
PHYSICAL REVIEW C, VOLUME 63, 024311
Ground-state properties and spins of the oddZÄN¿1 nuclei 61GaÀ97In
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Binding energies, quadrupole deformation parameters, spins, and parities of the neutron-deficient oddZ
5N11 nuclei in theA;80 region are calculated in the relativistic mean field approximation. The ground-state
and low-lying configurations of the recently observed77Y, 79Zr, and 83Mo nuclei are analyzed. The calculated
results are compared with other theoretical predictions.
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I. INTRODUCTION

BeyondZ'20 the stability of nuclei requires additiona
neutrons because of the Coulomb repulsion among pro
and the most stable nuclei are those withN.Z @1#. How-
ever, a large number of nuclei are possible whoseN and Z
numbers differ considerably from this line ofb stability. The
properties of light systems near the limits of stability
proton/neutron-rich nuclei have attracted considerable
perimental and theoretical attention@2–7#. The availability
of radioactive beams in various laboratories will likely pr
vide much intriguing experimental information on the stru
ture and reactions of these nuclei. The discovery of n
isotopes@3# has opened a new path of nucleosynthesis
rapid proton capture@5#. Similarly, the discovery of new
neutron-rich nuclei near the drip line is important to und
stand the rapid neutron capture process in accreting st
systems@8#.

In the region ofA;80, nuclei with nearly equal number
of protons and neutrons are of fundamental interest and
now be studied using radioactive beams@9#. The structural
properties of these nuclei are strongly determined by
formed shell gaps in the nuclear single-particle poten
@10#. The deformation properties of these nuclei change d
matically by addition or removal of one or two nucleo
@11,12#. The nucleon numbers (N or Z) 36 and 38 have bee
identified with highly deformed oblate@13# and prolate
@11,14# shell gaps, respectively. Recently, the very neutr
deficientZ5N11 (Tz521/2) nuclei 77Y, 79Zr, and 83Mo
have been observed@4#. The deformation properties of thes
nuclei and the energies of the last occupied single-part
state of the odd proton are very crucial from stability a
astrophysical points of view.

Wallace and Woosley@15# have conjectured a rapid pro
ton capture process in accreting matter that provides a
for synthesizing very neutron-deficient nuclei close to
proton drip line in theA'60280 region@16#. In this case
the asymmetry energy is relatively unimportant because
the near equality ofZ and N. The existence of these ne
highly neutron-deficient isotopes stems from a delicate b
ance between the attractive nuclear force and the repu
electrostatic force in atomic nuclei. On average, the nuc
force is attractive between a proton and a neutron and
attractive between two protons or two neutrons. Thus ther
a limit to the excess number of protons over neutrons, or v
0556-2813/2001/63~2!/024311~7!/$15.00 63 0243
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versa, one can have in a nucleus. This situation is furt
aggravated by the electromagnetic Coulomb repuls
among protons which strives to break the nucleus apart.
limits to the number of protons/neutrons are known as
proton/neutron drip lines. Due to the increasing importan
from both the experimental and theoretical sides of the m
regionA;80, it is worthwhile to investigate the ground-sta
properties and spin of these nuclei, which is the prime aim
this work.

The article is organized as follows. Section II is devot
to some basic points of the relativistic mean field~RMF!
calculations. We present our results obtained by vari
RMF parameter sets in Sec. III. Finally, the summary a
concluding remarks are given in Sec. IV.

II. CALCULATIONS

We shall calculate the deformation properties and
single-particle energies and spins of the last occupied pro
states for oddZ5N11 systems using an axially deforme
relativistic mean field~RMF! formalism @17,18#. From the
relativistic Lagrangian we get the field equations for t
nucleons and the mesons. These equations are solved b
panding the upper and lower components of the Di
spinors and the boson fields in a deformed oscillator ba
with an initial deformationb0 . NF512 andNB520 oscilla-
tor shells are used as the expansion basis for the fermion
boson fields@17#. The set of coupled equations is solve
numerically by a self-consistent iteration method. T
center-of-mass motion is estimated by the usual harmo
oscillator formula. We evaluate the one-proton separat
energy (Sp) from the binding energies of the two neighbo
ing nuclei withZ andZ21 protons@1#:

Sp~N,Z!5B~N,Z!2B~N,Z21!, ~1!

whereB(N,Z) is the binding energy for neutron numberN
and proton numberZ. The quadrupole deformation param
eter b2 is evaluated from the resulting quadrupole mome
@17#.

