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M1 bands and intruder bands in 113In

R. S. Chakrawarthy and R. G. Pillay
Tata Institute of Fundamental Research, Bombay 400 005, India

~Received 11 January 1996; revised manuscript received 3 September 1996!

High spin states in113In have been established up to 6.2 MeV in excitation energy and to a tentative spin of
~43/22) through the reaction110Pd(7Li, 4n)113In at a beam energy of 40 MeV. In-beam measurements in-
volved g-g coincidences, angular distribution of emitted gamma rays, and directional correlation of oriented
states.M1 bands consisting ofDI51 dipole transitions have been observed. Possible quasiparticle configura-
tions suggest that these bands are similar to the shears bands observed in Pb nuclei. Two intruder bands based
on theph11/2 orbital andpg7/2 orbital have been observed. Results of the total Routhian surface and cranked
shell model calculations are compared with the experimental data. Alignment features of the intruder bands in
theN562 and 64 isotones are discussed.@S0556-2813~97!06201-8#

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

Nuclei bordering theZ550 shell closure have bee
known to exhibit rotational bands coexisting with single p
ticle states@1–4#. The occurrence of deformed states is d
to particle-hole~p-h! excitations of theZ550 Sn core to the
deformation driving orbitals that intrude from above the sh
gap. The low excitation energy of the intruder states i
consequence of the attractive proton-neutron force that
sults in a large binding energy gain for such configuratio
relative to the normal ones@5,6#. Recent experiments in thi
mass region have resulted in a wealth of data for the col
tive bands that extend to very high spins, in particular,
truder bands involving proton p-h excitation have been
served in several isotopes of Sn@7–10#, Sb @11–15#, and
111In @16#. More recently, such intruder bands have also b
found in 113I, 112,114Te @17–19# nuclei involving 4p-2h exci-
tations of the Sn core. Interesting features of very low d
namic moment of inertia were observed at high rotatio
frequencies in the spectra of these nuclei. This feature
interpreted as a smooth termination of a collective rotatio
band@20,21#.

In the case of the In nuclei, it is expected that the exc
tion of the odd proton occupying the upslopingg9/2 orbital to
the steeply downsloping deformed orbitals will lead to a d
formed state. The essential difference between the rotati
bands in In and Sn nuclei is, in Sn nuclei the bands invo
p2p-2h excitation, whereas, in In nuclei it isp1p-2h excita-
tion, thus leading to a smaller quadrupole moment. Such
effect has been observed in the study of111In by Mullins
et al. @16#, where theph11/2 band was found to have
smaller deformation value,b250.18, compared to the
113Sb ph11/2 band that was deduced to have a deformat
value ofb250.32 @13#.

Extensive experimental and theoretical studies have b
done to understand the properties of low-lying levels in
isotopes@22–31#. The low energy excitations of odd-mass
isotopes cannot be described as being due to pure single
character or single hole states coupled to the 21 quadrupole
vibrational state in the Sn isotopes. Experimental evide
exists for the presence of collective phenomena in these
550556-2813/97/55~1!/155~12!/$10.00
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els @3,23,32#. In 115,117In Backlin et al. @23# and in 117In
Pandharipandeet al. @32# have suggested that the low sp
positive parity states are members of a band built on
K51/21 @431# Nilsson state. Extensive experimental a
theoretical studies by Heydeet al. @3# were done in severa
In isotopes. They have developed a unified theory to und
stand the properties of low-lying states in these isotopes
were not understood within the hole-core coupling mod
The calculations were specifically done to understand
structure of the positive parity rotational states and the co
isting vibrational states. The rotational states are due to
1p-2h excitations across theZ550 proton closed shell. Tota
potential energy calculations of In isotopes by Heydeet al.
@33# predict a oblate deformed minimum atb2 5 20.18
associated with the 11/22 @505# orbital, while calculations
by Dietrichet al. @34# predict a prolate minimum atb2 5 0.2
due to the 1/21 @431# orbital for 113In. The intruder band-
head excitation energy has anA dependence and is lowest
the mid-shell regionN566, when the neutron shell is ha
filled. It is expected that the intruder bandhead in113In
should be at a lower excitation energy compared to
lighter isotopes of In.

The motivation of the present experiment was to sea
for collective structures in113In for which very little high-
spin data exists. In the previous study of113In by Tuttleet al.
@35,36# the low-lying levels up to Ip5(23/22) and
Ip5~17/21) have been observed. In this work, we report t
observation of two intruder rotational bands and bands c
sisting of magnetic dipole transitions. The rotational ban
are interpreted to be based on theph11/2 andpg7/2 orbitals.
The dipole bands have similarities with the recently obser
‘‘shears’’ bands in singly closed shell nuclei@37#. Qualita-
tive arguments are given for the structure of these ban
Configuration-dependent crossing frequency has been
served in the intruder rotational bands and is discus
within the total Routhian surface and cranked shell-mo
calculations.

