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Excited states in70Br were populated in the40Ca(32S,pn) reaction atEbeam580–100 MeV and the
40Ca(36Ar,apn) reaction atEbeam5145 MeV. The resulting gamma decay was detected using the Gamma-
sphere array triggered by a 30-element neutron detector. The cross-bombardment allowed the unambiguous
assignment of levels to70Br, comprising a total of 32 states built both on theJp501 ground state and a
previously knownJp591 isomer, which is located at an excitation energy of 2293 keV by the observation of
linking transitions. The structures are discussed within the context of the two-quasiparticle plus rotor model,
the IBM-4 model and the cranked Nilsson-Strutinsky formalism. The nonobservation of a doublet ofJ50,
T51 andJ51, T50 states at low excitation in70Br is indicative thatT50 proton-neutron pairing strength is
weak in comparison toT51 pairing.
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I. INTRODUCTION

Self-conjugateN5Z nuclei are an ideal place to stud
nuclear wave functions and correlations due to their h
degree of symmetry. In particular, in medium-mass odd-o
N5Z nuclei, two symmetries coexist near the ground sta
with particles coupled either with space/spin symmetry a
isospin antisymmetry (T50 states! or with space or spin
antisymmetry and isospin symmetry (T51 states!. The rela-
tive positions of these sets of states and the location of t
spin-dependent multiplets can tell us a great deal about
long- and short-range neutron-proton correlations, and ab
the shape of the nuclear mean field. However, a rather c
plete identification of these states, including levels of b
low and high spin, and with their inferred isospin, is nec
sary for a comprehensive analysis that would give a clear
picture of shape, symmetries, and residual interactions
tween valence particles.

In addition to their structural interest, these nuclei
along the explosiverp-process nucleosynthesis path. T
bulk properties of these nuclei such as their masses, h

*Present address: Oliver Lodge Laboratory, University of Liv
pool, Liverpool L69 3BX, United Kingdom.
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lives, shapes, and isomers can have a strong influenc
modeling therp-process and identifying its possible nucle
synthesis sites. Finally, the ground-state beta-decays of
odd-odd nuclei are superallowed Fermi transitions which
be used to test the conserved vector current~CVC! hypoth-
esis ofb decay and to search for new physics beyond
standard model. However, for such precise investigatio
small nuclear structure-dependent corrections are nee
Detailed spectroscopic information can help test the relia
ity of these corrections.

The structure of odd-oddN5Z nuclei in thef p shell for
example,46V @1,2#, 50Mn @3#, and 54Co @4#, has been studied
in some detail. A complete spectroscopic picture of the
nuclei is greatly facilitated by the possibility of probing hig
spin states by heavy-ion fusion evaporation reactions
nonyrast low spin states by (p,ng) reactions. Very strong
DT51 M1 transitions have been seen with some of
largest B(M1) values known which have been attribute
to quasideuteron configurations@1,3,4#. These enhanced
M1 decays stand in contrast to the inhibited isosca
DT50 M1 transitions inN5Z nuclei@5#, and, hence, serve
as a useful tool for classifying the relative isospin of stat
From a theoretical standpoint, the low-lying structure
thesef p-shell nuclei is readily modeled by large-scale sh
model calculations.

-
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By contrast, the structure of odd-oddN5Z nuclei in the
mass 60-90 region is relatively unexplored. Experimenta
the nuclei are far more difficult to study than thef p shell
nuclei, since they lie much further away from the line
stability, approaching the proton drip line, and have prod
tion cross sections two orders of magnitude lower than in
f p shell. There are no stable targets available for use
(p,ng) studies. Heavy-ion fusion-evaporation reactions~or
in some special cases, fragmentation reactions! must be em-
ployed, which are not normally well suited for the comple
spectroscopy which is needed. The spectroscopy of odd
N5Z nuclei aboveA558 is therefore at the limits of presen
sensitivity even with the largest arrays of germanium det
tors. Theoretically, an interpretation of the structure of th
nuclei is hindered by the fact that most of them lie beyo
the scope of even the largest basis shell model calculat
presently possible, so more approximate approaches mu
tried. The heaviestN5Z nucleus for which shell model cal
culations presently exist is62Ga @6#, although Monte Carlo
shell model approaches are being developed to probe
structure of heavier nuclei@7,8#. Study of odd-oddN5Z
nuclei in the mass 60-90 region is, accordingly, both an
perimental and theoretical challenge at the limit of pres
techniques.

II. STATE OF KNOWLEDGE OF THE ODD-ODD NÄZ
NUCLEI BEYOND 56Ni

The opportunity for extending precise tests of CVC theo
of superallowed beta decay toN5Z nuclei aboveA560 is
now approaching. Producing a sufficient quantity of the
radioactive nuclei, through fusion, spallation, or fragmen
tion, and rapidly transferring them to ion traps for accur
mass measurements is now feasible, and first results are
minent for 74Rb. Preliminary lifetimes have been measur
to A596 @9,10#, and a lifetime measurement at the necess
level of precision has now been made for74Rb @11,12#.
High-quality investigations of the fragmentation of th
b-decay strength, and a detailed investigation of the lo
lying structure of the parent and daughter nuclei, are a
needed.

At the onset of this work, no gamma-emitting excite
states were known in70Br. Recently, first results have bee
published on excited states in58Cu @13#, 62Ga @6#, 66As
@14,15#, 74Rb @16#, and 78Y @17#. The present investigation
on 70Br completes the cycle of ‘‘identification’’ studies o
these odd-odd systems.70Br is known to have aT51, Jp

501 ground state with aT1/2579.1(8) ms lifetime@18#. A
longer-lived T1/252.2(2) s b-decaying isomer has bee
known for some years@19#. Recently, an analysis of the iso
mer decay to known states in70Se allowed the spin and
parity to be firmly established asJp591 @20,21#. However,
these decay studies did not determine the excitation en
of the isomer in70Br. Prior to this work, states in70Br were
postulated@22#, but later retracted@23#. Thus the presen
study was aimed at rigorously identifying the structur
based on the ground state and the isomer, and at establis
the excitation energy of the isomer above the ground sta

During the final preparation of this paper a more restric
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and lower statistics study of70Br was published by de An-
geliset al. @24#. The present work is in agreement with the
assignment of the strongest transitions in the low-spin p
tion of our level scheme. However, we find there are discr
ancies between the experiments concerning some of
weaker transitions. These transitions are of critical imp
tance to their interpretation of the data. Consequently,
have added a short section to discuss these differences
their consequences.