Our calculations will be performed with the NL1@19#,
NL-SH @20#, TM1 @21#, and NL3 @22# parameter sets. The
predictive power of these parametrizations is well kno
and some examples can be found, e.g., in Ref.@23# and ref-
erences quoted therein. It is to be noted that the RMF par
©2001 The American Physical Society11-1
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eter sets are determined by fitting nuclear matter proper
neutron-proton asymmetry energies, root-mean-square
and binding energies of some spherical nuclei. Then, the
no further adjustment to be made in the parameters of
Lagrangian. The NL1 set was preferred in early calculatio
@24#. However, it does not describe well the neutron s
thickness of neutron-rich nuclei due to a very large asymm
try energy, and predicts relatively large quadrupole deform
tions near the neutron drip line@20#. To cure these deficien
cies, data on neutron radii were included in the fit of t
parameters of the NL-SH interaction. An interesting feat
of the TM1 parametrization@21# is that in this set the sign o
the quartic scalar self-coupling is positive~contrary to NL1,
NL-SH, and NL3!. This could be achieved by introducing
quartic self-interaction of the vector field in the effectiv
force. In general the quality of the results reproduced
TM1 is not superior to the standard nonlinear sets and it
not been much used in the literature. The relatively new
rameter set NL3 is considered to be very successful and t
is confidence that it can be used fruitfully for the investig
tion of new regions of nuclear stability.

The calculation of odd-even and odd-odd nuclei in
axially deformed basis is a tough task in the RMF model.
take care of the lone odd nucleon one has to violate tim
reversal symmetry in the mean field. In the present st
only the timelike componentsV0 , b0 , andA0 of the v, r,
and photon fields are retained. The space component
these fields~which are odd under time reversal and pari!
are neglected. They are important in the determination
properties like magnetic moments@25#, but have a very smal
effect on bulk properties like binding energies or deform
tions and can be neglected to a good approximation@30#. In
our calculation of odd nuclei we employ the blocking a
proximation, which restores the time-reversal symmetry.
this approach one pair of conjugate states6m is taken out of
the pairing scheme. The odd particle stays in one of th
states and its corresponding conjugate state remains em
In general one has to block in turn different states around
Fermi level to find the one which gives the lowest ener
configuration of the odd nucleus. In odd-odd nuclei~which
will be needed in our calculations of separation energies! we
have blocked both the odd proton and the odd neutron.

For known nuclei close to or not too far from the stabili
line, the Bardeen-Cooper-Schrieffer~BCS! approach pro-
vides a reasonably good description of the pairing propert
However, in going to nuclei in the vicinity of the drip line
the coupling to the continuum becomes important. It h
been shown that the self-consistent treatment of the B
approximation breaks down when coupling between bo
states and states in the continuum takes place@26#. For most
of the very neutron-deficient nuclei of our study odd-ev
mass differences are not measured and little is known a
the precise effect of the pairing interaction. It is expected t
for odd-even nuclei the effects of pairing are considera
decreased@1#. In the present investigation we have chosen
use a BCS formalism with a small constant pairing streng
namelyDn5Dp50.5 MeV. This value of the gaps contrib
utes very little to the total binding~unless the pairing gap i
02431
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varied considerably our results remain unchanged!. This type
of prescription has already been adopted in the past@27#.