II. EXPERIMENTAL DETAILS

High spin states in113In were populated using the reac
tion 110Pd(7Li, 4n! 113In, at the 14 UD TIFR-BARC Pelletron
155 © 1997 The American Physical Society
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FIG. 1. The level scheme of113In from the present experiment. Transition energies are marked in keV. The discrete tran
connecting band 3 and band 5 to the low-lying states have not been observed—only the feeding into those states has been in
dashed lines.
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accelerator in Bombay, India. This reaction was chosen
cause of its large cross section for the production of113In
between beam energies of 35 to 45 MeV, with relative
little competition from other channels. The target consis
of a 4 mg/cm2 110Pd ~enrichment 98%) rolled onto a 12
mg/cm2 Pb backing, thick enough to stop the recoiling n
clei. The enriched110Pd powder was first annealed in a h
e-

d

-

drogen furnace and was subsequently electron-beam m
to remove absorbed moisture and other gases. The pur
Pd pellet was rolled to the desired thickness. Gamma r
emitted in this reaction were detected using five Compt
suppressed high-purity germanium detectors~CS-HPGe!,
used in conjunction with an eight element NaI multiplici
filter. In theg-g coincidence experiment the five CS-HPG
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TABLE I. Gamma rays assigned to113In.

Eg~keV! a I g
(rel) b Initial state→ Final statec A2/A0 A4/A0 Rdco

d Rdco
e

Multi-
polarity f

68.6 17~2! 2.851→2.783
91.8 122~2! ~23/21)→~21/21) -0.24~1! 0.02~2! 0.9~3! 0.57~5! (M1/E2!

131.8 33~1! 2.783→2.652
163.2 443~4! ~17/22)→~15/22) -0.32~1! 0.07~2! 0.9~3! 0.49~1! (M1/E2!

169.5 254~2! ~23/22)→~21/22) -0.28~1! 0.07~3! 0.86~3! 0.45~4! (M1/E2!

170.2g 44~3! 3.049→2.879
171.5 13/21→11/21 0.9~3! 0.57~5! M1/E2
183.3 194~1! ~25/21)→~23/21) -0.34~1! 0.08~3! 0.9~3! 0.55~3! (M1/E2!

189.7 228~2! ~21/22)→~19/22) -0.29~1! 0.01~3! 0.81~8! 0.58~4! (M1/E2!

199.1 39~1! 3.247→3.048
211.7 17~2! 2.652→2.441
226.7g 23~2! 3.048→2.821

2.879→2.652
236.1 17~2! ~25/22)→~23/22) 1.26~22! (M1/E2!

256.9 167~2! ~25/22)→~23/22) -0.27~4! 0.01~3! 1.0~4! 0.59~5! (M1/E2!

267.5 349~2! ~19/22)→~17/22) -0.24~1! 0.02~2! 1.04~3! 0.57~5! (M1/E2!

271.1h 12~2!

278.2h 56~1!

284.5 12~2! ~29/22)→~27/22) 0.87~22! (M1/E2!

326.2 ,10 5.121→4.795
340.8 25~2! ~35/22)→ ~33/22) 0.86~19! (M1/E2!

362.1 16~2! ~39/22)→~37/22) 1.05~10! (M1/E2!

377.2h

379.1 15~2! ~37/22)→~35/22) 1.15~36! (M1/E2!

386.5 45~2! 3.048→2.662 0.95~7! 0.55~10! (M1/E2!

388.9 63~2! 2.652→~17/22) 1.18~11! 0.47~12! (M1/E2!

390.9 167~3! ~27/21)→~25/21) -0.15~1! 0.08~1! 1.13~14! 0.52~5! (M1/E2!

395.8 19~1! 3.247→2.851 1.06~18! 0.53~10! (M1/E2!

401.8 70~2! ~19/21)→17/21 -0.22~3! 0.08~4! 0.61~20! M1/E2
409.7g 24~2! 5.121→~29/22) 0.9~3! (M1/E2!

420.4 42~3! 2.652→~15/22) 0.94~17! 0.49~15! (M1/E2!

474.3h 10~2!

483.9 23~2! 2.879→2.395 0.84~22!
497.3 90~3! ~11/21)→(7/21) 0.20~2! -0.08~4! 0.9~1! E2
507.1 25~2! ~23/22)→~19/22) 0.27~4! 0.01~3! 0.9~3! E2
525.9 35~2! 3.187→~19/22) 0.97~12!
564.8g 23~2! ~23/22)→~21/22) 1.2~3! (M1/E2!

4.428→3.864
571.8 63~2! ~27/22)→~23/22) 0.21~4! -0.02~3! 0.9~3! E2
589.4 72~2! ~29/21)→~27/21) -0.29~2! 0.02~1! 0.9~3! 0.49~2! (M1/E2!

617.2 45~3! 3.864→3.247 1.11~16!
625.3 28~2! ~21/22)→~19/22) 1.1~3! (M1/E2!

