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Particle-hole induced electric and magnetic rotation in 111In
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The high-spin structure of111In has been investigated withg-ray spectroscopic methods using the
96Zr(19F,4n) reaction with thin and backed targets. A comprehensive level scheme has been constructed which
exhibits interesting collective as well as novel single-particle excitations. Unambiguous evidence of proton
particle-hole excitations is found for the first time in aZ,50 nucleus in the form of decoupled bands involving
protong7/2(d5/2) andh11/2 orbitals above theZ550 spherical shell gap. The high-spin structure of111In also
involves the recently discovered magnetic rotation mechanism which is manifest as high-spinDI 51 bands
with no signature splitting and largeB(M1) strengths, but only a small associated deformation.
@S0556-2813~98!03604-8#

PACS number~s!: 21.10.Re, 23.20.Lv, 25.70.Gh, 27.60.1j
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I. INTRODUCTION

In recent years, considerable progress has been mad
the identification and theoretical interpretation of rotation
bands in nuclei just above theZ550 proton shell gap. The
study of rotational structures in nuclei usually considered
be spherical is critical to an understanding of the coexiste
of, and transition between, deformed and spherical nuc
shapes. Prolate deformations inZ550 Sn, Z551 Sb, and
Z552 Te nuclei appear to be stabilized by proton partic
hole (p-h) excitations across theZ550 shell gap, with the
holes invariably in the high-V orbitals of theg9/2 subshell,
and the particles in one or more of the low-V orbitals of the
next major shell, i.e., in theg7/2, d5/2, or h11/2 orbitals. The
neutron Fermi level is also in this major shell, albeit at
higher energy. These excitations are believed to be res
sible for intruder-type rotational bands extending to some
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the highest spins and excitation energies ever observe
nuclei.

Bands in these various nuclei near theZ550 proton shell
closure can be classified according to the number of pro
p-h excitations involved in their configurations. For e
ample, 1p-1h excitations inZ551 Sb nuclei give rise to
high-K strongly coupled bands of modest deformation ba
on thepg9/2 hole orbital@1,2#. This is referred to as a 2p1h
configuration, where it is implied that the configuration
relative to the Sn core. Bands based on 2p-2h excitations
have larger deformations and are found in several of the
Sb, and Te isotopes@3–8#. The deformations associated wit
these configurations are strongly affected by the well-kno
level crossing between the downslopingpg7/2 and upsloping
pg9/2 orbitals at a quadrupole deformation ofb2;0.20.

In addition, a unique phenomenon called smooth ba
termination @9,10# has been discovered in some of the i
truder bands resulting from these deformations. The proc
involves a gradual change in the shape of the nucleus w
increasing spin from collective prolate (g50°) to noncollec-
tive oblate (g5160°) as the spins of all valence particle
outside of the doubly magic100Sn core~plus proton holes!
become aligned. Since, at the noncollective oblate shape
total spin of the nucleus is composed only of contributio
from occupied single-particle orbits, the spin associated w
a particular configuration cannot exceed a certain maxim
value. This can be observed as a termination of the b
sequence at that spin as long as the sequence of states
responding to that particular configuration lies sufficien
close to the yrast line that it is populated in the formation a
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57 1635PARTICLE-HOLE INDUCED ELECTRIC AND MAGNETIC . . .
decay of the nucleus. Above theZ550 gap, a number o
cases have been identified in which one or more config
tions meet these criteria and the entire sequence up to
terminating state has been observed. This feature has
addressed theoretically with considerable success@10#, and
the decrease in collectivity with increasing spin has rece
been verified by experiment@11#.

Given the richness of collective and noncollective beh
ior in nuclei at and above theZ550 gap, it is of special
interest to determine whether analogous structures exist
low the gap. To pursue this investigation, theZ549 In nuclei
are particularly suitable largely because certain pro
1p-1h excitations across the gap can be easily identifi
without reliance on comparisons with complex theoreti
models, as is often the case with even-Z nuclei in this region.
All configurations in indium nuclei involving an odd numbe
of g9/2 proton holes will have a largeK value, and are ex-
pected to be nearly signature degenerate. Only the promo
of a g9/2 proton to a low-V intruder orbital, namely, the
proton 1p-1h excitation leaving ag9/2 proton hole pair, pro-
vides the conditions necessary for the occurrence of de
pled rotational bands: upsloping proton-hole orbitals an
downsloping proton orbital to drive the core to a deform
prolate shape, and a lowK value for the configuration to
achieve a large signature splitting. This situation is comp
mentary to the odd-massZ551 Sb nuclei, in which the ex
istence of high-K strongly coupled bands can be unambig
ously associated with a 1p-1h excitation from theg9/2
orbital below the shell gap.

In contrast, the interpretation of rotational bands in ev
Z Cd (Z548!, Sn, and Te nuclei is more subtle, sincep-h
excitations do not have such a clear signature. Much of
support for thep-h interpretations of bands in the Sn and T
nuclei relies on comparisons with, for example, the smo
band termination calculations mentioned earlier. Recent
perimental investigations of the even-massZ548 Cd nuclei
@12–15# have uncovered various rotational structures, bu
has been difficult to demonstrate the involvement ofp-h
excitations and this interpretation continues to be questio
@13,16#.

Before this work, no convincing evidence of any rot
tional behavior had been found in indium nuclei. The111In
nucleus in particular is expected to be a good candidate
the observation of these phenomena since its neutron F
surface~at N562! is near midshell where deformed shap
are most favored, but low enough that the number of vale
neutrons does not preclude the observation of smooth b
termination. The initial publication from this work@17# pre-
sented the discovery of the first proton intruder band in
nucleus below theZ550 gap, which is based on theph11/2
orbital via a 1p-1h proton excitation of the core. The prese
paper reports a complete analysis of the data and the dis
ery of additional intruder bands.

II. EXPERIMENTAL DETAILS

Three separate experiments were performed, all using
96Zr(19F,4n) reaction to populate high-spin states in111In. A
backed-target experiment provided maximum energy res
tion for mostg-ray transitions and the highest statistics. T
target consisted of 2 mg/cm2 of 96Zr backed by 15 mg/cm2
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of 208Pb. The beam was provided by the Stony Brook F
Tandem/Superconducting LINAC facility, and its energ
was chosen to be 72 MeV, determined by an excitation fu
tion to maximize the yield of111In. Coincidentg rays were
detected by the Stony Brook array of six Compto
suppressed high-purity Ge detectors~of ; 25% efficiency!
and a 14-element bismuth germanate~BGO! multiplicity
(K)/ sum-energy (H) filter with a hardware requirement o
K>2. A total of 1573106 g2g events were recorded usin
a coincidence resolving time of 2t5100 ns. The data were
sorted into symmetrized and angular correlationg2g matri-
ces for offline analysis.

A more sensitive investigation of the structure at the hig
est spins was made possible by a second, thin-target ex
ment. The target was self-supporting with a thickness of 5
mg/cm2, giving good energy resolution forg-ray decays of
short-lived high-spin states. The population and detection
high-spin states were enhanced by employing a higher b
energy of 85 MeV and the improved resolving power of t
8p g-ray spectrometer at the TASCC facility in Chalk Rive
which consisted of 20 Compton-suppressed high purity
detectors and a 71-element BGOK/H filter set atK>5. A
total of 503106 g2g events were recorded, from which
symmetrizedg2g matrix was sorted using a minimumH
cut of 13.4 MeV to enhance111In ~4n) over 110In ~5n).

A third experiment was performed, again using the 8p
spectrometer, to measure mean lifetimes of band membe
the strongest intruder band using the Doppler-shift atten
tion method~DSAM! @18#. In this case, the target was 60
mg/cm2 thick with a 15 mg/cm2 197Au backing, the beam
energy was again 85 MeV, and 2963106 g2g events were
collected.

