
PHYSICAL REVIEW C JULY 1998VOLUME 58, NUMBER 1
High-spin states, particle-hole structure, and linked smooth terminating bands
in doubly odd 112Sb
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Excited states in112Sb have been observed with the Stony Brook array of six Compton-suppressed HPGe
detectors and the103Rh(12C,3n) reaction at 60 MeV using a thick target. New excited states which decay solely
towards thetm5773 ns,I p582 isomer have been identified using time-correlated spectroscopy. The previ-
ously known level scheme has also been extended and corrected. In total, five rotational bands are observed,
consisting of the two previously known strongly coupled bands based upon one-particle–one-hole~1p-1h!
proton excitations across theZ550 shell gap and three newly observed decoupled bands based upon 2p-2h
proton excitations. The 1p-1h bands are interpreted as deformed rotors, although there is a possibility that a
shears mechanism like that observed in the lead region may also play a role. Results from a thin-target
measurement using the Eurogam-II spectrometer and the90Zr(31P,2an) reaction at 150 MeV are also pre-
sented. These data have been used to extend the decoupled bands up toI;40\, a spin regime where the bands
exhibit the features of smooth band termination. The combined results from the two experiments have enabled
two of the bands to be connected by discreteg-ray transitions to the low-spin level scheme, thereby determin-
ing their spins and parities. This allows for a definitive comparison with the results of cranked Nilsson-
Strutinsky calculations and excellent agreement is obtained. Further confirmation of the terminating band
configuration assignments is obtained from an analysis of the relative alignment properties of pairs of bands in
the chain110– 112Sb. @S0556-2813~98!02007-X#

PACS number~s!: 21.10.Re, 21.10.Tg, 23.20.Lv, 27.60.1j
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I. INTRODUCTION

Studies of the nuclei withZ'50 have yielded importan
and interesting physics in terms of low-lying collective stru
tures which coexist with the expected single-particle sta
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@1,2#. Such collectivity was observed initially in the odd
mass antimony@3# and even-mass tin@4# nuclei, where pro-
late shapes are stabilized by proton particle-hole~p-h! exci-
tations across theZ550 shell gap, from theb-upslopingg9/2
orbital into theb-downslopingg7/2/d5/2 and h11/2 orbitals.
Many cases of deformed rotational bands in this region
now known, although it is only more recently that the add
power of the new largeg-ray detector arrays has bee
brought to bear on these collective structures. Such stu
@5–11# have enabled the investigation of the demise of
collectivity of the deformed rotational bands which occu
due to the limited angular momentum available to the und
lying single-particle configurations@12#. The limited valence
space available to the collective structures is due to the p
imity of the doubly closed shell, so that, with one to thr
proton holes in theg9/2 shell, the total angular momentum o
the valence nucleons for nuclei in theA'110 region is lim-
ited to;(30–50)\. As the spin increases within a collectiv
band, the valence nucleons align with the rotational a
resulting in a gradual change of the nuclear shape with
creasing spin from collective near prolate (g'0°) at low
spin to noncollective oblate (g5160°) when all the nucle-
ons within the configuration are fully aligned@13,14#. Thus,
collective bands built upon core-excited configurations t
minate eventually at a spin corresponding to the sum of
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128 PRC 58G. J. LANE et al.
spins of the individual valence nucleons. The best exam
of this smooth band terminationphenomenon occur for nu
clei with the right balance of a sufficient number~10–15! of
nucleons outside of100Sn to develop collectivity, yet close
enough to100Sn to ensure that the termination of the ban
can occur both near yrast and at an experimentally attain
spin value. Excellent examples are found in109Sb @6# and
other nuclei in its immediate vicinity, including108Sn @7#
and 110Sb @10#.

The observed smooth terminating bands show an incre
of the g-ray energy spacing with increasing spin. This co
responds to a falloff in the dynamic moment of inertiaJ (2)

with increasing rotational frequency such that unusually l

values ofJ (2) ( 1
3 –1

2 of the rigid-body value! are observed a
high spin. In addition, it leads to characteristic minima
plots of the state energies with a rigid-rotor reference s
tracted (E2ERLD) @5–11#. Experimental evidence for th
gradual shape change and associated loss in collectivity
increasing spin has been obtained only recently in the fo
of transition quadrupole moments for smooth terminat
bands in 108Sn @15#, 109Sb @15#, and, in a different mass
region, 62Zn @16#. The theoretical description of smooth ban
termination @13,14# has relied primarily upon the cranke
Nilsson-Strutinsky model and there is substantial evide
that this model provides a good understanding of the m
experimental features; nevertheless, it is important to test
limits of applicability of the theory. As the nuclear Ferm
level changes, smooth terminating bands with various sin
particle configurations and different theoretically predicta
characteristics approach the yrast line. A good theoret
description of these changing features will give confiden
that the understanding is correct. It was demonstrated
cently that theoretical calculations have predictive powe
when a smooth terminating band in110Sb @10# was shown to
be in excellent agreement with prior calculations@14#. An
important feature of that work was that the yrast band w
connected by discreteg-ray transitions to the low-spin-leve
scheme, giving well-determined spins and allowing for a
finitive comparison with theory; in many cases spin and p
ity measurements have not been possible~e.g., Refs.@5,6#!.
A further constraint and test of the theory are obtained
linking multiple smooth terminating bands into the low-spi
level scheme. As yet, there are only two cases (108Sn @7# and
109Sn @8#! for which such comparisons can be made. T
new results presented here for two linked decoupled band
112Sb, and another band which is a likely signature partne
a linked band, provides a unique test of the theory. The d
are compared with the results of cranked Nilsson-Strutin
calculations and excellent agreement is obtained.

Another area of recent interest is the phenomenon
shears bands. Observed originally in the lead region~see
Refs.@17–19# and references therein!, the antimony isotopes
are predicted@20# to be good examples of this structur
feature due to the proximity to the Fermi surface of high-K,
g9/2 proton holes and low-K, h11/2 neutron particles. Two
bands with these active orbitals~configurations involving
1p-1h proton excitations! have been identified in112Sb in the
current work. The present article uses the geometric mod
reproduce the experimental properties of the bands, with
the need to invoke the shears mechanism. Further tilted-
es
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cranking calculations@21# are currently in progress for th
odd-odd antimony isotopes to determine the conditions un
which shears bands can occur@22#.

Excited states in112Sb have been investigated on a num
ber of previous occasions using various experimental m
ods. Low-spin states have been studied using light-ion re
tions @(p,n) and (3He,xn) @23,24## and radioactive-decay
techniques@25#. Two high-spin studies have also been r
ported recently@26,27#. The current work expands conside
ably upon these previous investigations.

II. EXPERIMENTAL DETAILS

Excited states in112Sb were populated in two comple
mentary experiments. The first experiment used a s
detector array and was designed to populate112Sb preferen-
tially, especially the yrast and near-yrast states up
moderate spin. A light-ion reaction and a thick target we
used to achieve this goal. The second experiment use
large detector array and employed a heavy beam and
target, populating high-spin states in112Sb via a weakly
populated 2an evaporation channel. Further details rega
ing both experiments are presented below.

A. Thick-target experiment

High-spin states in 112Sb were populated using th
103Rh(12C,3n) reaction at 60 MeV, with the12C ions pro-
vided by the Stony Brook FN tandem/superconduct
LINAC. An excitation function determined that a beam e
ergy of 60 MeV was appropriate, with the 3n andp2n chan-
nels leading to112Sb and112Sn, respectively, populated wit
the strongest~approximately equal! intensity. A thick target
of natural rhodium was used, and the consequent integra
of the fusion cross section down to the Coulomb barr
(VC'40 MeV!, together with the light-ion nature of the12C
beam, meant that substantial side feeding was obtained d
to the lowest-spin states. Although the compound nuc
were only formed with maximum spins of (20– 25)\, the
side feeding and resultant population of both yrast and n
yrast states meant that a comprehensive level scheme c
be constructed. This was helpful for the identification of t
linking transitions between two of the decoupled bands a
the rest of the level scheme, as will be discussed in Sec.

Theg rays emitted in the reaction were detected using
Stony Brook array of six Compton-suppressed HPGe de
tors, each 25–30 % efficient, arranged in a horizonal pla
A 14-element array of hexagonal bismuth germanate~BGO!
detectors subtending 80% of 4p was also used as ag-ray
multiplicity filter. The LINAC was run in a swept mode
whereby two out of every three beam pulses were suppre
with a high-voltage beam sweeper. The resulting time str
ture for the beam consisted of,1 ns wide pulses separate
by 318 ns so as to accomodate delayed coincidence mea
ments. This also enabled a6159 nsg-ray coincidence over-
lap to be employed, long enough to include the low-energg
rays and x rays which experience a time walk in the
detectors. The data written to magnetic tape included
coincidentg-ray energies from the Ge detectors~minimum
fold 52), the totalg-ray energy and multiplicity measure
in the BGO filter, and the times of detection of eachg ray
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relative to the beam pulse. Approximately 1403106 coinci-
dence events were collected.

B. Thin-target experiment

High-spin states in112Sb were also populated using th
90Zr(31P,2an) reaction at 150 MeV, with the beam of31P
ions provided by the Vivitron electrostatic accelerator
Strasbourg. The experiment was originally designed to
vestigate high-spin states in the strongly populated 2p2n and
ap2n channels leading to117I @28# and 114Te @11#, respec-
tively. The 2an channel leading to112Sb was more weakly
populated, comprising;3% of the total fusion cross section

Theg rays emitted in the reaction were detected with
Eurogam-II spectrometer, consisting of 54 large volu
Compton-suppressed HPGe detectors. Of this total, 30 w
large-volume~75% efficient! single-crystal detectors situate
at forward/backward angles with respect to the beam a
while 24 were ‘‘clover’’ @29# detectors~four elements, each
21% efficient! situated near 90°. Two stacked se
supporting targets of90Zr (.97% enriched! were used, each
with nominal thickness of 440mg/cm2. With a trigger con-
dition of n>5 unsuppressedg rays in coincidence, approxi
mately 8503106 high-fold gn coincidence events were re
corded on magnetic tape. Despite the weak cross sectio
the population of112Sb, the quality of the high-fold data an
the use of a thin target meant that it was possible to ap
multiple gates on the high-fold coincidence data and obse
the collective bands in112Sb to high spin.

III. ANALYSIS METHODS

A. Thick-target experiment

During replay, the data were sorted in a variety of ways
createg-ray spectra andg-ray coincidence matrices, whic
were subsequently analyzed using theRADWARE software
package@30#. The following sorting methods were applied

~i! g-g coincidence matrices were sorted with suitab
gates placed on theg-ray multiplicity (K) and total energy
(H) measured in the BGO filter. This was to enhance
fusion evaporation reactions~which have a high multiplicity!
and suppress theg-ray coincidence events due to Coulom
excitation and radioactive decay~which generally have a low
multiplicity!. Typically the conditionK>1 was used. The
symmetrized matrices, including those discussed bel
were analyzed using theESCL8R code @30# to project
background-subtracted, gated coincidence spectra.

~ii ! g-g coincidence matrices were sorted with vario
conditions placed on theg-ray times. Gates were set on th
time spectrum for each detector corresponding to615 ns
around the beam pulse~prompt! and.15 ns after the beam
pulse~delayed!. Symmetrized matrices consisting of promp
prompt and delayed-delayed coincidences were created
unsymmetrized prompt-delayed matrix was also created,
enabling the temporal ordering of pairs ofg rays coincident
across an isomer.H and K cuts were not used for th
delayed-delayed and prompt-delayed matrices, since
could suppress low-multiplicity events caused by the de
of long-lived isomeric states.