III. EXPERIMENTAL DETAILS AND DATA REDUCTION

We have identified excited states in70Br in two separate
reactions and using two different identification techniqu
both using Gammasphere to maximize the efficiency for
tecting gamma rays. The cross-bombardment and variet
experimental methods employed makes the assignmen
transitions to the decay of states in70Br unambiguous. Fur-
ther, it allows us clearly to differentiate excited states bu
on the ground state from those built on the high-spin isom

For the low-spin investigation the40Ca(32S,pn)70Br reac-
tion was used at beam energies of 80, 85, 90, and 100 M
Most of the data were collected at the 88 Inch Cyclotron
Berkeley, using a backed target consisting of 400mg/cm2 of
40Ca with a 120-mg/cm2 flash of gold on the front and a
15-mg/cm2 molybdenum backing. The backing was chos
to minimize the yield of X rays in the 20–100-keV region
order to allow a search for low-energy gamma rays in70Br.
The target backing stopped the residual nuclei, allowing
search for additional isomers in the 1–100-ns regime. Ga
masphere was operated in its recently implemen
‘‘leading-edge’’ timing mode to enhance the triggering ef
ciency for low-energy gamma rays. In addition, five Gamm
sphere detector modules were removed from the ring of
tectors at 57° and replaced with large area low-ene
photon spectrometer~LEPS! planar detectors, located 15 cm
from the target, to enhance timing and energy resolution
low-energy radiation. The LEPS array had an efficiency
;2% at 122 keV. A small, thin-walled chamber was use
again to improve sensitivity to low-energy radiation. Thir
downstream Gammasphere detector modules were rem
and replaced with BC501 liquid scintillator neutron dete
tors, to provide a 25% efficient ‘neutron’ fast trigger whic
suppressed the very intense charged-particle reaction c
nels. The remaining 69 Compton suppressed modules w
measured to have 6% photopeak efficiency at 1.33 MeV.
neutron signal, in coincidence with any one of the remain
69 Compton-suppressed Gammasphere detectors, or a L
detector, initiated an event readout.

The excitation function provided very useful informatio
At the lowest beam energy~80 MeV!, which was below the
classical Coulomb barrier for32S140Ca, gamma rays asso
ciated with reaction products from the72Kr compound
nucleus were all very low in intensity. In contrast, a cons
erable flux of gamma rays was observed from reactions
contaminant materials, particularly from32S116O from oxi-
dation of the target and32S112C from cracking hydrocar-
bons onto the target. The yield of the gamma rays associ
with contaminants increased monotonically and slowly w
7-2
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beam energy, whereas the gamma rays from reaction p
ucts associated with the32S140Ca reaction changed rapidly
especially near the Coulomb barrier. The two-particle eva
ration channels 2p, pn, and 2n had a unique excitation func
tion: they peaked near 85 MeV, and fell at higher energies
multiparticle evaporation became favorable. The 2p channel
led to well-known 70Se. The suppression of70Se transitions
in software-gated ‘‘neutron’’ spectra was used to evaluate
quality of neutron discrimination. The suppression of no
neutron-emitting channels was found to be.53103. Tran-
sitions in 70Br had the same excitation function as70Se lines,
but were not suppressed in ‘‘neutron-gated’’ spectra. In t
manner, candidate gamma rays were identified~see Fig. 1!.
In principle, 70Kr transitions should be enhanced in neutro
gated data, and be unique in double-neutron gated spe
However, despite a careful search no unambiguous ca
dates were found, probably implying a production cross s
tion of less than 1 microbarn. The population of states in70Se
was used as a monitor to evaluate the two-nucleon evap
tion residue entry spin distribution directly. At 85 MeV th
mean angular momentum in70Se was measured to be^J&
;6\, and the highest observed state hadJ510\. Most of
the data were collected at this energy. A similar spin dis
bution was expected for70Br, so the conditions were idea
for populating low-spin states based on the ground state,
avoiding the population of states based on the 91 isomer. In
practice, despite a careful optimization of experimental c
ditions, no low-energy transitions below 300 keV were o
served in 70Br, nor states with intermediate isomeric life
times on the 1–100 ns scale.

A second study, examining the40Ca(36Ar,apn)70Br reac-
tion at 145 MeV, using beams from the Argonne ATLA
accelerator, was more conventional and focused on hig
angular momentum states, based both on the ground
and isomer. A mean residue angular momentum of^J&

FIG. 1. Plot of the ratio of the intensity of gamma rays asso
ated with different exit channels in the32S140Ca reaction at beam
energies of 90 and 85 MeV. Candidate transitions for70Br as well as
representative transitions associated with other exit channels
shown. The ratio has been normalized with respect to the 862-
gamma ray in 69As produced via the three-proton evaporati
channel.
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;20\ was predicted. In this experiment the target was ag
400 mg/cm2 40Ca, but with 100mg/cm2 of gold on the
front and back. The ‘‘Microball’’ detector, consisting of 9
CsI detectors, was used to detect light charged particles@25#,
and the 30 detector neutron shell was once more used, l
ing 73 Gammasphere detector modules. The trigger co
tion was one scintillator and at least two Compto
suppressed germanium detectors, or more than
Compton-suppressed germanium detectors.

In the latter study,70Br was identified by detecting all the
evaporated particles, that is, exactly one alpha particle,
proton, and one neutron. Gamma-gamma coincidence m
ces in good time coincidence with this combination of p
ticles were created. This selection also admitted higher
ticle multiplicity reactions, like 40Ca(36Ar,2apn)66As,
40Ca(36Ar,a3pn)68As, and 40Ca(36Ar,a2pn)69Se. How-
ever, these reactions could be individually selected by s
able particle gating then carefully subtracted from the ma
generated with only the single alpha particle, proton, a
neutron gating conditions. Fortunately, the residues fr
higher fold particle channels were recently studied@26,27#,
so the removal of gamma rays associated with such bre
through channels could be effectively monitored. Once c
didate transitions were identified, the channel selection w
enhanced by determining the optimal region in the tot
energy plane~TEP! associated with70Br by setting gates on
pairs of the candidate transitions@28#. This technique relies
on the total charged particle energy detected being larger
true apn events compared to those from higher fold cha
nels, where one or more of the emitted charged partic
evaded detection. The various70Br candidate gamma-ray
cascades were all found to be associated with a near-iden
region in the total-energy plane, further supporting t
hypothesis that they all originated from the same react
channel.

Following the identification of gamma ray transitions
70Br, level schemes for states built on theJp501 ground
state as well as the 91 isomer were produced from an anal
sis of double and triple coincidences with these candid
transitions in both data sets. The level scheme derived f
the 32S reaction is presented in Fig. 2 and a composite of
information obtained from both reactions is presented in F
3. In order to determine multipolarities for the observ
gamma rays, an angular correlation analysis was perform
For each data set, matrices were sorted of all detec

-

re
V

FIG. 2. Low-spin level scheme for70Br with information de-
rived solely from the32S study. The width of the arrows corre
sponds to the intensity of the transition.
7-3
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FIG. 3. Composite level scheme for70Br. The
width of the arrows corresponds to the intens
of the transition. The intensities are a compos
of the intensities from the two studies related
each other by the intensity of the 403-keV trans
tion ~see the text!.
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against those at backward angles greater than 120°, an
all detectors against those at angles between 79° and 1
Gating on the all detector axis in each case, the ratio of
intensity of transitions in the two matrices was obtained.
studying transitions of well-established multipolarity
strongly populated channels by this method, it was dedu
06430
of
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that a ratio of approximately 0.5 corresponded to a pure
pole transition, while a ratio of 0.9 corresponded to
stretched quadrupole transition. The results of this ang
correlation analysis as well as the energies and intens
of 70Br gamma rays from both data sets are presented
Table I.
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TABLE I. Energies, intensities, and angular correlation ratios from both data sets. The intensities fro
two data sets have been normalized such that the 403 keV has 100%. The energies marked with †
average of the measured energies from the two data sets. These were consistent within experiment
Doublets are marked with ‡. The quoted intensity is for the doublet.L A search was made for the 391-ke
transition in the 32S data set, where it would be expected to be in coincidence with the 344-keV
Unfortunately, the presence of a very strong 344–391-keV coincidence in a contaminant (68As) precluded its
confirmation.