III. DATA ANALYSIS AND RESULTS

The level scheme of111In was constructed on the basis
observed coincidence and intensity relationships using b

FIG. 1. Background-subtractedg-ray spectra gated on the 637
keV transition from the thin-target data~top!, and the 1501-keV
transition from the Stony Brook backed-target data~bottom!. Peaks
identified with band 6 and its decay~top! and with bands 2 and 3
~bottom! are labeled with their transition energies in keV. Unl
beled peaks belong to weaker, less significant decay paths o
contaminants from nuclei populated in other reaction channels.
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FIG. 2. Level scheme of111In as determined from the present series of experiments. The filled portion of the transition arrow w
proportional to the coincidenceg-ray intensity observed in the thin-target data corrected for detector efficiency, while the open p
indicates the expected additional~unobserved! transition intensity from internal electron conversion. Parentheses indicate tentative a
ment for spins and parities, and tentative observation forg rays.
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the backed- and thin-target matrices. A relevant spect
from each matrix is shown in Fig. 1. The DSAM data we
not optimized for this purpose, but their consistency with
proposed level scheme was confirmed. TheRADWARE soft-
ware package@19# was particularly helpful in fitting the tran
sition energies and relative coincidence intensities, which
given in Table I, as well as for keeping account of the co
taminatingg rays from competing reaction channels whi
were mainly those to110In and 110Cd. Previously, experi-
ments using lighter ions@20–25# established many of the
observed levels up to about 3 MeV in excitation energy. T
present data confirm many of these proposed levels and
siderably extend the known level scheme.

It was assumed that, in general, levels decay to those
lower spin, and that promptg-ray decays between states
the same parity are constrained toDI<2, and those betwee
states of opposite parity toDI<1. In addition to these stan
m

e

re
-

e
n-

th

dard assumptions, the method of directional correlation fr
oriented states~DCO! @26# was employed to assign spin an
parity values to new levels, using the firm assignments
previously established levels as a starting point. From
Stony Brook backed-target data,g-ray pairs consisting of
one from a detector at 90° relative to the beam direction
another from a 35° detector, were sorted into anEg,35° vs
Eg,90° DCO matrix. Gates were set at energies of known p
dipole or quadrupole transitions, and projected onto b
axes. Forg rays coincident with the gating transitions, DC
ratios I g,35° /I g,90° were determined, whereI g,35° is theg in-
tensity measured from the gate projected onto the 35° a
and I g,90° the intensity from the 90° projection. Assigne
transition multipolarities were required to be consistent w
measured DCO ratios, which are listed in Table I for allg
rays for which a value could be determined. When gating
a known stretchedE2 transition, a ratio of 1.0 is typical fo
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TABLE I. Energies, relative coincidence intensities, DCO ratios, initial and final state spins, and multipolarities of transitions a
to 111In in the present series of experiments.

Eg ~keV! I g,thin
a ~%! I g,backed

b ~%! DCO Ratioc I i
p→I f

p Multipolarity

~5.0! 19/22→17/22 M1/E2
~118.8! 17/22→15/22 M1/E2
118.8~1! 14.9~8! 6.6~3! 0.50~2! 23/21→21/21 M1/E2
123.5~1! 31.7~1.6! 18.4~9! 0.48~1! 21/22→19/22 M1/E2
127.4~1! 8.1~4! 3.5~2! 0.47~2! 21/21→19/21 M1/E2
128.8~1! 0.9~1! 0.9~1! 21/22→ 17/22 E2
152.2~2! 0.3~1! 0.2~1! 1.04~52! 17/22→17/21 E1
157.1~2! 0.2~1! 0.2~1! 0.63~26! 19/22→17/21 E1
166.9~1! 1.2~1! 1.1~1! 1.14~8!d 15/22→ 13/22 M1/E2
177.8~1! 5.1~3! 3.3~2! 0.48~2! 21/22→ 19/22 M1/E2
197.7~1! 0.6~1! 0.5~1! ~17/21)→15/21 (M1/E2!

204.1~1! 36.0~1.8! 17.4~9! 0.43~1! 25/21→23/21 M1/E2
210.4~1! 5.2~4! 3.2~2! 19/22→ 17/22 M1/E2
211.7~1! 60.2~3.1! 43.3~2.2! 0.49~1! 17/22→ 15/22 M1/E2
219.6~1! 1.2~1! 0.5~1! ~23/22)→ ~21/22) (M1/E2!

232.0~1! 17.4~9! 6.5~3! 0.45~2! 31/21→29/21 M1/E2
234.8~1! 10.3~5! 4.1~2! 0.45~2! 29/21→27/21 M1/E2
248.1~1! 5.4~4! 4.6~2! 0.49~8! 13/21→11/21 M1/E2
255.3~1! 3.0~1! 10.4~5! 0.90~3! 21/21→17/21 E2
268.2~1! 3.4~2! 1.9~1! 0.45~4! 33/22→ 31/22 M1/E2
274.9~1! 1.7~1! 1.1~1! 0.48~6!e 19/22→ 17/22 M1/E2
276.1~1! 0.2~1! 0.4~1! 0.59~11! 17/21→15/21 M1/E2
279.3~1! 17.1~9! 5.9~3! 0.39~2! 33/21→31/21 M1/E2
281.7~1! 30.6~1.5! 19.1~1.0! 0.44~1! 23/22→ 21/22 M1/E2
282.1~1! 2.7~2! 1.2~1! 0.48~6! 29/21→27/21 M1/E2
295.7~1! 4.3~2! 3.2~2! 0.41~3! 23/22→ 21/22 M1/E2
317.3~1! 3.9~2! 2.1~1! 0.50~4! 31/22→ 29/22 M1/E2
318.3~1! 0.7~1! 0.8~1! 0.57~10! 19/21→17/21 M1/E2
319.6~1! 0.7~1! 0.6~1! ~21/22)→ 19/22 (M1/E2!

328.8~2! 0.3~1! 0.4~1! 17/22→15/21 E1
339.1~1! 5.3~3! 2.5~1! 0.92~8! 25/21→21/21 E2
341.8~1! 0.1~1! 0.7~1! 0.79~11! 21/21→19/21 M1/E2
347.4~1! 0.4~1! 0.3~1! 0.66~7!d 27/22→ 25/22 M1/E2
360.7~1! 2.2~2! 1.7~1! 0.82~9! 19/22→ 19/22 M1/E2
366.8~1! 4.6~4! 5.3~3! 0.63~3! 17/22→ 15/22 M1/E2

~369.6! 29/21→29/21 M1/E2
370.4~1! 0.1~1! 1.2~1! 0.75~13! 19/21→17/21 M1/E2
371.3~1! 34.9~1.8! 14.2~7! 0.42~3! 27/21→25/21 M1/E2

~371.6! 27/21→~23/21) (E2!

372.9~1! 15.7~8! 4.2~2! 0.48~2! 35/21→33/21 M1/E2
381.8~1! 0.7~1! 0.4~1! ~19/22)→ 19/22 (M1/E2!

386.7~9! 0.1~1! 17/21→15/21 M1/E2
390.5~1! 2.7~2! 0.4~1! 0.24~8!d ~33/22)→ ~31/22) (M1/E2!

399.9~1! 2.5~1! 0.9~1! 0.62~5!d 35/22→ 33/22 M1/E2
402.7~1! 2.7~2! 1.3~1! 0.98~10! 25/21→21/21 E2
404.2~1! 9.2~5! 1.2~1! 0.44~4!d ~35/22)→ ~33/22) (M1/E2!

405.6~1! 1.5~2! 1.2~1! 0.58~4! 21/21→19/21 M1/E2
415.0~1! 0.9~1! 0.7~1! 1.62~21!d 21/22→ 21/22 M1/E2
415.1~2! 0.4~1! 1.18~28!d 15/22→ 13/22 M1/E2
421.7~3! 0.8~1! 0.2~1! 0.21~13!d 19/21→17/21 M1/E2
428.5~2! 0.3~1! 0.2~1! 1.41~40!d 23/22→ 23/22 M1/E2
429.5~1! 0.9~1! 0.6~1! 0.75~11!d 19/22→ 17/22 M1/E2
442.0~1! 21.2~1.1! 10.7~5! 0.37~1! 25/22→ 23/22 M1/E2
445.2~2! 0.3~1! 25/21→~23/21) (M1/E2!
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TABLE I. ~Continued!.

