
0

PHYSICAL REVIEW C, VOLUME 64, 014304
Smooth band termination at high spin in 113I
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The 113I nucleus has been studied using the58Ni( 58Ni,3p) reaction at 250 MeV with the Gammasphere/
Microball facility. Gamma-ray three- and four-fold data gated by charged particle combinations were analyzed.
Multipolarities of theg rays were assigned following the angular correlation measurements. The present study
is focused on the high spin properties, where the structure is dominated by 2p-2h excitations across theZ550
gap. Ten decoupled bands showing the features of smooth band termination were observed; three of those
bands are linked to known low-spin states, which allows the identification of configurations by direct com-
parisons with configuration-dependent cranked Nilsson-Strutinsky calculations. The yrast band, which was
linked along with the signature partner, was followed up to (101/21) and \v;1.3 MeV. The other linked
band was a negative-parity band observed up to (95/22). Tentative configurations for the unlinked bands are
discussed. Comparisons with the theoretical results suggest that the band built on a configuration involving the
neutron i 13/2 intruder orbital originating from theN56 harmonic oscillator subshell was observed in this
experiment.
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I. INTRODUCTION

One of the long-standing topics in nuclear high-spin sp
troscopy is the competition between collective and sing
particle degrees of freedom. Collective models successf
describe the rotation of deformed nuclei with proton a
neutron numbers sufficiently far from closed shells, while
single-particle shell model has a wide application for nuc
with proton and neutron numbers near closed shells. An
terplay between these two extreme models is expecte
transitional regions. The current paper reports on the we
of structure information extracted from a high-spin study
the 113I nucleus, which has three protons and ten neutr
outside the doubly closed100Sn core.

Nuclei near theZ550 closed proton shell exhibit a nove
collective structure that coexists with the expected sing
particle structure. Intruder rotational bands have rece
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versity, Hoża 69, PL-00-681 Warsaw, Poland.

†Present address: Nuclear Science Division, Lawrence Berk
National Laboratory, Berkeley, CA 94720.

‡Present address: Schuster Laboratory, University of Manche
Manchester M13 9PL, United Kingdom.

§Present address: LANSCE-3, Los Alamos National Laborato
Los Alamos, NM 87545.
0556-2813/2001/64~1!/014304~19!/$20.00 64 0143
-
-
ly

e
i
-
in
th
f
s

-
ly

been observed inZ550–52 nuclei up to high frequencies
These collective structures involve particle-hole (2p-2h)
proton excitations across theZ550 shell gap from the up-
sloping high-K pg9/2 orbital to the downsloping low-K pg7/2

or ph11/2 orbitals, which stabilize deformed prolate rotor
As the rotational frequency and spin increase for these
truder bands, the Coriolis interaction gradually aligns the
lence particles resulting in characteristic decreasing dyna
moments of inertia and quadrupole transition moments;
observed unique excitation energy vs spin curves with s
tracted rotating liquid drop reference (E-ELD) depend on the
specific configuration. These structure features have bee
terpreted using configuration-dependent cranking calc
tions, which show that as the available valence nucleons
side of theZ5N550 double shell closure align, the nucle
shape gradually traces a path through the triaxialg plane
from a collective prolate shape (g50°) to a noncollective
oblate shape (g5160°) over many transitions; this featur
is called ‘‘smooth band termination.’’ After the available va
lence particles for a specific yrast configuration have align
the band sequence terminates at a spin that exhausts the
of the aligned single-particle spins consistent with the Pa
principle. The smooth band termination phenomenon
scribed above is now well established in theA;110 region
and recently has been reviewed in Ref.@1#.

Since the success of these theoretical interpretation
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related to the large shell gaps atZ5N550, it is important to
explore the smooth-termination band properties for differ
configurations that approach the yrast line as a function o
extendedZ, N region. Thus theZ553 I isotopes become
important in this regard. The unique feature of theA;110
region relies on the fact that bands built on a specific mic
scopic configuration can be followed over a large spin a
rotational frequency range; as an example for113I, band 1 is
observed over a range of 38\ from spin 25/21 and \v
;0.35 MeV up to (101/21) and\v;1.3 MeV.

The 113I nucleus is moderately deformed at low spin.
higher spin following the discussed 2p-2h proton excita-
tions, larger deformations are achieved in the resulting 5p2h
proton configurations. Ten bands built on these 2p-2h exci-
tations are reported in the current study. Several of th
structures in113I were first identified in Ref.@2#. The current
study takes advantage of recent developments in experim
tal technique to substantially extend the previous results.
high sensitivity of the current experiment allowed obser
tion of the linking transitions for three of the ten high-sp
bands. For the states which form the linked bands, spins
parities can be reliably assigned. The experimental inform
tion on excitation energies, spins, and parities allows
direct comparisons with results of configuration-depend
cranked Nilsson-Strutinsky calculations discussed
Ref. @1#. Experimental data and theoretical calculations w
found to be in excellent agreement for the linked bands.
the unlinked bands, spin assignments and microscopic
figurations are proposed based on comparisons with the
oretical results. One of the observed bands fits very well w
predictions for a configuration which involves the neutr
i 13/2 orbital. The intruderi 13/2 orbital originates from the
N56 harmonic-oscillator subshell and is predicted in113I to
approach the neutron Fermi level at high spin and rotatio
frequency. Neutroni 13/2 and protong9/2 orbitals are known
to generate superdeformed shapes in the massA;130 re-
gion. The current paper represents the first evidence of
neutroni 13/2 orbital in theA;110 region at neutron numbe
N560.

II. EXPERIMENTAL METHOD

Excited states in 113I were populated following the
58Ni( 58Ni,3p) reaction at a beam energy of 250 MeV. Th
experimental setup consisted of the Gammasphere arra
83 HPGe detectors@3# coupled with the Microball array o
95 CsI~Tl! charged-particle detectors@4#, and an array of 15
scintillators for neutron detection. Neutron detectors w
not used directly for the113I study, although they were es
sential in the analysis of other channels populated in
experiment which represented background~see Ref.@5# for
109Te, Ref.@6# for 111Te, and Ref.@7# for 110I). In order to
obtain g-ray sum-energy and multiplicity information, th
Hevimet collimators ordinarily placed in front of th
Compton-suppression shields to reduce directg-rays were
removed for this experiment as discussed in Ref.@8#.

Two self-supporting;500 mg/cm2 stacked targets wer
used in the current study. The observedg-ray energies were
corrected off-line for Doppler shifts. The Doppler correctio
01430
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procedure involved event-by-event reconstruction of the m
mentum vector for the residual nuclei based on reaction
nematics and the measured charged-particle momentum
tors @4#. The average velocity of the recoiling nuclei wa
measured to beb;4.5% in agreement with the value calcu
lated based on reaction kinematics. In the 3p-gated channel,
a g-ray energy resolution ofDEg;8 keV full width at half
maximum~FWHM! at Eg;1.3 MeV was achieved for spec
tra used in the final analysis. The resolution was measu
using the 1331-keV transition of band 2 in113I to compare
with the value given in Ref.@2# ~see discussion below! and
with the intrinsic resolution of the Ge detectors measu
with a 60Co source.

For the off-line analysis, coincident events were sor
into charged-particle gatedg-g matrices,g-g-g cubes, and
g-g-g-g hypercubes. The main part of the data analysis w
carried out using the Gammasphere/Microball cube and
percube both gated on three protons. The Microball e
ciency for single proton detection measured in the pres
experiment was;80%. It was observed that the 3p and the
2p gates contained;50% and;40% of the 3p channel
statistics, respectively, in agreement with the estimate ba
on the binomial distribution. A cube including both the 3p
and 2p gates was sorted and analyzed for the cases w
statistics were needed. A 3p-gated cube with additional gate
on g-ray multiplicity/sum energy and proton sum energy w
also sorted with the gates optimized to reduce the 4p 112Te
channel leaking into the 3p gate. This cube was used for th
cases where additional isolation was necessary. Theg-ray
spectroscopy software packageRADWARE @9# was used ex-
tensively for the data analysis.