Energy~keV! I g I g Rcorr Rcorr Assignment
40Ca(36Ar,apn) 40Ca(32S,pn) 40Ca(36Ar, apn) 40Ca(32S,pn)

320.7~3!† 97~12! 52~6! 0.93~15! 0.90~12! 51 →31

326.1~3! - 30~6! 0.31~9! 61 →51

344.4~5! 46~5! 9~3! 0.52~14! 81 →71

348.6~4! - 51~6! 0.47~16! 51 →41

390.7~4! 27~4! L 71 →91

402.6~3!† [100 [100 0.76~9! 0.52~14! 31 →21

424.0~5! - 10~3! ~31) →31

665.7~3! - 13~3! 41 →31

694.0~4! - 25~4! 51 →51

734.8~4! 35~6! - 81 →91

765.0~4! 31~5! - 1.00~22! ~101) →~81)
806.2~4! 24~3! - 0.76~8! ~101) →91

933.6~3!† - - 0.87~13! 21 →01

997.1~5! 123~9!‡ - 1.18~15! ~121) →~101)
998.0~5! 123~9!‡ - 1.18~15! ~81) →71

1026.0~5!† 57~7! 34~6! - 1.09~25! 71 →51

1068.8~3! - 78~9! 0.85~10! 41 →21

1254.8~3! 77~4! - 0.99~15! 111 →91

1337.6~3! 61~4! - (131) →111

1344.6~5! 55~6! - (141) →(121)
1418.6~7! 80~7! - 0.92~15! (101) →81

1432.6~5! 27~4! - (121) →(101)
1519.7~4! 22~3! - (141) →(121)
1582.4~4! 44~6! - (171) →(151)
1602.6~4! 47~6! - (151) →(131)
1608.2~6! 5~1! - (161) →(141)
1642.8~6! 46~4! - (161) →(141)
1661.5~5! 12~3! - (161) →(141)
1712.2~6! 30~5! - (191) →(171)
1758.0~5! 8~2! - (181) →(161)
1795.0~6! 7~2! - (181) →(161)
1885.0~6! 12~3! - (211) →(191)
2118.9~7! 9~2! - (231) →(211)
2155.0~12! 18~3! - (101) →91

2371.7~11! 5~2! - (251) →(231)
2505.0~13! 3~1! - (271) →(251)
i
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IV. ANALYSIS

The development of decay schemes of odd-odd nucle
never easy, as the two unpaired particles at the Fermi sur
can lead to a large number of states at a relatively low
ergy. In the vicinity of 70Br this situation is expected to b
further complicated by shape coexistence, which leads to
possibility of an even greater variety of states, and to
presence off p- andg-shell model orbits which can give ris
to both positive and negative parity structures. Thus con
06430
is
ce
-

he
e
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erable caution is needed when making assignments. O
isobaric analog symmetry, which demands a manifold oT
51 states in70Br to match levels in70Se, can help with the
daunting task.

A cascade of five transitions of 321-344-403-934-10
keV was found in both data sets—Fig. 4~top! shows this
cascade clearly. As the cascade was populated in the ex
ment using the32S beam where the input angular momentu
was empirically determined to be low, the sequence mus
7-5
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D. G. JENKINSet al. PHYSICAL REVIEW C 65 064307
associated with the ground state and not the high spin iso
known from beta decay. The most intense of these transit
is a 934-keV gamma ray which we associate with the de
of the analog of the first excited state in70Se which lies at
945 keV. Gating on this transition reveals the main casca
and a separate cascade of 326-349-1069 keVg rays. The
strongest transition is of 1069 keV, again a close analog
the 70Se 41→21 transition of 1093 keV. Cross-linking de
cays of 666 and 694 keV fix the order of the two cascades
arrangement which is confirmed by intensity balances, an
shown in Fig. 2. Assuming the analog assignments have b
made correctly, and with the present angular correlation m
surements, a plausible set of spin and parity assignments
be made, which are consistent with most conventional cr
ria. For example, the nonobservation of a decay from
suggestedJp571 state at 2684 keV to the secondJp551

state at 2352 keV can be explained by the phase space
ing from competition between 332- and 1026-keVE2 tran-
sitions, which should have the lower-energy transition dis
vored by a factor 281. Some puzzles remain which can gu
in interpretation. For example theJp571 state has twoE2
decays; the 1026-keV transition should dominate the
keV decay by a factor of 75 if the matrix elements we
equal and the transition rates governed solely by phase s
and spin factors. In fact they differ only by a factor of
indicating that these matrix elements actually differ by a f
tor of 30. While nothing in the present data rigorously e
cludes the assignment of negative parity to some of th
states, it is tempting to associate them with the expec
even-spin, even-parityT51 sequence, and its opposite sym
metry partners with odd spin, even parity, andT50.

In the future, one of the best ways to test this hypothe

FIG. 4. ~Top! Gamma ray spectrum of transitions decaying
the 01 ground state from a gate on the 321-keV transition with
condition that one neutron was detected, from the data obta
from the 40Ca(32S,pn) reaction at 90 MeV. Contaminant gamm
rays in 68As introduced by the presence of a low-lying 321 keV
the 68As decay scheme@27# are marked with ac. ~Bottom! A sum of
gates on the 934-, 321-, and 1026-keV transitions taken from
40Ca(36Ar,apn) data. A particle condition of one proton, one alph
and one neutron was employed as well as a two-dimensional
dow in the total-energy plane~see the text!. Transitions observed in
both data sets are shown with a dotted line joining the two spec
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is to measure the lifetimes of some of these states and ex
the interbandM1 matrix elements. As pointed out b
Lisetskiyet al. @29#, these matrix elements are very sensiti
to the symmetry of the wave functions and to deformatio
and so can be a most revealing probe, as the matrix elem
can span a wide range from;1023mN to ;10mN . At
present, only one rather indirect test ofM1 strength can be
made. Lifetime measurements have been made for the70Se
analog states@30#, so assuming that theE2 matrix elements
are approximately isospin independent, the branching r
of the 2003-keV state can be used to extract an upper l
for theDJ51, 41→31, M1 decay. A value of,0.002 W.u.
is obtained—a rather small matrix element indicating cons
erable inhibition, and certainly inconsistent with largeg9/2
amplitudes in the wave functions of these low-lying state

The 36Ar-induced experiment allowed the extension
the ground state sequence to higher spin. A further cascad
five gamma rays was observed, in coincidence with
ground-state cascade, as can be seen in Fig. 4~bottom!. The
lower members of this cascade were consistent with a dip
and quadrupole transition, which would suggest a spinJ
510 state at 4447 keV if the sequence corresponds t
normal ‘‘stretched’’ cascade following high-spin heavy-io
reactions. Gating on the highest members of the sequen
very revealing: a bypass path is found which helps to de
mine the ordering of the lower transitions, but more imp
tantly there are three new transitions seen at 391, 735,
2154 keV ~see Fig. 5!. Examination of individual coinci-
dence gates allows these new transitions to be placed. T
all appear to terminate on the same state at 2293 keV.
though more than half of the flux coming from high sp
feeds this state, no evidence of gamma rays de-exciting
state could be seen. Thus it is highly likely that the state
isomeric, with a lifetime which is greater than 30 ns—t
time for ions to fly away from the target position in th

ed

e

n-

a.