Eg ~keV! I g,thin
a ~%! I g,backed

b ~%! DCO Ratioc I i
p→I f

p Multipolarity

446.5~1! 0.5~2! 1.2~1! 0.64~9! 17/21→ 15/21 M1/E2
449.6~1! 4.9~3! 0.5~1! ~37/22)→ ~35/22) (M1/E2!

466.9~1! 18.1~1.0! 16.6~8! 0.55~1! 17/21→ 15/21 M1/E2
468.9~2! 0.2~1! 1.09~21! 13/21→ 9/21 E2
478.0~1! 0.9~1! 0.7~1! 27/21→ 23/21 E2
487.1~1! 10.7~6! 1.7~1! ~37/21)→ 35/21 (M1/E2!

513.2~1! 29.7~1.5! 9.0~5! 0.40~2! 29/21→ 27/21 M1/E2
520.2~2! 0.2~1! 15/21→ 13/21 M1/E2
529.8~1! 3.0~2! 0.1~1! ~39/22)→ ~37/22) (M1/E2!

531.7~1! 2.4~4! 1.9~1! 0.87~10! 11/21→ 7/21 E2
~533.2! 21/21→ 19/21 M1/E2
534.9~1! 19.4~1.0! 4.4~2! 31/21→ 29/21 M1/E2
538.6~1! 3.0~2! 2.4~1! 1.04~14!d 21/22→ 19/22 M1/E2
546.4~1! 9.0~5! 1.5~1! ~33/21)→ 31/21 (M1/E2!

549.8~1! 2.6~1! 1.4~1! 0.82~19!d 23/21→ 21/22 E1
559.9~1! 8.9~5! 1.1~1! ~33/21)→ 31/21 (M1/E2!

562.9~1! 2.0~2! 1.0~1! 0.34~5! 27/21→ 25/21 M1/E2
563.9~1! 0.8~1! 0.6~1! 0.97~9!d 21/21→ 23/22 E1
565.7~1! 2.9~2! 1.7~1! 0.56~7! 25/22→ 23/22 M1/E2
580.5~1! 2.3~2! ~41/22)→ ~39/22) (M1/E2!

593.6~1! 34.2~2.0! 25.4~1.3! 0.58~1! 15/21→ 13/21 M1/E2
599.6~2! 0.4~3! 0.5~1! 17/21→ 15/21 M1/E2
605.9~1! 3.3~4! 1.4~1! 0.95~14! 17/21→ 13/21 E2
609.1~2! 2.3~1! 0.4~1! 0.72~16!d 21/21→ 19/22 E1
611.5~1! 1.9~1! 0.7~1! 0.59~19!d 29/22→ 27/22 M1/E2
619.4~1! 5.0~1.0! 2.1~1! 0.51~5! 17/22→ 15/21 E1
634.8~1! 2.0~2! 0.8~1! 0.78~11!d 19/21→ 17/21 M1/E2
636.5~1! 2.7~3! 1.7~1! 0.98~18! 31/21→ 27/21 E2
637.1~1! 8.2~4! 0.7~1! ~39/21)→ ~37/21) (M1/E2!

646.3~2! 0.7~1! 0.94~7!e 19/21→ 15/21 E2
646.8~1! 7.0~4! 3.2~2! 0.94~7!e 29/21→ 25/21 E2
648.4~1! 3.9~2! 1.0~1! 1.38~23!d 27/21→ 27/21 M1/E2
651.1~2! 0.3~1! ~9/21)→ 5/21 (E2!

663.3~1! 4.0~7! 0.7~1! 1.05~21! 35/21→ 31/21 E2
663.9~1! 0.7~2! 0.5~1! 0.14~11! 17/21→ 15/21 M1/E2
688.7~1! 2.2~2! 1.1~1! 0.97~11! 25/21→ 21/21 E2
696.4~1! 2.3~3! 1.5~1! 0.94~8! 21/21→ 17/21 E2
705.7~2! 3.0~2! 0.4~1! 1.93~32!d ~27/22)→ ~23/22) (E2!

712.4~1! 0.1~1! 0.9~1! 0.98~18! 21/21→ 17/21 E2
713.1~1! 4.9~3! 1.5~1! 29/22→ 27/22 M1/E2
726.5~2! 0.4~1! 0.3~1! ~27/22)→ 25/22 (M1/E2!

738.0~1! 13.2~7! 5.9~3! 0.42~2! 27/22→ 25/22 M1/E2
740.1~1! 1.2~3! 1.4~1! 1.08~11! 15/21→ 11/21 E2
741.9~1! 4.7~3! ~41/21)→ ~39/21) (M1/E2!

744.4~1! 0.7~1! 1.1~1! ~21/22)→ 19/22 (M1/E2!

762.6~4! 0.1~1! 21/21→ 17/21 E2
764.0~2! 1.6~1! ~43/21)→ ~41/21) (M1/E2!

764.7~1! 3.8~4! 1.5~1! 0.84~12! 29/21→ 25/21 E2
773.2~3! 1.0~1! 0.4~1! ~31/22)→ 29/22 (M1/E2!

774.1~3! 1.2~1! 0.4~1! 17/22→ 15/21 E1
774.7~1! 1.3~3! 1.5~1! 0.52~6! 27/21→ 25/21 M1/E2
775.9~1! 0.9~2! 0.7~1! 0.97~13! 21/21→ 17/21 E2
785.4~1! 4.4~4! 3.3~2! 1.04~11! 19/21→ 15/21 E2
795.5~1! 1.7~3! 1.2~1! 1.00~13! 23/21→ 19/21 E2



57 1639PARTICLE-HOLE INDUCED ELECTRIC AND MAGNETIC . . .
TABLE I. ~Continued!.

Eg ~keV! I g,thin
a ~%! I g,backed

b ~%! DCO Ratioc I i
p→I f

p Multipolarity

798.2~1! 1.3~3! 0.5~1! 0.51~7! 13/21→ 11/21 M1/E2
806.7~2! 1.3~3! 1.2~1! 0.80~12!e ~19/22)→ 19/22 (M1/E2!

808.4~2! 0.9~1! 0.5~1! 0.80~12!e 21/21→ 19/21 M1/E2
811.0~1! 2.2~3! 0.5~1! ~27/21)→ ~23/21) (E2!

813.2~1! 14.3~9! 0.6~1! ~31/22)→ ~27/22) (E2!

816.5~2! 0.1~1! 0.3~1! 19/21→ 15/21 E2
822.3~1! 2.3~2! 0.5~1! 0.50~11! 27/21→ 25/21 M1/E2
827.7~1! 2.2~4! 1.6~1! 0.98~13! 19/21→ 15/21 E2
828.0~2! 0.4~1! ~13/21)→ ~9/21) (E2!

832.3~3! 2.2~4! 0.4~1! 17/21→ 15/21 M1/E2
834.2~2! 2.5~6! 0.9~1! 1.34~14!d 13/22→ 13/21 E1
840.2~1! 1.5~2! 0.8~1! 0.80~18! ~23/21)→ 21/21 (M1/E2!

842.0~1! 1.6~2! 1.7~1! 1.32~24! 15/21→ 11/21 E2
846.8~2! 4.0~3! 1.2~1! ~33/21)→ 29/21 (E2!

847.5~3! 7.5~5! 1.1~1! ~37/21)→ ~33/21) (E2!

861.4~3! 0.1~1! 0.66~17! 9/21→ 7/21 M1/E2
871.7~2! 2.0~3! 0.7~1! 1.11~11! 21/21→ 21/21 M1/E2
880.3~1! 4.1~3! 1.7~1! 0.62~10! 29/22→ 27/22 M1/E2
884.3~2! 1.2~2! 0.3~1! 1.05~23!d 29/21→ 25/21 E2
887.6~1! 3.4~2! 1.0~1! 0.93~19!d 25/21→ 23/22 E1
891.7~1! 11.6~7! 0.3~1! ~35/22)→ ~31/22) (E2!

901.1~2! 0.3~1! ~23/21)→ 19/21 (E2!