Certainly, for properties like radii of halo nuclei that se
sitively depend on the spatial extension of the nucleon d
sities a more proper treatment of the continuum could
crucial, e.g., by means of the relativistic Hartree-plu
Bogoliubov ~RHB! approach@28–30#. In this model the
wave functions of the occupied quasiparticle states have
correct asymptotic behavior. Results of RHB and RMF-BC
calculations have been compared in Ref.@7# for neutron-rich
nuclei in the deformedN528 region. The two models hav
been found to predict almost identical binding energies a
similar quadrupole deformations, though they differ sign
cantly in the calculated rms radii~they turn out to be larger
in the RMF-BCS model!. A recent RHB study of deformed
odd-Z proton emitters in the 53<Z<69 region using the
NL3 set has been published in Ref.@30#. For the lightest
isotopes107I, 108I, and 109I reported in Table I of that work,
the odd valence proton occupies a@422#3/21 Nilsson orbital
~see below for notation! and the ground-state quadrupole d
formations areb250.15, 0.16, and 0.16, respectively. F
comparison we have performed the calculations with
model and find the same@422#3/21 orbital for the three iso-
topes and deformationsb250.17, 0.18, and 0.19, respec
tively, in rather good agreement with the more sophistica
RHB method.

III. RESULTS AND DISCUSSION

We now discuss the results of our RMF calculations
the neutron-deficient nuclei61Ga, 65As, 69Br, 73Rb, 77Y,
81Nb, 85Tc, 89Rh, 93Ag, and 97In, i.e., the odd-proton,Tz
521/2 nuclei in the interval 31<Z<49 with Z5N11. For
a given nucleus the solution with the largest binding ene
corresponds to the ground-state configuration and the o
solutions are the excited intrinsic states. In the present ca
lations we find two or three different solutions for most
the isotopes, each solution differing in the deformation fro
the others. All the solutions are often close in energy w
one another, and sometimes they are nearly degenerat
the case of finding almost degeneracy there is some un
tainty in the determination of the ground-state solution
change in the inputs of the calculation~e.g., the paramete
\v541A21/3 MeV! may alter the prediction for the ground
state shape. The low-lying excited solutions can be in
preted as solutions with coexisting shapes. The shape c
istence nature in theA;80 region has been reported in Ref
@31,32#.

In Tables I–III we present our RMF results for the bin
ing energy and the quadrupole deformation parameterb2.
We also list the single-particle energyep of the blocked state,
occupied by the odd proton, as well as its Nilsson state
belings @Nn3L#Vp (Vp being the spin and parity of the
orbit; for spherical solutions we use spherical quantum nu
bers!. For these odd-mass nuclei the spin of the odd nucl
is the resultant spin of the nucleus. In the tables we a
display results of microscopic-macroscopic~MM ! mass
models for comparison. The values from the tabulation
Ref. @33#, based on the finite-range droplet model and fold
1-2
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Yukawa single-particle potential, will be labeled by MM
The microscopic-macroscopic calculations described in R
@4# ~mass formula plus Strutinsky correction! will be labeled
by MMb.

The RMF calculations predict a moderate prolate an
moderate oblate solution for the61Ga, 65As, and69Br nuclei
~Table I!. The ground-state shape of61Ga is prolate in all the
four RMF parameter sets, and the quadrupole deforma
parameterb2;0.22 reproduces very well the value of th
microscopic-macroscopic MMa model. The ground-st
spin is 1/22 according to NL1 and 3/22 according to NL-SH,
TM1 and NL3. The last odd proton is bound by21,
20.9, 21.6 and20.9 MeV, respectively. The MMa mode
proposes a spin of 1/22 for 61Ga, in agreement with the NL1
prediction. It is to be noted that sometimes there are sev
levels near the Fermi surface available to the odd pro
Then we blocked those levels in turn and chose the solu

TABLE I. RMF results for the binding energy (B), the quadru-
pole deformation parameter (b2), and the single-particle energyep

and Nilsson orbit@Nn3L#Vp of the state occupied by the odd pro
ton are shown for the nuclei61Ga, 65As, and 69Br. Results of
microscopic-macroscopic~MM ! mass models are also given: MM
is from Ref. @33# and MMb is from Ref.@4#. The energies are in
MeV.