FIG. 5. ~Top! Gamma ray spectrum gated on the 344-keV tra
sition. ~Middle! Gamma ray spectrum gated on the 391-keV tran
tion. ~Bottom! Gamma ray spectrum gated on the 735-keV gam
ray. All the spectra are derived from the40Ca(36Ar,apn) data set.
In each case a particle gating condition of one alpha, one pro
and one neutron was set, in addition to a two-dimensional gat
the total-energy plane.
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T50 AND T51 STATES IN THE ODD-ODDN5Z . . . PHYSICAL REVIEW C 65 064307
high-spin study. Considering that states decaying to
2293-keV level have suggested spins ofJ57, 8, and 10, it is
reasonable to propose that the isomeric state at 2293 ke
the knownJp591 T52.2 sb-decaying isomer. The fastes
electromagnetic decay from the isomer would be anE4 tran-
sition to theJ55 state at 1658 keV. The Weiskopf singl
particle estimate for such a decay has a meanlife of 6
which would correspond to a 3% gamma branch near
limit of our sensitivity. However, parent and daughter sta
may have quite different structures, so the gamma deca
probably considerably suppressed relative to the sin
particle estimate. We have searched for any evidence
gamma decays from the isomer, and could find none.

The high-spin experiment also revealed further casca
of transitions that were not populated in the low-spin study
the strongest of which is shown in Fig. 6. They closely f
low the identification characteristics of the gamma rays
sociated with the ground-state excitation, both in th
relative enhancement under various particle gating, and
their location in the TEP. These cascades are shown in Fi
A careful search was made for possible linking transitio
between the two structures at high spin, as this would
move all uncertainty from the scheme and strongly const
the spin sequence. No candidates were found except fo
three transitions that feed the 91 isomer directly. However,
the large spin difference of 9\ between the ground state an
the isomer, and the fact that they most probably have m
edly different structures, makes it unclear how strong s
linking transitions ought to be.

The decay scheme~see Fig. 3! raises two issues of popu
lation following heavy-ion reactions. In the low-spin regim
the analogs of the70Se ground state band are only yrast
spinJ54\. Beyond that, other configurations withg9/2 com-
ponents in their wave functions dominate the yrastline. Po
lation of non-yrast states in heavy-ion reactions is extrem
difficult, and can only be achieved in special cases at

FIG. 6. Gamma ray spectrum for band HB1 constructed from
sum of gates on the 1582-, 1603-, 1712-, 1885-, 2119-, and 2
keV transitions. The spectrum was taken from the40Ca(36Ar,apn)
data set with a particle gating condition of one alpha, one pro
and one neutron, and a two-dimensional gate in the total-en
plane.
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spin. Increasing the input angular momentum actually
creases the flux passing through the non-yrast configurati
as population of yrast states dominates. Thus, in our h
spin study, only the yrast states in Fig. 3 were observed,
there was no evidence of any population of70Se analogs
aboveJ52\. In the high angular momentum experimen
several cascades were extended to high spin. The sequ
based on the isomer always remained yrast, by more tha
MeV, as the high-spin bands all have similar moments
inertia. However, it is clear that a wide range of structu
are populated and that the non-yrast flux bypasses the iso
and proceeds toward the ground state.

V. COMPARISON WITH DE ANGELIS et al.

The low-spin experiment reported here is very similar
that of de Angeliset al. @24#, both in the fact that the sam
reaction was used and that the beam energy was very sim
The differences in target thickness make the corresponde
even closer. Not surprisingly then, the intensities and D
ratios we both measure~Table I of both this work and of Ref
@24#! correspond rather well for the strongest transitions w
intensity.10% of the 933-keV gamma ray. These observ
tions indicate a very similar entry spin distribution. Howeve
despite the similarities between experiments, we cannot c
firm any of the weaker transitions they reported at intensi
below 10%. This is difficult to understand, as our data
appears to have an order of magnitude higher statistics,
apparent from a comparison of our Fig. 4~top! with Figs. 1a
and 1b of Ref.@24#.

de Angeliset al. report two gamma rays which extend th
ground-state sequence—a 963-keV transition and a v
weak 1025-keV transition that they were not able to defi
tively assign@24#. These are interpreted as gamma rays
exciting 61 and 81 states, respectively, that form analogs
the 70Se ground-state band. We searched in our data for c
didate analogs to the70Se ground-state band withJ.4\ and
found none, presumably as they are so far removed from

a
2-

n,
gy

FIG. 7. Gamma ray spectrum double gated on the 933-
1068-keV transitions. The data are derived from the40Ca(32S,pn)
reaction at 90 MeV. The arrows represent the position of transiti
suggested by de Angelis@24#.
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FIG. 8. A comparison of the known levels i
the first MeV of excitation energy in neutron de
ficient odd-odd nuclei in bromine, rubidium, an
yttrium isotopes. For theN5Z cases, the level
density appears to be unusually low; an effe
which does not appear to arise from the lack
experimental sensitivity.
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yrast line. Figure 7 shows a spectrum double gated on
934 (21→01) and 1069 keV (41→21) gamma rays in
which extensions of the ground-state sequence should be
served. Although the statistics are low, the double-gating p
cedure is extremely clean. Only two gamma rays with en
gies of 326 and 349 keV are observed, as expected from
analysis. Scaling from the intensity of these peaks and u
the quoted intensities from Table 1 of Ref.@24#, we would
certainly expect a statistically significant peak at 963 k
and possibly one at 1025 keV to appear in this double-ga
spectrum if the analysis suggested by de Angeliset al. were
correct @24#. In fact the region of interest has an avera
intensity of 0.1 counts/channel with identically zero counts
the suggested peak position for the 61→41 transition. The
gamma-gamma coincidence data afford a similar result,
though the Compton backgrounds are higher; where pe
with 30 counts would be expected, no peaks are evident w
a statistical limit of,10 counts. In addition to their absenc
from coincidence spectra, nuclear structure considerat
lead us to expect that such ‘‘in-band’’E2 decays will not be
the dominant decay mode of theseT51 states. Indeed, th
analogJ561→41 transition in 70Se has a noncollectiveE2
decay with aB(E2) value of 250e2 fm4, due to a shape
change from oblate to prolate in the relevant spin regi
Therefore, in70Br, one might expect a dipole decay from th
analog 61 state to the establishedJp551 state at 1658 keV
to be the dominant decay branch as it is strongly favored
phase space. Even a very inhibitedM1 decay, like the 0.002
W.u. 41→31 decay inferred in the present study, wou
result in a.75% decay branch. Such ‘‘dipole dominance’’
well known in odd-oddN5Z f p-shell nuclei where the ana
log sequences often show no measurable ‘‘in-band’’E2 de-
cays @31#. However, an in-band decay is suggested by
Angelis et al., with no mention of evidence for a dipol
branch.

de Angeliset al. also reported a candidate transition to
isomer with an energy of 1468 keV@24#. Despite the superio
statistics in the present work and the fact that high-spin st
were favorably populated in the36Ar-induced study, we find
no evidence of such a transition in either data set. It is in
esting that we do, however, observe a gamma ray with
identical energy which is a very strong transition in45Ti
produced via the 2pn evaporation channel from a reactio
06430
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with oxygen contamination in the target. Since de Ange
et al. marked contaminants from45Ti on their published
spectrum@24#, it is clear that this contaminant was strong
populated in their study. This might possibly account for t
misassignment of thisg ray. As discussed above, we have
clear candidate in the present work for aJ59 isomer which
is clearly fed by three gamma rays and whose assignme
entirely consistent with the spins of states which feed it
established from DCO measurements.