~iii ! The g-g coincidence data were projected into thr
different spectra according to the angles of the detectors.
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Stony Brook array has six detectors in a planar arrangem
and so the data were sorted into the angular groupi
(26°,225°), (80°,291°), and (144°,2142°). H and K
cuts were placed as in~i! above to suppress low-multiplicity
events. The intensities of theg rays in these angular spectr
were determined and then fitted with the standard expres
W(u)511A2P2(cosu). Note that the overall intensity nor
malization has been omitted and that with three effect
detector angles only theA2 coefficient could be determined
Strictly speaking, these are not true angular distributions
cause the intensities are taken from the coincidence d
Nevertheless, the signs of the anisotropies can still be use
help deduce the multipolarities of transitions.

~iv! The g-g coincidence data were also sorted into
angular correlation matrix, where the data from the 80° a
291° detectors (;90°) were placed on one axis, with th
coincident g rays detected at the forward/backward~FB!
angles sorted onto the opposite axis.H and K cuts were
placed on the data as described in~i! above. The experimen
tal ratio given by

RDCO5
I g~observed at FB angles, gate on;90°!

I g~observed at;90°, gate on FB angles!
~1!

was measured and the method of directional correlati
from oriented states~DCO! @31# was used to interpret thes
data.

B. Thin-target experiment

With the use of a thin target,g rays emitted from the
nuclei recoiling out of the target experience the full Dopp
shift. During sorting of the Eurogam-II thin-target data, t
g-ray energies were Doppler corrected before being sorte
a variety of ways, including the following.

~i! The data were unfolded off line into approximate
133109 triple coincidences which were incremented into
three-dimensional histogram~cube!. The LEVIT8R code@30#
was then used to project double-gated, backgrou
subtracted coincidence spectra from the cube and determ
the coincidence relationships betweeng rays.

~ii ! The data were also sorted into a gated DCO matrix
gate list consisting of transitions with energies 932, 10
1059, 1117, 1183, 1299, 1494, 1696, 1871, and 2047 k
was chosen so as to enhance the intensity of the m
strongly populated decoupled band in112Sb. The gating pro-
cedure involved unfolding the data into dual coincidenc
each of which was only incremented into the matrix if
least one of the rest of theg rays in the coincidence even
satisfied one of the gating conditions. Theg rays detected in
the ten coaxial detectors at 22.4° and 157.7° were so
onto one axis, whileg rays detected in the 24 clover dete
tors at 104.5° and 75.5° were sorted onto the other axis.
effect of the matrix gating procedure on the angular corre
tion ratios is minimal, since the gating transitions were
lowed to be observed at any angle so that the extrane
correlation effects average to zero.

~iii ! The linear polarizations ofg rays were extracted fo
some of the transitions associated with the strongest de
pled band in112Sb by using the clover detectors as Compt
polarimeters@29#. Two matrices were constructed from th
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FIG. 1. Level scheme for112Sb deduced from the Stony Brook experiment. The widths of the transitions are proportional to the
intensity, with the white parts showing the calculated component from internal conversion. The anomalous intensity balance throug2

isomeric state reflects the observed loss of coincidence intensity due to the6159 ns coincidence overlap used in the Stony Bro
experiment. Note that bands 1, 2, and 3 were extended to tentative spins of 39\, 38\, and 41\, respectively, in the Eurogam-II experimen
~see Fig. 9!. The dashed transitions represent unobserved decay paths~not necessarily single transitions! which are inferred from the
coincidence relationships. The 41 levels at 167 and 104 keV are connected by such a dashed transition~see text!, although the drawing scale
makes this difficult to see. Note that the 30 keV, 51→41 transition is undashed, since it is believed to be a single discrete trans
although it was not observed directly in the present experiments.
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coincidence data withg rays producing single hits in an
detector~coaxial or clover! on one axis andg rays from
scattering events in the clover detectors~clover double hits!,
which were either perpendicular or parallel to the react
plane for the two matrices, on the other axis. Both matri
were single gated using the same gate list as in~ii ! above so
as to enhance the proportion of the most intense decou
band in 112Sb. The number of perpendicular,N' , and paral-
lel, Ni , scatters for a giveng ray can be deduced by projec
ing out spectra gated by specific transitions on the single
axes. Assuming that all 96 separate clover elements h
equal efficiencies, the linear polarization is given by

P5
1

Q

N'2Ni

N'1Ni
, ~2!

where the polarization sensitivityQ for the clover detectors
is taken from Ref.@29#.

IV. RESULTS AND LEVEL SCHEME

The level scheme for112Sb obtained from the thick targe
experiment performed at Stony Brook is shown in Fig.
with the properties of the transitions assigned to112Sb pre-
sented in Table I. Note that, unless otherwise indicated,
following section refers to the results from the Stony Bro
n
s

ed

it
ve

,

e

experiment. The level scheme in Fig. 1 can be roughly se
rated into two parts:~i! the twoDI 51 bands known previ-
ously @26,27# and their decay towards the ground state a
~ii ! the high-spin states above the 82 isomer which are new
to this work, including the three decoupled bands. The d
ferent parts of the level scheme will be discussed separa
in the following sections. First, however, a brief history w
be given of prior studies of excited states in112Sb.

A. Prior results

There have been a number of prior studies of exci
states in112Sb, dating back to the first low-spin investiga
tions via 112Te→112Sb decay@25# and using the (p,n) and
(3He,xn) reactions@23#. The latter studies identified excite
states up toEx51.17 MeV, including theI p582 isomer.
Soon afterwards, an accurate half-life@32# as well as mag-
netic @33# and quadrupole@32# moments were measured fo
the I p582 isomer. More recently, a comprehensive study
the low-spin states using the (p,n) reaction was performed
by Fayez-Hassanet al. @24# and two high-spin studies wer
reported by Singhet al. @26# and Moonet al. @27#. The cur-
rent high-spin study was performed in parallel with and
dependently of the more recent works and substantially c
firms and in places changes their reported level schem
based upon the new results presented here. Neither of
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TABLE I. Properties of transitions assigned to112Sb from the Stony Brook experiment.

Eg
a I g

b I i
p→I f

p A2
c RDCO

d Ml

~keV! 202/381 104/237 318 1059/1060

29.6 e 51→41 M1/E2
72.4 11.7~4! 82→72 0.97~3! M1/E2
103.9 45.2~18! 41→31 20.30~3! 0.86~2! 0.61~6! M1/E2
132.5 1.37~16! 51→41 M1/E2
133.5 1.68~7! 51→31 0.18~5! 1.47~5! E2
161.8 2.90~15! (122)→111 0.67~11! (E1)
167.1 4.4~15! 41→31 20.29~4! 0.98~9! M1/E2
196.5 1.18~11! →61

199.3 2.22~13! 102→(92) 1.33~24! (M1/E2)
202.2 66~2! 92→82 -0.15~3! 0.96~2! 0.90~3! 0.86~5! M1/E2
216.8 4.4~7! (82)→82 1.52~12! (M1/E2)
236.9 48.7~16! 61→51 -0.18~3! 0.96~3! 0.55~2! M1/E2
273.0 0.51~9! 191→181 0.50~16! M1/E2
277.2 3.04~16! (141)→(131) 1.02~9! 0.68~11! M1/E2
285.2 3.94~16! 14(2)→132 0.86~7! (M1/E2)
294.9 16.1~5! (141)→(131) 0.88~3! 0.95~3! 0.51~5! M1/E2
297.0 2.35~13! 171→161 0.57~8! M1/E2
302.0 1.28~18! (162)→(152) 0.76~7! (M1/E2)
312.1 2.35~15! 151→141 0.33~6! M1/E2
317.8 14.2~5! (151)→(141) -0.10~3! 0.96~8! 0.43~5! M1/E2
325.5 85~3! 102→92 -0.05~3! 0.92~2! M1/E2
326.8 5.1~2! (131)→(121) 0.96~4! M1/E2
335.0 8.1~3! 51→41 0.76~4! M1/E2
353.9 71~2! 112→102 -0.06~3! 0.91~2! M1/E2
355.2 4.9~2! 102→92 20.03~3! f 0.40~5! M1/E2
355.8 12.7~4! (161)→(151) 20.03~3! f 0.99~12! 0.90~3! M1/E2
356.2 4.0~4! →(121) 20.03~3! f

358.9 10.6~4! 122→112 0.79~3! M1/E2
365.0 2.00~11! (191)→(181) 1.10~12! M1/E2
368.2 0.66~5! (131)→(121) 1.26~25! (M1/E2)
372.6 5.5~2! (121)→(111) 1.04~5! M1/E2
373.5 16.4~5! 132→122 0.89~3! M1/E2
378.2 6.0~3! (111)→(101) 1.09~17! M1/E2
380.6 48.8~15! 122→112 20.13~3! 0.94~2! 0.95~14! M1/E2
391.6 6.8~3! (171)→(161) 0.90~4! 0.54~7! M1/E2
392.4 25.2~8! 132→122 0.86~2! M1/E2
394.4 7.5~3! 132→122 0.61~8! M1/E2
398.2 19.2~7! 51→41 0.63~2! 0.70~9! M1/E2
402.0 2.91~13! 82→71 0.87~5! E1
402.5 3.6~2! (152)→142 0.28~7! (M1/E2)
406.2 4.0~2! 72→72 1.14~4! f M1/E2
406.9 13.6~4! 142→132 1.14~4! f M1/E2
414.2 7.6~3! (181)→(171) 0.97~12! 0.91~5! M1/E2
416.0 3.9~2!

418.5 3.17~18! 9(1)→81 0.91~6! (M1/E2)
425.9 8.8~3! 142→132 1.10~6! 0.46~9! M1/E2
432.5 3.15~13! (191)→(181) 0.91~8! M1/E2
435.7 54.8~18! 111→102 20.25~3! 0.90~11! 0.49~2! E1
441.9 24.9~14! 72→82 0.94~3! M1/E2
451.9 6.3~2! 152→142 0.85~6! 0.32~6! M1/E2
456.4 32.7~10! 82→61 0.28~3! 0.75~3! M2
471.0 1.46~15! 8(1)→71 0.84~7! (M1/E2)
471.7 25.0~8! 61→51 20.17~3! 0.77~2! M1/E2
478.5 13.7~5! 82→72 20.45~5! 0.55~2! M1/E2
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TABLE I. ~Continued.!

Eg
a I g

b I i
p→I f

p A2
c RDCO

d Ml

~keV! 202/381 104/237 318 1059/1060

486.3 6.7~2! 152→142 0.78~5! M1/E2
501.6 3.17~16! →142

503.0 4.74~18! 162→152 0.87~7! M1/E2
511.8 9.9~4! 131→122 E1
513.9 7.2~10! →82

527.7 2.9~3! 102→82 E2
527.9 3.37~18! 172→162 0.75~6! M1/E2
537.0 2.02~13! 162→152 0.86~8! M1/E2
561.0 1.04~13! (132)→(112) (E2)
570.1 1.93~13! →142

582.3 1.04~9! 162→142 E2
586.8 4.4~2! (161)→151 0.16~8! (M1/E2)
588.5 1.88~13! 151→
597.5 10.2~6! (122)→102 1.24~14! (E2)
607.7 4.3~5! →102

607.9 1.48~18! 92→
613.0 0.13~11! (151)→(131) E2
613.2 1.9~2! 142→122 1.51~14! E2
621.7 0.73~11! (141)→(121) E2
622.6 9.9~4! 142→122 1.01~14! E2
631.6 2.99~15! 72→(82) 0.94~14! (M1/E2)
632.0 11.2~4! 141→121 1.13~8! E2
655.8 4.8~3! (152)→(132) (E2)
664.0 2.7~5! (112)→102 0.61~5! (M1/E2)
673.9 0.89~11! (161)→(141) E2
679.1 10.0~4! 112→92 1.71~8! E2
699.7 1.11~7! (131)→(111) E2
701.3 18.4~6! 72→61 0.10~2! 0.98~3! E1
704.0 21.9~13! 92→82 20.58~5! 0.39~9! M1/E2
708.8 16.5~6! 151→131 1.07~5! E2
717.1 10.6~6! 122→102 0.92~6! f E2
718.2 5.1~2! 141→121 0.92~6! f E2
727.7 3.32~16! 171→151 1.35~18! E2
734.6 9.2~4! 122→102 1.51~8! E2
742.6 11.6~5! 161→141 1.00~10! f E2
743.7 5.7~3! (172)→(152) 1.00~10! f E2
747.6 0.71~9! (171)→(151) E2
750.6 2.31~11! (121)→(101) E2
754.3 6.1~3! 132→112 1.39~10! E2
761.9 2.1~2! 122→111 E1
773.5 6.0~3! 132→112 1.55~10! E2
799.7 6.9~3! 142→122 1.43~9! E2
806.5 4.7~7! 182→162 0.85~8! E2
815.1 8.5~4! 7(1)→61 0.56~3! 0.44~6! (M1/E2)
818.6 9.2~4! 142→122 1.14~11! E2
834.0 4.2~2! (192)→(172) 0.93~10! E2
841.2 6.1~3! 191→171 0.98~7! E2
842.9 5.4~3! →131

848.4 22.8~8! 72→82 0.42~5! 1.39~5! M1/E2
865.4 2.40~16! 181→161 1.00~8! E2
893.2 2.15~15! 152→132 2.1~5! E2
896.4 3.1~2! →131

900.8 3.08~16! (202)→182 (E2)
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TABLE I. ~Continued.!