A complementary experiment with a;2 mg/cm2 thick
58Ni backed target and with the same reaction and be
energy as in the Gammasphere run was performed using
Stony Brook TANDEM/superconducting LINAC facility and
a six Compton-suppressed Ge-detector array. This bac
target experiment providedg-ray coincidence data with goo
energy resolution,DEg;2 keV FWHM at Eg;1.33 MeV,
with the elimination of the Doppler effect. Spectra in th
backed target experiment were recorded by detectors pla
approximately at630°, 690°, and6150° with respect to
the beam direction.

An angular correlation study@10# was performed for
g-ray multipolarity assignments. An asymmetric 3p-gated
matrix was sorted from the Gammasphere/Microball d
with the detectors atu.142° incremented on one axis an
the detectors with 79°,u,101° on the other axis~note that
the forward rings of Ge detectors were replaced by neut
detectors!. A similar matrix was sorted using backed-targ
Stony Brook data. DCO ratios@10# extracted for known
quadrupole-dipole and quadrupole-quadrupole cascade
113I @2# are RDCO50.65(3) for the 15/22→11/22→9/21

cascade andRDCO50.99(5) for the 19/22→15/22→11/22

cascade. When experimental DCO ratios of nondirect suc
sive transitions were compared to the theoretical predicti
the effect of unobserved transition was calculated follow
the formalism presented in Ref.@11# using the programs de
scribed in Ref.@12#.
4-2
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FIG. 1. Decoupled bands observed at high spin in113I. See text and Fig. 2 for the details of the spin assignments for linked bands
Spin assignments for unlinked bands 4–10 are based on a theoretical calculation.
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In a number of cases,g-ray energies measured in th
current study differ from those reported in Ref.@2#. The dis-
crepancy seems to be more pronounced for high-energg
rays observed in the thin-target experiment. The ener
measured in the current study are adopted as more rel
because of the improved resolution FWHM;8 keV at Eg
;1.3 MeV compared to the FWHM;10 keV reported in
Ref. @2#; the good energy resolution in this thin-target expe
ment was achieved because of the improved Doppler cor
tion procedure using the Microball array and the better
gular granularity provided by the detector segmentation
the Gammasphere array.

III. EXPERIMENTAL RESULTS

Ten decoupledDI 52 bands observed up to high spins
113I are shown in Fig. 1. StretchedE2 multipolarity for the
intraband transitions is assumed following the rotatio
character of these bands. Experimental information prese
in the current paper on states with spinI<55/2 is limited to
what is relevant for the discussion of the high-spin proper
of 113I. A partial level scheme of113I, showing the bands a
low spin together with the linking transitions for bands 1,
and 3, is shown in Fig. 2. Information about energies, int
sities, DCO ratios, proposed multipolarities of theg-ray tran-
sitions, and spin assignments for excited levels in113I is
summarized in Table I. Information about band intensities
Eg;1.6 MeV is summarized in Table II. The details a
discussed below.
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A. Bands a, b, y, and s

The part of the 113I level scheme including the one
quasiparticle bandy and three-quasiparticle bands which
form the yrast line in the low-spin region agrees with t
results of the previous study@2#. The spins for the yrast state
were adopted from the tentative assignment given in Nuc
Data Sheets@13# and systematics of the odd-A 53I isotopes
@14#. These assignments are supported by the theoretica
terpretation of the yrast bands in odd-A 53I nuclei at low
excitation energy as being based on the low-K ph11/2 orbital.
These adopted spins are consistent with the results of
DCO analysis for theg-ray transitions in bandsy ands. The
arguments listed above assign spin 11/22 to the bandhead o
bandy.

StretchedE1 and stretchedE2 multipolarity proposed in
Ref. @2# for the 388-keV transition which depopulates th
11/22 bandhead of bandy, and subsequent 629-keV trans
tion, respectively, are consistent with the results of the D
analysis in the current study. These assignments implyI p

55/21 for the lowest-energy state observed in the expe
ment. This result agrees with the systematics of the grou
state spins for odd-A 53I isotopes,I p55/21 for N<74. The
results of the current DCO analysis are also consistent wi
stretchedE1 multipolarity for the 180-keV transition de
populating the bandhead of bandy, which results in a
stretchedE2 multipolarity for the subsequent 838-keV tra
sition to the 5/21 ground state.

The DCO ratio measured in the current backed target
periment for the 264-keVg ray depopulating the 11/22
4-3
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FIG. 2. Partial level scheme of113I at low spin/excitation energy. Proposed spin assignments are based on the DCO analy
systematics of band structures in odd I isotopes.
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bandhead of bandy is consistent with anI i5I f E1 multi-
polarity, rather than with the stretchedE1 multipolarity of
Ref. @2#. Therefore a 11/21 assignment rather than 9/21 is
proposed for the first excited state of banda. The 753-keV
transition reported in Ref.@2# between this state and th
ground state was not observed in the current experiment.
DCO ratio for the 690-keV transition depopulating the 11/1

state of banda, measured using a gate on the 531-keV tra
sition of bandy, is consistent with stretchedE2 multipolarity
for the 690-keVg ray and spin 7/21 for the bandhead o
banda. DCO analysis for the 690-, 863-, and 1068-keVg
rays of banda performed using spectra from the thin-targ
experiment gated on the 884-keV transition yields stretc
E2 multipolarity for all band members. Banda was not re-
ported in Ref.@2#, although a low-spin band built on th
(d5/2g7/2) quasiproton was observed in heavier odd-A I iso-
topes, see Refs.@15# and@16# for 117I and 119I, respectively.

The other positive-parity band at low spin~bandb! was
reported in Ref.@2#; one should note, however, that the lev
scheme for this band in the current study~see Fig. 2! differs
from that of Ref.@2#. The current level scheme follows th
01430
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results of a four-fold analysis which indicates the existen
of more dipole transitions in the energy range between
and 375 keV than the threeg rays of Ref.@2#. The spin 9/21

was adopted for the bandhead following the tentative ass
ment given in Nuclear Data Sheets@13# and the systematics
of odd-A 53I isotopes@14#. This assignment is supported b
the theoretical interpretation of the corresponding bands
odd-A 53I isotopes at low spin as being built on the high-K
pg9/2

21 orbital. The spins for the band members were assig
following the strongly coupledDI 51 character of the band
supported by the observation of theE2 crossover transitions
these assignments are further confirmed by the compar
with the systematics of corresponding bands in odd-A 53I
isotopes@14#. The DCO analysis for the transitions of bandb
is hindered due the fact that many of theg rays in the band
are very close in energy and that the band was popula
with less intensity than other bands at low spin. The DC
ratios for the group of theg rays with energy;744 keV
extracted from the gate set on;7442keV transitions are
consistent with the stretchedE2 crossovers. The DCO ratio
measured for the 345-, 360-,;3732keV transitions in the
4-4
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TABLE I. Results forg-ray transitions in113I shown in Figs. 1 and 2.

Eg ~keV! I g ~%! DCO ratio I i
p → I f

p Multipolarity Band

165.1~0.5! 2.2~0.2! 0.86~8! b 23/22 → 23/22 M1/E2 3
179.8~0.5! 4.7~0.5! 0.65~6! b 11/22 → 9/21 E1 y
263.9~0.5! 23.9~0.9! 1.3~2! a 11/22 → 11/21 E1 y
271.0~0.6! 0.5~0.1! 23/22 → 23/22 M1/E2 s
345.4~0.5! 6.6~0.4! 0.73~6! b 13/21 → 11/21 M1/E2 b
360.0~0.5! 8.4~0.6! 0.74~6! b 11/21 → 9/21 M1/E2 b
372.0~1.0! 4.1~1.2!

