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Particle-hole induced intruder bands in 117Sb and 119Sb

D. R. LaFosse,* D. B. Fossan, J. R. Hughes,† Y. Liang,‡ H. Schnare,§ P. Vaska, M. P. Waring, and J.-y. Zhangi
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~Received 16 December 1996!

Collective structures have been investigated viag-ray studies in117,119Sb. Previously observed strongly
coupled (pg9/2)

21 bands in both nuclei involving 1p-1h proton excitations across theZ550 gap have been
extended, and an alignment ofh11/2 neutrons identified. New negative-parity strongly coupled bands based on
this proton configuration have also been observed in both nuclei. Decoupled bands involving 2p-2h excitations
across the gap have been observed in119Sb, similar to those presented earlier for117Sb. These bands are
interpreted as due to the coupling of a low-K valence proton to the (pg7/2d5/2)

2
^ (pg9/2)

22 deformed state of
the respective50Sn core nuclei. Anomalies in the expectedh11/2 neutron crossing of these bands are discussed.
@S0556-2813~97!06308-5#

PACS number~s!: 21.10.Re, 27.70.1q, 23.20.Lv.
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I. INTRODUCTION

The structure of high-spin states in neutron deficient
clei near theZ550 major shell closure has recently provid
a wealth of interesting physics. Nuclei near this closed p
ton shell exhibit a variety of collective structures that coex
with the expected single-particle structure. Collectivity in t
Z550 region was initially observed in theZ551 odd-A Sb
isotopes@1,2#, which involved 1p-1h excitations across th
shell gap making deformed 2p1h proton configurations, w
the b-upsloping pg9/2 orbital intruding from below the
Z550 proton shell. These high-K 9/21 states
p(g7/2d5/2)

2(g9/2)
21 of modest prolate deformation give ris

to strongly coupled (DI 51) rotational bands. Subsequentl
related deformed 2p-2h excitations,p(g7/2d5/2)

2(g9/2)
22,

were discovered via rotational bands in the even-A Sn iso-
topes@3#, which achieved the lowest energy in116Sn near the
neutron midshell. An investigation in117Sb @4#, representing
the initial phase of the current work, revealed collecti
structure in odd-A Z551 Sb nuclei, that involved the cou
pling of these 2p-2h Sn-core deformed states to the lowK
valenced5/2, g7/2, andh11/2 proton orbitals above the gap. I
113Sb @5# the yrast band based on theph11/2 orbital and the
2p-2h deformed core was observed to 75/2\ with an en-
hanced quadrupole deformation,b2. 0.3.

New physics in thisZ550 region regarding these collec
tive structures has been recently demonstrated in sev
Z551 @6–9,5,10# andZ550 @11–13# nuclei. Intruder bands
in these nuclei based on 2p-2h excitations across the s
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gap were observed to extremely high frequency approach
\v51.5 MeV with gradually decreasing dynamic momen
of inertia (J(2)) to values well below the rigid body momen
of inertia. The unique features of these intruder bands h
been interpreted as ‘‘soft band termination’’ in terms of t
configuration dependent cranked shell model@14,15#.

Since the high-spin terminating bands in the Sb isoto
all have configurations involving the 2p-2h proton excitati
across theZ550 gap, a study of the formation of these S
bands beyond the neutron midshell, where the 2p-2h Sn-
states have the lowest energy relative to the spherical gro
states, should provide further information about the low
spin properties of these interesting collective structures.
this reason, the117Sb and 119Sb isotopes atN566 and 68,
respectively, have been studied and are the focus of
work. Along with new results for the115Sb nucleus@16,17#
at N564, these Sb intruder bands will have been follow
from N558 to 68 for the systematic investigation of th
Z551 collective properties. These heavier Sb nuclei can
be populated to spins approaching termination, due to
restrictive target-beam combinations available; thus, the c
figuration dependent cranked shell model is not applica
as this model does not include pairing correlations presen
moderate spins.