902.8~1! 5.1~4! 0.5~1! ~41/21)→ ~37/21) (E2!

905.0~1! 3.6~2! 0.6~1! ~39/21)→ 35/21 (E2!

921.3~2! 0.3~2! 0.3~1! 33/21→ 29/21 E2
934.8~3! 1.7~2! 0.5~1! ~33/21)→ 29/21 (E2!

952.4~1! 8.6~5! 0.2~1! ~39/22)→ ~35/22) (E2!

965.0~1! 9.7~5! 4.1~2! 0.44~3! 23/21→ 21/22 E1
967.2~1! 0.2~1! 0.5~1! 17/21→ 13/21 E2
969.8~2! 1.0~1! 0.3~1! 0.56~19!d 21/21→ 19/22 E1
990.9~1! 3.8~2! 2.7~1! 0.82~6! 23/21→ 21/21 M1/E2
999.3~1! 10.7~7! 6.4~3! 0.77~9! 19/21→ 17/21 M1/E2
1001.1~1! 63.0~3.6! 56.1~2.8! 0.51~1! 15/22→ 13/21 E1
1006.5~2! 1.7~2! 0.4~1! 27/22→ 25/22 M1/E2
1019.9~1! 2.0~2! 0.4~1! 27/21→ 25/21 M1/E2
1021.4~2! 0.5~1! 19/21→ 15/21 E2
1023.6~2! 0.8~1! ~19/22)→ 15/22 (E2!

1030.6~2! 3.6~3! 0.2~1! ~45/21)→ ~41/21) (E2!

1037.1~1! 6.1~4! ~43/22)→ ~39/22) (E2!

1038.7~1! 2.8~2! 0.76~10! 15/21→ 13/21 M1/E2
1048.4~2! 3.3~2! 0.7~1! 31/21→ 27/21 E2
1060.5~1! 6.1~4! 7.3~4! 1.05~5! 17/21→ 13/21 E2
1075.3~1! 1.0~1! 13/21→ 11/21 M1/E2
1080.4~1! 4.0~7! 0.8~1! 0.39~6! 31/21→ 29/21 M1/E2
1081.3~2! 2.9~2! 0.4~1! ~33/21)→ 29/21 (E2!

1082.3~1! 3.2~6! 2.1~1! 0.93~13!d 13/22→ 11/21 E1
1084.9~2! 0.6~1! ~23/21)→ 19/21 (E2!

1095.0~2! 2.9~2! 0.2~1! ~33/21)→ 29/21 (E2!

1101.7~2! 1.1~1! 5/21→ 9/21 E2
1103.7~1! 0.3~3! 0.8~1! 19/21→ 17/21 M1/E2
1108.3~2! 4.7~3! ~47/22)→ ~43/22) (E2!

1127.0~1! 8.7~5! 3.5~2! 0.95~11! 21/21→ 17/21 E2
1127.4~1! 1.2~1! 1.30~28! 21/21→ 19/21 M1/E2
1152.7~1! 5.8~4! 0.9~1! ~37/21)→ ~33/21) (E2!
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TABLE I. ~Continued!.

Eg ~keV! I g,thin
a ~%! I g,backed

b ~%! DCO Ratioc I i
p→I f

p Multipolarity

1152.9~1! 20.5~1.6! 13.6~7! 1.08~11! 11/21→ 9/21 M1/E2
1166.7~3! 2.7~2! 0.1~1! ~37/21)→ ~33/21) (E2!

1190.8~2! 0.6~1! 0.3~1! 21/21→ 19/21 M1/E2
1200.8~1! 0.3~1! 0.6~1! 17/21→ 15/21 M1/E2
1205.6~2! 2.0~3! ~43/21)→ ~39/21) (E2!

1206.1~2! 4.0~3! ~51/22)→ ~47/22) (E2!

1219.1~3! 2.2~3! ~49/21)→ ~45/21) (E2!

1224.1~1! 5.4~3! 1.0~1! 1.45~38!d 27/21→ 23/21 E2
1254.8~1! 4.0~7! 0.9~1! 1.56~37!d 29/21→ 25/21 E2
1286.7~3! 0.3~1! 15/21→ 11/21 E2
1291.4~2! 3.7~3! ~41/21)→ ~37/21) (E2!

1306.4~1! 1.0~1.0! 0.8~1! 0.43~11! 15/21→ 13/21 M1/E2
1310.5~2! 3.0~3! ~55/22)→ ~51/22) (E2!

1347.8~1! 1.1~1! 1.13~22! 15/21→ 13/21 M1/E2
1371.3~2! 0.6~2! 0.5~1! 15/21→ 13/21 M1/E2
1378.1~4! 2.0~3! ~59/22)→ ~55/22) (E2!

1383.3~1! 1.9~3! 0.6~1! 1.96~28!d 25/22→ 21/22 E2
1392.8~1! 3.4~6! 4.0~2! 0.90~6! 25/21→ 21/21 E2
1401.2~1! [100.0~7.6! [100.0~5.2! 1.05~3! 13/21→ 9/21 E2
1425.2~2! 1.1~3! 0.9~1! 17/21→ 13/21 E2
1435.4~5! 1.7~7! ~53/21)→ ~49/21) (E2!

1447.0~7! 1.0~3! ~63/22)→ ~59/22) (E2!

1448.7~1! 2.3~3! 1.3~1! 2.41~47!d 27/22→ 23/22 E2
1451.4~1! 2.3~2! 0.7~1! 1.69~71!d 29/22→ 25/22 E2
1466.2~2! 2.1~2! 0.8~1! 2.21~41!d 19/21→ 15/21 E2
1500.5~1! 4.0~4! 1.9~1! 0.97~7! 7/21→ 9/21 M1/E2
1518.3~1! 0.8~1! 1.10~15! 15/21→ 13/21 M1/E2
1596.0~1! 0.5~1! 15/21→ 11/21 E2
1619.4~2! 0.3~1! 15/21→ 11/21 E2
1634.5~6! 1.2~3! ~57/21)→ ~53/21) (E2!

1638.2~3! 0.7~1! 17/21→ 13/21 E2
1753.2~4! 0.2~1! 9/21→ ~9/21) (M1/E2!

1767.1~2! 0.2~1! 15/21→ 11/21 E2

aRelative coincidence intensities from thin-target data, corrected for detector efficiency and normalized to 100% for the 1401-keV tr
bRelative coincidence intensities from backed-target data, corrected for detector efficiency and normalized to 100% for the 1
transition.
cDCO ratios are from backed target data only and from gates on stretchedE2 transitions, except where indicated otherwise.
dDCO ratio from gate on pure dipole transition.
eDCO ratio is for a peak composed of more than one transition.
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stretchedE2 transitions, and 0.50 for a pure stretched dip
transition. Note that a pure nonstretched dipole transit
(DI 50! would also be expected to have a DCO ratio
approximately 1.0.

The levels are arranged into a number ofg-ray cascades
labeled 1 through 12, as shown in Fig. 2. For simplicity, th
are all referred to as bands, although some cascades ma
correspond to collective rotation. The left side of the lev
scheme including bands 1 through 8, contains the posit
parity states while the right side including bands 9 throu
12, shows the negative-parity states. Only those parts of
level scheme which particularly deserve justification are d
cussed below, proceeding sequentially through the b
numbers.
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The 861-, 798-, and 664-keV transitions between band
and 3 have DCO ratios which are not consistent with
stretched quadrupole nature; hence, band 2 is assigned
nature11/2, opposite to that of band 3. DCO ratios of th
intraband transitions are consistent with a stretched qua
pole nature up through the 29/21 level. The adjacent place
ment of the 847-keV doublet transitions is based on the
that a gate at 847 keV shows a peak at the same en
which fits the intensity profile of the rest of the band, i.e.,
is stronger than the 765-keV transition but weaker than
903-keV transition. The higher energyg ray of the doublet is
placed above the lower energy one because gates ong rays
above the doublet show a slightly higher peak centroid th
gates on those below. This difference in centroid is proba
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enhanced by the proposed feedout at the~33/21) level,
which is discussed in more detail below.