J0.75~5!b

15.21 → 13/21 M1/E2 b
372.4~1.0! 2.8~1.1! 17/21 → 15/21 M1/E2 b
373.0~1.0! 2.9~1.1! 19/21 → 17/21 M1/E2 b
374.0~1.0! 2.3~1.1! 23/21 → 21/21 M1/E2 b
375.0~1.0! 2.7~1.1! 21/21 → 19/21 M1/E2 b
375.4~1.0! 2.2~1.1! 27/21 → 25/21 M1/E2 b
380.0~1.0! 3.3~0.3! 25/21 → 23/21 M1/E2 b
385.0~0.5! 1.7~0.2! 31/21 → 29/21 M1/E2 b
388.4~0.5! 75.4~2.7! 0.53~5!, a0.65~3! b 11/22 → 9/21 E1 y
394.0~0.5! 3.2~0.2! 29/21 → 27/21 M1/E2 b
408.0~0.5! 1.9~0.2! 33/21 → 31/21 M1/E2 b
415.0~0.5! 2.1~0.2! 35/21 → 33/21 M1/E2 b
423.3~1.0! 0.3~0.2! 35/21 → 33/21 M1/E2 2
439.6~0.5! 1.6~0.2! 37/21 → 35/21 M1/E2 b
463.0~0.5! 1.7~0.2! 39/21 → 37/21 M1/E2 b
473.0~1.0! 1.2~0.1! 41/21 → 39/21 M1/E2 b
485.0~1.0! 0.7~0.1! 43/21 → 41/21 M1/E2 b
505.8~1.0! 0.3~0.2! 41/21 → 39/21 M1/E2 1
514.0~1.0! 0.3~0.2! 45/21 → 43/21 M1/E2 b
516.6~0.5! 2.5~0.2! 31/22 → 27/22 E2 s
525.0~1.0! 0.3~0.2! 47/21 → 45/21 M1/E2 b
530.8~0.5! 100.0~3.4! d 15/22 → 11/22 E2 y
541.0~1.0! 0.2~0.2! 49/21 → 47/21 M1/E2 b
565.7~0.5! 31.7~0.2! 0.9~1! b 9/21 → 7/21 M1/E2
582.0~0.5! 19.8~0.8! 0.91~15!, a1.02~8! b 35/22 → 31/22 E2 s
589.2~1.0! 0.4~0.1! 45/21 → 43/21 M1/E2 1
604.3~0.5! 1.2~0.2! 27/21 → 23/21 E2 2
616.0~1.0! 0.2~0.1! 49/21 → 47/21 M1/E2 1
629.1~0.5! 2.1~0.3! 27/21 → 23/21 E2 2
629.2~0.5! 47.6~0.1! 1.0~1! a 9/21 → 5/21 E2
637.7~0.5! 94.8~3.1! 0.97~8!, a0.99~5! b 19/22 → 15/22 E2 y
670.7~1.0! 0.8~0.2! 29/21 → 25/21 E2 1
683.6~0.5! 78.7~2.5! 0.94~10!, a0.97~5! b 23/22 → 19/22 E2 y
685.6~0.5! 2.4~0.6! 1.0~2! b 31/21 → 27/21 E2 2
690.4~0.5! 20.0~0.2! 0.98~4! b 11/21 → 7/21 E2 a
705.4~0.8! 0.7~0.2! 13/21 → 9/21 E2 b
705.6~0.5! 12.9~0.9! 1.02~6! b 27/22 → 23/22 E2 3
714.5~0.5! 32.4~1.2! 1.09~12!, a0.97~9! b 35/22 → 31/22 E2 s
717.6~0.5! 3.1~0.3! 15/21 → 11/21 E2 b
735.5~0.5! 52.7~1.7! 0.94~12!, a1.01~8! b 39/22 → 35/22 E2 s
736.8~1.0! 0.8~0.6! 33/21 → 29/21 E2 1
744.0~1.0! 2.7~0.5!

J0.95~8!b

17/21 → 13/21 E2 b
744.4~1.0! 2.8~0.6! 19/21 → 15/21 E2 b
747.0~1.0! 2.7~0.4! 21/21 → 17/21 E2 b
750.0~1.0! 2.4~0.5! 23/21 → 19/21 E2 b
755.0~1.0! 1.4~0.5! 25/21 → 21/21 E2 b
014304-5
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TABLE I. ~Continued!.

Eg ~keV! I g ~%! DCO ratio I i
p → I f

p Multipolarity Band

755.4~1.0! 2.4~0.7! 27/21 → 23/21 E2 b
756.0~0.5! 10.7~0.7! 31/22 → 27/22 E2 3
764.8~0.5! 41.8~1.3! 0.93~14!, a1.03~10! b 43/22 → 39/22 E2 s
764.8~0.5! 2.3~0.4! 1.0~2! b 35/21 → 31/21 E2 2
769.0~1.0! 1.3~0.2! 29/21 → 25/21 E2 b
774.3~1.0! 1.7~0.2! 9/21 → 7/21 M1/E2
775.0~1.0! 1.1~0.2! 13/21 → 9/21 E2 b
779.0~1.0! 2.4~0.2! 31/21 → 27/21 E2 b
793.0~1.0! 1.3~0.2! 33/21 → 29/21 E2 b
800.6~0.5! 42.7~1.4! 0.97~12!, a1.04~9! b 31/22 → 27/22 E2 3
806.6~0.6! 2.6~0.4! 27/22 → 23/22 E2 s
818.6~1.0! 0.8~0.2! 37/21 → 33/21 E2 1
823.0~1.0! 1.4~0.4! 35/21 → 31/21 E2 b
825.7~0.5! 61.8~2.0! 0.92~12!, a1.05~10! b 27/22 → 23/22 E2 y
831.3~1.0! 0.4~0.1! 35/21 → 31/21 E2 2
838.0~1.0! 1.6~0.2! 9/21 → 5/21 E2
841.9~0.5! 2.2~0.2! e 39/21 → 35/21 E2 2
846.0~0.5! 2.7~0.2! 9/21 → 7/21 M1/E2 b
848.6~0.5! 10.4~1.0! 1.01~6! b 23/22 → 19/22 E2 3
849.1~1.0! 0.5~0.2! 39/21 → 35/21 E2 2
854.6~1.0! 1.3~0.1! 37/21 → 33/21 E2 b
862.8~0.5! 19.5~1.4! 1.09~6! b 15/21 → 11/21 E2 a
867.2~0.5! 10.1~0.5! 0.93~9! b 35/22 → 31/22 E2 3
870.9~0.6! 2.2~0.5! 27/22 → 23/22 E2 3
884.0~0.5! 7.5~0.4! c 23/21 → 19/21 E2 a
889.1~0.5! 3.9~0.2! 31/22 → 27/22 E2 s
893.1~0.5! 0.9~0.2! 41/21 → 37/21 E2 1
901.9~0.5! 6.7~0.3! 39/22 → 35/22 E2 3
902.6~1.0! 0.7~0.2! 0.97~9! b 39/21 → 35/21 E2 b
905.6~0.5! 21.1~0.7! 0.96~10! b 51/22 → 47/22 E2 s
909.4~0.5! 1.6~0.2! 9/21 → 5/21 E2 b
922.1~0.5! 3.1~0.2! 1.0~2! b 43/21 → 39/21 E2 2
933.9~0.5! 13.4~0.7! 0.92~18!, a1.00~8! b 31/22 → 27/22 E2 s
936.0~1.0! 1.1~0.1! 41/21 → 37/21 E2 b
951.3~0.5! 1.1~0.1! 45/21 → 41/21 E2 1
958.0~1.0! 0.3~0.2! 43/21 → 39/21 E2 b
968.6~0.5! 32.3~1.0! 0.97~14!, a1.08~10! b 47/22 → 43/22 E2 s
983.0~0.5! 5.8~0.3! 0.98~9! b 43/22 → 39/22 E2 3
983.0~1.0! 0.2~0.1! 45/21 → 41/21 E2 1
984.5~1.0! 0.5~0.2! 13/21 → 9/21 E2 b
999.0~1.0! 1.0~0.2! 45/21 → 41/21 E2 b
1003.6~0.5! 3.1~0.2! 1.0~2! b 47/21 → 43/21 E2 2
1024.7~0.5! 12.0~0.4! 1.09~10! b 55/22 → 51/22 E2 s
1031.3~0.5! 1.6~0.2! 49/21 → 45/21 E2 1
1039.0~1.0! 0.5~0.2! 47/21 → 43/21 E2 b
1046.9~0.5! 3.0~0.2! 47/22 → 43/22 E2 3
1066.0~1.0! 0.3~0.2! 49/21 → 45/21 E2 b
1068.3~0.5! 20.1~0.9! 1.03~6! b 19/21 → 15/21 E2 a
1073.0~0.5! 2.8~0.2! 51/21 → 47/21 E2 2
1081.7~0.5! 2.3~0.4! 23/21 → 19/21 E2 2
1086.1~1.0! 1.2~0.2! ~57/22) → ~53/22) E2 5
1098.0~1.0! 1.1~0.2! ~57/22) → ~53/22) E2 5
014304-6
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TABLE I. ~Continued!.