In summary, we find no evidence of theJp561 and 81

states reported by de Angeliset al. @24#, nor evidence of an
isomer fed by a 1468-keVg ray. Consequently, their discus
sion concerning Coulomb shifts should be treated with gr
caution until these states are more rigorously located. T
will be experimentally challenging; we could find no cand
dates for the transitions and believe a much larger data
will be required to locate them as they are very non-yrast
will never be well populated in conventional heavy-ion f
sion reactions at any beam energy.

VI. DISCUSSION

A. Empirical observations

Despite a careful search for low-energy gamma rays
isomers, only one level has been identified in70Br below 1
MeV. This low level density is difficult to attribute to a shor
coming of the heavy-ion reactions used, or lack of expe
mental sensitivity, as low spin non-yrast bands should h
received some population especially in the low-spin stu
and the Gammasphere-LEPS combination had sufficient
ficiency to reveal transitions with energies more than 20 k
if their intensity was .10% of the observed 934-keV
gamma ray. The lack of low-lying levels stands in sha
contrast to what is known about neighboring odd-oddN
.Z nuclei in the region, most of which were investigated
very similar reactions and detectors. On average, the ne
bors have more than 30 levels in the first 1 MeV of excitati
energy, arranged into more than five rotational-like ban
However, the other odd-oddN5Z nuclei, 62Ga, 66As, 70Br,
74Rb, and possibly78Y, all seem to have rather few low
lying states, despite having been studied by a variety of te
niques@6,14,16,17#. This difference is illustrated in Fig. 8
7-8



o
n
o

ym
ta

ns
a

ti

s

ch
er

b
.

es
vit

v
of
ve
an

th

th
e
th
-

g

in
p
-
g

pr
-

e
e
r,

lei,
a-
ow-
ng
tion
.

e

s
t

beta

y to

a

c-

the
as
te
la-

at

ven

T50 AND T51 STATES IN THE ODD-ODDN5Z . . . PHYSICAL REVIEW C 65 064307
While it is true that theN5Z nuclei all have low production
cross sections~hundreds ofmb), and so it is experimentally
difficult to observe poorly populated structures, studies
N.Z odd-odd nuclei revealed quite democratic distributio
of population among their bands. Thus it seems that the
served paucity of low-lying states in the odd-oddN5Z nu-
clei should be taken as a serious indication of special s
metries or interactions involved and not an experimen
shortcoming. In our two-quasiparticle plus rotor calculatio
discussed in Sec. VI B, we have investigated this issue qu
titatively.

One qualitative issue is worthy of mention. In schema
models, for example the recent calculation of Chasman@32#,
an assumption of equalT50 and 1 pairing strength, lead
directly to degenerateJp501, T51 and Jp511, T50
low-lying states, in analogy with the parity doublets whi
arise when mirror symmetry is broken. We have no exp
mental evidence of a low-lyingJ511 state, although we
would be quite sensitive to such a level, as there should
strong decays from the 21 and 31 states we have identified
If our present assignments are correct, the first 11 level must
lie quite high, above 800 keV, in order to suppress th
decay branches to a level below our experimental sensiti
Thus, taken at face value, this suggests that theT50 pairing
strength is substantially weaker than theT51 mode.

Shape coexistence is well documented in the even-e
neighbors of70Br. One manifestation is the observation
bands with very different moments of inertia, the collecti
oblate shapes have relatively small moments of inertia,
the prolate shapes relatively larger amounts@33#. It is there-
fore interesting to compare the states we have found with
yrast lines of the even-even neighbors68,70Se and72Kr. This
comparison is made in Fig. 9. Both68,70Se are thought to be
oblate at low spin. The lowest levels in70Br also appear to
follow this trend. However, above 2 MeV the70Br states
seem to change character and closely follow the72Kr yrast
line, which is thought to be prolate except very near
ground state. Thus, empirically, there seems to be clear
dence of shape coexistence in the structure built on
ground state in70Br with characteristics similar to its neigh
bors: oblate at low spin and prolate at higher spins.

The change in moment of inertia at aroundJ57 andE
;2.5 MeV in the 70Br yrast line suggests a shape chan
from oblate to prolate~see Fig. 9!. Systematic trends in the
region suggest that this is the region whereg9/2 nucleon pairs
are expected to break, which may be responsible for driv
the shape change. It was noted in Sec. III that in this sha
changing region, theJ57 state at 2684 keV exhibits an un
usual branching ratio. As will emerge from the followin
discussion, both decay branches from this state toJ55 and 9
states correspond to shape changes, so both decays will
ably be inhibited, and with a ratio which is difficult to pre
dict. The fact that the 71 and 91 states probably both hav
considerableg9/2 amplitudes would be consistent with th
decay branch connecting these states being the stronge
observed.

With these data on70Br, it is possible to examine the
systematic trends for all the odd-odd nuclei in thef pg shell
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from 58Cu to 78Y ~see Fig. 10!. Despite the wide variety of
experimental techniques employed in studying these nuc
including isomer decay following production in fragment
tion reactions, and prompt and delayed spectroscopy foll
ing heavy-ion fusion-evaporation reactions, the low-lyi
states known to date appear remarkably similar. The loca
and decay of theJp591 state is noteworthy as the shell fills
In 62Ga it is high in excitation~there is a candidate 91 state
at 4792 keV! as theg9/2 state lies far above the Fermi surfac
and the 91 state can easily decay to a lowerJ57 level at
2435 keV. In 66As the J59 state lies at 3024 keV and i
isomeric withT1/258.2(5)ms, as the only state to which i
can decay is aJ57 state only 115 keV below. In70Br the
trend continues, theJ59 state falls to 2293 keV which is
below theJ57 states so it has a long half-life,T1/252.2 s,
and beta decay constitutes its main decay path. The
decay proceeds entirely to nonyrast states in70Se @34# de-
spite phase-space considerations which would favor deca
the known prolate yrastJ58, and 10 members of the
ground-state band. Beyond70Br, in 74Rb the nuclei have
large deformation (b250.4) prolate ground states, with
low-lying collective rotational band, so the (g9/2)

2 configu-
ration can once more decay through low multipolarity ele
tromagnetic decays. However, in78Y, a very low-lying
b-decaying isomer withJp551 occurs, based on the
(@412#5/2)

2 Nilsson configuration.
Finally, we observe that the sequence of states built on

J59 isomer have, on average, a similar moment of inertia
72Kr, which can only be associated with a near-prola
shape, as we find in our cranked Nilsson-Strutinsky calcu
tion. The strong cascade ofg rays built on the isomer are
initially irregularly spaced, reflecting a change in structure

FIG. 9. The location of states in70Br ~dots! in excitation energy
and spin, compared to the yrast lines of neighboring even-e
nuclei 68,70Se and72Kr.
7-9
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FIG. 10. Comparison of low-lying levels in
the odd-oddN5Z nuclei from 58Cu to 78Y. Data
are taken from the present work and Re
@6,13,14,16,17#. In the case of78Y, the excitation
energy of 800 keV for the 51 state is an upper
limit. In 58Cu theJ51 state lies lowest in exci-
tation energy—the spectrum has according
been shifted so that theJ50 state is aligned with
those in the otherN5Z nuclei.
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relatively close to the band head. Our calculations, prese
below, indicate this is a change from oblate to prolate sha
The isomer-based states are always yrast, by;1 MeV, by
virtue of the large band head spin. It must be inferred that
lack of crossing transitions between the high spin structu
based on the ground state and the isomer indicates
structures are quite different.

