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Rotational bands in 113Sb, populated in the reaction 100Mo(19F,6n) at a beam energy of 105 MeV, have been
studied. Two previously reported strongly coupled high-K bands have been extended and a new sequence of
five states, linked to the positive-parity high-K band through interband transitions, is proposed. A comparison
of the experimental B(M1)/B(E2) ratios for the latter band with the predictions of the geometrical model of
Dönau-Frauendorf suggests that the states are axially symmetric with a moderate quadrupole deformation of β2 =
0.20. Present directional correlation orientation and γ -ray polarization studies indicate that the negative-parity
states built upon the 3045 keV isomeric level involve a high-� πh11/2 orbital and have an oblate shape. Mean
lifetimes for eight states belonging to the prolate-deformed πh11/2 band have been measured from Doppler shift
attenuation data. The results suggest a large average quadrupole deformation of β2 = 0.32 ± 0.03 for states up to
10217 keV. The decrease of the B(E2) rates for the 9063- and 10217 keV states may be interpreted as a signature
of band termination at high spin.
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I. INTRODUCTION

The odd-mass Sb (Z = 51) nuclei display diverse modes of
excitations. While the low-energy states are mostly spherical
and vibrational in nature, the ones at high energy have sizable
collectivity. The spherical excitations are a manifestation of
the proton shell closure at Z = 50; the odd proton in the
g7/2, d5/2, and h11/2 orbitals couple to the spherical Sn core to
form these states. Collective states in these nuclei have been
interpreted to arise from either (i) a two-particle–one-hole
(2p-1h), π (g7/2, d5/2)2 ⊗ π (g9/2)−1 configuration, resulting
from the excitation of a g9/2 proton across the Z = 50 shell gap
and leading to �J = 1 bands, or (ii) the coupling of the odd
proton in the h11/2, g7/2, and d5/2 orbitals to the 2p-2h deformed
Sn core states giving rise to �J = 2 decoupled sequences.
Multiple deformed �J = 1 bands have been observed in
111,113,115,117Sb based on the high-K , β-upsloping πg9/2 orbital
and characterized by little or no signature splitting. The
�J = 2 structures involving a valence proton coupled to
deformed Sn cores are best exemplified in the midshell nucleus
117Sb [1], where three such bands have been reported based
on protons in the d5/2, g7/2, and h11/2 orbitals. Janzen et al. [2]
have reported a �J = 2 band in 113Sb based on a πh11/2 orbital
up to an excitation energy of 21.1 MeV and spin (79/2−) (the
last state is tentative). A large average quadrupole deformation
of β2 � 0.32 has been reported in the literature for this band
[2,3]. A characteristic feature of this and similar bands in this
mass region is a large decrease in their dynamic moment of
inertia (ζ (2)), to approximately a third of the rigid-body value,
as the rotational frequencies approach 1 MeV/h̄. Moreover,
lifetime studies in 109Sb have shown a smooth decline in B(E2)
values with spin for the higher-lying states [4]. This has been
interpreted as owing to a gradual change in the shape of the
nucleus from collective prolate at low spins to noncollective
oblate at high spins, associated with the alignment of the

angular momentum vectors of the valance nucleons with the
rotational axis.

The primary objective of the present work is to study
the structure of rotational bands in 113Sb. Part of the work
on 113Sb populated in the reaction 100Mo + 20Ne at a beam
energy of E = 136 MeV, using six clover detectors, has
been previously reported [3]. The present work relates to the
results obtained from a recent experiment with a more efficient
detector system comprising 15 clover detectors. Most of the
previously reported collective bands have been extended to
higher spins and a significant revision has been made in the
level scheme for several bands. In addition, an interpretation
of the πh11/2 intruder band is attempted on the basis of a
remeasurement of the lifetimes of the levels belonging to this
band. Present polarization directional correlation orientation
(PDCO) studies also lead to a better understanding of some of
the bands.

II. EXPERIMENTAL METHOD

Excited states of 113Sb were populated in the 100Mo(19F,6n)
reaction at a beam energy of E = 105 MeV at the 15UD
Pelletron Accelerator at the Inter University Accelerator
Centre (IUAC), New Delhi. Isotopically enriched (99.5%)
100Mo with a thickness of 2 mg/cm2, evaporated on a
8 mg/cm2 gold foil formed the target. The experiment yielded
about 25 × 109 two- and higher-fold coincident events using
the Indian National Gamma Array (INGA) comprising 15
Compton-suppressed clover detectors. Four of these detectors
were placed at 90◦ and 148◦ each, three at 32◦, and two each
at 57◦ and 123◦ to the beam direction.