Eg ~keV! I g ~%! DCO ratio I i
p → I f

p Multipolarity Band

1098.5~0.5! 3.2~0.2! 47/22 → 43/22 E2 3
1103.0~0.5! 1.6~0.2! 53/21 → 49/21 E2 1
1107.3~0.5! 1.2~0.4! 23/21 → 19/21 E2 2
1120.1~0.9! 2.0~0.2! 23/22 → 19/22 E2 s
1120.8~1.0! 1.7~0.4! ~61/22) → ~57/22) E2 5
1147.7~0.5! 2.2~0.2! 55/21 → 51/21 E2 2
1149.1~0.3! 2.4~0.2! 51/22 → 47/22 E2 3
1173.7~1.0! 1.4~0.2! ~65/22) → ~61/22) E2 5
1177.4~1.0! 1.8~0.2! 57/21 → 53/21 E2 1
1184.1~1.0! 0.8~0.2! ~61/22) → ~57/22) E2 4
1200.4~0.5! 1.9~0.1! 51/22 → 47/22 E2 3
1212.5~1.0! 0.5~0.1! ~57/21) → ~53/21) E2 7
1235.5~1.0! 0.5~0.2! ~63/22) → ~59/22) E2 6
1239.0~1.0! 0.3~0.1! ~57/21) → ~53/21) E2 7
1249.1~1.0! 0.5~0.1! 59/21 → 55/21 E2 2
1257.4~1.0! 0.7~0.2! ~65/22) → ~61/22) E2 4
1258.0~1.0! 0.3~0.1! ~57/21) → ~53/21) E2 7
1259.4~1.0! 1.7~0.2! 61/21 → 57/21 E2 1
1270.5~0.5! 1.9~0.1! 55/22 → 51/22 E2 3
1295.1~1.0! 1.0~0.1! ~61/21) → ~57/21) E2 7
1299.9~1.0! 0.3~0.2! 5
1331.4~1.0! 0.6~0.1! 63/21 → 59/21 E2 2
1340.6~1.0! 0.6~0.1! ~69/22) → ~65/22) E2 4
1344.0~1.0! 0.6~0.2! ~67/22) → ~63/22) E2 6
1344.8~1.0! 1.3~0.2! ~69/22) → ~65/22) E2 5
1347.9~1.0! 1.6~0.2! 65/21 → 61/21 E2 1
1352.9~1.0! 1.5~0.2! 59/22 → 55/22 E2 3
1360.6~1.0! 0.2~0.1! ~59/21) → ~55/21) E2 9
1380.7~1.0! 1.0~0.1! ~65/21) → ~61/21) E2 7
1394.6~1.0! 0.3~0.2! 5
1410.0~2.0! 0.3~0.2! ~73/22) → ~69/22) E2 5
1426.6~1.0! 0.5~0.1! 67/21 → 63/21 E2 2
1431.4~1.0! 0.2~0.1! 5
1434.4~1.5! 1.3~0.2! 63/22 → 59/22 E2 3
1438.5~1.5! 1.3~0.2! 67/22 → 63/22 E2 3
1441.9~1.0! 1.3~0.2! 69/21 → 65/21 E2 1
1443.0~1.5! 0.8~0.2! 71/22 → 67/22 E2 3
1447.8~1.0! 1.2~0.2! ~73/22) → ~69/22) E2 5
1453.4~1.0! 0.5~0.1! ~71/22) → ~67/22) E2 6
1457.1~1.0! 0.6~0.1! ~73/22) → ~69/22) E2 4
1455.9~1.0! 11.1~1.1! 59/22 → 55/22 E2 s
1478.4~1.0! 0.3~0.1! ~63/21) → ~59/21) E2 9
1493.0~1.0! 0.2~0.1! ~73/22) → ~69/22) E2 4
1504.5~1.0! 0.9~0.1! ~69/21) → ~65/21) E2 7
1525.5~1.0! 0.4~0.1! 71/21 → 67/21 E2 2
1543.7~1.0! 0.3~0.1! ~67/22) → ~63/22) E2 8
1544.8~1.0! 1.2~0.2! 73/21 → 69/21 E2 1
1554.0~1.0! 0.8~0.2! 75/22 → 71/22 E2 3
1579.2~1.0! 0.4~0.1! ~67/21) → ~63/21) E2 9
1591.2~1.0! 0.5~0.1! ~75/22) → ~71/22) E2 6
1593.3~1.0! 0.9~0.2! ~77/22) → ~73/22) E2 5
1627.1~1.0! 0.6~0.1! ~77/22) → ~73/22) E2 4
014304-7
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TABLE I. ~Continued!.