Set ep @Nn3L#Vp b2 B

61Ga NL1 21.06 @310#1/22 0.21 513.7
22.17 @301#1/22 20.13 511.6

NL-SH 20.91 @312#3/22 0.22 513.1
21.50 @301#3/22 20.18 510.5

TM1 21.61 @312#3/22 0.23 512.0
22.16 @301#3/22 20.20 509.9

NL3 20.89 @312#3/22 0.23 511.3
21.88 @301#3/22 20.19 508.4

MMa 1/22 0.21

65As NL1 22.21 @312#3/22 0.24 542.7
22.99 @301#1/22 20.25 542.4

NL-SH 21.39 @310#1/22 0.23 541.9
22.23 @301#1/22 20.23 540.9

TM1 21.95 @310#1/22 0.24 543.1
22.78 @301#1/22 20.25 542.5

NL3 21.95 @310#1/22 0.24 540.2
22.56 @301#1/22 20.24 539.9

MMa 3/22 0.23

69Br NL1 20.94 @404#9/21 20.29 575.5
20.78 @301#3/22 0.21 574.2

NL-SH 21.52 @404#9/21 20.28 573.1
20.35 @431#1/21 0.28 571.6

TM1 21.21 @404#9/21 20.29 575.7
20.44 @303#5/22 0.22 574.3

NL3 21.23 @404#9/21 20.29 572.5
20.20 @431#1/21 0.28 570.9

MMa 9/21 20.32
MMb @404#9/21 20.25
02431
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which corresponds to the maximum binding. However,
also noticed that two~or more, typically in spherical configu
rations! different blocked solutions may be very close in e
ergy and deformation. In such cases it is difficult to select
ground-state solution. For example, this situation arises
the prolate shape of61Ga with the NL3 set. We find a bind
ing energy of 511.27 MeV (b250.225) when we block the
@312#3/22 level, whereas the binding energy is 511.03 Me
(b250.228) when the level@310#1/22 is blocked. In the
tables we present the result which corresponds strictly to
maximum binding. In the65As nucleus the prolate and obla
solutions have very similar energies. Excepting NL1 whe
the prolate shape has a 3/22 spin, the spin of both solutions

TABLE II. Same as Table I for73Rb, 77Y, and 81Nb.

Set ep @Nn3L#Vp b2 B

73Rb NL1 20.74 @413#7/21 20.35 605.0
22.23 @431#3/21 0.42 604.1

NL-SH 21.05 @413#7/21 20.34 604.7
22.34 @431#3/21 0.41 602.6

TM1 20.73 @404#7/21 20.35 605.8
21.83 @431#3/21 0.42 603.4

NL3 20.87 @413#7/21 20.35 602.9
22.16 @431#3/21 0.42 601.4

MMa 3/21 0.37
MMb @312#3/22 0.42

77Y NL1 21.01 @422#5/21 0.49 638.0
21.35 @330#1/22 20.08 637.7

NL-SH 21.22 @422#5/21 0.47 636.9
21.15 @404#9/21 20.14 631.4
21.29 p1/2 0.00 630.2

TM1 20.67 @404#9/21 20.14 636.9
21.89 p1/2 0.00 636.4
20.67 @422#5/21 0.49 635.7

NL3 21.00 @422#5/21 0.48 635.1
20.84 @404#9/21 20.15 632.6
21.90 p1/2 0.00 631.9

MMa 5/21 0.42
MMb @422#5/21 0.43

81Nb NL1 0.04 @404#9/21 20.02 670.6
21.25 @413#7/21 20.21 668.1
20.42 @431#1/21 0.53 667.8

NL-SH 20.02 @431#1/21 0.52 667.1
21.63 @413#7/21 20.20 663.8
20.43 @404#9/21 20.02 660.4

TM1 0.11 @404#9/21 20.02 667.6
21.11 @413#7/21 20.20 667.3
20.99 @431#1/21 0.55 664.9

NL3 20.26 @431#1/21 0.53 664.7
21.34 @413#7/21 20.20 663.7
20.07 @404#9/21 20.02 663.5

MMa 1/21 0.46
MMb @431#1/21 0.44
1-3
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is 1/22. The ground state corresponds to the prolate sh
with a deformationb2;0.23 as in the MMa model. The
MMa spin is 3/22, as with NL1. For the ground state of69Br
the Nilsson orbital occupied by the odd proton is@404#9/21

in the four relativistic sets, which agrees with the MMa@33#
and MMb@4# calculations. The RMF suggests an oblate69Br
ground state with a deformationb2 around20.29, similarly
to the MM models.