Gated spectra with a dispersion of 0.5 keV per channel
were generated from 4096 × 4096 matrices, obtained from the
sorting of the gain-matched raw data. The symmetric Eγ -Eγ
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matrix was used for determining the γ -ray coincidence rela-
tionships and building the level scheme. Spectra for lifetime
analyses using the Doppler shift attenuation (DSA) technique
were generated from matrices formed from coincidences
between either the backward (148◦) or the forward (32◦) angle
events with those in the remaining detectors. However, the
backward angle spectra were used in most cases as there
were fewer detectors in the forward angle. The directional
correlation of oriented nuclei (DCO) ratios for assignment of
γ -ray multipolarity was determined, as outlined in Ref. [5],
from a matrix with events recorded at 90◦ along one axis
and those at 148◦ along the other. Two other matrices were
used for PDCO ratios. One of these was built from events
recorded in the segments of the 90◦ clover detector that were
perpendicular to the emission plane and the other parallel to
it, respectively, in coincidence with events recorded in all the
other detectors. The data were analyzed using the computer
codes INGASORT [6] and the Radware packages ESCL8R and
SLICE [7].

The lifetimes of the excited states were extracted using the
analysis package LINESHAPE [8]. The slowing down history of
the recoils (moving with an initial recoil velocity of β = 0.017)
in the target and backing were simulated using a Monte Carlo
technique, which involved 10000 histories with a time step of
0.002 ps and the results sorted according to detector geometry.
The shell-corrected stopping powers of Northcliffe-Schilling
[9] were used. The fitting process was started with the highest
observed transition in the band with adequate statistics and
continued progressively for the transitions deexciting the
lower-lying states. The level lifetimes were corrected for both
discrete feedings from the higher-energy states and direct
feedings from the continuum. The direct feeding times were
assumed to be similar to those used for 111In, reported in
Ref. [5]. The relative intensities of the feeding transitions were
determined from gated spectra observed at 57◦ and 123◦ to
the beam direction. Errors stated in the transition quadrupole
moments Qt and level lifetimes (τ ) include the statistical
uncertainties in the data and the effects of an assumed 50%
uncertainty in the direct feeding times.

The two asymmetric PDCO matrices were used to deter-
mine the electromagnetic nature (electric or magnetic) of the
γ -rays. The asymmetry of the Compton scattered photons were
obtained from the relation

A = aN⊥ − N‖
aN⊥ + N‖

,

where N⊥ and N‖ denote the number of γ -rays with scattering
axis perpendicular and parallel, respectively, to the emission
plane and a is the correction factor owing to the asymmetry in
the response of the segments of the clover detector, defined as

a = N‖
N⊥

.

The correction factor a, measured as a function of the γ -
ray energy, has a value close to unity. A positive (negative)
value of the asymmetry term A corresponds to a pure stretched
electric (magnetic) transition while for mixed transitions, the
asymmetry factor is close to zero.

III. EXPERIMENTAL RESULT

The level scheme of 113Sb deduced from the present work is
shown in Fig. 1. Levels up to 19146 keV have been observed.
Most of the states (except the low-energy spherical ones)
have been grouped into five bands as shown. Bands 1 and
5 are together populated with about 24%, Band 2 with 32%,
and Band 3 with 38% of the channel intensity. The residual
intensity goes into Band 4, which is the weakest of all. The
placement of the transitions in the different bands have been
made on the basis of γ γ -coincidence data. Selected gated
spectra are shown in Figs. 2 and 3. Tables I and II summarize
the important experimental results obtained in the present
work. These are discussed in the following sections.

A. Bands 1 and 5

The strongly coupled, positive parity band (Band 1) was
first reported by Moon et al. [10]. Considerable revision of
the level scheme has resulted from the present work. Two new
states at 4763 and 7485 keV and five transitions with energies
399, 508, 678, 848, and 939 keV have been added to the band as
shown in Fig. 1. Besides, the ordering of the 389 and 425 keV
γ -rays has been changed.

There are several transitions in Band 1 which are nearly
degenerate in energy and are observed in self-gated projected
spectra. The placements of the new 399 and 848 keV transitions
deexciting the 4763 keV level in Band 1 is supported by
the observation of these γ -rays in the spectra gated by the
lower-lying transitions in the band. The spectrum gated by
the 309 keV transition is shown in Fig. 2(a). It may be noted
here that a previously reported [10] 398 keV transition and
a new 847 keV γ -ray also deexcite the 2308 keV level in
Band 5. However, the latter γ -rays are not expected to be
observed in the spectrum gated by the 309 keV transition.
Also, the self-gated spectra with gates on 398 and 847 keV
γ -rays lend support to the placements of the new 399, 847,
and 848 keV γ -rays. The new 678 keV γ -ray, connecting the
5042- and 4364 keV levels, is weak. However, it is observed in
all spectra gated by transitions belonging to Band 1 except the
296 and 382 keV gates. The 296 keV gate [Fig. 2(b)] shows
the 939 keV crossover transition deexciting the new 7485 keV
level as well as all the other crossover E2 transitions in the
band. The inset in Fig. 2(b) shows an expanded region of the
same spectrum in support of the placement of the new 508 keV
transition at the top of the band.