The intensity profile of band 2 is somewhat peculiar
that gates on the 903-keV and higher transitions in ban
show that the portion of the band above the 29/21 and/or
~33/21) levels is significantly more intense than the tran
tions below those levels. Specifically, these gates, after
ciency correction, show an 847-keV peak which is sign
cantly more than twice as intense as the 765- and 689-
peaks. The 847-keV doublet complicates the analysis, b
reasonable explanation can still be made. If it is assumed
the intensity loss occurs at one level, it would be at
~33/21) level because, in the 1031-keV gate, the peak at
keV is not nearly twice as intense as that at 903 keV, me
ing that the full flux of the 903-keV transition passes throu
the upper transition of the doublet, but not all of it go
through the lower one. From the 1031-keV gate, the inten
of the peak at 847 keV is within statistical error of the sum
the intensities of the peaks at 903 keV~through the upper
transition of the doublet! and 765 keV~passing through the
lower transition!. A similar argument can be made using t
903-keV gate. The measured intensities indicate that ab
half the flux of the band is lost at the~33/21) state, as indi-
cated in Fig. 2. Unfortunately, no other discrete transitio
from this level could be found, perhaps because the flu
divided over several weaker transitions or because the en
of the transition is so high that low detector efficiency p
cludes its observation.

The spin and parity assignment of the 1501-keV level
band 3 is critical to the determination of the configuration
the rotational band built upon it. Previous work based
g-ray angular distributions and decay characteristics@22# as-
signed it to be 7/21 or 9/21. This was confirmed by analysi
of the deuteron spectrum from the110Cd(3He,d) reaction,
which indicated anl 54 angular momentum transfer@24#.
The presence of the 1619-keV transition out of the 15/1

member of band 3 to the 11/21 state at 1153 keV effectively
rules out the possibility that the bandhead spin is 9/21; since
the DCO ratios of the 532- and 740-keV transitions of ba
3 are consistent with a stretched quadrupole nature, a 91

bandhead spin assignment would imply anM3 character for
the 1619-keV transition. Hence, band 3 is assigned a 71

bandhead corresponding to a signature of21/2. This 7/21

assignment requires that the 1501-keV transition to
ground state have anM1/E2 character in order to be consi
tent with its DCO ratio.

The near degeneracy of the~33/21) levels in band 5 and
band 8~14 keV difference! indicates a rather small interac
tion matrix element between the two states of&7 keV ~half
the level difference!. Thus, the unusually large feeding fro
band 5 into band 8 via the 560-keV transition, which su
gests that the~33/21) levels are strongly mixed, is the resu
of an ‘‘accidental’’ degeneracy and does not reflect any si
larity in structure. Of the nearly degenerate pair of levels,
level at higher energy is placed in band 5 because of
greater branching to it from the~37/21) level of the band.

One unusual aspect of the level scheme deserves par
lar attention. In the course of the analysis of band 9, a
crepancy in excitation energy of 5 keV was discovered. T
was traced to a previously overlooked level~at 2619 keV!
which is above but nearly degenerate with the 17/22 level
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~at 2614 keV! which decays via the intense 212-keV tran
tion. The levels are connected by a 5-keV transition, throu
which almost all of the flux of band 9 passes with little or n
observed hindrance. Although this may seem unlikely due
the low transition energy, the Weisskopf estimate for anM1
transition of this energy including electron conversion p
dicts a half-life of the order of 1 ns. This lifetime is suffi
ciently short that the observation of coincidences betw
transitions above and below the level would not be sign
cantly suppressed by the experimental time window. The
istence of the weak 129-keV crossover transition as wel
numerousg-ray energy sums involving the firmly estab
lished bands 8 and 12 confirm the existence of the two l
els.

The spin and parity assignment of the upper level at 26
keV is based on the following observations. The lower le
at 2614 keV has been assigned 17/22. States in band 9 abov
this level are almost certainly also of negative parity in kee
ing with its bandlike structure and the systematics of nei
boring odd-mass In isotopes@27#. The possibility that the
transition is anI→I M 1/E2 transition, with both levels hav
ing spin 17/22, is unlikely for several reasons. Since bands
and 9 have opposite parity, only transitions withDI 51 or 0
will be observed between them, making the spin of the 26
keV level at least 19/2, assuming the spin assignments
band 8 are correct. In addition, the wave functions of the t
levels appear to be very distinct and unmixed, since tra
tions from higher levels greatly favor one state over t
other; e.g., decay from the next higher level of band 9~at
2743 keV! greatly favors the upper of the two levels via th
123-keV transition over the lower level via the 129-keV tra
sition. If the two levels had the same spin, this would be v
difficult to explain, as it would require exceedingly pure a
orthogonal wave functions to achieve an interaction ma
element of&3 keV. Also, theM1 decay from a 17/22 2619
keV level would greatly favor a 217-keV transition to th
2402-keV 15/22 level over the 5-keVM1 transition, but the
data show no evidence for such a transition. StretchedE2
character for the transition is also ruled out by the prese
of the 129-keV transition as well as by the greatly su
pressed transition rate expected at 5 keV. The only reas
able possibility is aDI 51 M1 transition, giving a spin and
parity of 19/22 for the level.

Band 10 could not be linked to lower spin states; its dec
pattern is indicated in Fig. 2 by dashed arrows, and its e
tation energy and spin-parity assignments have been
mated by intensity and feeding considerations. Intraba
transitions are assumed to be stretched dipoles because
drupoles would make the band far more yrast than the res
the scheme, in contradiction to its limited extent and re
tively modest intensity.

The analysis of band 11 was reported in the first publi
tion from this collaboration@17#, which also discusses th
high-spin DSAM lifetime data from the present series of e
periments. For band 11, the DSAM analysis was carried
by the centroid shift method and the data were consis
with a constant in-band quadrupole moment
Q052.3(3) eb, corresponding to an axial prolate deform
tion of b250.18~2!. Unfortunately, due to insufficient statis
tics and contamination of theg-ray lines, lifetime informa-
tion could not be reliably extracted for other structure
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Despite extensive attempts using the backed-target da
find discrete transitions linking band 11 to states of kno
excitation energy, it could not be definitively connected a
consequently the spin and parity assignment remain tenta
and the excitation energy is estimated. The pattern by wh
the band feeds into the lower-lying states is indicated
dashed arrows in Fig. 2.

IV. DISCUSSION

For completeness, all levels identified with111In in the
analysis of the present data are presented in Fig. 2 and T
I. Figures 3 and 4 contain the experimental aligned spins
function of rotational frequency for the observed band str
ture. With the exception of a brief overview of the curre
understanding of the low-spin states of the nucleus, the
lowing discussion will focus on those structures thought
involve at least modest deformation which can be interpre
in terms of rotational or quasi-rotational characteristics. T
structures of states belonging to many of the irregular str
tures observed at high spin involve multiple single-parti
configurations in a spherical potential and clearly cannot
understood within this framework.

The low-spin level structure of111In has been the subjec
of several previous experiments employing beams of prot
@21,22,25#, deuterons@20#, a particles@23#, and 3He @24#.
The resulting interpretations of the observed states, with
exception of four putatively deformed states to be discus
later in connection with band 3, involve spherical sing
particle or vibrational characteristics. The structure of tho
states which have been observed in the present data ca
summarized in a general way as follows. The 9/21 ground
state is associated with thepg9/2 hole orbital. The 11/21 and
13/21 states of band 7 are members of the multiplet of sta
formed from coupling the protong9/2 hole to the 21 vibra-

FIG. 3. Experimental aligned spins as a function of rotatio
frequency for theDI 52 bands established in111In and the yrast
band in 110Cd @14#, relative to a Harris parametrization of the co
of J055.0\2/MeV andJ1515.0\4/MeV3.
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tionlike state of 112Sn @23,25#. Similarly, the 15/21 and
17/21 states of band 7 can be associated with thepg9/2

21
^ 41

multiplet. The 21/21 level is an isomer with a 13.7~4! ns
half-life @27# which is related to the 61 isomer in the112Sn
core and corresponds to theg9/2 proton hole coupled to a
two-quasineutron state of predominantlyd5/2g7/2 character
@23#. The negative-parity levels of bands 9 and 12 can si
larly be viewed as ag9/2 proton hole coupled to the low-lying
negative-parity states of 112Sn which involve two-
quasiparticle neutron excitations, including to some ext
neutrond5/2h11/2 octupole correlations@28,29#.