B. Two-particle plus rotor model „TQRM …

Given that70Br is an odd-odd nucleus, it is highly appro
priate to investigate its structure within the two-qua
particle-rotor model~TQRM! @35,36# where the two quasi-
particles are treated explicitly in addition to the collecti
even-even core. The phenomenological residual interac
between the last unpaired proton and neutron~not to be con-
fused with the much discussed proton-neutron pairing,
present in the TQRM! can be modeled as a zero range de
force~DF! or finite range central force with a Gaussian rad
dependence~CG! @37#. The matrix elements of these intera
tions are usually fitted to experimental data on exci
nuclear levels and are state dependent. No information
matrix elements of the more complicated CG interaction
ists in theA570 region, so the simple DF residual intera
tion in the form@36#

Vpn515.75b3~u01u1sW p•sW n!d~rWp2rWn! ~1!

has been adopted in this work. In expression~1! b is the
oscillator length51.006 A1/6 fm, s is the Pauli spin matrix,
andu0 andu1 are strength parameters~in MeV! which can
be estimated from Refs.@38,39#.

The core is described in the TQRM as an axially sy
metrical or triaxial system, restricted to only one rigid sha
thus not allowing for softness or shape-coexistence.
static deformed harmonic oscillator~Nilsson! model with
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standard parameters@40# is used to generate single-partic
states for the subsequent calculations. Pairing is treate
the usual BCS formalism~see, e.g., Ref.@41#!. No neutron-
proton pairing is included in the model at present, althou
this would be desirable for calculations involvingN5Z nu-
clei. The pairing strength parameters are taken asGn0
520.9 MeV/nucleon andGn157.6 MeV/nucleon for both
the proton and neutron systems. This choice is suitable in
A570 region as it gives pairing gaps~e.g., Dp51.2 MeV
and Dn51.19 MeV) of about 90% of the odd-even ma
differences expected in this mass region. The core mom
of inertia is calculated to give a fixed value of the 21

1 state of
the core. Two independent shapes for the core were
ployed. In particle-core coupling in thef p shell E2

1
1 was

taken to be 0.85 MeV. This value is reasonably close to
experimental energy of 21

1 states in68Se ~0.854 MeV! and
72Kr ~0.710 MeV!. Theg9/2 proton and neutron were couple
to a much more deformed coreE2

1
150.23 MeV which may

be possibly associated with a coexisting deformed shap
either 68Se or 72Kr @42#.

The TQRM model has been applied rather successf
before in theA580 region for N5Z14 (82Y and 78Rb
@43#!, for N5Z12 (80Y and 76Rb) @44# andN5Z (78Y and
74Rb) nuclei @17#. It was found thatN5Z14 nuclei were
well described in the TQRM without use of any residu
proton-neutron (p-n) interaction, while the CPL@37# p-n
interaction had to be employed to explain the energy sep
tion between the 12 and 21 excited states and the 42 ground
state in 80Y. No conclusive evidence for the role of thep-n
interaction in theN5Z 78Y and 74Rb nuclei could be drawn
from the TQRM due to the complexity of the structure
their excited states. It is of interest to follow the question
the residualp-n interaction further to other nuclei in thi
region to obtain a clearer overall picture.

In order to explain the composite level scheme of70Br
7-10
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~Fig. 3! two possible scenarios have to be considered. F
the 35th odd proton and neutron can occupy states in thef p
shell at lower deformations or, second, they may occu
states in theg9/2 shell at larger deformations. The observati
of the 91 isomer at 2293 keV and the associated band in
cates the presence of ag9/2-based deformed structure. In co
trast, the low-spin-excited states associated with the1

ground state do not show evidence of a sizable deformat
Further, a developing collective structure is seen to be ba
on theJp581 state at 3028 keV. It is therefore likely tha
coexisting shapes will contribute to the composite spectr
of excited states of70Br, although their mixing is beyond th
scope of the present model.

Starting with the low-spin region, both even-spin~up to
61) and odd-spin~up to 71) levels are calculated assumin
the odd proton and odd neutron occupy states in thef p shell
~see Table II!. The lack of excited states observed below 9
keV can be explained as the effect of an attractive resid
p-n interaction@Eq. ~1!#, with u0528.5 MeV andu150.
The small influence of the spin-spin term in this case i
consequence of the spin saturation in thef p shell. Results of
this calculation are presented in Fig. 11. The energy lev

FIG. 11. Calculated energy levels of the ground-state struc
as a function of deformation without~top panels! and with~bottom
panels! the p-n interaction.

TABLE II. Calculated structure of the ground state of70Br. Both
odd proton and odd neutron occupy the same Nilsson state.

e2 State Contribution

20.18 3/2@312# 0.16
5/2@303# 0.18
1/2@312# 0.27
1/2@310# 0.17
3/2@301# 0.13
1/2@301# 0.09

0.18 1/2@321# 0.08
1/2@310# 0.13
3/2@312# 0.12
3/2@301# 0.24
5/2@303# 0.23
1/2@301# 0.20
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shown as a function of deformation without thep-n interac-
tion ~top panels!, are clearly at variance with experiment
data. The bottom panels for which thepn interaction is in-
cluded show the best agreement between experimental
calculated energies fore2560.18.

The TQRM does not give an unambiguous answer as
whether the core shape of the70Br ground state is oblate o
prolate. The calculated level sequence is almost the sam
both. For the prolate shape, the experimental energy of
52

1 state at 2352 keV is fitted better, but the 71
1 state, mea-

sured at 2684 keV, is predicted too high. Transition pro
abilities, which are due to the very complex structure of t
states involved~see Table II!, also exhibit a weak depen
dence on the nuclear shape. Obtaining experimental tra
tion probabilities from a later experiment to measure the li
times of excited states in70Br, while informative, would not,
therefore, help to determine questions of nuclear shap
this case. However, the small moment of inertia needed
model the low-lying states in70Br would suggest in common
with its even-even neighbors68,70Se and 72Kr ~see model
predictions for the shapes of Se and Kr cores in Table!
that 70Br also has an oblate ground state. While these s
tematic arguments provide a strong preference for an ob
shape, we note that a prolate solution cannot be rigorou
excluded.

Calculation of the band associated with the isomeric1

state at 2293 keV has been performed as a function of de
mation. The best fit to experimental data was achieved
e2520.28. In this case the prolate solution can be elim
nated, as it predicts states withJp571 and 81 below the
Jp591 state. Extensive attempts to interpret the low-sp
states in70Br as arising from structure built on the unfavore
coupling Vp2Vn of the g9/2 proton and neutron as the 01

ground state did not yield agreement with experiment.
The calculation of the 9/2@404#p^ 9/2@404#n band itself is

not sensitive to the residualp-n interaction. However, as
suming that the twoJp581 states at 3028 and, tentativel
at 3682 keV belong to theg9/2 structure~which seems likely
as the lowestJp581 states are predicted at;5 MeV by the
f p shell calculation! and that they correspond to the sam
core shape as the isomer, their relative position with resp
to the isomer can be nicely reproduced using a repulsivep-n
interaction withu055.60 MeV andu150.63 MeV. Here
the spin-spin part of the interaction has to be taken into
count as theg7/2 orbital is not occupied.

As mentioned above, the TQRM cannot be used fo
calculation of the absolute energy difference between st

re

TABLE III. Ground-state quadrupole deformationb2 of 68Se,
72Kr, and 70Br as predicted in different nuclear models.

68Se 72Kr 70Br Ref.