II. EXPERIMENTAL DETAILS

High spin states in117,119Sb were studied via heavy io
fusion-evaporation reactions with beams provided by
Stony Brook superconducting LINAC facility. The110Pd
(11B,4n) reaction with a 45-MeV beam was employed
populate 117Sb. The target consisted of 2.9 mg/cm2

110Pd, backed with208Pb sufficient to stop the recoiling
residual nuclei. The nucleus119Sb was studied via the
116Cd(7Li,4n) reaction with a 35-MeV beam. The target fo
this experiment was 3.2 mg/cm2 thick and also backed with
208Pb. Theg rays emitted by the excited residual nuclei we
detected with six Compton-suppressed high-purity Ge de
tors, each possessing a relative efficiency of approxima
25%. A cluster of seven hexagonal close-packed BGO de
tors was placed above the target chamber and a second
lar cluster below; these detectors covered 80% of 4p and
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56 761PARTICLE-HOLE INDUCED INTRUDER BANDS IN . . .
were used as a multiplicity filter. The event trigger requir
that two or more Ge detectors and two or more BGO e
ments detect a signal within a 2t5100 ns coincidence time
window. Events meeting this criterion were then record
onto magnetic tape for subsequent off-line analysis. In
manner, over 6.23107 events were collected during th
117Sb experiment, and over 5.53107 events for the119Sb
experiment.

In order to facilitate the extraction of coincidence re
tionships betweeng rays, the coincidence data were th
sorted off line into 2k by 2k Eg2Eg matrices. The multipo-
larities of the transitions were determined via the directio
correlation~DCO! method@18#. In this type of analysis, an
asymmetricEg2Eg matrix is created by sorting detecto
placed at angles near 90° against the remaining forw
backward detectors. With gates on knownE2 transitions on
both axes of this matrix, the measured intensity ratios yi
information on the multipolarity of the transitions. The DC
ratios were calibrated using transitions with known multip
larity in nuclei populated in the two experiments. Thus it w
determined that with anE2 gating transition, a DCO ratio o
;1.0 indicated a stretched quadrupole transition, while
DCO ratio of ;0.5 indicated a dipole transition. The Ra
ware software package@19# was used for all the data analy
sis.

III. EXPERIMENTAL RESULTS

The level schemes for117Sb and119Sb were constructed
from the coincidence data. The placement of transitions
determined through a combination ofg-ray coincidence re-
lationships, intensity balances, and energy sums. The l
schemes for117Sb and119Sb are shown in Fig. 1. Tables
and II report the energies, initial and final spin states, D
ratios, and multipolarities of all the transitions identified
117Sb and119Sb, respectively. The two level schemes will
discussed further in the following subsections.

A. The level scheme of117Sb

Low-spin levels in117Sb had previously been identified i
several studies@1,2,20#. These studies uncovered a numb
of spherical levels of multiquasiparticle nature, and a sin
strongly coupled rotational band. The current work has
covered many new spherical levels, as well as four additio
rotational structures. The new rotational structures have b
previously reported in Ref.@4#.

Band 5a is a strongly coupled structure, composed of tw
bands of opposite signature connected by strongM1/E2 tran-
sitions, as determined through DCO measurements. A s
trum obtained from a gate on the 465-keV transition of t
band can be seen in Fig. 2. This structure was populated
;22% of the reaction channel cross section. The band
been previously observed from theJp59/21 bandhead to
the Jp517/21 state @2#, but has been extended up
Jp5~27/21) in this study.

A short sequence of transitions was observed to feed
band 5a at the 23/21 and 21/21 band members. This se
quence is labeled band 5b in Fig. 1. Due to the low intensi-
ties with which several of these transitions were observ
DCO analysis was not always possible; thus the spins
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parities of the upper members are unknown. It was poss
to obtain a DCO ratio for the 423-keV transition connecti
the 25/21 state of band 5b to the 23/21 state of band 5a;
the DCO ratio was found to be 0.7860.18, consistent with a
mixed M1/E2 character. This fixes both the spin and par
of the 25/21 state of band 5b. The energies of the highe
transitions of band 5b suggest that these transitions are a
of mixed M1/E2 dipole character. With these assignmen
this sequence extends up toJp5~33/21).