Eg
a I g

b I i
p→I f

p A2
c RDCO

d Ml

~keV! 202/381 104/237 318 1059/1060

920.8 1.97~13! 82→82 1.44~17! M1/E2
923.9 1.64~13! (212)→(192) (E2)
932.2 3.26~18! 211→191 0.98~16! E2
940.1 12.0~5! 151→131 1.09~7! E2
976.0 4.4~2! 71→61 0.56~6! M1/E2
983.8 28.1~11! 122→102 0.41~5! 0.97~4! E2
989.8 2.5~2! 162→142 1.62~9! E2
990.8 1.8~9! (222)→(202) 0.91~7! E2
1002.9 1.11~13! (231)→211 (E2)
1007.4 6.2~3! 121→(122) 1.08~14! (E1)
1015.3 1.58~13! (232)→(212) (E2)
1017.6 14.2~6! (112)→92 0.28~3! (E2)
1030.8 ,0.15 172→152 E2
1041.3 2.64~16! →(161) 0.79~8!

1058.5 [100.00a 102→82 0.40~3! f 1.60~5! f 1.48~12! 1.01~2! f E2
1060.0 43.1~14! 131→111 0.40~3! f 1.60~5! f 1.01~2! f E2
1080.6 0.20~9! (242)→(222) (E2)
1083.0 6.7~3! 121→111 0.54~3! M1/E2
1103.4 16.1~8! 122→102 1.65~20! 1.02~7! E2
1122.9 19.0~6! 92→82 0.37~5! 1.32~9! 1.34~10! M1/E2
1168.8 6.7~3! 121→111 0.47~5! M1/E2
1197.7 5.9~5! 122→102 1.01~12! f E2
1199.4 1.8~2! (132)→(112) 1.01~12! f (E2)
1211.9 4.4~3! 71→51 1.55~19! 1.95~16! E2
1238.7 1.5~2!

1249.1 4.1~8! (92)→82 0.32~10! (M1/E2)
1285.6 2.3~3! 61→41 1.76~21! E2
1312.3 6.1~3! 81→61 0.7~3! 2.05~12! E2
1321.3 2.7~2! 71→61 0.69~6! M1/E2
1385.5 1.15~13! 9(1)→7(1) 0.37~9! 2.19~41! E2
1397.3 0.86~13! →7(1) 0.47~10! 1.25~13!

1411.3 3.4~4! (122)→102 0.40~9! 1.0~2! (E2)
1613.2 3.9~2! 162→142 0.36~5! 1.01~16! E2
1653.3 1.18~16! 142→122 0.4~1! 0.85~18! E2

aEnergies typically accurate to 0.2–0.3 keV, up to 1.0 keV for the weakest transitions.
bCoincidenceg-ray intensities relative to the 1058.5 keV transition.
cAnisotropies of intense uncontaminated transitions, deduced from angular projections of the coinc
data.
dDCO ratio gated by the marked transitions.
eTransition unobserved, but inferred from coincidence relationships.
fResult for composite peak.
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two concurrent high-spin studies identified the states new
this work, which feed solely towards the long-lived isom
The differences between the published level schemes are
cussed in the following sections when appropriate.

B. DI 51 bands and their decay

1. States below the Ip582 isomer

The decay cascade from theI p582 isomer to the ground
state has had various interpretations@23,26,27,32,33#, with
the transitions in common to all interpretations having en
gies of 104, 237, and 456 keV. The current work confir
to
.
is-

r-
s

the existence of the 134 and 30 keV transitions deduced
Moon et al. @27# and observes a new 1212 keV transitio
which feeds the state at 133.5 keV, thereby conclusiv
demonstrating the placement of both the unobserved tra
tion ~energy of 133.52103.9529.6 keV! and the 133.5 keV
transition. It is interesting that the state at 133.5 keV~and its
associatedg-ray decay! was not observed in the sensitiv
(p,n) experiment by Fayez-Hassanet al. @24#. They did,
however, observe ag ray with an energy of 132.6 keV which
they placed directly feeding the state atEx5104 keV. This is
confirmed by the current results since ag ray with an energy
of 132.5 keV is found to be in coincidence with the 104 ke
transition.
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The other major difference with Ref.@24# is related to this
problem and concerns the placement of the 236.9 keV t
sition ~see Fig. 2!. The authors of Ref.@24# observe a tran-
sition with this energy to be in coincidence with the 103
keV transition, but tentatively place it as feeding a level
129.6 keV, which then decays to the 103.9 keV level. Fr
the current work, the presence of the 976/237 keV casc
and its associated 1212 keV crossover transition unamb
ously places the 236.9 keV transition as instead feeding
state at 133.5 keV.

Reference@24# suggests that the 41 state at 167.1 keV
decays both to the ground state and also via a two-step
cade of low-energy transitions~37.5 and 25.8 keV!, passing
through their proposed state at 129.6 keV and then to
103.9 keV state. The current work confirms the existence
a decay path similar to that postulated above, via the ob
vation of coincidences between the 335.0 keV transition
both the 167.1 and 103.9 keV transitions~see the inset in
Fig. 2!. It is possible, however, that the 37.5/25.8 keV ca
cade proposed in Ref.@24# should be replaced by a 33.6/29
keV cascade via the 133.5 keV level which was observe
the current work. Unfortunately, the current data are not s
sitive to transitions of this low energy. However, the inset
Fig. 2 shows the 100–130 keV energy region from the co
cidence spectrum for the 335.0 keV transition. The relat
peak heights of the 103.9 and~possibly! 133.5 keVg rays
should reproduce those observed in the 237 keV spectr
were the 33.6/29.6 keV cascade to occur. The statistics is
sufficient to be able to distinguish this, which leaves t
question of which cascade is correct unanswered. The
rent level scheme in Fig. 1 shows only an unobserved de
path leading from the level at 167.1 keV to that at 103.9 k
and does not pass judgement on whether it might be a t
step cascade via the level at 133.5 keV, with this level eff
tively replacing that proposed at 129.6 keV by Ref.@24#.
Note that the alternative proposed states have the sam
signed spin and parity and differ by only 4 keV in excitatio
energy.

FIG. 2. Low- and high-energy regions of the coincidence sp
trum for the 237 keV transition in112Sb. Contaminantg rays from
112Sn are marked by the letter C. The inset in the upper panel is
low-energy region of the 335 keV coincidence spectrum to be c
pared with the same region of the 237 keV spectrum as describe
the text.
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2. Band 4

The band labeled 4 in Fig. 1 carries approximately 30%
the 112Sb channel intensity and was observed by both Sin
et al. @26# and Moon et al. @27#. Other than the different
placements for the unobserved 30 keV transition, the de
schemes of both these previous works for band 4 and
decay towards the ground state are similar. Figure 3~a! shows
the coincidence spectrum from the current work for the 2
keV transition in band 4. The previous placements of
decay-out transitions are confirmed, while a number of n
transitions with energies of 608, 514, 402, 976, 1212, 6
217, 199, 1249, and 196 keV are observed. At higher s
within band 4 the 373, 360, 402 keV cascade placed
Moon et al. is not observed. However, their placement of t
side transitions feeding into and out of the band between
162 and 112 levels is confirmed. In addition, the curren
level scheme contains the newly observed 394 and 359
transitions~with the corroborating 1103 keV transition to
wards the 82 isomer! as well as the 285 and 613 keV tran
sitions feeding into the band.

The spins and parities of the levels discussed so far h
been assigned using the following methodology. The co
prehensive study by Fayez-Hassanet al. @24# using Hauser-
Feshbach analysis as well as angular distribution meas
ments has already established the spins and parities o
low-spin states. These results constitute the base upon w
the current level scheme is built. The results of the curr
angular distribution analysis for the intense, uncontamina
transitions in112Sb are presented in Table I. Where there
an overlap with Ref.@24#, the positive/negative values fo
A2, indicating stretched quadrupole/dipole transitions, are
agreement with the previous multipolarity assignments. D
ratios were also employed to ascertain the multipolarities
the weaker transitions for which an angular distributi
analysis was impossible. To do this, the assumption w
made that band 4 consists ofM1 transitions withE2 cross-
overs. This is supported by the fact that the in-band casc
transitions from band 4~202, 326, 354, and 381 keV! all
have negativeA2 coefficients, indicating stretched dipole a
signments which are almost certainlyM1/E2 due to the pres-
ence of competing crossover (E2) transitions. These as
sumptions allowed the DCO ratios of the 202 and 381 k
transitions to be determined by gating on theE2 crossover
transitions, giving averaged results of 0.637~16! and

-

e
-
in

FIG. 3. Coincidence spectra for~a! the 202 keV transition from
band 4 and~b! the 318 keV transition from band 5. Known con
taminantg rays are marked by the letter C.
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0.668~29!, respectively. These values can be compared w
the expected DCO ratios for the Stony Brook array which
presented in Table II and were calculated using the meth
of Ref. @31# assuming anm-substate distribution withs/I
50.3. Results are presented for a variety of transitions ga
by a pure, stretched quadrupole transition. From the tab
can be seen that the 202 and 381 keV transitions have p
tive mixing ratios; a complete calculation~not presented
here! givesd50.094(14) andd50.120(25) for the 202 and
381 keV transitions, respectively. Table III presents furth
calculations showing the expected DCO ratios for the St
Brook array using a mixedM1/E2 transition with d
50.094 as the gating transition~cf. 202 keV transition!. The
DCO calculations can be confirmed by using the 202 k
transition as a gate to determine experimental DCO ra
~and hence multipolarities and the signs of the mixing rati!
for the low-spin transitions. These results are in good ag
ment with the assignments of Fayez-Hassanet al. @24#. Thus,
the calculations in Tables II and III can be used to und
stand the complex decay from the bottom of band 4 towa
the 82 isomer and the ground state.

There are systematic observations of rotational bands
92→82 transitions having energies around 200 keV in
the odd-odd antimony isotopes fromA5108 to A5120
@10,26,27,34–39#. Moon et al. @27# assign the 202 keV tran
sition in 112Sb to be 102→92 on the basis of anE2 char-
acter for the 1123 keV transition, while commenting on t
disagreement of this assignment with systematics. Si
et al. @26# assign the transition in agreement with system
ics, but then leave a 30 keV energy gap in the decay of
band towards the isomer so as to obtain the correct

TABLE II. Calculated DCO ratios~for the Stony Brook detecto
geometry! for different types of transitions using a stretched qua
rupole as the gating transition.