637.8 31~2! ~27/21)→(23/21) (E2!

641.1 15~2! 3.303→~19/22)
677.7 17~2! ~31/22)→~29/22) 1.08~30! (M1/E2!

684.6 47~2! ~31/21)→~29/21) -0.27~4! 0.01~3! 0.48~16! (M1/E2!

686.1 ,10 3.348→~19/22)
692.6 68~2! ~27/22)→~25/22) 1.08~13! 0.57~17! (M1/E2!

697.1 12~2! ~31/22)→~27/22) 0.9~2! E2
700.4 85~2! ~15/21)→~11/21) 0.9~2! E2
728.2 31~2! ~33/21)→~31/21) -0.23~3! 0.05~2! (M1/E2!

731.6 ,10 5.442→~29/22)
742.4 25~2! ~29/22)→~27/22) 0.89~23! (M1/E2!

744.6 19~2! 3.595→~21/22)
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TABLE I. ~Continued!.

Eg~keV! a I g
(rel) b Initial state→ Final statec A2/A0 A4/A0 Rdco

d Rdco
e

Multi-
polarity f

772.9 51~3! ~23/21)→~19/21) 0.23~2! -0.06~2! E2
788.2 124~2! ~19/21)→17/21 -0.24~1! 0.02~2! 0.68~2! (M1/E2!

803.2 80~2! ~19/21)→(15/21) 0.18~2! -0.06~2! 0.9~2! E2
818.2 23~4! ~35/22)→~31/22) 1.1~3! E2
826.3 ,10 4.795→~27/22)
838.9 87~2! ~21/21)→17/21 0.20~2! -0.10~4! 0.95~8! E2
888.7 515~3! ~15/22)→~13/22) -0.275~6! 0.012~3! 0.80~3! 0.44~2! ~E1!
919.2h 31~3!

928.4 ,20 ~39/22)→~35/22) (E2!

938.7 256~2! 17/21→13/21 0.297~8! -0.072~6! 0.99~4! E2
980.2 ,10 ~29/21)→~25/21) (E2!

991.5h 56~1!

1014.6 33~3! 5.725→~29/22)
1028.3~6! ,20 ~43/22)→~39/22) (E2!

1097.9 24~2! 2.441→13/21

1173.2 25~2! 11/21→9/21 1.41~35! M1/E2
1191.3 88~3! ~7/21)→~9/21) (M1/E2!

1274.2 ,5 ~31/21)→~27/21) (E2!

1324.6 82~2! 17/21→13/21 0.26~4! -0.05~2! 0.89~9! E2
1344.5 1000 13/21→9/21 0.260~4! -0.045~2! 1.77~8! 1.07~6! E2
1390.3h ,10
1406.7 14~2! ~27/22)→~23/22) 1.9~5! E2
1418.6 14~3! ~31/22)→~27/22) (E2!

1434.9 32~3! ~29/22)→~25/22) 0.16~4! -0.15~6! 1.7~5! E2
1444.5h ,10
1518.3 14~3! 4.795→~25/22)
1583.5h 14~3!

aThe errors are given on the last digit. Transition energies accurate to within60.3 keV, unless otherwise quoted.
bIntensities are normalized to 1000 for the 1344 keVg transition.
cFor g transitions having no spin-parity assignments, the initial and final excitation energies are given in MeV.
dThe gating transition~s! is a dipole.
eThe gating transition~s! is a quadrupole.
fMultipolarity for known transitions adopted from previous works.
gIntensity quoted for doublet.
hTransition identified as belonging to113In, but not placed in the level scheme.
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detectors were at angles 15°,645°, and675° to the beam
axis. The individual counting rates in each of the CS-HP
detectors were less than 10 kHz at a beam current of
p nA. The excitation function was done between beam en
gies of 35 and 45 MeV, and the relative cross section
113In was found to peak at 40 MeV in agreement with t
statistical model codeCASCADE.

Theg-g coincidence data was collected at a beam ene
of 40 MeV comprised of twofold Ge events, detected with
a time window of 400 ns and qualified by a hardware trigg
of multiplicity greater than one in the NaI detectors. A to
of 40 3106 coincidence events were accumulated. The
ergy and efficiency calibrations of the CS-HPGe detect
were done using radioactive sources of133Ba and152Eu. The
g-g coincidence data from the five CS-HPGe detectors w
sorted off-line by gain matching each of the detectors us
the 152Eu and 133Ba data. The background-corrected pr
jected spectra generated with gates on the gamma transi
e
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were used to construct the level scheme.
The angular distribution of the gamma rays were m

sured with the five CS-HPGe detectors at angles 15°, 3
44°, 60°, and 90° with respect to the beam axis. These w
analyzed by fitting the efficiency-corrected intensities to
distribution function of Legendre polynomial

W~u!5A01A2P2~cosu!1A4P4~cosu!. ~1!