Band 4 is a second strongly coupled structure, popula
with ;9% of the reaction channel intensity. It had not be
reported prior to this study. This strongly coupled band w
found to be built on aJp523/22 state, which is a known
t1/25290 ns isomer@20# ~labeled in Fig. 1!. The lifetime of
this state is long enough to significantly reduce the coin
dence intensity between transitions above and below the
mer. This, however, does not undermine the assignmen
this band to117Sb, as the band was observed to be in we
coincidence with transitions below the isomer, and was
termined not to be in coincidence with strong transitions
other nuclei populated in this experiment. Interestingly,
quadrupole moment of this isomer has been determined t
Q52.46625 e b2 @21#. This is a significant deformation
and the discovery of a rotational band built on this state
thus reasonable.

Bands 1 and 2 are sequences of stretchedE2 transitions,
which had also not been observed before this study.
bands were observed to have only 1% and 2.5%, res
tively, of the total intensity of the117Sb channel in this ex-
periment. The spins and parities of these bands were de
mined through the DCO ratios of the transitions whi
depopulate the bottom levels of the bands. Thus, ban
was found to initiate fromJp515/21 and extends toJp

5~35/21); band 2 begins at 13/21 and extends to~41/21).
Band 1 is observed to decay predominantly into two 11/1

states, and then to the 7/21 state. Band 2 decays to at lea
two states havingJp59/21 ~a third state populated by thi
band has unknown spin! and then the most intense deca
path flows directly to the 5/21 ground state.

Band 3 was the most strongly populated of the decoup
bands, having been observed with 7% of the reaction cha
intensity. The band originates fromJp519/22 and extends
to Jp5~43/22). This band is observed to decay into tw
15/22 states, the majority of the decay feeding into t
highest-lying of these states at 2413 keV; both then de
exclusively into the 11/22 state at 1323 keV. A spectrum
representing this band can be seen in Fig. 3.

A final interesting sequence is the 705-776-842 series
transitions, labeled band 1a in Fig. 1. Only one transition
was observed to depopulate this sequence; it was foun
have a DCO ratio of 0.9360.20. This value is suggestive o
a stretchedE2 transition, however a dipole or nonstretch
E2 transition cannot be ruled out due to the large uncertai
Unfortunately the low intensities of the transitions in th
sequence prevented the extraction of DCO ratios and
their multipolarities are unknown.

Finally, two of the transitions shown in Fig. 1 were n
observed in this experiment. They are the 11/2229/21

12-keV transition and the 23/22219/22 16-keV transition.
The first was reported in Ref.@2#, but could be inferred in
this study from coincidence relationships. The second
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FIG. 1. The level schemes of119Sb ~top! and 117Sb ~bottom! extracted for this investigation. Gamma-ray energies are given in keV,
the widths of the arrows represents relative intensities. Previously known isomers are labeled in the figure with their half-lives.
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these transitions depopulates theJp523/22 isomer as re-
ported in Ref.@20#.

B. 119Sb

The low-spin levels of119Sb had also been studied prio
to this work @1,2#. These investigations uncovered seve
spherical levels, a strongly coupled band extending
Jp517/21 and a t1/25128 ns isomer@22#. This isomeric
state is labeled in Fig. 1.

As was the case for117Sb, the present work greatly ex
pands on the previous studies. In addition to the discover
many new presumably spherical states, the aforem
l
o

of
n-

tioned strongly coupled rotational band was extended toJp

5~27/21). This structure is labeled band 5a in Fig. 1, and
can be seen in Fig. 2. The band was populated with appr
mately 45% of the 4n reaction channel intensity in this ex
periment. A short sequence of low energy transitions, labe
band 5b, was observed to feed into this band at t
Jp523/21 level. Similar to band 5b in 117Sb, the DCO ratio
of the 427-keV transition linking bands 5a and 5b strongly
implies a spin and parity of 25/21 for the bottom member of
band 5b. The remaining higher-lying transitions are pr
sumed to be of mixedM1/E2 character; however, the low
intensity of these transitions did not permit the extraction
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TABLE I. Table giving information on transitions assigned to117Sb.