Multipolarity I i→I f RDCO

Quadrupole I→I 22 1.00
Quadrupole I→I 21 0.66
Quadrupole I→I 0.50
Dipole I→I 21 0.54
Dipole I→I 1.05
Dipole I→I 11 0.58
Dipole/quadrupole (d,0) I→I 21 ,0.54
Dipole/quadrupole (d.0) I→I 21 .0.54

TABLE III. Calculated DCO ratios~for the Stony Brook detec-
tor geometry! for different types of transitions using a stretch
dipole/quadrupole (d50.094) as the gating transition.

Multipolarity I i→I f RDCO

Quadrupole I→I 22 1.52
Quadrupole I→I 21 0.91
Quadrupole I→I 0.89
Dipole I→I 21 0.86
Dipole I→I 1.60
Dipole/quadrupole (d,0) I→I 21 ,0.86
Dipole/quadrupole (d.0) I→I 21 .0.86
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assignment. The current spins are in agreement with the
tematics and are also supported by the DCO ratios gate
the 202 and 381 keV transitions in the following way.

The DCO ratios for the 402, 976, 1212 keV set ofg rays
suggests that they are pure dipole (E1), mixed dipole/
quadrupole (M1/E2) and stretched quadrupole (E2) transi-
tions, respectively, leading to the spin and parity assignme
shown. The 921 keV transition has a DCO ratio in agreem
with a DI 50, M1/E2 transition. The 632, 217 keV cascad
is in agreement with expectations for anI→I 11, M1/E2
and DI 50, M1/E2 cascade. The 478, 442 keV path is
agreement with a cascade of two stretchedM1/E2 transi-
tions ~the 406 keV transition lies close in energy to the mo
intense 407 keV in-band transition, and so its DCO ra
could not be determined.! The 199, 1249 keV cascade
consistent with both transitions being stretchedM1/E2 tran-
sitions, although the DCO ratio for the 199 keVg ray has a
large error. All the above assignments are consistent with
202 keV transition having a 92→82 assignment. The 608
514 keV cascade was too weak and/or contaminated to m
sure the DCO ratios. Three of the other transitions decay
out of band 4 have ambiguities with respect to the assig
spins and/or parities, as discussed in the next two paragra

Results from the current work agree with the prior assig
ment @24,26,27# of I p551 to the level from which the 398
and 335 keV transitions decay. The DCO ratio and angu
distribution for the 472 keV transition suggests it is
stretched dipole transition with a negative mixing ra
(M1/E2) so that it decays from a 61 level. Since the 72 keV
transition appears to have the same character as the 202
in-band transition and fits well into the energy systemat
@10,26,27,34–39#, it has been assigned as the 82→72 tran-
sition. This implies that the 701 keV transition must be
stretchedE1, 72→61 transition; however, its DCO ratio
gated by the 202 keVg ray suggests that it is a stretche
dipole transition with a small positive mixing ratio, implyin
M1/E2 character. This discrepancy is probably due to sli
contamination from a transition in the other strongly pop
lated channel,112Sn. Note that changing the character of t
701 keV transition toM1/E2 would not affect the 9→8 spin
assignment for the 202 keV transition.

Two other transitions do not obviously agree with t
present spin assignments. The 1123 keV transition shoul
a stretchedM1/E2 transition (RDCO'0.86); however, its
DCO ratio is 1.32~9!. And the 848 keV transition should b
an I→I 11, M1/E2 transition (RDCO'0.90); however its
DCO ratio is 1.39~5!. A possible explanation is that both o
these transitions haveE2 admixtures withd;11, giving
rise to the large DCO values. This is perhaps expected s
both transitions decay directly from levels in band 4 to t
82 isomer, with these levels corresponding topg9/2
^ nh11/2 andpd5/2^ nh11/2 single-particle structures, respe
tively ~see Sec. V!. Thus the decay can proceed via apg9/2
→pd5/2 transition. Were this to be the case, it might
expected to also see a 102→82 transition, but this is not
observed. This is consistent with previous observations
the decay of the equivalent of band 4 to the 82 isomer in
many of the odd-odd antimony isotopes. While transitio
from the 92, 82, and 72 in-band levels to the 82 isomer are
observed in nearly all cases@10,26,27,34–39#, there are no

-
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136 PRC 58G. J. LANE et al.
cases where the 102 in-band level is observed to decay to th
82 isomer.

3. Band 5

A coincidence spectrum for the 318 keV transition fro
band 5 is shown in Fig. 3~b!. This structure carries approx
mately 6% of the112Sb channel intensity and was know
from both of the recent high-spin studies, albeit with ve
different placements of the band in the level scheme@26,27#.
Observing the transitions linking band 5 to the rest of
level scheme was complicated by the unfortunate fact
the strongest transitions resulting from Coulomb excitat
of the 103Rh target~294.9 and 357.3 keV! coincided closely
in energy with transitions in band 5. Also, bands 4 and
have a number of common transitions with very close en
gies. These problems meant that the current work did
have sufficient sensitivity to succeed in connecting ban
into the rest of the level scheme. The dotted arrows in Fig
indicate the unobserved decay paths suggested by the
cidence relationships. Part of the decay of the band proce
towards the group of high-energy transitions in the low
right of the level scheme. That these high-energy transiti
feed the very lowest positive-parity states is certain from
coincidence relationships with the 104 and 237 keV tran
tions ~see Figs. 2 and 4!. The assigned spins and parities
the levels follow from DCO ratios obtained by gating up
the 104 and 237 keV transitions. Since both of these tra
tions have almost pure dipole character@24#, the expected
DCO ratio ~using the 104 and 237 keV transitions as gat!
for a stretched quadrupole transition can be obtained f
Table II as 1/0.5451.85, while by definition it will be 1.00
for a pure stretched dipole transition. Figure 4 shows
coincidence spectrum for the 1321 keV transition and c
firms the existence of a decay path from band 5 towards
471, 1321, 237, 30, 104 keV cascade. Note that the coi
dence spectrum for the 237 keV transition in Fig. 2 sho
transitions from band 5 as intensely as those from ban
This is because band 5 feeds the 61 level at 370 keV mostly
by decay paths around the isomer as shown on the righ
Fig. 1, whereas band 4 feeds the 61 level mostly through the
82 isomer. ~The g-ray coincidence overlap being short
than the lifetime of the isomer attenuates the coinciden
across the isomeric state.! This intensity relationship sug
gests that the placement by Singhet al. @26# of band 5 solely
feeding band 4 must be incorrect. The alternative placem
by Moon et al. @27# of band 5 feeding both the 82 isomer
and the 61 state at 370 keV can be ruled out, for example,
the 1321 keV coincidence spectrum in Fig. 4; the inferr

FIG. 4. Coincidence spectrum for the 1321 keV transition
112Sb, illustrating the decay path from band 5 directly towards
ground state which bypasses band 4 and the 82 isomer.
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decay cascade shows clearly that band 5 must lie highe
excitation energy than Moonet al. suggest.

There is a loss of transition intensity at low spin in band
which indicates that the decay out of the band occurs ov
number of transitions in a fragmented fashion, possibly
other reason why discrete links were not observed. Vari
coincidence spectra@see Fig. 3~b!, for example# show that
the 318 keV transition in band 5 is in coincidence with tra
sitions in band 4 up to at least the 407 keV, 142→132

transition. Estimates from various coincidence spectra im
that approximately 20%, 40%, and 40% of the intensity
band 5 feeds towards the 82 isomer, band 4, and the low
spin positive-parity states, respectively. This evidence, p
the observed feeding into levels with spins up to 9\, sug-
gests that the spin of the bottommost level must be at le
9\, and is most likely>10\. Positive parity is assumed fo
the band consistent with the expected configuration d
cussed in Sec. V.

C. Decoupled bands and states above the 82 isomer

Figure 5 shows a spectrum ofg rays observed promp
with respect to the beam pulse and in coincidence with
time-delayed 456 keVg ray which depopulates the 82 iso-
mer. The transitions marked with the letter P correspond tg
rays which were either known previously or have been as
ciated with the decay out of bands 4 and 5 from the curr
work. All the other labeledg rays are observed for the firs
time and feed eventually towards the 82 isomer as shown in
the left-hand part of Fig. 1. Since the strongest transitio

e

FIG. 5. Promptg-ray spectrum in coincidence with the time
delayed 456 keV transition which depopulates the 82 isomer. Tran-
sitions from the decay of bands 4 and 5 are marked with the lette
The 295 and 356 keV transitions are partly due to bands 4 an
but are also marked with the letter C to indicate they have a c
taminant component~in this case from Coulomb excitation of th
target!. The other labeledg rays are newly assigned as transitio
which feed towards the 82 isomer. Note that the top two pane
show only a 450 keV energy region as compared to the bot
panel which shows an 850 keV energy region.
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PRC 58 137HIGH-SPIN STATES, PARTICLE-HOLE STRUCTURE, . . .
present in the isomer-feeding spectrum~Fig. 5! are the 1059/
1060 keV doublet and the 436 keV transition, they have b
assigned as a cascade feeding directly into the isomer.
placement of the 1059 keV transition as lowest is confirm
both by intensity measurements and the existence of
1103 keV transition which feeds across from band 4. T
coincidence spectrum for the 1059/1060 keV doublet sho
in Fig. 6 illustrates most of the newly assignedg rays. An-
gular distributions for the 1059/1060 keV doublet and t
436 keV transition suggest that they are stretched qua
poles ~assumedE2) and a stretched dipole, respective
Since virtually all of the newly observed transitions abo
the 82 isomer are in coincidence with at least one of t
members of the 1059/1060 keV doublet, it is possible to
DCO ratios gated by these stretchedE2 transitions to assign
transition multipolarities. Where available, the DCO resu
are in agreement with the angular distribution data.

To determine the spins and parities fully it is necessary
ascertain the electric or magnetic character of the 436
transition. It has a DCO ratio close to that expected fo
pure stretched dipole transition and has been assignedE1
character. This agrees with both the systematics of the ne
boring odd-odd antimony isotopes@10,36,37# and with the
polarization measurements to be discussed below. Follow
these basic assignments, the irregularly spaced sphe
states which decay into the 1060-436-1059 (E2-E1-E2)
cascade can have their spins and parities assigned from
DCO ratios.

At the highest limits of the spin input into the reaction, t
beginnings of rotational, stretchedE2 cascades are observe
The lowest transitions of band 1~populated with approxi-
mately 2.0% of the total channel intensity! and its associated
decay can be seen in the coincidence spectrum for the
keV transition in Fig. 7~a!. The rather complicated deca
path below the band is clearly defined by both coincide
relationships and the energy sums of crossover transiti
The spins and parities of the states follow from the DC
ratios assuming stretched transitions for all but the 1007 k
transition. This is because both the 1007 and 598 keV tr
sitions have DCO ratios indicative of stretchedE2 character,
while the 162 keV transition looks like a stretched dipo
The only way in which these results can be reconciled w

FIG. 6. Coincidence spectrum for the complex 1059/1060 k
doublet in 112Sb. Known contaminantg rays are marked with the
letter C.
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one another is if the 1007 keV transition is in fact aI→I
transition. Furthermore, the 162 keV transition must haveE1
character or else the 598 keV transition would beM2. This
is in agreement with the DCO ratio of the 162 keV transitio
considering the reasonably large error bar.

Band 1 could be extended to high spin using the res
from the thin-target Eurogam-II experiment. Figure 8~a!
shows a sum of coincidence spectra from theggg coinci-
dence cube, double gated on combinations of the 1059
transition with the in-band transitions from 932 to 1871 ke
The extension of band 1 to higher spins is obvious. Note t
there is a 1059 keV transition within the band which h
nearly the same energy as the lower-spin 1059 and 1060
transitions. This was evident from the coincidence relatio

FIG. 7. ~a! Coincidence spectrum for the 728 keV transitio
linking band 1 to the low-spin levels. The spectrum has been
convolved from nearby contaminant peaks due to112Sn. Some con-
taminants remain and are marked with the letter C.~b! Similar to~a!
except for the 1613 keV transition linking band 2 to the low-sp
levels.