For 73Rb, 77Y, and 81Nb ~Table II! we find different so-
lutions that often have close binding energies. In detail,
the 73Rb nucleus the most bound solution is oblate (b2;
20.35) and the proposed spin is 7/21 in all the parameter
sets. The MM models, however, predict a prolate shape w
b2;0.4 and spin 3/21 ~MMa! or 3/22 ~MMb!, which agrees
better with the RMF prolate solution. For77Y we find a large

TABLE III. Same as Table I for85Tc, 89Rh, 93Ag, and 97In.

Set ep @Nn3L#Vp b2 B

85Tc NL1 20.93 @413#5/21 20.22 699.6
21.27 @431#3/21 0.09 699.3

NL-SH 21.24 @413#5/21 20.22 696.9
20.40 @301#3/22 0.31 694.6

TM1 20.71 @413#5/21 20.22 698.1
21.06 @431#3/21 0.09 696.0

NL3 20.98 @413#5/21 20.22 695.6
21.35 @431#3/21 0.09 692.6

MMa 3/21 0.05
MMb @422#5/21 20.25

89Rh NL1 21.30 @422#5/21 0.16 733.0
20.46 @411#3/21 20.22 730.1

NL-SH 20.62 @411#3/21 20.20 728.7
21.25 @310#1/22 0.21 726.2

TM1 21.04 @422#5/21 0.15 728.4
20.10 @411#3/21 20.21 727.6

NL3 21.33 @422#5/21 0.15 726.3
20.40 @411#3/21 20.21 726.2

MMa 5/21 0.05
MMb g9/2 0.01

93Ag NL1 21.01 @413#7/21 0.15 766.4
21.38 @411#3/21 20.08 763.7

NL-SH 21.47 @413#7/21 0.14 760.6
20.66 @411#1/21 20.18 759.4

TM1 20.82 @413#7/21 0.14 760.8
21.14 @411#3/21 20.08 758.5

NL3 21.09 @413#7/21 0.14 759.9
20.47 @411#1/21 20.18 755.8

MMa 7/21 0.05

97In NL1 21.01 @404#9/21 0.08 800.2
NL-SH 21.46 @404#9/21 0.07 796.2
TM1 20.84 @404#9/21 0.08 793.4
NL3 21.10 @404#9/21 0.08 793.8
MMa 9/21 0.05
02431
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prolate deformation in the ground state, with the exception
TM1 that predicts an oblate ground-state shape. Apart fr
the case of NL1, we also find a spherical 1/22 (p1/2) con-
figuration that appears as an excited state, though for TM
coexists with the oblate ground state. In TM1 the prola
solution lies at an excitation energy of about 1 MeV. Igno
ing this energy difference, then@422#5/21 is the last proton
orbit of 77Y in all the parameter sets which is supported
the MM predictions. Comparing the various solutions f
81Nb, we find that NL1 gives a nearly spherical 9/21 ground
state, NL-SH and NL3 predict a highly prolate 1/21 ground
state~like the MM models! and TM1 gives coexistent oblat
and almost spherical 9/21 shapes.~Actually, configurations
of spin 7/21, 5/21, 3/21, and 1/21 with nearly zero defor-
mation are found lying at energies very close to that of
9/21 configuration and all them originate from the spheric
g9/2 shell.! If we take into account that the RMF calculatio
has some uncertainty, or the increase in binding after p
forming angular momentum projection calculations~which is
particularly sizable for solutions with a large deformatio
@32#!, and assuming the highly deformed shape as the gro
state, then the Nilsson orbit of the last occupied proton
@431#1/21 in accordance with the microscopic-macroscop
calculations. The single-particle energy of the valence pro
in the spherical state of81Nb with the NL1 and TM1 sets is
positive. In such a case the system is unstable against pr
emission and we have included these solutions only for co
pleteness.