Energy, keVa I i
p2I f

p Intensityb DCO ratio Multipolarity

12.3 11/2229/21 c c E1 f

16.4 23/22219/22 d d E2 g

154.8 19/22217/21 ,2 e E1
162.3 11/2229/21 6~1! e E1 f

196.9 21/22219/22 23~1! 0.5060.05 M1/E2
201.7 17/22215/22 23~1! e M1/E2 f

207.6 25/22223/22 25~1! 0.5860.04 M1/E2
239.9 2~31/22) ,2 e

250.1 19/22217/21 9~1! e E1 f

254.4 19/22217/22 12~1! 0.6760.06 M1/E2
292.3 21/22219/22 10~1! 0.7160.07 M1/E2
302.8 ~27/22)225/22 8~1! e (M1/E2!

334.2 ~27/21)225/21 3~1! e (M1/E2!

336.7 13/21211/21 41~2! 1.0460.05 M1/E2 f

349.7 19/22217/22 10~1! e M1/E2 f

365.7 15/21213/21 33~2! 0.9960.05 M1/E2 f

366.6 ~29/22)2~27/22) 7~1! e (M1/E2!

367.3 19/22215/22 2~1! e E2
372.6 19/22217/22 6~1! e M1/E2
374.3 11/2129/21 57~3! 1.0560.05 M1/E2 f

387.0 17/21215/21 29~2! 0.9560.06 M1/E2 f

399.7 ~31/21)2~29/21) ,2 e (M1/E2!

402.5 ~31/22)2~29/22) 3~1! e (M1/E2!

413.4 ~29/21)2~27/21) ,2 e (M1/E2!

423.2 25/21223/21 3~1! 0.7260.18 M1/E2
425.6 13/2129/21 2~1! 1.2660.14 E2
427.6 ~33/22)2~31/22) 2~1! e (M1/E2!

429.3 221/22 2~1! e

430.5 17/22215/22 ,2 e M1/E2
432.7 19/22215/22 23~1! 1.1860.06 E2
432.8 19/21217/21 10~1! 0.9060.24 M1/E2
433.5 19/22219/22 ,2 e M1/E2
437.1 ~33/21)2~31/21) ,2 e (M1/E2!

456.8 19/22215/22 10~1! e E2 f

456.9 ~35/22)2~33/22) ,2 e (M1/E2!

462.4 19/22215/22 2~1! e E2
464.9 21/21219/21 6~1! 0.7760.21 M1/E2
472.2 ~27/21)2~25/21) ,2 e (M1/E2!

476.8 13/21211/21 ,2 0.4660.10 M1/E2
478.6 23/21221/21 4~1! 0.6560.18 M1/E2
486.8 15/21211/21 ,2 0.9860.17 E2
488.3 ~37/22)2~35/22) ,2 e (M1/E2!

511.0 ~27/22)223/22 ,2 e (E2!

518.5 17/22215/22 ,2 e M1/E2 g

520.3 ~39/22)2~37/22) ,2 e (M1/E2!

522.3 19/22215/22 2~1! 1.0460.14 E2
527.1 7/2125/21 87~5! 0.6460.04 M1/E2
546.9 ~41/22)2~39/22) ,2 e (M1/E2!

547.3 21/22217/22 ,2 e E2
551.4 11/212 ,2 e

552.0 19/22215/22 13~1! 1.1360.11 E2
553.5 ~25/21)223/21 ,2 e (M1/E2!

570.5 23/22219/22 19~1! 1.0360.09 E2
574.7 ,2 e

589.3 19/22217/21 4~1! e E1 g
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TABLE I. ~Continued.!