FIG. 8. Coincidence spectra for bands 1, 2, and 3 from
ggg-coincidence cube created from the Eurogam-II data. The sp
tra are sums of double gates on in-band transition members.
bands are only very weakly populated, and so to obtain adeq
statistics to illustrate the bands, some gates are chosen that i
duce a number of unavoidable~unmarked! contaminants. Transi-
tions linking towards the 82 isomer are marked with the letter L.
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TABLE IV. Properties of transitions associated with bands 1, 2, and 3 in112Sb as deduced from the Eurogam-II experiment.

Band 1 Band 2 Band 3
Eg I g

a I i
p→I f

p RDCO Eg I g
a I i

p→I f
p Eg I g

a I i
p→I f

p

~keV! ~keV! ~keV!

841.3~1! [100 191→171 0.97~5! 806.0~3! 66~5! 182→162 655.7~4! 68~10! (152)→(132)
932.0~2! 96~6! 211→191 1.21~11! 901.2~3! 76~5! (202)→182 743.8~2! 97~6! (172)→(152)
1002.8~3! 89~8! 231→211 0.98~7! 991.3~3! 81~5! (222)→(202) 833.4~2! 91~6! (192)→(172)
1059.0~5! 87~9! 251→231 0.99~5! 1081.5~3! 82~5! (242)→(222) 923.6~2! 91~6! (212)→(192)
1116.8~2! 81~4! 271→251 1.27~20! 1168.3~3! 78~6! (262)→(242) 1016.1~2! 86~5! (232)→(212)
1183.2~2! 58~4! 291→271 1.23~32! 1257.0~4! 64~5! (282)→(262) 1108.9~2! 80~6! (252)→(232)
1298.8~2! 49~3! 311→291 1.06~22! 1352.4~4! 35~4! (302)→(282) 1203.9~3! 72~5! (272)→(252)
1493.6~3! 32~2! 331→311 0.83~27! 1445.8~5! 29~3! (322)→(302) 1299.8~3! 67~5! (292)→(272)
1695.5~3! 26~2! (351)→331 1548.2~6! 25~3! (342)→(322) 1387.0~3! 61~4! (312)→(292)
1871.3~5! 16~2! (371)→(351) 1666.0~7! 21~2! (362)→(342) 1468.6~3! 37~3! (332)→(312)
~2047! 6~1! (391)→(371) ~1810! 14~2! (382)→(362) 1570.6~4! 33~3! (352)→(332)

1708.0~5! 16~2! (372)→(352)
1880.8~7! 11~2! (392)→(372)

~2078! 5~2! (412)→(392)

aNormalized toI g5100 for the 841.3 keV transition in band 1.
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ships and intensities obtained from the individual doub
gated spectra. The presence of the 1059 keV transition in
band and the fact that in the data set this transition w
predominantly due to the 1059/1059/1060 keV transitions
112Sb meant that it was possible to create gated coincide
matrices with an enhanced proportion of events correspo
ing to the decay of band 1. This is because the inclusion
the 1059 keV transition in the gate list strongly enhanced
band since the 1059 keV transition was in dual coincide
with every other transition in the band. Using the gated DC
matrix described in Sec. III it was possible to measure
DCO ratios of the in-band transitions up to the 1494 k
transition, verifying that they have stretched quadrup
character. The properties of the extra transitions assigne
band 1 from the Eurogam-II experiment are summarized
Table IV. Although they are not presented in Table IV, t
DCO ratios which were obtained from the gated matrix
the low-spin transitions beneath band 1 were in agreem
with the results from the Stony Brook experiment. Note th
the intensities of the transitions for the decoupled bands w
extremely difficult to measure due to their weak populat
in the Eurogam-II experiment; thus, the ordering of the tra
sitions relies, at least in part, on the expectation of increas
transition energy with spin.

Matrices gated by transitions from band 1 were also c
ated from events which had double hits occurring in the c
ver detectors. These matrices were used to extract pola
tion information as described in Sec. III. The results a
presented in Table V and are in agreement with the multi
larity assignments from the DCO ratios. Measurements
low-energy transitions are difficult due to the small probab
ity for Compton scattering of a low-energyg ray from one
element of a clover Ge crystal to another. Thus, no meas
ment could be made to confirm whether the 162 keVg ray
was anE1 transition. Nevertheless, the results confirm t
the 436 keV transition has electric character and there
firmly establish the parity of band 1.

Bands 2 and 3 were populated with slightly less intens
than band 1, comprising approximately 1.6% and 1.9%
-
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the total channel intensity, respectively. Only band 2 co
be linked into the low-spin-level scheme. Its decay is som
what simpler than that of band 1 as illustrated in the le
scheme shown in Fig. 1 and demonstrated experimentall
Fig. 7~b!, where the coincidence spectrum for the 1613 k
linking transition is shown. The spin and parity of band
follow from the stretchedE2 character of the linking transi
tions as determined from the Stony Brook DCO measu
ments. These linking transitions can also be seen in Fig.~b!
which shows the extension of band 2 to high spin using
thin-target data. Although band 3 was not linked to the lo
spin-level scheme, it too was extended to high spin using

TABLE V. Linear polarizations of transitions associated wi
band 1 in112Sb and its decay.

Eg P Mla

~keV!

273 20.3~3! M1/E2
297 20.15~20! M1/E2
312 20.5~2! M1/E2
436 0.19~7! E1
718 0.12~19! E2
728 0.55~10! E2
743 0.21~18! E2
841 0.41~8! E2
865 0.2~3! E2
931 0.67~11! E2
1003 0.52~11! E2
1059b 0.46~11! E2
1083 20.3~3! M1/E2
1117 0.76~18! E2
1183 0.6~3! E2
1299 0.3~3! E2

aMl deduced from results in Tables I and IV as well as the po
ization results in this table.
bComposite peak~1059, 1060, and 1059 keV!.
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thin-target data as shown in Fig. 8~c!. Without the equivalent
of the fortuitous 1059/1059/1060 keV coincidences found
band 1, it was difficult to enhance the population of band
and 3 in gated matrices from the thin-target data. Thus,
high-spin transitions in bands 2 and 3 have assumedE2
character, with theg-ray energies and level placements su
marized in Table IV. The spins, parity, and approximate
citation energy of band 3 were determined by constrainin
to be the signature partner of band 2 at low spin.~Theoretical
reasons for this are outlined in Sec. V.! The coincidence
relationships between the transitions in band 3 and the 1
keV, 102→82 transition result in the suggested decay pa
indicated by the dashed arrows. These are in good agree
with expectations if band 3 is indeed the signature partne
band 2. Note, finally, that the extensions of bands 1, 2, an
to high spin are summarized in the simplified high-spin le
scheme for112Sb in Fig. 9.

V. DISCUSSION

The excited states in112Sb can be characterized in term
of the number of protons excited across theZ550 closed
shell. Shell-model excitations predominate at low spin a
excitation energy, while, at slightly higher excitation energ
the pg7/2-pg9/2 level crossing atb2'0.2 governs the
nuclear shape, since proton particle-hole excitations betw
these two levels can drive the nucleus to prolate deformat
A 1p-1h proton excitation leaves one high-K hole in the

FIG. 9. Simplified high-spin level scheme for112Sb showing the
extensions of the decoupled bands 1, 2, and 3 as deduced from
thin-target, Eurogam-II experiment.
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pg9/2 shell and gives rise to strongly coupled structures l
bands 4 and 5. A 2p-2h proton excitation results in two hig
K pg9/2 holes, leading to decoupled structures like bands
2, and 3. The following section discusses these three dif
ent types of structure separately. First, however, some b
points are made concerning the measuredg-ray coincidence
intensities.

A. Intensities and side feeding

The intensities listed in Table I and shown graphically
Fig. 1 representg-ray coincidence intensities obtained b
fitting the coincidence matrix gated by the multiplicity co
dition K>1. Because of the implicit6159 nsg-ray coinci-
dence overlap, this implies that a proportion of the coin
dences between transitions above and below the long-l
82 isomer is not measured. This results in the anomal
intensity balance at the 82 level with apparently more inten
sity feeding in than decaying out. The ratio of the measu
coincidence intensity feeding out of and into the 82 level is
;0.14, which, when combined with the6159 ns coinci-
dence overlap, implies a mean lifetime for theI p582 iso-
mer of ;1 ms. Considering the crudeness of this measu
ment, this is surprisingly good agreement with the kno
lifetime of 733~32! ns @32#. It is also worth explicitly point-
ing out that the individualg-ray intensities are given relativ
to that for the 1059 keV, 102→82 transition and are no
percentages of the total channel intensity. Summing the v
ous decay paths to the ground state and allowing for
losses across the isomer, the total intensity of the112Sb chan-
nel is approximately 300 in the units of Table I.

A careful examination will reveal that there are ambig
ities in the feeding intensities for some of the states in112Sb.
For example, of the five 122 states placed in the leve
scheme, some of the more yrast 122 states appear to b
populated less strongly than the more nonyrast states.
explanation for this may lie in the fact that the excited sta
in 112Sb represent a range of different shapes and struct
ranging from prolate deformed 1p-1h and 2p-2h proton
citations to near-spherical, shell-model excitations. Some
lective feeding may be involved depending upon what p
the system follows during deexcitation from the compou
nucleus. Furthermore, in an odd-odd nucleus with high le
density there is a potential for missed transitions and
placed intensity.

B. Shell-model excitations

The low-energy, low-spin spherical states have been s
ied previously using (p,n) and (3He,xn) reactions@23,24#.
For a complete summary of these lowest states, includ
those not observed in the current heavy-ion experiments,
reader is referred to the work of Ref.@24#, which classifies
the states using the Paar parabolic rule to describe the
plings of the unpaired proton to the unpaired neutron.

The I p582 isomeric state is believed to have the sing
particle structurepd5/2^ nh11/2. These conclusions com
from the measured values for the magnetic@33# and quadru-
pole @32# moments and the reader is referred to these wo
for a full discussion.

The majority of the newly observed spherical states
those placed above the isomer. Of these, the intensely p

the
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lated states immediately above the isomer are reproduce
Fig. 10, where they are compared to the neighboring o
mass antimony and even-mass tin nuclei. It is apparent
there is a remarkable similarity between the states, allow
one to draw various conclusions assuming weak coupling
the odd proton and odd neutron to the110Sn @40,41# and
111Sb @5# core nuclei, respectively. Reference@5# interprets
the various states in111Sb in terms of the couplings of th
odd proton to the 01, 21, and 41 states in the110Sn core.
The indicated states in112Sb are those same states in111Sb
weakly coupled to theh11/2 neutron. Such an interpretation
not new, the dominant two-quasiparticle components hav
been discussed previously for the adjacent114,116Sb nuclei in
which similar systematic structures have been obser
@36,37#. Spherical states above an 82 isomer have also bee
observed recently in110Sb @10#, and the comparison in Fig
10 of 110Sb with its core nuclei109Sb @6# and 108Sn @7#
reveals similar systematic features.

There are other irregularly spaced~probably spherical!
states observed in112Sb. A proper explanation of these re
quires extensive shell-model calculations beyond the sc
of the present work. The rest of this paper concentrates
the prolate collectivity induced by proton particle-hole ex
tations across theZ550 shell gap.