A. Decoupled bands

As discussed in Sec. I, decoupled bands in indium nu
almost certainly result from 1p-1h proton excitations from
theg9/2 orbital to one of theg7/2, d5/2, or h11/2 orbitals above
the shell gap. These 1p2h configurations are believed to b
involved in the configurations of bands 11, 3, 1, 2, 4, and
which are discussed below in that order.

1. Band 11

Band 11 is the most intense decoupled band and exte
to the highest spin. It is interpreted as a rotational band b
on the 1p-1h proton excitation from thepg9/2 to theph11/2

orbital, i.e., the 1p2h ph11/2g9/2
22 configuration, as discusse

in the initial report of this work@17#. Although it could not
be firmly linked to states of known spin and parity, it fee
negative-parity states only and thus is most likely also
negative parity. The gradual increase in aligned spin, ap
ent in Fig. 3, and theJ(2) dynamic moment of inertia~not
shown! are very similar to those of theph11/2 intruder band
in the 113Sb isotone, which is based on a 3p2h
ph11/2g7/2

2 g9/2
22 configuration. In that nucleus, the smooth i

crease in aligned spin is attributed to a strong proton-neu

l FIG. 4. Experimental aligned spins as a function of rotatio
frequency for theDI 51 bands 6, 8, and 10 in111In and the related
bands 12, 11, and 2 in110Cd @14#, relative to a Harris parametriza
tion of the core ofJ055.0\2/MeV andJ1515.0\4/MeV3.
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interaction between theh11/2 proton and the aligningh11/2
neutrons@6#. This may explain why a standard cranked sh
model ~CSM! calculation, which does not properly accou
for this residual interaction, incorrectly predicts a sharp
crease in aligned spin at a well-defined frequency due toh11/2
neutron pair alignment. A CSM calculation appropriate
111In is displayed in Fig. 5; the predicted neutron alignme
frequency is defined by the crossing labelede f. The DSAM
lifetime data are consistent with a constant in-band quad
pole moment of 2.3~3! eb, corresponding to a quadrupo
deformation ofb250.18~2! if axial symmetry is assumed
This deformation is consistent with total Routhian surfa
~TRS! calculations@30# for the (p,a)5(2,21/2) configu-
ration.

Additional support for this interpretation can be found
recent theoretical work using an extended TRS model@16#.
In addition to the standard TRS model, a quadrupole pair
interaction was used to better account for particle-part
correlations, and a new method was employed which
proximately restores the particle number symmetry in or
to avoid pairing difficulties near closed shells. These pairi
deformation self-consistent TRS calculations, which invo
no free parameters, were performed for the proposed c
figuration of band 11 in111In and give excellent agreemen
with the data@16#; although the deformation is somewh
overpredicted compared to the value determined by
present DSAM measurements, the smooth increase in a
lar momentum of the band is reproduced to within about\
across the entire observed frequency range. The agree
between these calculations and experiment is also reason
for the yrast bands in even-mass Cd and Te nuclei, an
odd-mass Sb nuclei@16#, and is in any case a significan
improvement over the standard calculations.

2. Bands 3 and 1

Band 3 has firm spin and parity assignments and a
appears to be rotational in character. Given its positive pa

FIG. 5. Quasineutron Routhians for111In as a function of rota-
tional frequency, calculated using the cranked shell model wit
Woods-Saxon potential. The deformation was specified by the
rametersb250.15,b450.00, andg53°, and the pairing was fixed
at the BCS value. The labelse f, f g, andab indicate the first two
crossings of negative-parity neutrons and the first positive-pa
neutron crossing, respectively.
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and signature of21/2, band 3 is most likely based on th
1p-1h proton excitation into thepg7/2 orbital, or the 1p2h
pg7/2g9/2

22 configuration. In Fig. 3, a sharp backbend is e
dent at 0.35 MeV/\ with a gain in aligned spin of roughly
9\. Compared to band 11, it is expected that the stand
CSM would better reproduce the behavior of the aligned s
of band 3 because the occupied proton intruder orbital (g7/2)
is not in the same shell as the quasiparticle pair expecte
align first (h11/2 neutrons! and hence the effect of the proton
neutron interaction is less significant. For the calculatio
the measured quadrupole moment of band 11 provides a
sonable estimate for the deformations of all the 1p2h con-
figurations of this nucleus, although the actual deformatio
of configurations involving the less deformation-drivin
positive parity intruder orbitals may be slightly smalle
CSM calculations have been performed for a range of de
mations around this estimate; thee f crossing in the calcula-
tion at a quadrupole deformation ofb250.15, shown in Fig.
5, accurately reproduces the crossing frequency, the ga
aligned spin, and the small interaction strength of the
served backbend.

It is interesting to compare the aligned spin of band 3 a
function of rotational frequency to that of the yrast band
the 110Cd core which is of almost purely 2h character@14#.
In Fig. 3, it is seen that the magnitude of the aligned spins
111In is very nearly 3.5\ greater than that of the110Cd core
over the entire observed frequency range, as expected
the placement of the odd proton in the low-V g7/2 orbit. The
backbends in both bands occur at essentially the same
quency and with similar interaction strengths and gains
aligned spin, consistent withh11/2 neutron pair alignment.
This implies a similar deformation for the110Cd yrast band,
which is consistent with lifetime measurements in th
nucleus @31#. If the deformation assumptions present
above are correct, it is somewhat surprising that the ad
tional occupation of a deformation-driving intruder orbital
the 111In case does not influence the deformation mo
strongly.

Although prior to this work, rotational bands had nev
been observed in111In, it must be noted that the deforme
nature of the 7/21 bandhead of band 3 had been suggeste
several previous works@22,24,25#. These studies suggeste
that low-lying 1/21, 3/21, 5/21, and 7/21 states at 1188,
1345, 1102, and 1500 keV, respectively, belong to a ro
tional sequence based mainly on the@431#1/21 Nilsson or-
bital, for the following reasons. The low energy of the 1/21

and 3/21 states could not be explained by ag9/2 hole coupled
to the Sn core because it would require coupling to
higher-lying 41 state of the core. The 5/21 and 7/21 states
appear to be of predominantly 1p2h rather than 1h nature,
because both are strongly populated in proton transfer r
tions on Cd nuclei, but not in proton stripping reactions
Sn nuclei@24#. The particle rather than hole nature of th
7/21 state is further supported by a recent work@25# which
ruled out the possibility that the state is a member of
g9/2

21
^ 21

1 multiplet because a nearby 7/21 state at 1543-keV
~unobserved in the present experiments! was identified with
that multiplet based on analyses of DSAM lifetime measu
ments and IBFM calculations. In addition, the rotational
terpretation was supported by early Nilsson band-head

a
a-

ty



in

he

o

t

nd

io
re
r

te
a

. I

hi
a
a

f
ve
e

-

e
a-

er
s
it

ns
e
w
to

ar
-
is
th
t

-

an

i
su
he
e
v

ity

ed
n
tial
g-

band
hus
ex-
f a
ter
ed

ed.
s ro-

nt
n in

,
and
-

. 5

g-
d 5

er-
n
and
not
do
a
20

can-
de-
ns
s to

pin
with
of
in-

gree-
and
ore

ns

1644 57P. VASKA et al.
culations for neighboring isotopes@32# which predicted a
deformed minimum at low energies. However, the order
of the states was difficult to reproduce in calculations@24#,
and again, no rotationalg-ray cascades were observed. T
present data show no evidence for either the 1/21 or 3/21

states, and the 5/21 and 7/21 states appear to belong t
differentg-ray cascades, with only the 7/21 level leading to
an extended rotational band, band 3.