In addition, the placements of the 389 and 425 keV
transitions have been interchanged (Fig. 1) with respect to the
level scheme reported earlier [10]. This interchange replaces
the previously reported [10] 3084 keV state by the new
3049 keV state. Indeed, the 3049 keV state is found to decay
to the 2308 keV level in Band 5 by a new 741 keV transition
[see Fig. 2(b)] and provides firm support for interchanging
the placements of the two γ -rays. Both Shroy et al. [11] and
Janzen et al. [2] have also reported the same ordering of the
389 and 425 keV transitions as proposed in this work.

Band 5 is a new sequence of five states with energies 2308,
2722, 3113, 3401, and 3749 keV, connected by the 414, 391,
288, and 348 keV transitions. Of these, the 391 and 288 keV γ -
rays were reported earlier in Ref. [10]. The sequence is shown
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FIG. 1. Partial level scheme of 113Sb based on the present work. The level and γ -ray energies are given in keV. The relative intensities of
the transitions are indicated by the widths of the arrows.

to be connected to Band 1 through six transitions with energies
327, 352, 398, 504, 741, and 847 keV. The 352, 398, and
504 keV γ -rays have been reported previously but were placed
differently [10]. The other three transitions with energies
326, 741, and 847 keV are new. Most of the placements
in Band 5 and the interband transitions are supported by
the spectra gated by the 288, 398, and 504 keV γ -rays.
Figure 2(c) shows the spectra gated by the 288 keV γ -ray.

The adopted spins and parities (Jπ ) reported in the literature
[12] for levels up to an excitation energy of 4364 keV
belonging to Band 1 are indicated as tentative although
Moon et al. [10] have reported firm Jπ assignments for
all these states. These assignments are consistent with the
earlier angular distribution measurements of Shroy et al.
[11]. The present DCO measurements confirm the spin-parity
assignments of Moon et al. [10]. The γ -ray multipole mixing
ratios δ for the �J = 1 transitions (Table I), estimated from
the present RDCO values, lie in the range 0.02–0.42, indicating
E2 admixtures of up to 15%. The RDCO values for the 309, 374,
and 449 keV γ -rays, estimated from gating on the 1461 keV

E2 transition, are close to unity and suggest that the transitions
could be quadrupole in nature. However, this is ruled out as
parallel crossover E2 transitions are already established in
the band (Fig. 1). The RDCO values for these transitions only
lead to sizable E2 admixtures in their multipolarity (Table I).
The present δ values are in agreement with those reported by
Shroy et al. [11], except for the 309 keV transition for which
the present δ = 0.34 ± 0.08 is larger by a factor of two. The
new 4763 keV level is assigned a Jπ of 25/2+ on the basis of
a M1/E2 multipolarity assignment for the 399 keV transition
(see Table I). Although DCO measurements could not be made
for the 848 keV γ -ray, the presence of this crossover transition
gives further support to this spin assignment.

The adopted Jπ values [12] for the states of the aligned
sequence with energies �4746 keV are the same as those
assigned by Moon et al. [10], although the basis for the
latter assignments is not clear in the absence of supporting
data. Results of present DCO measurements for the 296,
348, 374, and 431 keV γ -rays are given in Table I. These
results are consistent with the adopted Jπ assignments [12].
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FIG. 2. Prompt γ−γ coincidence spectra gated by (a) 309 keV,
(b) 296 keV, and (c) 288 keV transitions belonging to Bands 1 and
5. Transitions belonging to only these two bands are marked. γ -rays
indicated with an asterisk belong to 114Sb. The inset in (b) shows a
part of the spectrum gated by the 296 keV γ -ray.

However, DCO measurements for the 391, 392, and the new
508 keV transitions could not be made. Nevertheless, firm
Jπ assignments are proposed for all states in this sequence,
including the new 7485 keV state, as shown in Fig. 1, on the
basis of the systematics of the band.

The spin and parity of the 2308 keV state in Band 5 is
tentatively adopted as (13/2+) in the literature [12]. The new
847 keV γ -ray from this level, feeding the 9/2+ state in Band
1, is found to be quadrupole in nature in the present work
(Table I). This confirms the spin of 13/2+ for the 2308 keV
level. The DCO results for the 352 and 398 keV transitions
connecting the 2308 keV state to Band 1 are consistent with
this assignment. However, the four higher-energy states at
2722, 3113, 3401, and 3749 keV in this sequence could not
be assigned firm spins owing to insufficient statistics in the
DCO data.

B. Band 2 and the low energy states

Band 2 is built upon the 19/2− isomeric state at 3045 keV
with a half-life of T1/2 = 3.7 ± 0.3 ns [12]. The band,
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FIG. 3. Prompt γ−γ spectra with gates on (a) 614 keV transition
in Band 2, (b) sum of the γ -ray spectra gated by the low-energy
transitions up to 855 keV in Band 3, and (c) 515 keV transition
belonging to Band 4. The inset in (a) shows a part of the spectrum
gated by the 1040 keV transition in Band 2.

previously reported up to 6424 keV, has been extended by
the addition of two new levels up to an excitation energy of
8299 keV and a tentative spin of (35/2−) (Fig. 1). Placement
of the new 834 and 1040 keV transitions is based on the
observation of these γ -rays in spectra gated by the lower-lying
transitions in the band. Figure 3(a) shows the spectrum gated
by the 614 keV γ -ray. The inset in Fig. 3(a) displays the
spectrum gated by the new 1040 keV transition, showing all
the lower-energy γ -rays in the band.