C. Band 4: pg9/2
21

^ nh11/2 configuration

A strongly coupled rotational band containing a 92

→82 transition with energy around 200 keV is known in a

FIG. 10. Systematics of low-spin spherical states in110Sn
@40,41# and 111Sb @5# compared to the spherical states immediat
at and above the 82 isomer in112Sb. A similar comparison with the
appropriate core nuclei@6,7# is made for 110Sb @10#. The states
shown in 109,111Sb correspond to the weak coupling of the mark
proton orbitals to the108,110Sn core nuclei. Weak coupling of th
h11/2 neutron to the states in109,111Sb results in the states shown
110,112Sb.
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of the odd-odd antimony isotopes fromA5108 to A5120
@10,26,27,34–39#. These bands have been interpreted as
ing due to thepg9/2

21
^ nh11/2 configuration, where thepg9/2

hole is generated by a proton 1p-1h excitation which driv
the nucleus to a prolate deformation. The high-K nature of
thepg9/2 hole results in a strongly coupled band with inten
M1 transitions, and since the high-K hole contributes little
alignment, the aligned angular momentum for the ba
should show only the effects of the odd neutron. Figure
shows the aligned angular momenta for band 4 using
reference parameters I0517 MeV21 \2 and I1
512 MeV23 \4, which have been used previously to d
scribe thepg9/2

21 bands in the nearby117,119Sb isotopes@42#.
Band 4 shows a large initial alignment of;5\, consistent
only with the h11/2 neutron. Furthermore, the first partic
alignment predicted by cranked shell-model calculations
that due toh11/2 neutrons, occurring at\v50.37 MeV ~see,
for example, Ref.@26#!. The alignment curve for thepg9/2

21

band from 115Sb @43# is shown in Fig. 11 and exhibits thi
alignment. However, this first crossing is blocked for band
having thepg9/2

21
^ nh11/2 configuration and is not observed

The geometric model can be used to interpret
crossover/cascade branching ratios measured for theDI 51,
M1/E2 andDI 52, E2 transitions in band 4. In particular
the dipole mixing ratios can be determined from the we
known relation

1

d2
5

1

lFEg~ I→I 22!

Eg~ I→I 21!G
5 ^IK20uI 22K&2

^IK20uI 21K&2
21, ~3!

whereEg is in units of MeV andl5I g(DI 52)/I g(DI 51).
Although the sign of the mixing ratio for theM1/E2 cascade
transitions cannot be determined from Eq.~3!, the measured
DCO ratios for transitions in band 4 indicate they must
positive. Table VI shows the results of applying Eq.~3! to
the measured branching ratios using the valueK55, appro-
priate for thepg9/2

21
^ nh11/2 configuration. The magnitude

of the mixing ratios obtained from the DCO ratios@e.g., d
50.120(25) for the 381 keV transition# are in reasonable

FIG. 11. Aligned angular momenta for bands 4 and 5, using
reference parametersI0517 MeV21 \2 and I1512 MeV23 \4,
chosen previously to describe thepg9/2

21 bands in nearby odd-mas
antimony isotopes@42#. Also shown are the alignment curves fo
the pg9/2

21 band in 115Sb @43# and the pg9/2
21

^ nd5/2 (71) and
pg9/2

21
^ ng7/2 (81) bands in116Sb @38#.
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TABLE VI. Properties deduced from crossover/cascade branching ratios in112Sb.

Band I Eg
l5

I g(DI 52)
I g(DI 51)

d B(M1)/B(E2)

(\) ~keV! (mN
2 /e2 b2)

4 10 325.5 0.035~3! 0.069~3! 24~2!

11 353.9 0.141~7! 0.080~2! 16.0~8!

12 380.6 0.189~9! 0.081~2! 14.2~7!

13 392.4 0.239~13! 0.078~2! 13.3~7!

14 406.9 0.50~3! 0.103~3! 6.8~4!

15 486.3 0.32~3! 0.091~3! 10.6~8!

16 503.0 0.52~5! 0.090~4! 9.9~9!

5 ~12! 372.6 0.43~3! 0.109~3! 7.5~5!

~13! 326.8 0.218~17! 0.060~2! 15.3~12!

~14! 294.9 0.045~7! 0.026~2! 56~7!

~15! 317.8 0.009~8! 0.013~4! 200~180!
~16! 355.8 0.070~9! 0.036~2! 30~3!

~17! 391.6 0.105~14! 0.040~2! 26~3!
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agreement with these results. Also shown in Table VI are
B(M1)/B(E2) ratios deduced using the standard express

B~M1;I→I 21!

B~E2;I→I 22!
50.6969

Eg
5~E2!

Eg
3~M1!

1

l~11d2!
S mN

e bD
2

,

~4!

where theg-ray energies are in units of MeV and the valu
of d2 are obtained from the solution to Eq.~3!.

Figure 12~a! compares the experimentalB(M1)/B(E2)
ratios for band 4 with calculations according to the geome
cal model of Do¨nau @44#. Since both the strongly couple
bands observed in112Sb have no signature splitting, the fo
lowing simple theoretical expressions have been applied

FIG. 12. B(M1)/B(E2) ratios for bands 4 and 5 compared
Dönau calculations. The labels on the curves refer to the confi
rations given in Table VII. Also shown in the lower panel are e
perimentalB(M1)/B(E2) ratios deduced for thepg9/2

21
^ nd5/2

band in 116Sb from theg-ray intensities in Ref.@38#.
e
n

i-

B~M1!5
3

8pFA12
K2

I 2 (j
@~gK! j2gR#K j

2
K

I (j
@~gK! j2gR# i j G 2

, ~5!

B~E2!5
15

32p

~ I 212K !~ I 211K !~ I 2K !~ I 1K !

~ I 21!I ~2I 21!~2I 11!
e2Q0

2 ,

~6!

where the sums are made over thej quasiparticles in the
configuration and (gK) j , K j , andi j are theg factor,K pro-
jection, and aligned angular momentum, respectively,
each individual quasiparticle. Certain approximations and
sumptions enter into these calculations, in particular rela
to theK projections and alignments which are used for ea
quasiparticle. The parameters which result in each calcula
curve in Fig. 12 are summarized in Table VII. Values in t
table for the empiricalg factors were taken from Ref.@45#,
while Z/A was used for the rotationalg factor. The value for
the quadrupole moment was taken from Ref.@34#, where
Q052.7 e b was deduced for thepg9/2

21
^ nh11/2 band in

108Sb from total Routhian surface calculations. This val
was chosen for the purpose of comparison with the calc
tions of Refs.@26,34#, both of which use this value. Th
value deduced for thepg9/2

21 configurations in112Sb from
total Routhian surface calculations isQ052.9e b. Using this
value would decrease the calculated curves in Fig. 12
;15%. It will be obvious in the comparisons given belo
that such a change does not affect the major conclus
drawn from Fig. 12.

The current calculations confirm that thepg9/2
21

^ nh11/2

configuration~label 1! is in better agreement with exper
ment than the two alternative possibilities coupling eith
d5/2 ~label 3! or g7/2 ~label 4! neutrons to theg9/2 proton hole.
The calculations for112Sb by Singhet al. @26# appear to use
the same parameters as the current calculation; howe
there are significant differences between the two calcula
curves. Furthermore, the experimentalB(M1)/B(E2) values

u-
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TABLE VII. Quasiparticle~qp! parameters used for theB(M1)/B(E2) calculations.

Config- Quasiparticles
urationa qp i K gK qp i K gK qp i K gK qp i K gK

1 pg9/2 0.0 4.5 11.27 nh11/2 5.5 0.5 20.21
2 pg9/2 0.0 4.5 21.27b nh11/2 5.5 0.5 20.21
3 pg9/2 0.0 4.5 11.27 nd5/2 2.5 0.5 20.33
4 pg9/2 0.0 4.5 11.27 ng7/2 3.5 0.5 10.21
5 pg9/2 0.0 4.5 11.27 nd5/2 2.5 0.5 20.33 nh11/2 5.5 0.5 20.21 nh11/2 4.5 1.5 20.2
6 pg9/2 0.0 4.5 11.27 ng7/2 3.5 0.5 10.21 nh11/2 5.5 0.5 20.21 nh11/2 4.5 1.5 20.2

aConfiguration labels are the same as those in Fig. 12.
bTheg factor of thepg9/2 orbital is positive. A negative value is assumed for configuration 2 for compara
purposes only~see text!.
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in Ref. @26# are somewhat different from the current resul
in particular, having a smaller magnitude at the lower-s
values. Also, according to the information presented
Cederka¨ll et al. @34#, the currentB(M1)/B(E2) calculations
should be very similar to the results of their calculation
108Sb, since the current work uses the same set of par
eters. However, the ordering in magnitude of the curves
thepg9/2

21
^ nh11/2, pg9/2

21
^ nd5/2, andpg9/2

21
^ ng7/2 configu-

rations shown in Fig. 12~a! is the opposite of that given in
Ref. @34#. To reproduce the ordering of the curves in R
@34#, it appears to be necessary to use the incorrect sig
the g factor for theg9/2 proton hole. The current calculatio
labeled 2 uses the wrong sign of thisg factor for thepg9/2

21

^ nh11/2 configuration and is in reasonable agreement w
the calculation of Ref.@34#.

D. Band 5: pg9/2
21

^ n„d5/2/g7/2…h11/2
2 configuration

Band 5 is not connected to the rest of the level sche
and has unknown spins and parity. The aligned angular
mentum curve for band 5 shown in Fig. 11 results from us
the spins marked on the level scheme in Fig. 1. Since exp
mental results indicate these tentative spins are most li
lower limits, the alignment curve as shown in Fig. 11 cou
increase in magnitude, but the slope would not change m
edly, were the spins to increase. A 1p-1h proton excitat
across the shell gap, leaving a high-K pg9/2 hole, must be
part of the band configuration, since the band is stron
coupled and the alignment above 0.3 MeV shares appr
mately the same slope as that for band 4, indicating a sim
deformation. Recall that for band 4 it is the coupling of
rotation-alignedh11/2 neutron to thepg9/2 hole which gives
an aligned angular momentum of;5\. Alternative cou-
plings of either ag7/2 or d5/2 neutron to thepg9/2 hole would
result in a smaller aligned angular momentum than for b
4, which is clearly not the case experimentally for band
Thus, to explain the large aligned angular momentum
quires band 5 to be built upon a four-quasiparticle excitati

The obvious possibility to consider is thepg9/2 proton
hole coupled to a three-quasineutron configuration, since
presence of theZ550 shell gap makes a three-quasiprot
configuration unlikely. Furthermore, the large alignme
points towards anh11/2 component, and since the first pair
particles to align is theh11/2 neutron pair, energy conside
ations suggest that the most likely possibility for the neut
configuration is (d5/2/g7/2)h11/2

2 . A band built on this con-
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figuration would have positive parity and approximate
(10– 12)\ of aligned angular momentum, consistent with t
limits on the experimental spins. If a perpendicular coupli
between the~rotation-aligned! neutrons and~deformation-
aligned! proton hole is assumed, a bandhead spin oI
;13\ can be deduced. This corresponds to the point wh
the alignment curve shows a kink, which could be inte
preted as theh11/2 neutron alignment. Hence, below th
alignment, band 5 would have thepg9/2

21
^ n(d5/2/g7/2) con-

figuration. The fact that the continuation of the band bel
the backbend is not observed is probably because the ba
only near yrast above the backbend.

In fact, recent investigations of116,118Sb @38# have iden-
tified the rotational bands built upon thepg9/2

21
^ nd5/2 and

pg9/2
21

^ ng7/2 configurations. These studies utilized (4He,xn)
reactions to populate the bands, which are nonyrast nea
bandheads and are thus not populated with heavy-ion r
tions @38#. This is consistent with the nonobservation of t
low-spin states from band 5 in the current work. The align
angular momenta of thepg9/2

21
^ nd5/2 and pg9/2

21
^ ng7/2

bands in116Sb are shown in Fig. 11, labeled by their ban
head spins 71 and 81, respectively. Both of these curve
look like they could possibly be extensions of band 5 bel
the backbend, supporting the current assignment. Furt
more, the resultant~extended! alignment curves look remark
ably like thepg9/2

21 band in 115Sb, displaced slightly lower in
frequency and with;(122)\ of alignment added. This is
completely consistent with band 5 in112Sb resulting from the
pg9/2 proton hole coupled to either thed5/2 or g7/2 neutron.
The slight displacement in the frequency of thenh11/2

2 align-
ment could be due to a number of factors; a likely possibi
is a reduction of pairing due to blocking in the doubly od
nucleus.