The relative efficiency of the detectors was obtained by c
lecting the radioactive data during the experiment. The ra
of directional correlation of oriented states (Rdco) of the g
transitions was constructed by the following procedure:

Rdco5
~ I g1@15° gated byg2@75°!

~ I g1@75° gated byg2@15°!
, ~2!
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55 159M1 BANDS AND INTRUDER BANDS IN 113In
where the gating transitiong2, has either a pure dipole o
quadrupole multipolarity. When gated by a quadrupole tr
sition theRdco value was close to 1.0 for stretchedE2 tran-
sitions and close to 0.5 for stretched dipole transitions. Si
larly, with a dipole gating transition, theRdco values was
close to 2 and 1 for quadrupole and dipole transitions,
spectively. TheRdco ratios were calibrated using known tra
sitions. TheRdco values for band 4 were obtained using t
sum gate of 163 and 267 keVg transitions and for weakg
transitions the sum gate of 163, 267, and 256 keVg transi-
tions was used. TheRdco value for band 6 was obtained usin
the sum gate of 1344 and 938 keVg transitions, which are of
E2 multipolarity. Similarly,g transitions deduced to be o
E2 multipolarity from the angular distribution data we
used as gating transitions to obtain theRdco values in band 7.
The multipolarity ofg transitions, which were contaminate
in the singles angular distribution data could be extrac
from theRdco values. The spin assignments have been m
assuming that the high spin states subsequently decay to
els with a lower spin.

III. EXPERIMENTAL RESULTS

The level scheme deduced from the present experime
shown in Fig. 1. Table I contains the details ofg-transition
energies, relative intensities,A2 andA4 values, spin assign
ments, and theRdco values. Theg-ray intensities have bee
obtained from the total projection of the list mode data w
full time window and for overlappingg transitions the inten-
sities were obtained from the 1344 keV gate and normaliz
Low energy transitions with the assumed multipolarity ga
the correct intensity balance, since in this mass region
M1 andE1 conversion coefficients differ considerably.

The two dominant cascades in the decay of113In are built
on the previously known 888 and 938 keVg transitions.
Angular distribution data assigns a dipolar character to
888 keV g transition deexciting from the negative pari
level atIp5(15/22). Parity assignment is based on compa
son with neighboring nuclei~where negative parity states a
excited with more intensity! and is tentative. Figure 2 show
angular distribution plots of fewg transitions in113In. The
level scheme is ordered numerically from band 1 to band
The discussion of each of the bands is given in the follow
subsections.

FIG. 2. Angular distribution plots of fewg transitions in
113In.
-

i-

-

d
e
v-

is

d.
e
e

e

-

7.
g

A. Band 1

A relatively weak set ofg transitions, viz. the 236, 564
and 625 keV feed theIp5~19/22) energy level. TheRdco
values for theseg transitions when gated by dipole trans
tions is close to unity, hence they have been assignedM1/
E2 multipolarity. This band extends to a tentative spin
~25/2!\. Approximately 2.7(3)% of thetotal intensity is car-
ried by this band. Figure 3 shows the 236 keV gated sp
trum.

B. Band 2

The coincidentg transitions 564, 617, 199, and 386 ke
are members of this band. Severalg transitions depopulate
states in this band and feed the energy levels of band
Ip5(17/22) and Ip5(19/22). The gated spectra do no
show any coincidences with the members of band 1, s
second 564 keVg transition is placed in this band.

C. Band 3

The set of coincidentg transitions 341, 379, and 362 ke
decay into states of band 4. TheRdco values support their
assignment as dipole transitions. From this data set no cr
over E2 transitions were observed in this band. Figure
shows the projected spectrum with the gate set on the
keV g transition. Two decay paths of this band were iden
fied, but it was difficult to place the exact excitation ener
of this band. The spin-parity assignment for this band is t
tative.

D. Band 4

The previously known series of intense dipole transitio
comprised of 163, 267, 189, and 169 keVg transitions has
been extended in spin fromIp5(23/22) to Ip5(31/22). A
representative spectrum for these transitions is shown in
5, which shows the spectrum gated by the 257 keVg tran-
sition. The multipolarity of the band members has been
duced from both the angular distribution andRdco data. Most
of the population of 113In comes through this band. Th
Ip5(25/22) state in this band is fed by a sequence comp
ing of 692, 742, and 677 keVg transitions. The observation
of high-energyE2 crossover transitions~1435 and 1419
keV! has helped to extract theB(M1;I→I -1!/
B(E2;I→I -2! ratio ~see Table II!. Since the transition prob
ability is proportional toEg

2l11 the high-energy intraband

FIG. 3. Gated spectrum with the gate set on the 236 keVg
transition.
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FIG. 4. Gated spectrum with
the gate set on the 341 keVg
transition. The inset depicts high
energyg transitions.
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quadrupole transitions compete with that of lower ene
dipole transitions and therefore the crossoverE2 transitions
are more probable at the top of the band~similar features
exist in band 6!. The presence of crossoverE2 transitions
also pins down the magnetic character of the dipole tra
tions ~this argument assumes that there is no octupole de
mation in this mass region!.