Eg ~keV! I g ~%! DCO ratio I i
p → I f

p Multipolarity Band

1629.6~1.0! 0.3~0.1! ~71/22) → ~67/22) E2 8
1638.2~1.0! 0.4~0.1! 75/21 → 71/21 E2 2
1651.8~1.0! 1.1~0.2! 77/21 → 73/21 E2 1
1662.7~1.0! 0.5~0.1! ~73/21) → ~69/21) E2 7
1680.4~1.0! 0.7~0.2! 79/22 → 75/22 E2 3
1680.5~1.0! 0.2~0.1! ~81/22) → ~77/22) E2 10
1684.3~1.0! 0.3~0.1! ~71/21) → ~67/21) E2 9
1731.4~1.0! 0.4~0.1! ~79/22) → ~75/22) E2 6
1742.2~1.0! 0.3~0.1! ~75/22) → ~71/22) E2 8
1758.4~1.0! 0.5~0.1! ~81/22) → ~77/22) E2 5
1766.9~1.0! 0.9~0.2! 81/21 → 77/21 E2 1
1767.7~1.0! 0.4~0.1! 79/21 → 75/21 E2 2
1770.9~1.0! 0.3~0.1! ~75/21) → ~71/21) E2 9
1778.1~1.0! 0.3~0.1! ~85/22) → ~81/22) E2 10
1786.4~1.0! 0.4~0.0! ~81/22) → ~77/22) E2 4
1844.2~1.0! 0.4~0.1! 83/22 → 79/22 E2 3
1866.9~1.0! 0.3~0.1! ~79/22) → ~75/22) E2 8
1869.7~1.0! 0.3~0.1! ~77/21) → ~73/21) E2 7
1870.6~1.0! 0.4~0.1! ~89/22) → ~85/22) E2 10
1895.8~1.0! 0.6~0.2! 85/21 → 81/21 E2 1
1905.8~1.0! 0.3~0.1! ~83/22) → ~79/22) E2 6
1915.3~1.0! 0.3~0.1! 83/21 → 79/21 E2 2
1923.6~1.0! 2.1~0.3! 63/22 → 59/22 E2 s
1944.0~1.0! 0.2~0.1! ~79/21) → ~75/21) E2 9
1970.8~1.0! 0.3~0.0! ~85/22) → ~81/22) E2 4
1972.1~1.0! 0.4~0.1! ~93/22) → ~89/22) E2 10
1984.1~1.0! 0.2~0.1! 87/22 → 83/22 E2 3
2003.2~1.0! 0.2~0.1! ~85/22) → ~81/22) E2 5
2039.4~2.0! 0.3~0.1! ~83/22) → ~79/22) E2 8
2039.9~1.0! 0.4~0.1! 89/21 → 85/21 E2 1
2046.6~2.0! 0.2~0.1! 87/22 → 83/22 E2 3
2049.0~2.0! 0.1~0.1! ~87/22) → ~83/22) E2 6
2075.8~1.0! 0.2~0.1! 87/21 → 83/21 E2 2
2101.2~2.0! 0.3~0.1! ~97/22) → ~93/22) E2 10
2112.3~2.0! 0.1~0.1! ~83/21) → ~79/21) E2 9
2113.1~2.0! 0.1~0.1! ~87/22) → ~83/22) E2 6
2118.9~2.0! 0.2~0.1! ~81/21) → ~77/21) E2 7
2156.9~2.0! 0.2~0.2! ~89/22) → ~85/22) E2 4
2181.6~2.0! 0.1~0.1! 91/22 → 87/22 E2 3
2201.0~1.0! 0.2~0.1! 93/21 → 89/21 E2 1
2202.9~2.0! 0.2~0.1! ~87/22) → ~83/22) E2 8
2241.2~2.0! 0.2~0.1! 91/21 → 87/21 E2 2
2244.5~2.0! 0.1~0.1! 91/22 → 87/22 E2 3
2256.7~2.0! 0.2~0.1! ~101/22) → ~97/22) E2 10
2296.9~2.0! 0.1~0.1! ~89/22) → ~85/22) E2 5
2363.0~2.0! 0.1~0.1! ~89/22) → ~85/22) E2 5
2379.5~2.0! 0.2~0.1! 97/21 → 93/21 E2 1
2426.6~2.0! 0.1~0.1! 95/21 → 91/21 E2 2
2432.7~2.0! 0.1~0.1! ~105/22) → ~101/22) E2 10
2442.2~2.0! 0.1~0.1! 95/22 → 91/22 E2 3
2581.1~2.0! 0.1~0.1! ~99/2!1 → 95/21 E2 2
2582.0~2.0! 0.2~0.1! ~101/2!1 → 97/21 E2 1

aDCO ratio from backed target experiment.
bDCO ratio from thin target experiment.
cGate for band-a DCO analysis in thin target experiment.
dGate for band-y DCO analysis.
eGate for band-2 DCO analysis.
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TABLE II. Band intensities atEg;1.6 MeV.

Band 1 2 3 4 5 6 7 8 9 10
Eg @keV# 1652 1638 1680 1627 1593 1591 1663 1630 1579 16

Intensity @%# 1.1~2! 0.4~1! 0.7 ~2! 0.6~1! 0.9~2! 0.5~1! 0.5~1! 0.3~1! 0.4~1! 0.2~1!
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;7442keV gate are consistent with anM1/E2 multipolar-
ity. These conclusions are further supported by additio
DCO-ratio measurements with gates set on the mi
M1/E2 transitions of bandb ~the results of these measur
ments are not listed in Table I!.

B. Bands 1 and 2

Experimental spectra for bands 1 and 2 are shown
Fig. 3. Both bands were reported as unlinked bands 1 an
in Ref. @2# with slightly different g-ray energies. The pos
sible origin of this difference is discussed in Sec. II. Co
pared to the previous study, bands 1 and 2 were extende
higher spin by one and two transitions, respectively. Go
sensitivity of the current thin-target data set resulted in
identification of a number of transitions which extends bo
bands to lower spins. The fact that the bands could be
lowed down in spin was essential for linking them to t
ground state.

Band 2 decays mainly to the low-spin positive-parity ba
a, as shown in Fig. 2 and in the lower panel of Fig. 3. T
spectrum shown in the lower panel of Fig. 3 also indica
the existence of the linking transitions between band 2
bandb. Three interbandg rays with energies 423, 831, an
849 keV were isolated between band 2 and bandb using
double and triple gating. The agreement between ene

FIG. 3. Experimental spectra presenting bands 1~top! and 2
~bottom!. Double gates set on the 3p-gated cube were summed t
increase the statistics.
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sums for the various decay paths observed in the feeding
of band 2 confirms both the linking of band 2 to the grou
state and the decay scheme deduced for bandb. In addition
to the links discussed above, a decay path between ba
and bandy exists, as implied by the spectrum shown in t
lower panel of Fig. 3. Despite various gating attempts t
decay path was not identified in the current study.

DCO analyses for intraband transitions of band 2 w
performed using the thin-target data set. StretchedE2 mul-
tipolarities for the 686-, 765-, 922-, and 1004-keVg rays are
consistent with the DCO ratios extracted in the 842-k
gate. Spin assignments and positive parity as shown in Fi
are proposed for band 2. The decay of band 2 to bandb can
be explained by the close proximity of the 35/21 band mem-
bers, which are observed to be only 8 keV apart. In
current study, linking transitions between band 2 and banb
are understood as a consequence of the accidental mixin
these 35/21 states which are built on different single-partic
configurations. From the relative level energies it is inferr
that the strength of the residual interaction which adm
bands 2 andb is less then 4 keV. This small interactio
strength is consistent with the observation that no other
els of bands 2 andb are admixed except for the two 35/21

states.
Band 1, which becomes yrast above spin;30 \, is the

most intense high-spin band observed in the current st
~see Fig. 3 and Table II!. The decay out of band 1, howeve
contrary to the decay of band 2, is fragmented at low s
over a number of parallel paths. The spectrum shown
Fig. 4 defines the existence of a 589-keV linking transiti
between bands 1 and 2. The other identified links are a 6
keV transition between bands 1 and 2, and 506- and 983-
transitions between bands 1 andb. The spectrum in the uppe
panel of Fig. 3 shows that band 1 has significant decay
bandy, although these paths were not resolved in the curr
study.

Interband transitions which link band 1 to band 2 ne
spin I p;45/21 suggest that these could be signature pa
ners. The spin and parity assignments given to band 1,
are based on this assumption, are presented in Fig. 2.
consequence of the close proximity of the 41/21 and 45/21

states of bands 1 andb, additional linking is observed be
tween bands 1 andb because of accidental mixing. An inte
action between these states, which are 33 and 16 keV a
respectively, results in the 506-keV and 983-keV interba
transitions. The strength of the residual interaction, which
less then 8 keV as deduced from the relative energies of
45/21 states, compares well with the related strength
bands 2 andb at spin 35/21. This observations give addi
tional confidence to the positive parity and the spins assig
for band 1 in the current study.
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FIG. 4. Experimental spectrum
defining the 589-keV linking tran-
sition between bands 1 and 2
Double gates with the first gate se
on 589-keVg ray and the second
gate set on the intraband trans
tions in band 1 were summed t
increase statistics. Note that th
922-, 842-, and 765-keV transi
tions of band 2 and transitions o
band 1 with energy 1031 keV an
higher are observed in the spe
trum while transitions of band 2
above 922 keV and transitions o
band 1 below 1031 keV are not.
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C. Band 3

An experimental spectrum presenting band 3 is shown
Fig. 5. Band 3 of the current study was reported as the lin
band 3 in Ref.@2#, although the decay scheme and spin
signment proposed there does not fully agree with the cur
results. At spinsI p;31/22, the current decay scheme is co
firmed by a number of transitions observed between ban
and bandss and y ~see Fig. 2!, which were isolated using
double and triple gating. At higher spins~see Fig. 1!, the
results of three- and four-fold analysis suggest the existe
of a triplet at energies 1434, 1439, and 1443 keV, rather t
a doublet at 1432 and 1441 keV, as proposed in Ref.@2#.
This conclusion is further supported by the large intens
observed in the peak at energy;1440 keV in the spectrum
shown in Fig. 5.
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The negative parity and spin assignments for states
band 3 are a consequence of the negative parity and
assignments for bandsy ands. Indeed, the cascade of 715
756-, 706-, and 849-keVg rays, which involves two transi-
tions of band 3, is observed between the 35/22 state of band
s and the 19/22 state of bandy, implying that each of the
transitions has stretchedE2 multipolarity. This conclusion is
supported by the DCO ratios measured for the 706-, 71
and 849-keVg rays. The results of the DCO analysis a
consistent with stretchedE2 multipolarity for the 867-, 902-,
and 983-keV transitions of band 3 above the 31/22 state.