Firm spin and parities have been reported for all states up
to the bandhead at 3045 keV by Moon et al. [10], although
the adopted results [12] show the Jπ for the 2626 keV and
the parity of the 3045 keV states as unconfirmed. The present
DCO and PDCO measurements for the 1278 and 419 keV
γ -rays (Table I) confirm the Jπ for the 2626 and 3045 keV
states as reported in Ref. [10]. The next higher-energy level
at 3174 keV, deexciting by the 129 keV transition, is also
assigned a tentative Jπ = 21/2(−) in the literature [12]. The
present δ = 0.15+0.03

−0.05 for the 129 keV γ -ray suggests that it is
predominantly M1 in nature and that the 3174 keV state also
has a negative parity. A positive parity for this state and hence
an E1 assignment for the 129 keV transition would lead to
an unrealistically large M2 admixture. The four higher-lying
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TABLE I. Present experimental results on level energies (Ex), γ -ray energies (Eγ ), RDCO, multipole mixing ratio δ, and asymmetry ratios
for 113Sb.

Band Ex Eγ Gating RDCO δ value Asymmetry J π
i → J π

f

(keV) (keV) transition (keV) ratio

1 and 5 1910 449 1461 0.94 ± 0.11a 0.41 ± 0.10 – 11/2+ → 9/2+

2219 309 1461 0.88 ± 0.09 0.34 ± 0.08 – 13/2+ → 11/2+

2660 441 1461 0.69 ± 0.10a 0.16 ± 0.09 – 15/2+ → 13/2+

352 1461 0.75 ± 0.14 0.21 ± 0.10 – 15/2+ → 13/2+

3474 425 1461 0.70 ± 0.11 0.16 ± 0.11 – 19/2+ → 17/2+

4763 399 309 0.87 ± 0.26 0.07 ± 0.19 – 25/2+ → 23/2+

5042 296 382 1.24 ± 0.11 0.42 ± 0.23 – 27/2+ → 25/2+

5390 348 382 1.14 ± 0.12 0.35 ± 0.23 – 29/2+ → 27/2+

5763 374 1461 0.89 ± 0.17 0.31 ± 0.15 – 31/2+ → 29/2+

6977 431 1461 0.54 ± 0.23 0.02 ± 0.23 – 37/2+ → 35/2+

2308 398 1461 0.72 ± 0.16 0.17 ± 0.13 – 13/2+ → 11/2+

847 1461 0.94 ± 0.37 −0.04 ± 0.35 – 13/2+ → 9/2+

2 3045 419 1278 1.27 ± 0.12 E2 0.26 ± 0.07 19/2− → 15/2−

3174 129 419 0.69 ± 0.06 0.15+0.03
−0.05 – 21/2− → 19/2−

3553 379 419 0.37 ± 0.02 −0.35+0.04
−0.06 0.10 ± 0.07 23/2− → 21/2−

4167 614 419 0.44 ± 0.04 −0.20+0.05
−0.07 −0.07 ± 0.12 25/2− → 23/2−

4785 617 419 0.37 ± 0.04 −0.36 ± 0.11 −0.08 ± 0.16 27/2− → 25/2−

5717 932 419 1.06 ± 0.14 0.54+0.32
−0.17 ∼0.02 29/2− → 27/2−

4 4347 1001 419 0.61 ± 0.10 0.06+0.09
−0.11 – 25/2− → 23/2−

5017 372 298 1.10 ± 0.21 0.04+0.14
−0.11 – 29/2− → 27/2−

5394 377 298 0.88 ± 0.20 0.18 ± 0.13 – 31/2− → 29/2−

5785 391 298 1.14 ± 0.27 0.08+0.14
−0.16 – 33/2− → 31/2−

6199 414 298 0.91 ± 0.09 0.05+0.05
−0.07 – 35/2− → 33/2−

Other 2626 1278 1257 1.05 ± 0.04 E2 0.10 ± 0.07 15/2− → 11/2−

States 3346 172 419 0.73 ± 0.10 0.17 ± 0.10 – 23/2− → 21/2−

4508 1162 419 1.12 ± 0.17 E2 – 27/2− → 23/2−

4785 277 1162 0.72 ± 0.20 ∼−1.0 – 27/2− → 27/2−

6052 886 999 1.01 ± 0.32 (E2) – (33/2−) → 29/2−

aDCO ratio for both γ -rays in the band with the same energy.

transitions in this band up to 932 keV are found to be M1 + E2
in nature from the present PDCO measurements and the δ
values indicate significant E2 admixtures (Table I). Hence,
firm Jπ values of 23/2−, 25/2−, 27/2−, and 29/2− are
assigned for the 3553, 4167, 4785, and 5717 keV states,
respectively. Interestingly, the γ -ray multipole mixing ratios

for the 379, 614, and 617 keV transitions are all found to be
negative. Reliable DCO or PDCO measurements could not be
performed for the 707, 834, and 1040 keV γ -rays at the top of
the band owing to inadequate data statistics.

