rich bi
ing energies, while fixing the parameters of the Coulom
plus isovector part so as to reproduce the Coulomb ene
shifts between mirror nuclei. Even in this limit, however,
has to be noted that the systematic parametrization is cap
of reproducing the experimentalb coefficients of the IMME
only at the level of approximately 100 keV.

Finally, two-proton separation energies were also co
puted, and half-lives associated with correlated dipro
emission were computed using the WKB approximatio
Given practical constraints on the half-life for the observ
tion of this decay mode imposed by competition with be
decay and experimental setups, the best candidates fo
perimental observation are predicted to be45Fe, 48Ni, and
63Se.
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