D. Unlinked bands 4–10

Experimental spectra representing bands 4–10 are sh
in Figs. 6–12, respectively. Bands 4 and 5 of the curr
s

.

FIG. 5. Experimental spectrum
presenting band 3. Double gate
set on the 3p-gated cube were
summed to increase the statistics
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FIG. 6. Experimental spectrum
presenting band 4. Double gate
set on the 3p-gated cube were
summed to increase the statistics
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study were reported in Ref.@2# as unlinked bands 4 and 5
The level scheme shown in Fig. 1, as well as spectra sh
in Figs. 6–12, indicate that the decay out of the lower par
the bands is fragmented over a number of parallel pa
These paths are below the detection sensitivity of the cur
data set; as a consequence, no discrete transitions were f
to link bands 4–10 to the ground state. The data also indi
preferential decay of bands 4–10 to bandss andy.

The spin assignment for band 5 is based on the theore
arguments discussed in Sec. IV C which suggest that ban
and 5 at high spin are signature partners. Experimentally
conclusion is supported by the comparable intensities
served for bands 3 and 5~see Table II! and the unresolved
decay of band 5 to band 3. The spin assignment for band
a consequence of the assignment proposed for band 5 an
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observed cross talk between bands 4 and 5. The transit
connecting bands 4 and 5 are interpreted in the current s
as resulting from an accidental mixing between states of b
bands which are on the order of 40 keV apart at s
;(73/22). This suggests the same parity and signature
bands 4 and 5. Spin assignments proposed for bands 6
are based entirely on comparisons with the calculations
discussed in Secs. IV C, IV D, and IV E.

IV. DISCUSSION

Experimental data at high spin are compared to the res
of configuration-dependent cranked Nilsson-Strutinsky c
culations reviewed in Ref.@1#. The calculations discussed i
the current paper are identical to those presented in Ref.@2#.
s

.

FIG. 7. Experimental spectrum
presenting band 5. Double gate
set on the 3p-gated cube were
summed to increase the statistics
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FIG. 8. Experimental spectrum
presenting band 6. Double gate
set on the 3p-gated cube were
summed to increase the statistics
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The pairing interactions are not accounted for in these ca
lations, therefore comparisons are valid at high spin ab
I;30 \, where pairing is expected to play a minor role. It
shown in Sec. IV F, however, that comparisons are s
meaningful at moderate spinI;20 \. Calculated yrast and
near-yrast bands are presented in Fig. 13 withE-ELD
vs angular momentumI plots as defined in Ref.@1#. The four
panels correspond to the four possible combinations of pa
and signature quantum numbers. The configurations for
bands are marked on the plots following th
@p1p2 ,n1(n2n3)# notation, wherep1 is the number ofg9/2
proton holes,p2 is the number ofh11/2 protons,n1 is the
number ofh11/2 neutrons,n2 is a number ofg9/2 or f 7/2 neu-
trons, andn3 is the number ofi 13/2 neutrons. The only ob-
served band with configurations involving the orbitals
01430
u-
e
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ty
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beled byn2 and n3 is band 10, which possibly hasn i 13/2
orbital, therefore in the discussion below the notation is
breviated to@p1p2 ,n1# for bands 1–9. The details of th
configuration assignments summarized in Table III are d
cussed below.

A. Bands 1 and 2

Band 1 and band 2 at high spin are identified with t
favored signature and unfavored signature of the@22,4# con-
figuration, respectively. This configuration is predicted to
yrast around spin;50 \. The detailed comparisons betwee
calculated and observed energies for states of bands 1 a
are shown in Fig. 14. The calculated energies given
Fig. 13 were shifted up arbitrary by a constant valueDE
s

.

FIG. 9. Experimental spectrum
presenting band 7. Double gate
set on the 3p-gated cube were
summed to increase the statistics
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FIG. 10. Experimental spec
trum presenting band 8. Doubl
gates set on the 3p-gated cube
were summed to increase the st
tistics.
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51.03 MeV in the Fig. 14 comparison to reproduce the
perimental energy of the 93/21 state of band 1. The arbitrar
shift is made because the calculations without pairing are
meant to reproduce the properties of the experimental gro
state. The shapes of theE-ELD vs I curves for both bands 1
and 2 above spin;30 \ are reproduced remarkably wel
with this arbitrary shift band 2 has a;20.5 MeV offset. The
positions of the minima for the experimental curves are
produced with an accuracy better than 1\. Calculations in-
dicate that both bands are observed up to two transit
below the terminating states. As expected, energies for
levels with spin lower than;30 \, which are calculated
without the pairing interactions, deviate from those obser
in experiment.
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Experimental and calculated dynamic moments of ine
for bands 1 and 2, together with the rotating liquid dr
moment of inertia for113I, are shown in Fig. 15. There is n
evidence for any sharp backbend at rotational frequen
between\v50.5 and\v51.3 MeV. Moments of inertia for
bands 1 and 2 decrease gradually with increasing rotatio
frequency. At high spin, the dynamic moment of iner
reaches the value equal to approximately half of the va
predicted for a rotating liquid drop moment of inertia. Th
behavior is a characteristic feature of smooth band term
tion in the massA;110 region. The calculations reproduc
the experimental trends with remarkable accuracy.

The transition quadrupole moments (Qt) calculated ac-
cording to Eqs. 67 and 69 of Ref.@1# for the @22,4# configu-
-
e

a-
FIG. 11. Experimental spec
trum presenting band 9. Doubl
gates set on the 3p-gated cube
were summed to increase the st
tistics.
4-13



-
e

a-

K. STAROSTAet al. PHYSICAL REVIEW C 64 014304
FIG. 12. Experimental spec
trum presenting band 10. Doubl
gates set on the 3p-gated cube
were summed to increase the st
tistics.
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ration as a function of angular momentum are shown in
upper panel of Fig. 16. The decreasing trend observed foQt
as angular momentum increases is explained by the gra
change of the nuclear shape documented on the lower p
of Fig. 16, where a continuous transition in the triaxial pla
from the prolate collective (g50°) towards the oblate non
collective (g560°) axis is observed.

B. Band 3

Band 3 at high spin is identified with the favored sign
ture of the@22,3# configuration which is predicted to be yra
around spin;45 \. A detailed comparison between calc
lated and observed energies for states of band 3 is show
01430
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the upper panel of Fig. 17. The calculated energies were
at the same arbitrary shift as applied in Fig. 14 to the@22,4#
configuration. The agreement of theE-ELD vs I shapes
above spin;30 \ is remarkably good; the;0.5 MeV offset
involves the arbitrary shift of the calculated energies. T
position of the minimum for the experimental curve is repr
duced with accuracy better than 1\. According to the calcu-
lation, band 3 is observed up to three transitions below
terminating state.