0.287 20.342 20.340 FRDM@45#

20.259 0.000 RMF@46#

20.25 20.29 20.28 HFMF@47#

10.40 10.44 SMO2a @42#

20.20 20.25

aTwo coexisting minima are given.
7-11
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FIG. 12. Energy levels of70Br calculated
within the TQRM formalism. Thep f-ground-
state-based and theg9/2-isomeric-state-based
structures are normalized, setting the energy
the calculated 91

1 state to the experimental valu
of 2293 keV. The levels marked with a dotted lin
have different structure from the others in th
same column~see the text!.
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tures with different deformations. It follows that the positio
of the 91 isomer with respect to the ground state with
different single-particle makeup and different deformati
cannot be calculated directly. However, it is instructive
normalize the energy spectrum of theg9/2 system by fixing
the energy of the 91 isomer to the experimental value o
2293 keV. The resulting composite energy spectrum is sho
in Fig. 12, and exhibits good agreement with experiment

As the structure of states of theg9/2 system is much less
complex than that of thep f system, it is interesting to inves
tigate some states in more detail. First, the low-energy o
and even-spin members of the band built on the isomer h
a rather pure 9/2@404#p^ 9/2@404#n structure in the TQRM.
The model also predicts thatDI 52 transitions should be
more intense thanDI 51 transitions, in agreement with ex
periment where most of the latter were not observed~see
Table IV!. Clearly, the TQRM is not fully adequate to repr
duce details of the band and its development to higher sp
The structure of the very high-spin states built on the isom
will be discussed in terms of the cranked Nilsson Strutins
formalism in a later section.

Second, as illustrated in Table V, the 81
1 state at 3028 keV

can be identified as a noncollective 9/2@404#p^ 7/2@413#n

17/2@413#p^ 9/2@404#n band head. The calculated 82
1 state

has a large component of the unfavoredVp2Vn partner of
the 91 isomer. This makes it less likely to be associated w
the state observed at 3682 keV, despite the closeness in

TABLE IV. Calculated transition rates in the isomer band.

I i I f Ecalc
g Eexpt

g T(E2) T(M1)
~keV! ~keV! ps21 ps21

10 9 605 806 0.081 0.0061
11 9 1270 1255 0.182 0
12 11 726 984 0.305 0.0028
12 10 1391 1433 1.3 0
13 12 786 354 0.45 0.0046
13 11 1511 1338 3.1 0
06430
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ergy, because its decay mode is different from that expec
for the unfavored band member. It would be very useful
model calculations if the unfavored band, or at least its1

band head, were found experimentally.
In summary, the low-lying spectrum of excited states

70Br can be understood as consisting of two coexisting str
tures; thep f ground-state system at a rather low deformat
with an axial symmetry, and an isomeric structure based o
coupling of the odd proton and odd neutron occupying
g92 orbital to a more deformed oblate core. Although n
discussed above in detail, a departure from axial symm
to triaxial core shapes did not improve the agreement w
experiment in either the case of the ground state or the
meric structures. The residualp-n interaction proved to be
essential in reproducing correctly the low-lying energy sp
trum of 70Br in the TQRM.

C. Isospin invariant interacting boson model„IBM-4 …

The IBM-4 @48# is the most elaborate version of the in
teracting boson model~IBM ! of Arima and Iachello@49#.
The bosons of IBM-4 are assigned an orbital angular m
mentuml which can be eitherl 50 or 2. In addition, they are
labeled by an intrinsic spins and an isospint, for which the
combinations (s,t)5(0,1) and~1,0! are retained. The boson
represent correlated fermion pairs and the choice of boson
dictated by the requirement that they should describe nuc
excitations at low energy@48#.

TABLE V. Structure of the 81
1 and 82

1 states ate2520.28. Only
components corresponding to different couplings ofVp,n higher
than 5% are given.

State Proton Neutron Vp1Vn Vp-Vn

81
1 9/2@404# 7/2@413# 0.0 0.34

7/2@413# 9/2@404# 0.0 0.57

82
1 9/2@404# 9/2@404# 0.0 0.60

9/2@404# 7/2@413# 0.15 0.0
7/2@413# 9/2@404# 0.17 0.0
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FIG. 13. Comparison of ex-
perimentally observed levels with
the predictions of the IBM-4. The
comparison is divided intoT51
states, including analogue states
70Se ~left!, T50 states of odd
spin ~center!, and T50 states of
even spin ~right!. Experimental
states and their likely theoretica
counterparts are joined by dashe
lines as a guide to the eye. Th
experimental 61 and 81 states are
shown in both theT51 and 0
comparisons, since their isospin
not clearly established.
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A recent application of the IBM-4 to nuclei in the firs
half of the 28–50 shell was presented in Ref.@50# in a fully
microscopic approach. The boson energies and the bos
boson interactions are determined from a given shell-mo
Hamiltonian; this mapping is carried out for the two-partic
and four-particle nuclei~hereA558 and 60 nuclei!. Once the
Hamiltonian is fixed in this way, predictions can be made
nuclei with more valence nucleons without introducing fu
ther parameters. This gives excellent results for62Ga @50#,
where a comparison with shell-model calculations can s
be carried out.

The experimental levels in70Br as well as theT51 ana-
log levels taken from70Se are compared in Fig. 13 with th
predictions of the IBM-4. While the theoretical counterpa
for low-lying T50 states in70Br are predicted by the mode
they occur at much higher energy and this deviation grow
the spin increases. This is understandable as high-
bosons are absent from this version of the IBM-4. Nevert
less, given that the model is microscopic and includes no
parameters, the agreement may be considered as enco
ing. As regards theT51 states, one notes the absence fr
the IBM-4 of a second 21 level seen in70Se at the experi-
mental energy ofEx51601 keV. This state can only be co
rectly reproduced after allowing a microscopically dictat
boson-number dependence of the Hamiltonian. This d
ciency of the current calculation for isovector states can t
presumably be traced back to the constancy of the bo
Hamiltonian, and indicates the need to derive a bos
number dependence in the IBM-4. For a full comparis
with the detailed spectroscopic information obtained in
present work, it will be necessary to also calculate transit
rates and branching ratios in the framework of the IBM-4

D. High-spin behavior of 70Br:
Cranked Nilsson-Strutinsky calculations

A topic of much recent interest has been the experime
observation of a delay in the location of the first back be
ing in the yrast line of the even-evenN5Z nuclei 72Kr, 76Sr,
and 80Zr relative to their N5Z12 even-even neighbor
@51–53#. While the experimental delay is now well esta
lished, the origins of this effect are presently unclear. Sh
changes and enhanced pair fields have been suggest
possible causes of the delay. The pairing enhancemen
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N5Z nuclei may arise from short-rangenp correlations ei-
ther withT50 or 1. However, the pairing fields are not ve
robust and the shell gaps that cause the shape polariza
can quench pairing, especially at high spin. In the odd-o
systems, the unpaired particles may further block pairi
Consequently, it is interesting to investigate70Br in a
pairing-free calculation to act as a reference to locate wh
these correlations are no longer important.