Further evidence that band 5 is built upon thepg9/2
21

^ nd5/2/g7/2 configuration can be obtained from a compa
son of the measuredB(M1)/B(E2) ratios ~see Table VI!
with calculations from the geometrical model@see Fig.
12~b!#. Above I 513, corresponding to the region above t
quasiparticle alignment, the measuredB(M1)/B(E2) ratios
are reasonably close to those predicted for thepg9/2

21

^ n(d5/2/g7/2)h11/2
2 configurations~labels 5 and 6!. Below I

513, the ratios are close to those calculated for thepg9/2
21

^ n(d5/2/g7/2) configurations~labels 3 and 4!, as would be
expected below thenh11/2

2 alignment. The intensities from
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Ref. @38# have been used to deduce the experime
B(M1)/B(E2) ratios for thepg9/2

21
^ nd5/2 band in 116Sb.

These points are also plotted in Fig. 12~b! and show reason
able agreement with both the calculated values~label 3! and
an extrapolation of the measuredB(M1)/B(E2) ratios for
band 5 to lower spin.~The agreement of the extrapolatio
rests upon the likely assumption that the bands in112Sb and
116Sb have similar deformations.!

The pg9/2
21

^ n(d5/2/g7/2)h11/2
2 configuration possesse

characteristics that could explain the fragmented decay
band 5. It would have positive parity, and so the partial
cay to positive-parity levels at the bottom right of the lev
scheme in Fig. 1 may be expected. The decay towa
negative-parity states in band 4 can also be explained
cause the configuration for band 5 differs from that for ba
4 by a n@(d5/2/g7/2)2h11/2# excitation. The interaction be
tween thed5/2 and h11/2 orbitals is related to the onset o
octupole deformation and the occurrence of parity-chang
transitions@46#. Also, two bands with similar behavior t
bands 4 and 5 in112Sb have been observed recently in110Sb
@10,47#. In the 110Sb nucleus, the~assumed! E1 transitions
linking the two bands have been observed. The band in110Sb
which would be equivalent to band 5 in112Sb also shows a
partial~unobserved! decay towards positive-parity states ne
the ground state and a decay component feeding the 82 iso-
mer.

E. Decoupled bands and smooth band termination

Recent studies of rotational bands built upon 2p-2h pro
excitations in theA'110 region have revealed that at th
very highest spins the bands gradually lose their collectiv
and eventually terminate at a spin corresponding to the
of the spins of the individual valence nucleons. This is b
cause, with the small number of valence particles outside
Z andN550 closed shells, the total angular momentum
configurations with one to three holes in thepg9/2 subshell is
limited to ;(30– 50)\. As the nucleus rotates, the valen
particles gradually align their spins to the rotation axis a
the nuclear shape is predicted@13,14# to change over many
transitions from collective near prolate (g'0°) at low spin
to noncollective oblate (g5160°) at the band termination
The changing shape and consequent reduction in collect
was confirmed by lifetime measurements for the first ti
recently@15#, for two bands in108Sn and one band in109Sb,
providing important proof that a smooth termination proce
is taking place. Smooth terminating bands are now known
near termination spins in a number of nuclei in theA'110
region, including 106,108,109Sn @7–9#, 109,110,111,113Sb
@5,6,10,48#, and 114,116Te @11,49#. The reason for the profu
sion of terminating bands in this region is because of~i! the
limited valence space outside of the double-shell closur
100Sn and~ii ! specific configurations found to be yrast ove
large spin range and thus observed from low spin up to
mination.

The main experimental characteristic of the terminat
bands in theA'110 region is a decrease of the dynam
moment of inertia (J (2)'4/DEg) with spin to unusually
low values, a fraction of the rigid-body value. The increa
in the g-ray energy spacings which is apparent in Fig. 8
bands 2 and 3, and especially band 1, in112Sb, implies such
al
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a decreasing dynamic moment of inertia~see Fig. 13!. These
low values ofJ (2) correspond to the fact that the building o
the last spin units before termination has a large energy c
determined mainly from~i! the difficulty of aligning the
high-K, pg9/2 holes and ~ii ! the fact that the neutron
(d5/2/g7/2) subshells are essentially half-filled@14#. This un-
favored band termination manifests as a characteristic m
mum when the excitation energy is plotted versus spin in
form E2ERLD , whereERLD is a rigid-rotor reference. The
position and shape of the minima, together with the term
nating spin of a band, are configuration dependent and
vide easy points of identification when making compariso
with theoretical calculations. Such plots for112Sb are dis-
cussed further below.

There is a well-developed theoretical understand
@13,14,50# of smooth band termination in terms of calcul
tions using the configuration-dependent cranked Nilss
Strutinsky model, with techniques that allow the identific
tion of specific single-particle configurations to high sp
Such calculations have been performed for112Sb for the
present work and the results are presented in Fig. 14 in
form of excitation energies with a rigid-rotor reference su
tracted, for the four combinations of parity and signatu
Pairing correlations have been neglected in the calculat
and the parameter set from Ref.@51# has been used for th
Nilsson potential. Three particular rotational bands are p
dicted to lie lowest in energy over the spin range (25– 40\.
These are the favored signature of the@21,3# and the two
signatures of the@21,4# configuration.~The notation used
here to describe the configurations is the same as in
@14#, namely,@p1p2 ,n# wherep1 is the number ofg9/2 pro-
ton holes,p2 the number ofh11/2 protons,n the number of
h11/2 neutrons, and with the remaining valence particles o
side of 100Sn distributed across the positive-parityd5/2/g7/2
subshells.! The presence of these configurations near
yrast line is not surprising considering that in the neighb
ing isotope 111Sb the three bands which are known are t
two signatures of the@21,3# and the favored signature of th
@21,4# configuration@5,14#, while in 113Sb, the favored sig-
nature of the@21,4# configuration is known@52#. The inter-
vening 112Sb nucleus might be expected to exhibit the
same two configurations.

The experimental energies of the three decoupled band
112Sb are plotted in Fig. 15 with a rigid-rotor reference su
tracted. For the unlinked band 3, the approximate excita

FIG. 13. Static and dynamic moments of inertia for the thr
decoupled bands observed in112Sb.
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144 PRC 58G. J. LANE et al.
energy has been deduced using the assumption that ban
the signature partner to band 2 and is thus energy degen
with band 2 at the lowest observed spins. These experime
curves can be compared to the three bands calculated t

FIG. 14. Calculated yrast configurations of112Sb, shown with a
rigid-rotor reference subtracted, for the four combinations of pa
p and signaturea. The shorthand configuration labeling is e
plained in the text. The subscripts used with this notation are for
cases where the same@32,4# configuration with@1,1# parity and
signature is obtained as a consequence of the different distribu
of proton holes in theg9/2 and neutrons in theg7/2d5/2 orbitals.
Large open circles are used to indicate terminating states. L
open diamonds are used in the cases where the terminating s
involve contributions from thend3/2s1/2 orbitals. Solid lines are
used for configurations assigned to observed bands~see Fig. 15!,
while other~unobserved! configurations are shown by dashed line
A shaded background indicates the spin range where pairing c
lations could be of some importance.

FIG. 15. Experimental energies of states in the decoupled ba
in 112Sb with a rigid-rotor reference subtracted. The results of t
oretical calculations for the three rotational bands calculated to
lowest in energy are plotted in the same way for comparison.
cause of the neglect of pairing in the calculations, only the sha
of the curves and the relative energies of the experimental ba
should be compared with the predictions of theory. The theoret
curves are labeled by their configurations, with the predicted te
nating states marked by large open circles. Note that band 3
not have well-defined spin, parity, or excitation energy~see Figs. 1
and 9 and the text!.
3 is
ate
tal
lie

lowest in 112Sb; the curves for the lowest three theoretic
bands have been extracted from Fig. 14 and are reprodu
in Fig. 15. When comparing theory and experiment, it m
be remembered that pairing correlations are neglected in
calculations. As a result, the comparison should not be
ried out with respect to the low-spin states, but with resp
to one of the high-spin states. Experience with these theo
ical comparisons suggests that with decreasing spin be
25\, larger discrepancies can be expected due to the incr
ing role of pairing correlations.

In making the comparison between theory and experim
in Fig. 15, a natural interpretation presents itself; that
band 1 is the favored signature of the@21,3# configuration,
while bands 2 and 3 are the two signatures of the@21,4#
configuration. There is excellent agreement for all aspect
the calculations, including that~i! the predicted configura
tions agree with the experimental signatures and parities,~ii !
the details of theE2ERLD curves with respect to the spi
positions of the energy minima are reproduced, and~iii ! the
ordering of the different bands in excitation energy is co
sistent with experiment. With respect to point~iii !, it is note-
worthy that there is also rather good agreement obtained
the differences in excitation energies between the bands.
though band 3 is not linked to the low-spin-level scheme,
agreement with theory gives some confidence that the cor
spins and approximate excitation energy have been ded
for the band.

None of the bands are observed up to their terminatio
with typically four more transitions expected to reach t
terminating states. Note that this means for all the ban
termination would require eight more units of spin at a po
on theE2ERLD curve where the extra units of spin are e
ergetically expensive to generate. Note also that the m
mum spins to which the bands are observed are appr
mately those where the bands are predicted to be crosse
bands built upon 3p-3h proton excitations~see Fig. 14!. The
nonobservation of the bands to higher spins could be bec
the channel intensity instead feeds into the bands built u
3p-3h configurations. On the other hand, it could simply
due to limitations in the resolving power of the current e
periment. In any case, the observation of the terminat
states of smooth terminating bands in nuclei with mas
aroundA'112 and above is difficult because the terminati
states have spins approaching 50\. An experiment per-
formed on a large detector array with an optimal reaction
populate112Sb could possibly observe the terminating stat
However, perhaps even more important than the observa
of the terminating states of the 2p-2h configurations wo
be the observation of the bands built upon 3p-3h proton c
figurations. This also could possibly be addressed by a m
powerful experiment.

The isotopes lighter than112Sb generally show a very
good detailed agreement between the theoretical and ex
mental shapes of theE2ERLD curve near the minima and u
to termination ~see, for example, Fig. 4 of Ref.@10# for
110Sb). This contrasts with the heavier isotopes for wh
there is an experimental trend towards a flatterE2ERLD
curve which is not as well reproduced by theory~see, for
example, Fig. 5 of Ref.@52# for 113Sb and Fig. 3 of Ref.@11#
for 114Te). The results for112Sb agree with this trend, lying
somewhere between these two extremes. A possible expl
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FIG. 16. Effective alignmentsi eff ~in units of \) associated with the occupation of different neutron orbitals, extracted from
experimental bands~unconnected large symbols!. The results are compared with those extracted from the calculated configurations as
to the bands~connected small symbols!. The experimental effective alignment between bandsA andB is indicated as ‘‘A/B.’’ Band A in the
lighter nucleus is taken as a reference; hence, the effective alignment measures the effect of the additional particle. The compare
rations differ by the occupation of the orbitals indicated on the panels. These orbitals are labeled by~i! the dominant components of the
wave functions at zero rotational frequency,~ii ! the sign of their signaturea given as a superscript, and~iii ! the position of the orbitals within
the specific signature group given as a subscript~see, for example, Fig. 3 of Ref.@50#!. Note also that thei eff values are shown at the
transition energies of the shorter band marked with an asterisk(*). The points corresponding to transitions depopulating terminating st
are encircled. WhenI max has not been reached, the points corresponding to transitions depopulating the states with spin (I max22) are
indicated by large open squares. These symbols are not used when the configurations of the bands, marked by an asterisk,
(d3/2s1/2) orbital close to termination. The experimental points which appear to be affected either by pairing interactions or by unpair
crossings~as follows, for example, from the analysis of theJ (2) of the bands! are shown on a shaded background.
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tion is that for the heavier isotopes with more available
lence nucleons the level density is higher and the absenc
pairing becomes a more extreme approximation, espec
for the more nonyrast states away from theE2ERLD mini-
mum.