In light of these arguments, the 5/21 state of band 1 a
1102 keV may then be viewed as an intruder 1p2h state of
predominantly pd5/2 character. Indeed, the~9/21) and
~13/21) levels of band 1 could belong to a rotational ba
built on this state. Since thepg7/2 and pd5/2 orbitals are
nearly degenerate and are strongly mixed at the deformat
appropriate for this nucleus, some mixing with the unfavo
signature of theg7/2 orbital is expected. The aligned spin fo
band 1 is also displayed in Fig. 3, but because of its limi
extent, the detailed rotational characteristics of the band c
not be analyzed further.

3. Band 2

Band 2 presents several difficulties in its interpretation
decays into band 3 at frequencies below that of thenh11/2
pair alignment, and extends to much higher spin. In t
nucleus, the configuration most likely responsible for
positive-parity intruder band at high spin is that involving
p-h excitation into thepg7/2 orbital, i.e., the configuration o
band 3. In the cranking picture, this should be favored o
the pd5/2 excitation because the configuration with a larg
expectation value forj x is lowered more in energy with in
creasing frequency due to the2v j x term in the cranking
Hamiltonian. However, the proposed spins of band 2 giv
signature11/2 which is consistent with the unfavored sign
ture of theg7/2 orbital, or the favored signature of thed5/2
orbital, or a mixing of these two configurations. At low
spins, band 2 may indeed correspond mainly to the oppo
~unfavored! signature of the configuration of band 3 as
clearly lies at higher energy than band 3. At higher spi
however, it is difficult to explain why it continues to b
observed and band 3 does not. If band 2 were associated
the pd5/2 orbital, it is unusual that it does not decay in
band 1 which is also believed to involve thepd5/2 excitation,
and that the favored band based on theg7/2 proton excitation
is not also observed at high spins.

In Fig. 3, two increases in the aligned spin of band 2
observed, at 0.35 and 0.42 MeV/\. The first could be asso
ciated withnh11/2 alignment, but the gain in aligned spin
considerably smaller than expected. The frequency of
second increase in aligned spin cannot be reproduced by
CSM to within 0.05 MeV/\, using a wide range of param
eters (b2 values from 0.12 to 0.30 andg values from230°
to 130°). This may be related to the loss of intensity via
unidentifiable path at the~33/21) level, described earlier in
Sec. III. What appears to be the second alignment may
stead be a crossing with another band based on a
stantially different configuration. If this were the case, t
~33/21) state could be the lowest observed state of the n
band, and its decay might be expected to fragment o
many paths, only one of which~the lower 847-keV transition
to the 29/21 state of band 2! is identified. The configuration
of such a band could involve an additional positive-par
g
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two-quasineutron excitation to account for its large align
spin. Another possibility is that the lower 847-keV transitio
is actually a member of the lower band, and that the par
decay from the upper band to the lower band is itself fra
mented and hence not observed. In this case, the upper
might have spins different from those suggested, and t
might be consistent with the favored signature of the
pected intruder configuration after all, although the lack o
decay path to band 3 would be difficult to explain. Grea
experimental sensitivity in this region of the band is requir
to resolve these ambiguities.

4. Bands 4 and 5

Bands 4 and 5 are somewhat weak and poorly develop
To the extent that these structures may be interpreted a
tational bands, they are most likely related to the 1p2h in-
truder configurations of bands 2 and 3, but with differe
neutron excitations. The aligned spins are large, as see
Fig. 3, most likely due to the presence of alignedh11/2 neu-
trons. Band 4 has about 3\ more aligned spin than band 5
and the experimental Routhian of band 4 crosses that of b
5 at about 0.6 MeV/\. This crossing frequency and differ
ence in aligned spin could be attributed to midshellg7/2(d5/2)
neutron alignment. In the CSM calculations shown in Fig
which are made at a quadrupole deformation ofb250.15,
the ab neutron crossing occurs at about 0.7 MeV/\, but this
value reduces to 0.65 MeV/\ at b250.12. Since the vacuum
proton configuration would result in two bands with no si
nature splitting, the proton configurations of bands 4 an
most likely include the protonp-h excitation into theg7/2 or
d5/2 orbitals. Indeed the 12\ of aligned spin of band 5 can
be accounted for by about 10\ expected from alignedh11/2
neutrons and 2 to 3\ from the low-V intruder orbitals.

5. Smooth band termination calculations

Smooth band termination calculations have been p
formed for 111In @33#, but the conditions for the observatio
of this phenomenon have not proved to be favorable
comparisons with the present experimental results are
particularly meaningful. Because the existing calculations
not include pairing@10# and yet pairing is expected to play
significant role in the band structure up to spins of about
\, only bands 2 and 11 might be considered reasonable
didates. Of these, only band 2 exhibits the characteristic
crease inJ(2) dynamic moment of inertia as the highest spi
are approached. Indeed, band 2 shows some similaritie
the calculation for thepg7/2g9/2

22
^ nh11/2

4 configuration; how-
ever, the experimental ambiguities concerning the high-s
region of band 2, discussed earlier, make comparisons
theory difficult. Moreover, because of the large number
valence neutrons, the terminating spins expected for the
truder configurations are near 40\, considerably beyond the
highest spins observed in these experiments. The best a
ment between the smooth band termination calculations
experiment has generally been obtained for the m
neutron-deficient nuclei withN<60.

B. High-K bands

In contrast to the relatively straightforward interpretatio
of the decoupled bands in111In, there are several high-K
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configurations on which strongly-coupled bands in t
nucleus might be based. The configurations expected to h
the largest deformation involve the 2p-2h proton excitation
responsible for the well-deformed intruder bands in the
Sb, and Te nuclei. A band based on such a 2p3h configura-
tion in 111In should be even more deformed than the 1p2h
decoupled bands already discussed. Less deformed higK
bands might involve 1p-1h proton excitations, or 1p2h pro-
ton configurations, in which the largeK value results from
either a two-quasineutron excitation or the coupling of
two g9/2 proton holes to 81. Lastly, configurations involving
no p-h excitations may be observed in which only neutr
excitations are responsible for inducing deformation. It
plausible that these configurations involve some deform
tion, because the 2h configurations of neighboring even
mass Cd nuclei have been found to achieve moderate d
mation from neutron excitations alone@34,31#.

In 111In, the high-K strongly coupled bands 6, 8, and 1
appear somewhat rotational in character, but do not have
characteristics of well-deformed rotors. The level spacin
are often irregular, and only a fewE2 crossover transitions
are observed, suggesting relatively lowB(E2) strengths and
consequently only modest deformations at best. In addit
these bands exist over a limited range of angular momen
of only 528 \. These qualitative observations all but ru
out the involvement of 2p-2h excitations in the configura
tions of these bands, and render doubtful the possibility
even 1p-1h excitations are involved.

1. Bands 6 and 8

High-K bands of this nature have some precedent in
region, most notably in the110Cd core @14# in which two
bands have very similar characteristics to bands 6 and
111In. Specifically, bands 6 and 8 appear to be closely rela
to the bands labeled 12 and 11, respectively, in Ref.@14#.
Band 6 feeds into band 8 in111In just as band 12 feeds int
band 11 in110Cd, and the aligned spins, compared in Fig.
are also very similar, but about 122 \ lower in 111In for
both cases.