The RMF sets yield an oblate ground state for85Tc ~Table
III !, with b2520.22 and a Nilsson orbit@413#5/21 for the
last occupied proton. There appears a nearly spherical 31

configuration, which for NL1 is degenerate in energy w
the oblate shape. The MMa and RMF predictions do
agree, the latter being closer to the MMb solution. T
ground-state shape and the Nilsson orbit are parameter
pendent for the89Rh nucleus~Table III!. NL1 suggests a
b250.16 solution of spin 5/21, similarly to MMa, NL-SH
points to ab2520.20 shape of spin 3/21, and for TM1 and
NL3 the prolate and oblate solutions nearly have the sa
energy. The MMb model favors a spherical configuratio
We find low-lying prolate and oblate solutions for93Ag. The
oblate solution is close to sphericity in the case of NL1 a
TM1. The ground-state corresponds to a@413#7/21 orbit
with a b2;0.14 deformation. The RMF parameter sets p
dict nearly spherical solutions for the97In nucleus, due to
approaching theZ550 magic number. For both93Ag and
97In, the RMF and MMa proposed ground states comp
well.

Next we analyze the results for the recently observedZ
5N11, Tz521/2 nuclei 77Y, 79Zr, and 83Mo. The prop-
erties of77Y have already been presented earlier and thos
79Zr and 83Mo are displayed in Table IV. In79Zr and 83Mo
the last odd nucleon is a neutron, and the spin and parity
decided by this last valence neutron. We found three so
tions ~prolate, spherical, and oblate! for 79Zr with all the
parameter sets. NL1 and TM1 predict a spherical shape
spin 1/22 for the ground state, whereas NL-SH and NL
favor a largely prolate ground state (b2;0.5) of spin 5/21.
1-4
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TABLE IV. RMF results for the binding energy (B), the quad-
rupole deformation parameter (b2), and the single-particle energ
en and Nilsson orbit@Nn3L#Vp of the state occupied by the od
neutron are shown for the nuclei79Zr and 83Mo. The MMa values
are from Ref.@33#. The energies are in MeV.

Set en @Nn3L#Vp b2 B

79Zr NL1 215.57 p1/2 0.00 655.0
214.28 @422#5/21 0.49 653.2
214.19 @404#9/21 20.18 652.3

NL-SH 214.61 @422#5/21 0.48 652.6
214.79 @404#9/21 20.18 647.2
214.31 p1/2 0.00 645.7

TM1 214.83 p1/2 0.00 652.9
214.20 @404#9/21 20.18 651.8
213.85 @422#5/21 0.50 650.2

NL3 214.31 @422#5/21 0.49 650.3
214.92 p1/2 0.00 648.5
214.40 @404#9/21 20.18 647.7

MMa 5/21 0.43

83Mo NL1 213.60 @404#9/21 20.05 684.4
214.61 @413#7/21 20.22 683.9
215.64 @301#3/22 0.27 679.1

NL-SH 215.11 @413#7/21 20.21 680.4
214.26 @303#5/22 0.38 679.5
214.26 @404#9/21 20.05 675.2

TM1 214.49 @413#7/21 20.22 682.8
213.58 @404#9/21 20.05 681.3
214.69 @301#3/22 0.27 678.4

NL3 214.75 @413#7/21 20.22 679.7
213.79 @404#9/21 20.05 677.6
214.80 @301#3/22 0.27 675.5

MMa 7/21 20.21
02431
The spin of the oblate solutions (b2520.18 for the four
parameter sets! is 9/21. The RMF ground-state solution fo
the 83Mo nucleus prefers an oblate shape in the NL-S
TM1, and NL3 sets with a spin of 7/21. On the other hand
NL1 suggests an oblate (7/21) and almost spherical (9/21)
shape coexistence nature. Once more, the properties o
ground state are in consonance with the MMa prediction