The calculations indicate that at spin 63/22 the band built
on the favored signature of the@22,3# configuration is
crossed by the band built on the@00,3# configuration. Below
spin ;30 \, the data points for band 3 shown in Fig. 1
deviate from those calculated for the@22,3# configuration
t
-
-
-

e

s
s

n

FIG. 13. CalculatedE-ELD en-
ergies vs angular momentumI for
yrast and near-yrast bands from
the configuration-dependen
cranked Nilsson-Strutinsky ap
proach. The four panels corre
spond to four possible combina
tions of parity (p) and signature
(a) quantum numbers which ar
labeled on the plot following
(p,a) convention. Large open
circles indicate the terminating
states, while large open square
indicate the maximum spin value
when nd3/2 and ns1/2 orbitals are
not included into configuration
space. See text for the conventio
used to label the configurations.
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TABLE III. Configuration assignment proposed for observed bands.

Band y s a b 1 and 2 3, 4, 5, and 6 7 8 9 10
Conf. @01,0# @01,2# @00,0# @10,0# @22,4# @22,3# @21,3# @21,4# @21,3# @22,3~01!#
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more than expected from the analogous comparison
bands 1 and 2~see Fig. 14!. Band 3 at low spin is interprete
therefore as being built on a configuration which does
involve particle-hole excitation across theZ550 shell gap,
but is built instead on a positive-parity proton and threeh11/2
neutrons. The crossing with a more deformed band is ind
observed at spin;67/22 and\v;0.7 MeV as indicated by
the sudden increase in the kinematic moment of inertia
large fluctuations in the dynamic moment of inertia shown
the lower panel of Fig. 17. At higher rotational frequencie
the observed decrease of both kinematic and dynamic
ments of inertia is consistent with the smooth band termi
tion interpretation as discussed for bands 1 and 2. The tr
observed for the dynamic moment of inertia is in very go
agreement with the calculations presented in Fig. 15.
kink observed for the dynamic moment of inertia betwe
\v51.0 and\v51.1 MeV is caused by the accidental mi
ing observed at spin 87/22, see Fig. 1.

The Qt values calculated for the@22,3# and @00,3# con-
figurations as a function of angular momentum are shown
the upper panel of Fig. 16. For both configurations the
creasing trend is observed as the angular momentum
creases, which is expected from the analysis of calcula
nuclear shapes shown in the lower panel of Fig. 16. T
transition quadrupole moments and quadrupole deformat
are predicted to be smaller for the@00,3# configuration than
for the@22,3# and@22,4# configurations where large deforma
tion is induced by the 2p-2h excitation across theZ550
shell gap. The smaller value of the terminating state spin
@00,3# as compared to those for@22,3# and @22,4# configura-
tions is a consequence of the limited valence space
0p-0h compared to that for 2p-2h configurations. TheE2
transition lifetimes were calculated for band 3 using expe
mentalg-ray energies and theQt for the @22,3# configuration

FIG. 14. Comparison between experimental and calcula
E-ELD energies as a function of angular momentum for band
and 2.
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for states with spinI p>71/22 andQt for the @00,3# configu-
ration for states with spinI p<59/22. The smaller transition
quadrupole moment for the@00,3# configuration compared to
those for to the configurations involving 2p-2h excitations
results in lifetimes at spin;26 \ which are by a factor;3
longer for band 3 compared to those for corresponding st
in bands 1 and 2. The proposed@00,3# and@22,3# crossing for
band 3 could be tested experimentally through lifetimes m
surements using the Doppler shift attenuation method.

C. Bands 4, 5, and 6

The good agreement between the data and the calcula
for the linked bands, especially the excellent predictions
the position and the curvature near the minima of theE-ELD
plots, encourages speculation on configuration assignm
for the unlinked bands 4–6 based on the theoretical pre
tions. For spins;45 \, the calculation predicts four band

d
1

FIG. 15. Experimental and calculated dynamic moments of
ertia as a function of rotational frequency for high spin bands
113I. Small discontinuities in the calculated dynamic moments
inertia are not numerically significant.
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with the @22,3# configuration to exist close to the yrast lin
~see Fig. 13!. These four configurations result from four po
sible couplings of the two signatures of the prot
(g9/2)

22(h11/2)
2 configurations with the two signatures of th

(h11/2)
3 neutron configurations. The two signatures of t

proton and two signature of the neutron configurations or
nate from the occupation of two signatures of the positi
parity (d5/2g7/2) orbital. In this sense, four@22,3# configura-
tions can be called signature partners. The lowest-ene
negative-signature@22,3# band was identified in this exper
ment as band 3 at high spin~see Sec. IV B!. The spin and
parity assignments proposed for bands 4 and 5 in the cur
study ~see Fig. 1! are based on the assumption that the
bands are built on the other signature of the@22,3# configu-
ration. This assignment is rather unique since these ba
have the same parity and signature as discussed in Sec.
and are among the strongest bands observed in the ex
ment~see Table II!. Bands 6 and 7 with comparable intens
ties ~see Table II! are likely candidates for the remainin
nonyrast@22,3# band; significantly better agreement betwe
the @22,3# calculation and experimental data is observ
however, for band 6.

Figure 18 shows the comparison between experime
and calculated level energies for bands 3–6 with the s
assignments proposed in Fig. 1. The positions of the min

FIG. 16. Top: transition quadrupole moments calculated a
function of angular momentum for selected configurations in113I.
Bottom: equilibrium shapes calculated as a function of angular
mentum for selected configurations in113I. Initial and final spins for
each configuration are indicated on the plot. The consecutive
points indicate shapes for states which differ by two units of an
lar momentum.
01430
i-
-

y,

nt
e

ds
I D
ri-

,

al
in
a

are well reproduced for all four@22,3# bands. Note that the
absolute excitation energy, and as a consequence sign
splittings, are not known for these unlinked bands. The
solute energies of the lowest observed levels for bands 5
6 were adjusted to reproduce approximately the calcula
level energies around spin;30 \. The relative energy be

a

-

ta
-

FIG. 17. Top: comparison between experimental and calcula
E-ELD energies as a function of angular momentum for band
Bottom: experimental kinematic and dynamic moments of inertia
a function of rotational frequency for band 3.

FIG. 18. Comparison between experimental and calcula
E-ELD energies as a function of angular momentum for bands 3
Unknown absolute excitation energies for unlinked bands 5 an
were adjusted to be in approximate agreement with calculation
spin 30\. The relative excitation energy between bands 4 and 5
determined by their cross talk.
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tween bands 4 and 5 are determined by their cross talk.
namic moments of inertia calculated for bands 4–6 with
@22,3# configuration assignment are in good agreement w
the experimental data as presented in Fig. 15.

The trend observed in Fig. 18 for bands 4–6 below s
30 \ differs from that for band 3. The shape of the expe
mentalE-ELD curve for band 3 suggests a crossing betwe
the @00,3# and the lowest energy@22,3# configuration, as dis-
cussed in Sec. IV B. There is no experimental evidence
such crossings in bands 4–6, and it is observed that leve
bands 4–6 become very nonyrast below spin 30\ with re-
spect to levels of band 3. The crossing between the@00,3#
and the favored@22,3# configuration seems therefore to be
coincidence which allows the band built on the 2p-2h exci-
tation to be linked to the band with the 0p-0h excitation and,
as a consequence, to the ground state. The decay-out tr
tions from bands 4–6, on the other hand, are observed t
very fragmented at spinsI<30 and, as a consequence, a
difficult to identify.

D. Bands 7, 8, and 9

For the unlinked bands 7, 8, and 9, configurations c
again be proposed based on favorable theoretical com
sons as discussed above. Figure 19 shows the compa
between experimental and calculated level energies for ba
7–9 with the spin assignments proposed in Fig. 1. Band
and 8 are in good agreement with calculations for the@21,3#
and @21,4# configurations, respectively. This assignment
further supported by the good agreement between calcul
and experimental dynamic moments of inertia presente
Fig. 15. Configurations involving (h11/2)

3 and (h11/2)
4 neu-

trons are the basis of intense, linked bands 1–3 and are
pected to be favored in113I at high spin. The proton configu
rations of bands 7 and 8 differ from those of bands 1–3
the occupation of a positive-parity (d5/2g7/2) orbital rather
than one of the negative-parityh11/2 orbitals. The low inten-
sity observed in the nonyrast bands 7 and 8 suggest tha
position of the proton Fermi level forZ553 at high spin
favors configurations with (h11/2)

2 over (h11/2)
1 protons.