The 5166 keV level that feeds the 4167 keV state in
Band 2 is assigned a spin of 29/2− on the basis of the

TABLE II. Present experimental results on mean lifetime (τ ), B(E2) rates, transition quadrupole moments (Qt ), and quadrupole deformation
(β2) for Band 3 in 113Sb.

Ex Eγ spin τ B(E2) Qt

(keV) (keV) J π
i → J π

f (ps) (W.u.) (eb) β2

3779 565 23/2− → 19/2− 1.34 ± 0.18 330+52
−39 5.58 ± 0.53 0.37+0.03

−0.04

4461 682 27/2− → 23/2− 0.84 ± 0.08 205+21
−18 4.36 ± 0.22 0.30+0.02

−0.03

5240 779 31/2− → 27/2− 0.38+0.07
−0.08 232+62

−36 4.61 ± 0.50 0.31 ± 0.03
6095 855 35/2− → 31/2− 0.23 ± 0.02 241+25

−19 4.66 ± 0.61 0.32 ± 0.04
7014 919 39/2− → 35/2− 0.18+0.04

−0.03 215+43
−39 4.40 ± 0.50 0.30 ± 0.03

8000 986 43/2− → 39/2− 0.08 ± 0.02 340+114
−68 5.63 ± 0.71 0.37+0.04

−0.05

9063 1063 47/2− → 43/2− 0.07+0.02
−0.01 267+44

−60 4.79 ± 0.49 0.32+0.04
−0.03

10217 1154 51/2− → 47/2− 0.07+0.03
−0.02 176+70

−53 4.10 ± 0.70 0.28 ± 0.05

034321-5



P. BANERJEE et al. PHYSICAL REVIEW C 87, 034321 (2013)

adopted quadrupole multipolarity for the 999 keV γ -ray [12].
A tentative spin of (33/2−) is proposed for the 6052 keV level
from the present DCO ratio for the 886 keV γ -ray (Table I),
considering the large error in the RDCO value.

C. Band 3

Band 3 is a �J = 2 intruder rotational sequence first
reported by Janzen et al. [2] up to a spin of 75/2− (tentatively
up to 79/2−). Subsequently, the band was observed only up
to 59/2− by Moon et al. [10]. The present group has also
studied this band previously using the reaction 100Mo(20Ne,
p6n) at E = 136 MeV [3] but states above Jπ = 59/2− could
not be confirmed. The present work confirms all states up
to 67/2− (Fig. 1). Figure 3(b) shows the sum of the 90◦
spectra gated by the lower-lying transitions in the band with
energies up to 855 keV. In addition, two higher-energy states
with excitation energies of 17369 and 19146 keV (Fig. 1)
and decaying through the 1650 and 1777 keV transitions,
respectively, are tentatively proposed to extend this band up to
a spin of 75/2−. It may be noted here that the energies of the
two highest transitions are significantly different compared to
those reported by Janzen et al. [2].

Although the average transition quadrupole moment Qt and
deformation β2 of the states of Band 3 have been previously
reported from a fitting of the fractional Doppler shifts [2],
there is no report of the lifetimes of the individual states
in the literature. Mean lifetimes of five states with energies
4461, 5240, 6095, 7014, and 8000 keV and a lower limit
of mean life for the 9063 keV state have been previously
reported by this group [3]. In the present work, lifetimes of
all these states have been remeasured from the DSA data. In
addition, new lifetime results of τ = 1.34 ± 0.18, 0.07+0.02

−0.01,
and 0.07+0.03

−0.02 ps have been obtained for the 3779, 9063,
and 10217 keV states, respectively, in the present work.
Representative Doppler broadened line shapes for the 855,
986, and 1154 keV γ -rays depopulating the 6095, 8000, and
10217 keV states, respectively, are shown in Fig. 4 at 90◦
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986 keV, and (c) 1154 keV transitions belonging to Band 3. The top
(bottom) panel shows spectra projected at 148◦ (90◦) to the beam
direction. Continuous lines are fits to the experimental data using the
code LINESHAPE (see text).

and 148◦ to the beam direction. The present results for the
transition quadrupole moments Qt , summarized in Table II,
are in general agreement with those reported earlier [3] within
experimental errors. The average Qt = 4.77 ± 0.50 obtained
in this work for the eight states up to 10217 keV is consistent
with our earlier result for five states [3] and also with that
reported by Janzen et al. [2] within errors.