Severalg transitions feed into levels of band 4. The pr
viously known cascade comprised of the 1097, 211, and
keV g transitions@36# has been confirmed in the prese
work. Based on the intensities from the coincidence data
infer the presence of second 170 and 227 keVg transitions.
The 484 keVg transition is in coincidence with the low
lying energy levels and differs from the earlier placeme
reported in Ref.@36#. The 420 and 389 keVg transitions
depopulate from states of this cascade and feed theIp5
(15/22) and Ip5(17/22) energy levels of band 4. Also, th
525, 641, and 686 keVg transitions feed theIp5(19/22)
state, and the 744 keVg transition feeds theIp5 (21/22)
state. While, the 326, 826, and 1518 keVg transitions feed
the Ip5(27/22) and Ip5(25/22) levels, differing from the
placements of the earlier work@36#. Figure 6 shows the spec
trum gated by the 1518 keVg transition. Furthermore, the
1199 keVg transition feeds into theIp5(27/22) state and
the 731 and 1014 keVg transitions feed theIp5(29/22)
state. The multiple branches make the coincidence spe
complex, but also provide consistency checks on the le
scheme. On this basis, many of theg transitions have been
unambiguously, placed in the level scheme.

E. Band 5

The analysis of the data has revealed a coincident
quence comprising of 507, 571, 697, 818, 928, and 1028

TABLE II. Branching ratios in theM1 bands.

M1 ~keV! E2 ~keV! B(M1)/B(E2)(mN
2 /e2b2)

677 1419 17~6!

742 1435 8~2!

685 1274 71~14!
589 980 24~6!
y
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e

s
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e-
V

g transitions, which are members of this rotational ba
Figure 7 displays the sum of the background subtracted
incidence spectra gated by all the band members. This b
has a relative intensity of less than 4%. The angular dis
bution of the 507 and 571 keVg transitions is indicative of
E2 multipolarity. Using the sum gate of these twog transi-
tions theRdco values of 697 and 818 keVg transitions were
found to be close to unity. It has not been possible to extr
the multipolarity of the higher-lyingg transitions in this
band due their weak intensity or of contamination in t
angular distribution data. The 377, 409, and 669 keVg tran-
sitions are involved in the decay of this band but firm links
the low-lying levels could not be established. In additio

FIG. 5. The three panels, viz.~a!, ~b!, and~c! depict the spectra
gated by the 257 keVg transition.
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55 161M1 BANDS AND INTRUDER BANDS IN 113In
this band feeds into band 7 via the 669 keVg transition. The
spin of the decay-out state of this band has been tentati
assigned to be~19/22).

F. Band 6

The set ofg transitions consisting of 92, 183, 391, 58
685, 728, 980, and 1274 keV constitute band 6. Figur
shows the spectrum gated by the 589 keVg transition. From
the angular distribution of the 938 and 838 keVg transitions
a positiveA2 value was deduced. Thus, theseg transitions
were inferred to be ofE2 multipolarity. For intensity balance
the 92 keVg was deduced to be aM1/E2 transition, hence
for the remaining members of this band a positive parity
been assigned. This positive parity rotational-like dipo
band decays through the 788, 838, and 401 keVg transi-
tions. Coincidence conditions among 838 and 788 keV ga
require an unobserved 50 keVg transition. The angular dis
tribution of 183, 391, and 589 keVg transitions indicate
their dipole (M1/E2! nature. In addition, weak crossove
g-transitions, viz. 980 and 1274 keV, have been observ
The deduced experimentalB(M1)/B(E2! ratio is presented
in Table II, using the formula,

B~M1!

B~E2!
50.6968

Eg
5~ I→I22!

lEg
3~ I→I21!

~mN
2 /e2b2!,

FIG. 6. Gated spectrum with the gate set on the 1518 keVg
transition.
ly

8

s

es

d.

where

l5
Tg~ I→I22!

Tg~ I→I21!
,

is theg-ray branching ratio between theDI52 andDI51
transitions in a band. This assumes that theDI51 transitions
are pureM1 transitions~i.e., mixing ratiod50!.

G. Band 7

The set ofg transitions 497, 700, 603, 773, and 638 ke
constitute members of band 7. Figure 9 depicts the spect
gated by the 497 keVg transition. The previous study due t
@36# has identified the 1191 keVg transition depopulating
the Ip57/21 state. This state was identified by them to b
long to the Nilsson state originating from thep @413#1/21

orbital. The tentatively placed 497 and 700 keVg transitions
have been confirmed in this experiment and, in addition,
band has been extended in spin fromIp5(15/21) to
(27/21). The spin assignments for this band are based on
angular distribution andRdco data.