Among the odd-Z nuclei studied here, only61Ga, 65As,
77Y, and 89Rh have been observed in experiment~see Janas
et al. @4# and Refs.@6–12# quoted therein!. The experimental
evidence suggests that69Br, 73Rb, 81Nb and 85Tc are proton
unstable, with upper limits of 100 ns and less for their lif
times. The stability of77Y in this region is particularly in-
teresting and may be a consequence of the shape polar
effect of the N5Z538 core @4#. With increasingZ one
would expect these odd-Z nuclei to become more spherica
and the odd proton to be more bound due to the influenc
the N5Z550 core. However, to our knowledge,93Ag and
97In have not been observed and89Rh remains the heavies
nucleus identified in this odd-Z region so far.

Calculations of the one-proton separation energySp are
crucial for predicting the stability of isotopes near the prot
drip line. TheSp value tells about the relative stability of th
last occupied proton. The larger the value ofSp , the more
proton stable is the nucleus. The nucleus is likely to be
stable against proton emission ifSp,0. We have calculated
the one-proton separation energy from the ground-state b
ing energy of two neighboring nuclei using Eq.~1! and show
the results in Table V. We find that all of the nuclei consi
ered here have a positiveSp with the exception of81Nb. One
should note that the determination ofSp arises from the dif-
ference of two large numbers, and a small change in
ground-state energy may alter the prediction. In this resp
we should mention that the effects of the pairing correlatio
for the even-even (N,Z21) systems used in Eq.~1! to cal-
culateSp may be more noticeable than in the pairing sche
ri-

TABLE V. One-proton separation energiesSp ~in MeV! and charge radiir ch ~in fm! for the nuclei of

Tables I–IV. The MMa values are from Ref.@33#. In the last column we indicate whether there is expe
mental evidence of the proton stability of the nucleus in question.

NL1 NL-SH TM1 NL3 MMa

Sp r ch Sp r ch Sp r ch Sp r ch Sp Stable

61Ga 0.92 3.90 0.77 3.89 1.50 3.92 0.77 3.9020.09 Yes
65As 2.06 4.02 1.30 4.00 1.86 4.02 1.78 4.01 0.13 Yes
69Br 0.87 4.14 1.40 4.10 1.16 4.12 1.13 4.12 0.09 No
73Rb 0.82 4.23 1.12 4.19 0.76 4.22 0.90 4.21 20.31 No
77Y 1.05 4.32 1.19 4.29 0.58 4.23 1.02 4.30 20.26 Yes
81Nb 20.08 4.31 20.28 4.39 20.17 4.28 0.01 4.40 21.00 No
85Tc 1.05 4.37 1.29 4.34 0.77 4.36 1.05 4.35 20.66 No
89Rh 1.28 4.41 0.66 4.38 0.96 4.40 0.45 4.39 20.50 Yes
93Ag 0.95 4.44 1.26 4.42 0.69 4.44 1.00 4.43 20.49 No
97In 0.77 4.46 1.13 4.45 0.49 4.48 0.67 4.46 20.34 No
79Zr 3.27 4.28 2.11 4.32 2.41 4.25 1.96 4.33 2.36 Yes
83Mo 1.20 4.34 0.19 4.31 1.78 4.33 1.63 4.33 1.26 Yes
1-5
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adopted in our approximation. Also, other corrections t
we have not taken into account, such as angular-momen
projection or correlations beyond mean field, like fluctu
tions, may easily shift the value ofSp by several hundred
keV. Thus, in our calculation positiveSp values of about or
less than a half MeV can be considered compatible w
having a proton unstable system.