F. Relative properties of smooth terminating bands observed
in the chain 110– 112Sb

As discussed in Ref.@50# in detail, the relative propertie
of the observed bands can be studied by means of an e
tive alignment approach. This approach provides an a
tional and very sensitive tool for the interpretation of o
served bands, especially in the cases when they are
linked to the low-spin-level scheme. The effective alignme
of two bandsA andB is simply the difference between the
spins at constantg-transition energyEg ~or, equivalently,
rotational frequency\v) @53#:

i eff
B,A~Eg!5I B~Eg!2I A~Eg!. ~7!
-
of

lly

c-
i-

ot
t

Experimentally,i eff measures the contribution~s! from the or-
bital~s! which are occupied in bandB and empty in bandA.
These contributions include both the alignment~s! of the
single-particle orbital~s! and the effects associated wit
changes in deformation, pairing, etc., between the two ba
This approach exploits the fact that spin is quantized, inte
for even nuclei and half-integer for odd nuclei, and, furth
more, constrained by signature. With the configurations
specifically the signatures fixed, the relative spins of the
served bands can only change in steps of62\n (n is an
integer number!.

The effective alignment approach has been used with
sonable success in Ref.@50# for the study of relative proper
ties of smooth terminating bands observed in108,109Sn @7,8#
and 109,110Sb @6,10#. A similar investigation is presented her
for the smooth terminating bands observed in the ch
110– 112Sb @5,10#, the results of which are shown in Fig. 16
All smooth terminating bands observed in these nuclei h
been used in the analysis. Among these bands, only band
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146 PRC 58G. J. LANE et al.
110Sb, band 1 in111Sb, and bands 1 and 2 in112Sb are linked
to the low-spin-level scheme. The configurations and sp
parity assignments given in the original articles have b
used, including those suggested for the unlinked ba
@10,14#. All pairs of bands, which, according to the prese
assignments, differ by a particle in one orbital, have be
included in the comparison. Details of the bands which
discussed, their configuration assignments and the sin
particle differences between them, are summarized in
17. Note that in Fig. 17 the total signature of the configu
tion is denoted by a superscript (1 or 2). Since the signa-
ture depends on the type of nucleus~even or odd!, the fol-
lowing simplified notation is used: (a tot51)[@a tot511/2
(odd)#[@a tot50 (even)#, (a tot52)[@a tot521/2 (odd)#
[@a tot511(even)#.

The comparisons of the relative properties of the ban
which are presented in Fig. 16, are generally successfu
interpreting the band structures; however, there is disag
ment for a specific band, which could be an experimen
problem. This specific disagreement between experiment
theory occurs for the pairs involving band 1 in111Sb; see
Figs. 16~a!, 16~g!, and 16~k!. In addition, the calculatedE
2ERLD plot for this band deviates significantly from that fo
the assigned@21,4#2 configuration~see Ref.@14#!. Also, the
properties of this band deviate significantly from the expe
mental systematics of the 2p-2h bands observed in
109– 112Sb chain@54#. The slopes of the calculated and expe
mental alignments in the 111Sb(1)/112Sb(2) and

FIG. 17. Smooth terminating bands observed in110,111,112Sb
@5,10# ~middle panel!. The assigned configurations are indicat
after the band labels. The total signature of a configuration,a tot , is
shown as a superscript as described in the text. The differenc
the configurations of the observed bands are indicated by arrow
different types which relate to specific orbitals. The corresponde
between the type of arrow and the orbital is given in the bott
panel. Note that only the pairs of bands which differ by occupat
of one orbital are compared. The occupation of different neut
orbitals in the configurations assigned to bands observed
110–112Sb ~top panel!. Note that the@g7/2d5/2#1,2,3 orbitals as well as
the @h11/2#1 orbitals are occupied in all bands and thus are
shown. Proton configurations of all the bands are the same with
proton holes ing9/2, two protons in (g7/2d5/2), and one proton in
h11/2 with signaturea521/2.
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111Sb(1)/112Sb(3) pairs@see Figs. 16~g! and 16~k!# are very
similar atEg>1500 keV, where the pairing correlations a
of small importance, but the difference in absolute value
tween theory and experiment is approximately 2\. This is
accompanied by a similar difference with opposite sign wh
the 111Sb(1) band is compared with the110Sb(1) band@see
Fig. 16~a!#. Consequently, if the112Sb(2,3) bands were com
pared with the110Sb(1) band, a reasonably good agreem
would be obtained. This shows that it is really band 1
111Sb which causes the problems. Note that the lowering
the assigned spin values by 2\ for band 1 in111Sb will bring
the experimental alignments closer to those calculated at
highest observed frequencies. In addition, such a change
result in better agreement between the calculated and ex
mentalE2ERLD plots at spinsI>30\. Because of these un
certainties, the pairs involving this band will not be di
cussed below.

At low rotational frequencies of\v<0.620.7 MeV, the
observed bands can be affected by pairing correlations
follows from the features of their dynamic moments of ine
tia. Cranked Woods-Saxon calculations performed for111Sb
in Ref. @5# predict anh11/2 neutron crossing to occur at\v
50.35 MeV and ag7/2 proton crossing at\v50.6 MeV. No
other paired band crossings are expected theoretically in
frequency range\v,0.6 MeV. The h11/2 neutron band
crossing is not seen in the effective alignments of Fig.
since the overlap of the compared bands does not go to
low frequencies. The proton configuration of all compar
bands is the same, and so only minor effects are expecte
the effective alignments due to small changes in the pro
pairing field, the equilibrium deformations, etc.

The experimental effective alignments of the@h11/2#2
6 or-

bitals are reproduced in the calculations reasonably well@see
Figs. 16~b!, 16~c!, 16~d!, and 16~e!#. It is interesting to note
that the@h11/2#2

1 orbital, especially, is antialigned at low ro
tational frequencies. This feature is most clearly seen in
111Sb(3)/112Sb(2) and 111Sb(2)/112Sb(3) pairs@see Figs.
16~b! and 16~c!#, and, in general, it is reproduced in calc
lations. However, the change in slope ofi eff takes place at a
lower frequency in the calculations as compared with exp
ment. In the bands with three or four occupiedh11/2 neutrons,
the increase inJ (2) observed at low frequencies~see, for
example, Fig. 13! may originate not only from paired ban
crossings, but also from the alignment features of the th
and fourthh11/2 orbitals, which are antialigned at low fre
quencies~see also Fig. 3 in Ref.@50#!. The antialignment of
low-lying high-j orbitals has been previously found and o
served over a considerable spin range in superdefor
bands ~see, for example, Refs.@55,56#!; however, to our
knowledge, the data in Figs. 16~b! and 16~c! are the first
clear evidence for similar features at normal deformation

The alignments of then@g7/2d5/2#4
6 orbitals in the

110Sb(1)/111Sb(3) and 110Sb(1)/111Sb(2) pairs are repro
duced reasonably well at transition energies larger t
;1300 keV where the role of pairing correlations is of min
importance@see Figs. 16~f! and 16~i!#. In contrast, for the
111Sb(2)/112Sb(1) and111Sb(3)/112Sb(1) pairs@Figs. 16~h!
and 16~m!#, although the general trends of the alignment
these orbitals are reproduced in the calculations, the disc
ancies are larger. One possible explanation may be tha

in
of
e

n
n
in

t
o



e
o

in
th
ic

,
h

ita

o

e
nd
2
-

r
iv

ita
e

ly
n

s
te

ct
-1
cle
i-
ic

e

d
s
eo-

ons
ver,
the
-

t in

lso
of

ked
his
i-

rities
of
nfi-
en-

-

la-
ain
on-
se
e
our
of

n
tony
ts.
of

or
is
m-
Na-
sic
as
n-
the

.R.
a-
f

PRC 58 147HIGH-SPIN STATES, PARTICLE-HOLE STRUCTURE, . . .
heavier nuclei the level density is higher and the absenc
pairing in the calculations becomes a more severe appr
mation.

Among the bands under study, the110Sb(2), 111Sb(2),
and 112Sb(1) bands all show an increase inJ (2) at the high-
est observed rotational frequencies@see, for example, Fig. 13
for 112Sb(1)#. This increase correlates with disturbances
the behavior of the experimental effective alignments at
highest observed rotational frequencies for the pairs in wh
one of these bands is involved@see Figs. 16~d!, 16~f!, 16~h!,
and 16~m!#. As follows from Ref.@50# and the present study
such an increase inJ (2) appears only in the bands in whic
then@g7/2d5/2#4

2 orbital is occupied. Only the112Sb(2) band,
in which, according to the present interpretation, this orb
is occupied, does not show such an increase inJ (2) at the
highest observed rotational frequencies.~Note, however, that
this band is observed to the lowest rotational frequency
the three bands in112Sb.! As discussed in Ref.@50#, the most
probable reason for this increase inJ (2) is connected with
the unpaired ‘‘band crossing’’ between the@g7/2d5/2#4

2 or-
bital and the@d3/2s1/2#1

2 orbital. It should be noted that th
@21,3#2 and@21,4#2 configurations assigned to bands 1 a
3, respectively, terminate in the calculations at a spin\
higher than the ‘‘maximum’’ spin defined from the distribu
tion of the valence particles and holes over thej shells at low
spin. At ‘‘maximum’’ spin (45\ for @21,3#2 and 47\ for
@21,4#2), the potential energy surfaces are flat in theg di-
rection with a minimum at a modest collectivity lying lowe
by 20–40 keV than the lowest energy at the noncollect
axis. As discussed in Ref.@50#, this indicates the involve-
ment of the@d3/2s1/2#1

2 orbital close to termination. In the
calculations, however, the crossing between these orb
takes place at higher spin than is suggested from experim
With no specific fit of the relative energies of the (g7/2d5/2)
and (d3/2s1/2) subshells in the Nilsson potential, it can hard
be expected that such fine features can be reproduced i
calculations.

VI. CONCLUSIONS

New results have been presented on excited state
112Sb, including the observation of many new excited sta
which feed solely towards theI p582 isomer. Five rotational
bands involving particle-hole excitations across theZ550
shell gap have been observed to coexist with the expe
single-particle structures. Two of these are built upon 1p
proton excitations, one being the low-lying two quasiparti
pg9/2

21
^ nh11/2 excitation common to all the odd-odd ant

mony isotopes and the other being an unlinked band wh
has the four-quasiparticle configuration pg9/2

21

^ n(d5/2/g7/2)h11/2
2 . @The latter band is actually due to th
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pg9/2
21

^ n(d5/2/g7/2) configuration, but is only observe
above thenh11/2

2 alignment.# The configuration assignment
for the 1p-1h bands are confirmed by comparison with g
metric model calculations of theB(M1)/B(E2) ratios. Good
agreement is obtained with the geometric model calculati
without the need to invoke a shears-type excitation; howe
tilted-axis cranking calculations and the measurement of
absoluteM1 transition strengths would be useful in confirm
ing whether or not the shears mechanism is importan
these bands.

Three bands built upon 2p-2h proton excitations have a
been observed, and all three show the characteristics
smooth band termination. Excellent agreement with cran
Nilsson-Strutinsky calculations has been obtained for t
well-determined system in which two of the smooth term
nating bands have been assigned definite spins and pa
from the experimental results, while the spin and parity
the third can also be reasonably deduced with some co
dence. Because it is a well-understood system experim
tally, the new results for112Sb provide important confirma
tion of the smooth band termination interpretation.

A detailed experimental and theoretical study of the re
tive properties of the smooth terminating bands in the ch
110–112Sb has also been performed. This confirms the c
figuration assignments for all of the known bands in the
nuclei, except for band 1 in111Sb, which appears to caus
some problems. The analysis also shows what is, to
knowledge, the first clear evidence for the antialignment
high-j orbitals at normal deformation, in this caseh11/2 neu-
trons.
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