IV. DISCUSSION

A. Total Routhian surface
and cranked shell model calculations

The total Routhian surface calculation~TRS! based on
Woods-Saxon potential using monopole pairing interact
was performed@38#. Figure 10 shows results of this calcula
tion at various frequencies in the rotating frame of t
nucleus. The universal set of parameters employed in
calculations are described in Ref.@39#. For the positive parity
configurations, at low frequencies a noncollective prol
minima is predicted atb250.09 andg52120° @Fig. 10~a!#.
This is consistent with the low-lying levels, which are vibr
tional in nature. At\v50.495 MeV a prolate shape with
b250.116 andg522° is yrast@Fig. 10~b!#. For the negative
parity configurations involving a proton in theh11/2 orbital, a
prolate deformed minima withb250.191 andg55.0° is ap-
set
r

g

FIG. 7. Sum ofg-ray spectra gated by the
members of theph11/2 intruder band. Gating tran-
sitions have been marked as an asterisk. The in
depictsg transitions up to 600 keV. The othe
unlabeledg transitions are the contaminantg
rays due to the overlap of some of the gatin
transitions withg decays from other nuclei.
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parent at\v50.495 MeV @Fig. 10~c!#. The cranked shell-
model calculations with the TRS calculated deformat
value predict the first alignment due to a pair ofh11/2 neu-
trons at\v50.40 MeV. The calculated neutron Routhia
are shown in Fig. 11.

B. Low-lying levels

Nuclei near closed shells are near spherical in th
ground state. In these nuclei the high angular momen
states are built by aligning the individual particle angu
momenta along the symmetry axis and the resulting le
schemes are characterized by irregular level spacings.
ground-state spin parity of113In is 9/21, due to the odd
proton in theg9/2 subshell. The branching ratio of the 17
keV M1/E2 to the 1344 keVE2 transition is 0.04~1!, which
was obtained from the 938 keV gate. Tuttleet al. @35# have
reported a value of 0.02~1! from their Coulomb excitation
measurement. Similarities exist between the low-lying sta
of Sn nuclei, which are near spherical or vibrational, and
In nuclei. The low-lying states in the105,107,109,111,113In iso-
topes, viz. the 11/21 and 13/21 @40# states have been inte
preted as due to the coupling ofg9/2 proton hole to the adja
cent Sn’s 21 vibrational state@30,31#. However, this model
does not take into account quasiparticle excitations, whic
needed to account for the high spin states.

C. Dipole bands: Band 4 and band 6

The dominant feature present in band 4 and band 6 is
sequence of transitions that do not extend to high spins
are characterized by largeB(M1)/B(E2) ratios. These two
facts indicate that the intrinsic structure of band 4 and ban
is not that of a well-deformed nucleus. It is to be mention
here that in theA;200 mass region, rotational-like se
quences of levels have been observed that are connecte
unusually strongM1 transitions@B(M1);1–10mN

2 # having
almost noE2 strength@B(E2!; 10 W.u.#. The tilted axis
cranking calculations suggest that in these bands the spin
the valence protons align along the symmetry axis, while
spins of the valence neutrons align along the axis of rotat
With increasing spin, these two components tilt towards e
other, while the direction of the total spin remains unchang
@37#. Such structures are expected to appear in the Sn re

FIG. 8. Gated spectrum with the gate set on the 589 keVg
transition.
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and more generally in nuclei near closed shells@41#, due to
the interaction of high-j particle and hole configurations o
protons and neutrons. More importantly, even the prese
of a deformed field is not necessary for its appearance.

In 113In, for states above 3 MeV it is expected that qu
siparticle excitations become important. The lowest ba
crossing in this mass region is due to alignment ofh11/2
neutrons. Potential energy surface calculations predic
small prolate deformation (b250.09! for this configuration
@42#. At such low deformations, the neutrons occupy t
low-V states of theh11/2 orbital. A shear mechanism is on
possibility to account for the positive parity states. Hen
band 6 may possibly involve a configuration of align
h11/2 neutrons in low-V orbitals coupled to apg9/2 hole. In
such a coupling scheme, the high-j particle and hole angula
momentum vectors are approximately perpendicular at
bandhead. This allows one to estimate the bandhead
empirically, which for this configuration is 19/21 ~assuming
that aligned neutrons contribute 10\). In the level scheme
the band begins at a spin value of (21/21), supporting this
approximate geometry. We rule out proton excitations acr
the Z550 shell gap for these states, as this will lead to o
cupation of the deformation driving orbitals and manifest
a rotational band ofE2 transitions. Alternatively, configura
tions giving rise to the same spin value would involve a fu
aligned (pg9/2

21nd5/2ng7/2) configuration, for which no band
would be observed. In111In, a similar positive parity struc-
ture has been recently identified, beginning atIp 5 21/21

@43#. In the same nucleus a second 21/21 state is also known
due to the fully aligned (pg9/2

21nd5/2ng7/2) configuration@44#.
The configuration of this state is supported byg-factor mea-
surement@45#. As expected no bands are observed on t
isomeric level. In113In this second 21/21 has not been iden
tified.