In order to understand the structure of the asympto
high-spin behavior of the bands in70Br found in the present
work, calculations within the configuration-depende
cranked Nilsson-Strutinsky approach have been perform
employing the formalism presented in Refs.@54,55#. The
standard set of parameters@40# has been used for the Nilsso
potential. Pairing correlations have been neglected in
present calculations—an assumption which may be con
ered realistic at high spin. The calculations indicate that
yrast line in the spin rangeI'(15–25)\ is dominated by
(p51,a51) odd-spin states. There are a number of co
peting (p51,a51) configurations shown in Fig. 14~a!,
which are yrast or close to yrast in the spin range of inter
The configurations are labeled by a shorthand nota
@p,n#(gav) wherep(n) is the number ofg9/2 protons~neu-
trons! andgav is the averageg deformation of the configu-
ration. Since the potential energy surface is soft in theg
direction, we find configurations with the same occupation
high-j intruder orbitals in different local minima. To distin
guish them, we employ an average gamma value,gav , as a
shorthand label of the configurations.

The observed high-spin rotational sequence HB1 ab
J517 appears to have regular spacing as expected for a
lective band. It seems to be strongly populated. Collect
bands are not predicted to be yrast in this calculation, as
be seen in Fig. 14—clearly a shortcoming. Possibly, the m
irregular structures marked HB2 may be related to the n
collective states. Several non-yrast collective bands with
protons and two neutrons@2,2# and three protons and thre
neutrons@3,3# are predicted. Detailed comparison of expe
mental quantities such asE2ERLD @Fig. 14~b!#, kinematic
J(1) and dynamicJ(2) moments of inertia@Fig. 15~a!# and
alignments I @Fig. 15~b!# with theoretical predictions for
these configurations strongly suggests the assignment o
@3,3#(g;220°) configuration for theI 5(15–25)\ states in
7-13
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band HB1. In the calculations, the@2,2# and @2,2#* configu-
rations both lie below the@3,3#(g;220°). We prefer to
associate the latter configuration with the experimental b
because of the better agreement of theI (v) and (E-ERLD)
curves with the experiment@see Figs. 14~b! and 15~b!#. The
@2,2# configurations have too small a dynamic moment
inertia, evident from the strong upbend around spin 24\ @see

FIG. 14. ~a! Excitation energies of the calculated (p51,a
511) configurations as a function of angular momentum relat
to a I (I 11) rigid rotor reference. Calculated terminating states
circled. The yrast (p51,a511) line is indicated by the dotted
line. ~b! The same as in panel~a!, but only for the experimenta
high-spin band, HB1, and the calculated@3,3#(g;30°) and@3,3#
3(g;220°) configurations.

FIG. 15. Experimental and calculated kinematic and dyna
moments of inertia@panel ~a!# and alignments@panel ~b!#. The
experimental alignment and kinematic moments of inertia
shown with filled circles, the dynamic moment of inertia with u
filled circles. The results of the calculations for different configu
tions @see panel~b! for the notation# are shown. The dotted line in
panel~a! shows the calculated dynamic moment of inertia for t
@3,3#(g;220°) configuration.
06430
d

f

Fig. 14~a!# and the overly small slope for the angular m
mentum as a function of rotational frequency@see Fig.
15~b!#. Our interpretation raises the question of why@3,3#
and not@2,2# configurations are observed. First we studi
the sensitivity of the calculations to the input paramete
The relative position of the@3,3# and @2,2# configurations
depends on the location of theg9/2 orbitals relative to the
negative parity orbitals which is, in turn, dependent on
parametrization of the Nilsson potential. In order to inves
gate this effect, we have also carried out calculations us
the Nilsson parameter set from Ref.@56#. We find that, al-
though the relative positions of the configurations are som
what changed, the general structure remains the same.

The upbend seen around spinJ515\ in HB1 can then be
interpreted as a simultaneous alignment of two quasiprot
and two quasineutrons. Not surprisingly, these changes h
a strong blocking effect and the pairing-free calculations
gin to closely resemble the data. An upbend clearly see
the dynamic moment of inertia at the highest observed ro
tional frequency@see Fig. 15~a!# may be interpreted as th
crossing of the@3,3#(g;220°) and@3,3#(g;130°) con-
figurations. Due to the similar structure of these two config
rations and the rather small potential energy barrier betw
them, it is expected that there will be large matrix eleme
connecting the states in these two configurations.

An alternative scenario is that the@2,2# and@3,3# configu-
rations are more strongly mixed than our calculations s
gest, meaning that they interchange character very gradu
forming the observed smooth rotational band. Such a mix
of the@2,2# and@3,3# configurations would represent the sca
tering of a proton and neutron on identical negative pa
orbitals into identicalg9/2 orbitals, and vice versa. Such
pair has an isospinT50, since the proton and neutron are
the same space-spin state. The observation of one sm
rotational band at high spin instead of the calculated dist
crossing between the@2,2# and @3,3# configurations may
point to a strong scattering ofT50 pairs~i.e., T50 pairing
correlations! which are not taken into account in the calc
lations.

Clearly, more detailed data are needed to corroborate
refute these speculations. In particular, the observation
further high-spin bands and a determination ofQt for the
experimental band via lifetime measurements could cla
the situation, especially since the calculatedQt is twice as
large for the@3,3#(g5220°) configuration as for the@2,2#
configuration.

VII. CONCLUSIONS

We have begun to explore the rich structure ofT50 and
T51 states in70Br through two studies employing differen
reactions and channel selection techniques. As well as
cited configurations based on theJp501 ground state, state
above a previously knownJp591 isomer have been ob
served and the excitation energy of the isomer has been fi
at 2293 keV. In all, 37 transitions have been located a
placed in a decay scheme.

The aim of the present study was ‘‘complete’’ spectro
copy, i.e., finding all of the low-lying states. It is alway
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difficult to rigorously establish how successful such a sea
has been. Nevertheless, we have identified only one sta
the first MeV of excitation. This does not seem to arise fro
an experimental lack of sensitivity, as we specifically d
signed an experiment which was unusually sensitive to
low-energyg rays which are characteristic of the decay
bandheads in this region. None were found. This low le
density can only be reproduced in particle rotor calculatio
for a modest deformation, which is most probably associa
with an oblate shape and with an attractive long-rangenp
interaction. The failure to observe any evidence of a dou
of states withJ50, T51 andJ51, T50 at low excitation
appears to indicate that theT50 n-p pairing strength is
weak in comparison to theT51 pairing strength.

The J59 isomer has been located at 2293 keV. Parti
rotor calculations clearly indicate the isomer must be ob
and associated with a sizeable deformation. For prolate s
tions J57 and 8 states are predicted to lie lower in ene
than theJ59 state, thus removing the isomerism. Theb
decay of this isomer may provide a useful tool in locati
oblate states in the daughter nucleus70Se.

The structure at very high spin has been interpreted
terms of a @3,3#(g;220°) configuration in an unpaire
cranked Nilsson-Strutinsky formalism. The calculation
produces the data very well in the regime above where b
neutron and proton alignments have occurred and the eff
of pairing may be neglected.

We find no evidence ofT51 states in the ground stat
A

o

y

ll-

C

L.
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band aboveJ54 and hence, question the recently claim
Coulomb energy shifts derived for70Br @24#. Moreover, we
find no evidence of an isomer withEx51214 keV, as sug-
gested by de Angeliset al. @24#.

Clearly, a start has been made on investigating odd-
nuclei in theA560–90 region. The case of70Br, studied
here, has turned out to be rather complicated for investig
ing np pairing as the issues of shape coexistence and sh
mixing make the low-spin-level scheme very difficult to in
terpret. More data would help this disentanglement, es
cially lifetime data. However, it may well be the case that t
main focus of this project; investigation ofnp correlations,
can be better pursued in the heavier odd-odd isotopes74Rb
and 78Y for which prolate deformation is more firmly estab
lished
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