For all the parameter sets studied here, our RMF calc
tion successfully predicts the stable nature of the nu
61Ga, 65As, 77Y, and 89Rh and the unstability of81Nb
against proton emission. The conclusion is less definite
some cases than in others~for example,89Rh turns out to be
stable in the NL3 calculation butSp is only about 0.5 MeV!.
The nuclei 69Br, 73Rb, and 85Tc are found to be stable (Sp
;1 MeV!, contrary to the experimental evidence. The uno
served 93Ag and 97In nuclei should be rather proton stab
according to the RMF calculations~maybe with some doub
in the case of the TM1 set!. The relativistic calculations in-
dicate the stability of the recently detected79Zr and 83Mo
isotopes, with the only exception of83Mo calculated with the
NL-SH set. The microscopic-macroscopic MMa calculatio
@33# yield negativeSp values for most of the odd-Z nuclei of
Table V. The MMa model predicts clearly that79Zr and
83Mo are stable systems, but fails to point out the stability
77Y and 89Rh. According to the MMa model93Ag and 97In
would be proton unstable nuclei.

In Table V we also display the charge radiusr ch for the
ground-state solution. Taking into account the finite size
the proton, it is obtained from the rms proton radius asr ch

5Ar p
210.64 fm, where

r p
25

1

ZE0

`

2pr dr E
2`

`

dz@r 21z2#rp~r ,z! ~2!

in cylindrical coordinates. For each nucleus the charge r
are almost equal with all the four parameter sets~the changes
are generally less than 0.05 fm!. We note that the magnitud
of the rms radii changes little between the solutions of d
ferent deformation~again the changes are less than 0.05
excluding 77Y, 79Zr, and 81Nb where we have found maxi
mum differences of;0.1 fm between the various shape!.
Hence we only show the charge radii of the ground-st
solutions.

IV. SUMMARY AND CONCLUSIONS

In summary, we have calculated the binding energy a
the quadrupole deformation parameter for oddZ5N11,
Tz521/2 nuclei in the relativistic mean field model. Th
odd nucleon has been treated by the blocking procedure.
spin of the intrinsic states of the blocked nucleon, which
the resultant spin of the isotope, has been determined.
K
to

A.
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RMF calculations produce two or three different solutio
for most of theZ5N11 nuclei in the considered valley. In
some of the cases the isomeric solutions are very close to
another and can be considered as coexistent shapes.

Shapes with large deformations are predicted near
proton drip line in agreement with the microscopi
macroscopic calculations@4,33#. The spin of theZ5N11
nuclei is well reproduced in comparison with th
microscopic-macroscopic model, especially if one igno
the difference in binding energy between the various sha
isomeric states. The one-proton separation energies are f
to be force dependent, but the four parameter sets stu
generally agree in the trends predicted forSp . Overall the
RMF predicts slightly bound configurations for the inves
gated systems. In the case of the81Nb nucleusSp is negative
or zero, which indicates that the isotope is just beyond
stability line. In the present calculations the nuclei69Br,
73Rb, and85Tc are proton bound. Experimentally these is
topes are unstable, with estimated half-lives of less th
about 100 ns@4#. The so-far unobserved nuclei93Ag and
97In are found to be rather proton stable. We have chec
for the NL3 parameter set that most of the nuclei studied
this work are the predicted lightest stable odd isotopes.
exceptions are arsenic and zirconium for which the light
proton stable isotopes are63As and 77Zr, respectively.

We observe that theSp values, and in some cases th
energy differences between oblate and prolate or sphe
solutions, are of the same order as the uncertainty in
binding energies of the present RMF calculations. To furt
avoid ambiguities in the prediction of separation energ
and ground-state shapes, a more sophisticated RMF
proach for binding energy calculations would be called f
In this connection the Dirac-Hartree-Bogoliubov approach
a prescription to treat the pairing effects in a more pro
way @28–30#. Finally, it should be remarked that in this wor
we have been concerned with bulk properties, such as b
ing energies, nuclear deformations, and the average pro
ties of the intrinsic states, and not with the spectroscopy
the bands in the studied nuclei. Therefore, only the intrin
states have been considered. To project out onto good a
lar momentum states remains an interesting problem for
ture investigations of the relativistic mean field model.
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