An upper limit on the spin can be obtained for the prola
(g9/2

21
^h11/2

2 ) configuration in the shears mode. The closi
of the two spin vectors generates the angular momentum
this would result in a maximal spin of 29/21 for this con-
figuration. The additional units in spin observed in this ba
can be due to collective rotation. In the tilted axis coupli
scheme@37#, theM1 transition probability becomes appre
ciable due to the combination of a small prolate deformati
a significantK value for this configuration andg9/2 proton

FIG. 9. Gated spectrum with the gate set on the 497 keVg
transition.
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FIG. 10. Total Routhian sur-
face calculations for the configu
rations (p,a)5~1,1/2! at ~a!
\v50.062, and~b! 0.495 MeV,
and ~c! the (p,a)5~2,21/2!
ph11/2 deformed minima become
yrast at\v50.495 MeV.
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hole and thus account for the predominant dipole transiti
observed in this band. High-K(K58! DI51 prolate bands
have been observed in the108,109,110Cd @46–48# isotopes in-
volving the high-K proton holes ing9/2 orbital coupled to
neutrons in the low-V states of theh11/2 orbital. The bands in
Cd isotopes are inferred to be due to four and six quasi
ticle configurations, occurring at higher excitation energ
than the ones in111,113In.

The negative parity states of band 4 do not show a reg
band structure and they can be generated with an odd n
ber of neutrons in theh11/2 orbital, having a possible configu
ration of n(g7/2)

21(h11/2)
1p(g9/2)

21. The fully aligned con-
figuration will give rise to a spin value of 27/22, in the
experimental spectrum there is a break after 25/22 with the
transitions of higher energy feeding the compressed s
trum, it is possible that the remaining angular momentum
generated due to some collectivity.

D. Intruder bands: Band 5 and band 7

The alignment plot of band 5 and band 7 is shown in F
12. Band 5 starts ati x;5.7 \ and the aligned spin increase
gradually over the frequency range 0.3–0.5 MeV. The g
in alignment is about 3\. The gain in alignment for band 7 in
the observed frequency range is about 6\. It is proposed that
band 5 is a rotational band due to theph11/2 orbital. This is
based on comparison of the dynamic moment of ine
(J (2)) of the ph11/2 intruder band in115Sb @14# and 113In
~Fig. 13!, as was done in the case of111In by Mullins et al.
@16#. The single proton inh11/2 orbital has ani x approxi-
mately 5\ and the three quasiparticle configuration sho
have an aligned spin of about 14\. Since in the present dat
set the gain in alignment is only about 3\, which is far below
the expected value for a fully aligned configuration, it
obvious that the alignment is gradual. This behavior is
complete contrast to theph11/2 band in 111In, which has an
aligned spin of about 9\ @16# at similar frequency. The
gradual alignment in band 5 can be due to a large interac
strength between the ground band and the aligned band.
results in the alignment being spread over several frequ
cies. In odd proton nuclei, in this mass region, thenh11/2
alignment occurs at much higher frequency and with a la
interaction strength when compared to similar crossing in
core Sn nucleus@12#. The nh11/2 crossing in the core Sn
nucleus (114Sn! occurs at;0.4 MeV; in contrast, the sam
s
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crossing is not complete even at the highest obser
~greater than 0.5 MeV! frequencies in theph11/2 bands of the
N564 odd proton113In and 115Sb nuclei. Thenh11/2 cross-
ing frequency is correctly reproduced using the spin p
jected Hartree-Bogoliubov calculations for the even-ev
110,112,114Sn nuclei@8#, whereas it is underpredicted for th
odd proton nuclei by the present cranking calculations us
the universal set of parameters. Such shifts in crossing
quencies have been inferred by Janzenet al. in the 113Sb
ph11/2 band as signatures of residualn-p interaction between
theh11/2 proton and the aligningh11/2 neutrons@13#.

In the previous study@36# two g transitions of band 7
were identified to be members of thepg7/2 intruder rota-
tional band. The present study extends this band to hig
spins. Interestingly, in contrast to band 5, the alignment p
of band 7 shows a sharp upbend at\v;0.39 MeV. The
observed upbend is attributed to the alignment ofh11/2 neu-
trons, being the lowest band crossing in this mass reg
The crossing frequency and gain in alignment is, as
pected, close to the one observed in the 2p-2h band
114Sn. The sharp upbend implies a weak interaction betw
the aligned and the nonaligned structures. Unlike theph11/2
orbital, thepg7/2 orbital has lesser spatial overlap with th
h11/2 neutrons, which possibly accounts for the observ
sharp alignment feature in this band.