It is interesting that the differences between the proper
of the In and Cd bands just discussed can be simply
plained as the effect of adding ag9/2 proton to the proposed
configurations of the related Cd bands. The110Cd band 11
has been associated with thep@g9/2

22#81 ^ nh11/2
2 configura-

tion, and band 12 with the same configuration coupled to
alignedg7/2 neutron pair@14#. Assuming these proposed co
figurations are correct, the lowest energy orbital available
the extra proton in111In is g9/2, which would only complete
a pair with one of the previous unpairedg9/2 protons~all V
orbits contain at least one proton!, resulting in theg9/2

21

ground-state proton configuration coupled to the same n
tron configurations. Although this configuration might be e
pected to be less deformation-driving than the alterna
pg7/2@g9/2

22#81 configuration involving a 1p-1h proton exci-
tation, it is more consistent in several respects. First,
bandhead spins in111In are expected to be about 3\ smaller
than in 110Cd due to the completion of the lowerV57/2 g9/2
proton pair, and this is indeed the case. Bands 8 and
111In begin at spins of 9.5 and 13.5\, respectively, com-
ve
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pared to 14 and 17\ for bands 11 and 12 in110Cd. Second,
the aligned spins are expected to be only slightly smalle
111In due to the loss of the small aligned spin contribution
the high-V g9/2 hole filled by the odd proton, and this is als
the case, as shown in Fig. 4. Finally, the110Cd bands are
about 3 MeV higher in excitation energy, roughly what
expected for the energy required to break a pair and prom
a g9/2 proton to the next available substate~in 111In, the
pg9/2

21 configuration is the proton vacuum state and obviou
requires no excitation energy!. If the odd proton were instead
excited into an orbital above the shell gap, these quanti
would be expected to compare very differently; in111In, the
bandhead spins and aligned spin would be larger rather
smaller than those in110Cd ~due to the large aligned spin o
the low-V orbitals above the gap!, and the excitation energy
difference between the110Cd and 111In bands would be
smaller due to the energy required for thep-h excitation of
the odd proton in the In case.

There are, however, some difficulties with the interpre
tion of these structures as conventional rotational ba
based on the proposed configurations. First, if the differen
between bands 6 and 8 in111In and between bands 11 and 1
in 110Cd are attributed to alignedg7/2 neutrons, the standar
CSM incorrectly predicts the crossing frequency. The exp
mental Routhians of bands 8 and 6 in111In and of bands 11
and 12 in110Cd cross at frequencies of 0.43 and 0.39 Me
\, respectively, but the CSM predicts theab alignment to
occur above 0.60 MeV/\ in each case. Second, the deform
tions associated with the proposed configurations are
pected to be quite small; thepg9/2

21 ground state in111In is
spherical as is thep@g9/2

22#81 state in 110Cd ~no bands are
built on these states!. Lastly, theB(M1;I→I 21)/B(E2;I
→I 22) ratios of reduced transition probabilities in the
bands tend to be very large. For most of the levels in th
bands,E2 crossover transitions are not observed, but m
mum B(M1)/B(E2) ratios can be determined from reaso
able estimates of the maximumE2 intensity consistent with
the background at their expected energies. T
B(M1)/B(E2) ratios for most of the band members are
least 502100 (mN /eb)2. Quantitative ratios can only be ex
tracted for the top three levels of band 8 due to the obse
tion of E2 crossovers from these levels, and they show
unexpected rapid decrease at the top of the band, ch
ing from 70~11! to 34~3! to 20~2! (mN /eb)2 for the 29/21,
31/21, and~33/21) levels, respectively.

2. Magnetic rotation interpretation

Some of the unusual features of these bands are share
the so-called dipole bands in the Pb region@35#, which have
been recently interpreted with considerable success in te
of a phenomenon called ‘‘magnetic rotation’’@36#. Magnetic
rotation is expected to occur in nuclei in which the valen
configurations involve high-j particles and holes of proton
in one case and neutrons in the other. This is just the c
with In and Cd nuclei which have a proton hole~s! in theg9/2
shell and neutron particles in theh11/2 shell near the Ferm
surface. The qualitative features of the In and Cd bands
discussed can be explained within the magnetic rota
framework.
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At a spherical shape, the energetically preferred orien
tion for the coupling of the spins of the valence proton ho
and neutron particles is a perpendicular one because
maximizes the spatial overlap of the occupied orbitals res
ing in increased binding due to the attractive residual in
action. However, in these particular nuclei with few prot
holes and neutron particles, this orientation persists an
indeed further lowered in energy at a nonzero quadrup
deformation~ignoring for the moment the energy required
deform the core!, which breaks the spherical degeneracy
the variousV substates leaving the holes in high-V orbitals
and the particles in low-V orbitals. This coupling results in a
significant angle between the total angular momentum ve
and the symmetry axis of the core. Thus, the detailed mo
which accounts for magnetic rotation, the tilted axis crank
~TAC! model@37#, is essentially a generalization of the sta
dard CSM in which cranking around an axis which is n
necessarily perpendicular to the symmetry axis of
nucleus is possible.

Because the two perpendicular components of the t
spin are from different nucleons with very differentg fac-
tors, the orientation of the magnetic moment deviates s
stantially from the total angular momentum axis. When
mean field is cranked about this axis, the significant com
nent of the magnetic moment perpendicular to it gives rise
largeM1 transition probabilities. The spin itself is generat
by a gradual alignment of the proton and neutron spins al
the direction of the total angular momentum. The result
‘‘shears’’ bands, named for the resemblance of their und
lying structure to the closing of the blades of a pair of shea
are not expected to extend across a large spin range bec
there is a limited amount of angular momentum which c
be generated from the alignment of the proton and neu
spins, although additional quasiparticle alignment may c
tribute more spin. Since theB(E2) strength is small due to
the weak quadrupole deformation and theB(M1) strength is
large due to the TAC mechanism, theB(M1)/B(E2) ratios
are usually so large in the lower-spin region of these ba
that theE2 crossover transitions are not observed. Howev
as the proton and neutron spins align, the component of
total magnetic moment perpendicular to the total nucl
spin decreases, and theM1 transition probabilities will de-
crease. Since the quadrupole collectivity is not expected
change significantly,B(M1)/B(E2) ratios will decrease
with increasing spin in the band, and stretchedE2 transitions
may begin to compete with theM1 transitions. This effect
can be seen at the top of band 8 in Fig. 2 and the decrea
experimentalB(M1)/B(E2) ratios quoted earlier qualita
tively support this interpretation.

In a concurrent theoretical study, shell model calculatio
have been performed for several neutron-deficient odd-In
clei including 111In, to ascertain whether these nuclei inde
generate angular momentum in this special way@38#. The
results indicate that magnetic rotation is an active mec
nism in these nuclei, and for111In, fair agreement betwee
bands 6 and 8 and calculated shears sequences invo
their proposed configurations is obtained. This agreemen
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addition to the qualitative agreement just discussed,
strong arguments to associate bands 8 and 6 in111In, and
thus also the related dipole bands in110Cd, with the magnetic
rotation mechanism. Differences between the bands can
expected from different configurations of neutrons in t
positive-parityg7/2 andd5/2 orbitals.

3. Band 10

The dipole band 10 may also be related to a similar str
ture in 110Cd, labeled band 2 in Ref.@14#, which is associ-
ated with thep@g9/2

22#81 ^ nh11/2g7/2(d5/2) configuration. In
contrast to bands 8 and 6, band 10 is not consistent w
coupling an additionalg9/2 proton to the configuration of the
related110Cd band, because its excitation energy is about
same as or perhaps higher than that of band 2 in110Cd, and
it also has a higher bandhead spin and larger aligned s
~the estimated spins and excitation energy of band 10 ca
considered a lower limit based on feeding arguments!. As
discussed earlier, completing a proton pair with one of
unpairedg9/2 protons in the110Cd configuration would resul
in lower excitation energy, bandhead spin, and aligned sp
compared to the related Cd band. Therefore, band 10
involve an additional alignedg7/2 or h11/2 neutron pair to
make up the observed differences. In this case, band
would most likely also require a shears-type mechanism
generate its angular momentum. Alternatively, the extra p
ton in 111In might occupy an orbital above the shell gap
account for the extra excitation energy and aligned spins
this case, a larger deformation would be expected and
band might involve collective rotation to a greater degr
The lack of firm spins, parities, and excitation energy of t
band preclude a more detailed analysis of this band.

V. CONCLUSIONS

A detailed level scheme for the111In nucleus has been
constructed, exhibiting interesting collective as well as no
single particle excitations. Unambiguous evidence of pro
p-h excitations is found for the first time in aZ,50 nucleus
in the form of decoupled bands involving protong7/2(d5/2)
and h11/2 orbitals above theZ550 spherical shell gap. The
111In nucleus also appears to be a favorable case for
observation of magnetic rotation which is manifest as hig
spin DI 51 bands with no signature splitting and larg
B(M1) strengths, but only a small associated deformatio
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