D. Band 4

Excited negative parity �J = 1 bands have been observed
in odd-A Sb isotopes with A = 111–119. In 113Sb, the band
was first reported by Moon et al. [10] up to a spin of (41/2−).
The band has been extended in this work and its decay out to
the states of Band 2 has been studied on the basis of the present
coincidence data. It is observed that the 4347 keV bandhead
decays into the 21/2−, 3174 keV state of Band 2 through
the 3346 keV level somewhat differently compared to that
reported in Ref. [10]. The 4347 keV state was shown to decay
to the 3174 keV level through two branches, one of which
consisted of the 1000.4 keV γ -ray followed by the 171.5 keV
transition and the other composed of the 998.9 keV transition
first and then the 173.0 keV γ -ray (γ -ray energies as in Fig. 2
in Ref. [10]). In the present work, gates on the 129 and 419
keV γ -rays, belonging to Band 2 and lying immediately below
the two decay branches (Ref. [10]), show a strong 172 keV
transition but only a weak 298 keV γ -ray (belonging to Band
4). Indeed, all γ -rays belonging to Band 4 appear weak in these
two gates. The latter γ -rays are nevertheless very strong in the
spectrum gated by the combined 172 and 173 keV transitions
that were placed immediately above the 419 and 129 keV
γ -rays. These observations are clearly inconsistent with the
decay scheme reported earlier [10]. The level scheme in the
present work is revised as shown in Fig. 1 on the basis of
the above observations where the 173 keV transition is placed
immediately below the bandhead state. Also, the 419 keV
transition is observed to be very strong in the combined 172 +
173 keV gate but rather weak in the spectrum gated by the
298 keV transition. This suggests that both 999 and 1001 keV
γ -rays are weak while the 172 and 173 keV transitions are
strong in nature.

Band 4 has been extended by the addition of the 515 and
996 keV transitions up to an excitation energy of 8544 keV
and a tentative spin of (45/2−). A gate on the new 515 keV
γ -ray [Fig. 3(c)] shows all the lower-lying transitions in the
band. The 372, 391, and 469 keV γ -rays in this gated spectrum
are stronger than the other γ -rays in the band as transitions
with similar energies are also present in 114Sb along with a
516 keV γ -ray. The 996 keV crossover transition is weak
and is observed only in the sum of the spectra gated by the
lower-lying transitions. There is also a weak evidence for a
471 keV crossover transition (placed tentatively) connecting
the 27/2− and 23/2− states. Confirmation of this γ -ray would
suggest that the bandhead is probably at 23/2− and not 25/2−
(Fig. 1).

The spin of the 3346 keV state, to which the 4347 keV
bandhead state decays, is previously reported to be (21/2)
[10]. The DCO ratio of 0.73 ± 0.10 for the 172 keV γ -ray,
determined from gating on the 419 keV E2 transition, gives
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δ = 0.17 ± 0.10, suggesting that the transition is dipole in
nature and that the possible spin values for the 3346 keV state
are Jπ = 23/2− and 19/2−. However, 19/2− can be ruled out
because the 1162 and 277 keV transitions (Fig. 1) are found to
be quadrupole and dipole + quadrupole in nature, respectively
(see Table I), suggesting that the 4508 keV state has a Jπ =
27/2− and the 277 keV γ -ray is a 27/2− → 27/2−, M1 + E2
mixed transition. A 19/2− assignment for the 3346 keV level
requires that both 1162 and 277 keV γ -rays are quadrupole in
nature as the Jπ value for the 4785 keV level is confirmed to
be 27/2−. A quadrupole assignment for the 277 keV transition
would lead to an unrealistically large M3 admixture for the
γ -ray. The DCO ratio for the 1001 keV transition, feeding
the 3346 keV state, indicates that the γ -ray is almost pure
dipole in nature, as suggested in Ref. [10]. The 4347 keV
state is therefore assigned a spin of 25/2−. A Jπ of 27/2− is
proposed for the 4645 keV level on the basis of the adopted
dipole multipolarity for the 298 keV γ -ray [12]. The DCO
ratios for the 372, 377, 391, and 414 keV transitions are all
consistent with their dipole nature (Table I) leading to firm
spin assignments for states up to 6199 keV. The Jπ values for
the higher-energy states in this band are shown as tentative in
the absence of reliable DCO results.

IV. DISCUSSION

The low-energy states in 113Sb have been interpreted [10]
as arising owing to the coupling of the odd proton in the d5/2,
g7/2, and h11/2 orbitals to 0+ and 2+ states of 112Sn.

Band 1 is the only known positive-parity band in 113Sb.
This strongly coupled high-K (K = 9/2) band is built upon
the 9/2+ state that has the 2p-1h configuration π (g7/2)2 ⊗
π (g9/2)−1. The excited states in the band decay through
a cascade of strong �J = 1 γ -rays with significant E2
admixtures (�15%) and weak crossover E2 transitions. As
expected for high-K sequences, the band does not show
appreciable signature splitting. An abrupt backbending occurs
at a rotational frequency h̄ω ∼ 0.4 MeV, associated with an
aligned spin of 7h̄–8h̄, owing to the alignment of a pair of
ν(h11/2) neutrons.