FIG. 19. Comparison between experimental and calcula
E-ELD energies as a function of angular momentum for bands 7
Unknown absolute excitation energies for unlinked bands 7–9 w
adjusted to be in approximate agreement with calculations at
minimum of correspondingE-ELD curves.
01430
y-
e
h

n
-
n

r
of

nsi-
be

n
ri-
on
ds
7

ed
in

x-

y

he

For band 9, which is proposed as built on the unfavo
signature of the@21,3# configuration, the position of the
minimum on theE-ELD plot is reproduced reasonably wel
although a significant discrepancy between the data and
calculations is observed just below the minimum, at s
35\, rather than below spin;30 \ as observed for othe
bands. An alternative assignment investigated for band
the @22,2# configuration with spin (57/21) for the lowest
state observed in the experiment. The agreement betwee
calculation and experimental data is comparable for both
signments. It should be noted, that with the discussed c
figuration assignments, the parity proposed for bands 7 a
in the current study is positive; both bands, however,
observed to decay to the negative parity yrast bandsy ands
rather than to positive parity bandsa or b ~see Figs. 9 and
11!. For the above reasons, these configurations possibil
should be considered somewhat speculative.

Configurations proposed for bands 7–9 when drawn a
Fig. 13 are 1–1.5 MeV above the lowest 2p-2h excitations.
There are other bands at a similar energy which are not
culated at present, built, for example, on configuratio
which involve the unfavored signature when there are an
number ofh11/2 protons or neutrons. The signature splittin
for the h11/2 orbitals in 113I is around 1–1.5 MeV. Thus
configurations discussed above for bands 7–9 should be
sidered as suggestions only.

E. Band 10

The maximum of the intensity profile for a band indicat
the frequency at which the band is near the yrast line. In
current study, the intensity profile observed for band
peaks at\v;1 MeV ~see Fig. 12!; no other band has a
maximum at such a high frequency. Band 10 is observed
decay out rapidly at a frequency around\v;0.8 MeV. This
suggests that band 10 is yrast in the highest frequency ra
observed in the experiment and yet decays out and beco
nonyrast still at a very high frequency. According to calc
lations presented in Fig. 13, the yrast configurations at s
;50 \ involve a positive-parityi 13/2 intruder neutron orbital,
which originates from theN56 harmonic-oscillator sub-
shell. The intensity profile observed for band 10 sugge
that this band may involve then i 13/2 orbital.

The dynamic moment of inertia observed for band 10
creases as a function of rotational frequency, as shown
Fig. 15, in agreement with the trend expected for smo
band termination. It consequently stays, however, larger t
the dynamic moments of inertia observed for bands 1–3,
a factor of;20% below\v51.0 MeV, and by a factor of
;10% between\v51.0 and\v51.2 MeV. This observa-
tion is consistent with a higher deformation for band 10 w
respect to the deformation of bands 1–3, in agreement w
expectations for bands involving a deformation-drivingi 13/2
neutron.

The considered 2p-2h configurations without then i 13/2
orbital have minima on theE-ELD plot below spin;45 \ as
shown in Fig. 13. A spin of at least;35 \ has to be assigned
to the lowest observed state in band 10 to achieve a decr
ing E-ELD trend with increasing spin below the minimum o
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the E-ELD plot, which is a feature observed for all oth
bands. With such an assignment, the minimum on theE-ELD
plot for band 10 is at spin;50 \ or higher. This strongly
supports the configuration assignment including an i 13/2 or-
bital for band 10. Figure 20 shows the experimental energ
for the states of band 10 with the spin assignments propo
in Fig. 1 to be in very good agreement with those calcula
for the favored signature of the@22,3~01!# configuration. The
@22,3# portion of the configuration is favored for113I as dis-
cussed for bands 1–6. Band 10 with this interpretation is
first observed band built on configuration includingi 13/2 neu-
tron reported in theA;110 mass region and is closely r
lated to the superdeformed bands in theA;130 mass region

F. Bandss and b

The negative parity one-quasiparticle bandy is built on
ph11/2 orbital as discussed in Sec. III A. The thre
quasiparticle bands is an extension of bandy after the align-
ment of anh11/2 neutron pair. The frequency of the align
ment, \v;0.35 MeV, is well reproduced by cranke
Woods-Saxon calculations which include pairing. The lo
spin bands are not expected to involve 2p-2h excitation;
therefore a@01,2# configuration assignment is proposed f
bands. This configuration is the calculated yrast 0p-0h con-
figuration aroundI;25, as shown in Fig. 13. The compar
son between the calculation and the experimental data
band s presented in Fig. 20 indicates that the unpair
cranked Nilsson-Strutinsky approach can still be applied
states with medium spinsI;20 \. Indeed, both the energy o
bands relative to the 2p-2h band 1, as well as the positio
of the minimum on theE-ELD plot is reproduced with good

FIG. 20. Comparison between experimental and calcula
E-ELD energies as a function of angular momentum for bands
ands. The data for bands 1 andb are plotted for reference purpose
o

A
.
P.
ar
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accuracy. According to the calculations, bands is observed
up to one level below the predicted terminating state w
spin 67/22.

The positive parity bandb at low spin is built on apg9/2
21

orbital as discussed in Sec. III A. The back bending obser
for band b at \v;0.35 MeV is attributed tonh11/2 pair
alignment. The@12,2# configuration is expected for bandb at
high spin after the protonh11/2 alignment. This configuration
is calculated to be nonyrast as shown in Fig. 13 and ind
the intensity of bandb decreases rapidly after the neutro
alignment. A comparison between the calculated and exp
mental level energies for bandb is shown in Fig. 20. The
experimental data at the highest spin values show the
creasingE-ELD trend as a function of spin, although th
intensity in bandb is lost at spinsI;25, significantly lower
thanI;35 \ where theE-ELD minimum is predicted for the
@12,2# configuration.

V. SUMMARY

The structure of113I has been investigated at high sp
following the 58Ni( 58Ni,3p) reaction. The extensive collec
tive behavior found, was dominated by decoupled rotatio
bands with significant deformations induced by 2p-2h exci-
tations across theZ550 shell gap. Ten such bands were o
served, compared to five known from the previous study.
three of the ten bands, linking transitions were detected
spins and parities were reliably assigned. The experime
data were compared to calculations based on
configuration-dependent cranked Nilsson-Strutinsky
proach. The resulting configuration assignments are uni
for the linked bands, while for the unlinked bands, spin a
parity assignments were proposed based on these com
sons. The properties of the strongest bands 1–6 were re
duced remarkably well with the six 2p-2h configurations
calculated to be lowest in energy at high spin~;45 \!. The
good agreement achieved for the 0p-0h bands suggest tha
the unpaired cranked Nilsson-Strutinsky approach can be
plied with reasonable accuracy at moderate spin,I;20. The
current results suggest that the position of the proton Fe
level at high spin in113I favors configurations withg9/2

22h11/2
2 ,

while configurations withh11/2
3 or h11/2

4 neutrons are abou
equally favored by the position of the neutron Fermi lev
Arguments were presented for one of the 2p-2h bands to
involve an intruder neutroni 13/2 orbital, which originates
from theN56 harmonic-oscillator subshell. This orbital ap
proaches the neutron Fermi level at the highest observed
and rotational frequency. The current study presents the
evidence for the observation of ani 13/2 neutron orbital in the
A;110 mass region.
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