E. Comparison of the intruder bands
with the neighboring nuclei

It is instructive to compare the alignment features of t
intruder bands in the neighboring nuclei. In Table III, th
knownnh11/2 crossing frequencies of the bands in Sn, In, a
Sb nuclei are presented. The intruder band data forN566 is
scarce and forN,60 the observed bands do not extend
low frequencies and are thought to be built on aligned n
trons @7,8,11#. Figure 13 depicts the dynamic moment
inertia (J (2)), as a function of rotational frequency, for in
truder bands in theN562 and 64 isotopes. The intrude
bands in112,114Sn nuclei display sharp crossings, whereas
the 113,115Sb and111,113In isotopes this feature is gradual an
the crossings are shifted to higher frequencies than in
corresponding core Sn nuclei@12,14# ~Table III!. Within the
framework of the cranked shell model, the crossings can
shifted to higher frequencies due to a variety of effects, s
as changes in deformation, pairing, and higher multipole m
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ments likeb4. If one compares theJ (2) plots of 111,113In,
which have the same deformations but different behavio
their alignments@Fig. 13~b!#, also 111In and 113Sb, which
have been experimentally shown to have different deform
tions but similar alignment behavior@16#, then clearly the
first alignment in these nuclei, which is always due to t
nh11/2 is independent of changes in deformation. It is to
noted here that the total Routhian surface calculation pred
correctly the deformation in111In, and the value predicted
for 113In is not very much different. Changes in the oth
parameters will not result in such large shifts in the cross
frequencies@13#. In general, cranked shell-model calcul
tions do not fully take into account the residual interactio
and hence do not seem to reproduce the alignment beha
for intruder bands in odd proton~neutron! nuclei correctly.
Recent calculations by Satulaet al. @49# involving explicitly
the quadrupole-quadrupolen-p interaction could accoun
partially for the shifts in the crossing frequencies, althou
as pointed out by them, large shifts in crossing frequencie
about 0.1 MeV and gradual alignment are difficult to acco

FIG. 11. The neutron Routhians calculated according to
cranked shell model.

FIG. 12. Alignment plot of theph11/2 intruder band~band 5!
and pg7/2 intruder band~band 7!. The reference parameter wa
J0522\2/MeV, similar to the111In value in Ref.@16#.
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for. Schematic single-j shell cranking calculations including
then-p interaction also predict shifts in the crossing freque
cies for the mass-80 and mass-110 nuclei when protons
neutrons simultaneously occupy theg9/2 andh11/2 subshells,
respectively@50,51#.

V. SUMMARY AND CONCLUSIONS

High spin states have been investigated in113In. Bands
consisting of predominantly magnetic dipole transitions a
two rotational bands due to thepg7/2 and ph11/2 orbitals
have been observed. In theph11/2-based band the first neu
tron alignment is delayed with respect to114Sn within the
framework of cranked shell-model calculations. In this ma
region, this delay is a feature of the odd proton nuclei, wh
the odd proton and the aligning neutrons are occupying
sameh11/2 orbital. In the heavier odd proton nuclei suc
features have been accounted for due to the quadrupole
of pairing @52#. Wu points out that the anomalous delay
the band crossing in decoupled bands of odd proton nucl
due to the decoupling term in the particle rotor model@53#.
However, in theA;110 mass region the reason for the o

e

FIG. 13. The dynamic moment of inertia plots (J (2)) of the
intruder bands in theN562 andN564 isotones.

TABLE III. nh11/2 crossing frequencies for the Sn, In, and S
nuclei.

Neutrons Sn\v~MeV! In \v~MeV! Sb\v~MeV!

60 ,0.38 0.41
62 0.37 0.46 0.46
64 0.41 .0.53 .0.5
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55 165M1 BANDS AND INTRUDER BANDS IN 113In
proton nuclei showing different alignment behavior than
core even-even nuclei seems to be due to neutron-pr
(n-p) type of pairing. It would thus be of interest to prob
the effects ofn-p correlations on the electromagnetic tran
tion rates andg factors in the backbend region.

Within the tilted axis cranking approach~which takes into
account the rotational perturbation effects on the highK
band correctly!, angular momentum in highK bands is gen-
erated due to collective rotation as well as shearing of
high-j particle and hole angular momenta. The fraction
angular momentum shared between these two modes
pends on deformation. The important feature that emerge
one studies the high-K prolatepg9/2

21 bands, is that this con
figuration evolves progressively into a well-deformed co
figuration @reflected in theB(M1)/B(E2) values# in the Sb,
I, and Cs@54# nuclei. On the other hand at low deformation
m
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such as in In nuclei, the ‘‘shears’’ mechanism dominates
generate angular momentum for such configurations.
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S. Törmänen, and A. Virtanen, Nucl. Phys.A577, 727 ~1994!.

@48# S. Juutinen, R. Julin, M. Piiparinen, P. Ahonen, B. Cederw
C. Fahlander, A. Lampinen, T. Lo¨nnroth, A. Maj, S. Mitarai,
D. Müller, J. Nyberg, P. Simecek, M. Sugawara, I. Thorslun
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