Potential energy surface calculations by Heyde et al. [13]
for several odd-A Sb isotopes predict a deformed minimum
owing to a proton hole in the 9/2+[404] orbital. These
calculations signify that the bands have a rotational character
although the predicted deformations are small. The positive
sign of the experimental mixing ratios for the �J = 1
transitions, obtained in the present work, suggest that the states
belonging to Band 1 have a prolate deformation. The deform-
ations could not be estimated experimentally as the Doppler
shifts in the γ -rays deexciting the excited states are too
small for a measurement of the level lifetimes. However, the
experimental ratios of the reduced magnetic dipole and electric
quadrupole transitions rates, given by

B(M1; J → J − 1)

B(E2; J → J − 2)

= 0.697
E5

γ (J → J − 2)

E3
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Iγ (J → J − 2)
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FIG. 5. (Color online) Experimental B(M1)/B(E2) ratios for
states of Band 1 before and after the ν(h11/2) alignment. Results of the
Dönau-Frauendorf geometrical calculations are shown as continuous
lines for π (g9/2)−1 and π (g9/2)−1 ⊗ ν(h11/2)2 configurations before
and after the alignment corresponding to β2 = 0.20 and γ = 0◦. The
broken lines show the geometrical model predictions for β2 = 0.20
and γ = 13◦. The inputs to the model calculations are given in the
text.

where I and J refer to relative intensities and level spin,
respectively, and Eγ is expressed in MeV, have been compared
with the results of the Dönau-Frauendorf semiclassical calcu-
lations [14,15] and presented in Fig. 5. The g factors used in
these calculations are g(1)(πg9/2) = 1.27 and g(2)(νh11/2) =
−0.21 [16] where superscripts (1) and (2) refer to the
configurations before and after alignment, respectively. The
rotational g factor gR = Z/A is 0.45. The alignments are
taken to be i(1)

x = 0 and i(2)
x = 7.5h̄ and K , the projection

of the angular-momentum on the symmetry axis, is 4.5. Total
Routhian surface (TRS) calculations, using a Woods-Saxon
potential and monopole pairing [17], have been performed
in this work. These calculations give a minimum in the
energy at a quadrupole deformation β2 = 0.20 and γ = 13◦.
The theoretical B(M1)/B(E2) ratios have been calculated
for Qo = 2.68 eb (corresponding to β2 = 0.20 and γ = 0◦)
and Qo = 2.25 eb (for β2 = 0.20 and γ = 13o). Figure 5
shows that the experimental results are fairly well described
by the model calculations for both π (g9/2)−1 and π (g9/2)−1 ⊗
ν(h11/2)2 configurations before and after the alignment, re-
spectively, for β2 = 0.20 and γ = 0◦ (continuous lines in
Fig. 5). However, the calculated B(M1)/B(E2) ratios are
consistently larger than the experimental ones by about 50%
for β2 = 0.20 and γ = 13◦ (shown by broken lines in Fig. 5)
before alignment. Although there are relatively larger errors
in the experimental ratios for states after the alignment, the
calculated ratios corresponding to β2 = 0.20 and γ = 13◦ are
significantly large for most of the states. These results indicate
that the states of Band 1 have a near axially symmetric, prolate
deformed shape with a moderate quadrupole deformation of
β2 = 0.20.

The states of Band 2, built upon the 19/2− isomeric
state, are connected by �J = 1 mixed M1 + E2 transi-
tions. Strongly coupled bands based on a single-quasiproton
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configuration have a negative intrinsic quadrupole moment
(corresponding to an oblate deformation) when the intraband
transitions have a negative E2/M1 mixing ratio, provided
(gK − gR) > 0. The negative δE2/M1 values for the 379,
614, and 617 keV transitions appear to suggest an oblate
deformation for the 3553, 4167, and 4785 keV states belonging
to Band 2. It is plausible that the high-�, strongly downsloping
in energy πh11/2[505]11/2− orbital comes near the proton
Fermi surface for Z = 51 and helps to stabilize the oblate
shape and generate a sequence of �J = 1 transitions. The low-
energy states of Band 2 do not show any signature splitting,
as expected for bands built on a large-� orbital, while the
energy staggering observed for states above Jπ > 25/2−
possibly arise owing to the alignment of the h11/2 neutrons.
However, such oblate bands have not been reported in any of
the neighboring odd-A Sb isotopes, although similar bands
have been observed up to low spins in several iodine nuclei in
the nearby mass region [18,19].

The negative parity Band 3 is identified with the intruder
proton [550]1/2− Nilsson orbital coupled to the deformed
2p-2h state of 112Sn. Similar bands have been observed in all
adjacent odd-A Sb isotopes. In fact, three �J = 2 bands are
reported in 111Sb although only one has a confirmed negative
parity [20]. The parity of the other two bands is not known. In
115Sb, two negative-parity �J = 2 bands are reported, with the
one built on the 15/2− state being identified to arise owing to
the coupling of the odd proton in the h11/2 orbital to the known
deformed 2p-2h states of 114Sn [21]. However, none of these
bands in 111,115Sb are as strongly deformed as the band (Band
3) in 113Sb. The large B(E2) values (see Table II) for the inband
transitions in Band 3 correspond to an average transition
quadrupole moment of Qt = 4.77 ± 0.50 eb and quadrupole
deformation β2 = 0.32 ± 0.03. The large deformation may be
attributed to the occupation of the deformation driving h11/2

orbital by the odd proton, the deformation of the core states
in 112Sn, and the strong proton-neutron interaction arising
from the occupation of the same high-j h11/2 orbital by both
the valence proton and the neutrons. Indeed, evidence of the
strong pn interaction has been previously discussed by Janzen
et al. [2].

Figure 6 shows a plot of the quadrupole moment Qt as
a function of level spin for Band 3. The plot provides an
indication of the νh11/2 alignment that occurs at a rotational
frequency of h̄ω = 0.46 MeV. The dynamic moment of inertia
ζ (2) for the band shows a second alignment at 0.69 MeV,
associated with the rotational alignment of g7/2 protons.
Following this alignment, the ζ (2) values decrease to about
25h̄2 MeV−1 for the highest observed state [2]. Furthermore,
Fig. 6 shows that the Qt values show a decreasing trend for
the 9063 and 10217 keV states following the first alignment,
suggesting a reduction in collectivity. This is manifested in
the B(E2) values for the 1063 and 1154 keV transitions
deexciting the 47/2− and 51/2− states, respectively (Table II).
Indeed such a reduction of the B(E2) values signals a possible
termination of the band at high spins in a noncollective oblate
state. An extension of the lifetime studies to higher spins, not
permitted owing to limitations of data statistics in the present
work, might lead to a more conclusive understanding of this
phenomenon.
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FIG. 6. Transition quadrupole moments plotted as a function of
the level spin for Band 3.

Band 4 is a strongly coupled negative-parity sequence of
prolate deformed states. The sign of the experimental δE2/M1

for the inband transitions (see Table I) supports a prolate
deformation. Similar bands in 115,117Sb have been assigned
the configuration π (g7/2)2 ⊗ π (g9/2)−1 ⊗ ν7−, where the ν7−
refers to the 7− state of the respective even-even Sn core.
Moon et al. [10] have also proposed a similar configuration
for this band. Lack of signature splitting and an absence of
alignment is consistent with this configuration as it involves
a proton hole in the high-� g9/2 orbital and the 7− state of
the core state involves a h11/2 neutron that blocks the νh11/2

alignment.
The short sequence of states (Band 5) built upon the

2308 keV level decays out strongly to Band 1 that has the
dominant proton π (g7/2)2 ⊗ π (g9/2)−1 configuration. Besides,
several transitions from Band 1 feed into the lower part of
Band 5. These observations suggest that the two bands have a
large overlap in their configurations. It is possible that the
2p-1h weakly deformed low-energy states of Band 1 and
those belonging to Band 5 allow for the coupling of vibration
like levels with the rotational states. A similar admixing of
vibrational levels with rotational states have been previously
reported for 111Sb to explain the complicated decay of the
2p-1h band into several low-energy states [20].

V. CONCLUSION

Rotational bands in 113Sb have been studied using the
reaction 100Mo(19F,6n) at a beam energy of 105 MeV. Two
previously reported strongly coupled high-K bands (Bands 1
and 4) involving the πg9/2 configuration have been extended. A
new sequence of five states (Band 5), linked to Band 1 through
interband transitions, is proposed. Spins and parities of several
states have been inferred from DCO and γ -ray polarization
studies. A comparison of the experimental B(M1)/B(E2)
ratios with the Dönau-Frauendorf semiclassical calculations
suggests that the states of Band 1 have a moderate quadrupole
deformation of β2 = 0.20 with axial symmetry. Based on the
negative E2/M1 mixing ratios, low-energy states of Band 2 up
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to 4785 keV are proposed to have an oblate deformation. The
band has a negative parity and could arise from the occupation
of the odd-proton in the high-� h11/2 orbital. The intruder
decoupled band (Band 3) has been studied up to a spin of
67/2− (tentatively up to 75/2−). Mean lifetimes for eight states
belonging to this band, involving a proton in the low-� h11/2

orbital coupled to the deformed 2p-2h states of 112Sn, have
been measured from the DSA data. These results suggest a
large average quadrupole deformation of β2 = 0.32 ± 0.03 for
states up to an excitation energy of 10217 keV. The decrease in
the reduced transition probabilities B(E2) for the 47/2− and
51/2− states is interpreted as owing to a possible termination
of the band at high spin in a noncollective oblate state.
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