Energy, keVa I i
p2I f

p Intensityb DCO ratio Multipolarity

591.2 17/21213/21 7~1! 1.0460.10 E2
604.0 17/22215/21 2~1! e E1 g

632.6 9/2127/21 2~1! e M1/E2
669.9 ~29/22)225/22 ,2 e (E2!
671.6 9/2127/21 ,2 0.5760.17 M1/E2
699.4 13/212 ,2 e

700.2 27/22223/22 13~1! 0.9760.12 E2
702.9 15/21211/21 9~1! 1.0160.15 E2
703.9 19/21215/21 3~1! 1.0860.13 E2
704.9 213/21 ,2 e

707.2 21/21217/21 5~1! 1.0260.19 E2
711.5 13/2129/21 8~1! 1.0060.14 E2
753.2 17/21213/21 10~1! 0.9360.12 E2
769.7 ~31/22)2~27/22) 2~1! e (E2!
776.3 ,2 e

783.3 9/2127/21 3~1! e M1/E2
795.6 11/2227/21 34~2! 1.2060.15 M2
800.4 23/21219/21 2~1! 0.9160.11 E2
802.6 19/22215/22 ,2 0.9360.17 E2
810.7 25/21221/21 3~1! 1.0460.30 E2
813.0 31/22227/22 8~1! 1.0460.14 E2
816.2 15/21211/21 4~1! 1.0260.12 E2
820.2 19/21215/21 4~1! 1.2360.27 E2
830.5 ~33/22)2~29/22) ,2 e (E2!
842.3 ,2 e

872.2 27/21223/21 ,2 0.9960.14 E2
876.3 13/2129/21 4~1! 1.0360.11 E2
885.0 ~35/22)2~31/22) ,2 e (E2!
886.2 29/21225/21 ,2 0.8160.18 E2
891.4 19/22215/22 2~1! e E2 g

898.0 21/21217/21 4~1! e E2
902.3 25/21221/21 2~1! e E2
908.0 ~35/22)231/22 3~1! e (E2!
921.9 ~31/21)227/21 ,2 e (E2!
938.6 ~35/21)2~31/21) ,2 e (E2!
938.7 ~33/21)229/21 ,2 e (E2!
944.0 23/21219/21 3~1! 0.8660.17 E2
945.7 ~37/22)2~33/22) ,2 e (E2!
960.3 27/21 3~1! e

992.1 ~39/22)2~35/22) ,2 e (E2!
995.4 ~37/21)2~33/21) ,2 e (E2!
1000.2 15/22211/22 70~4! 1.0660.13 E2
1009.5 ~39/22)2~35/22) ,2 e (E2!
1026.8 ~27/21)223/21 ,2 e (E2!
1032.6 ~25/21)221/21 ,2 e (E2!
1045.0 13/2129/21 2~1! 0.9360.20 E2
1067.8 ~41/21)2~37/21) ,2 e (E2!
1068.5 ~41/22)2~37/22) ,2 e (E2!
1076.5 ~43/22)2~39/22) ,2 e (E2!
1089.3 7/2125/21 14~2! 0.3160.05 M1/E2
1089.8 15/22211/22 26~1! 0.9360.06 E2
1093.5 ,2 e

1160.2 9/2125/21 100~7! 1.0260.04 E2
1182.7 11/2127/21 7~1! 0.9860.14 E2
1234.0 9/2127/21 ,2 0.3660.06 M1/E2
1310.8 9/2125/21 22~2! 1.2360.20 E2
1323.1 11/2225/21 63~3! 1.4460.15 E3
1512.2 11/2127/21 ,2 e E2

aTransition energies accurate to within60.2 keV.
bIntensities are normalized to 100 for the 1160.2-keV transition.
cTransition not observed in this experiment, but is reported in Ref.@2#.
dTransition not observed in this experiment, but is reported in Ref.@20#.
eTransition too weak to yield DCO ratio, or the presence of a nearby transition prevents extraction of a
ratio.
fAngular distributions have been measured for these transitions in Ref.@2#.
gAngular distributions have been measured for these transitions in Ref.@20#.
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TABLE II. Table giving information on transitions assigned to119Sb.

Energy, keVa I i
p2I f

p Intensityb DCO ratio Multipolarity

40.8 11/21211/22 ,2 c c, d E1
134.2 19/22217/21 56~2! 0.4760.04 E1
146.6 29/22227/22 ,2 0.4060.13 M1/E2
153.3 11/2229/21 43~1! 0.6360.03 E1
157.4 11/212 ,2 d

164.0 9/2127/21 ,2 d

196.5 15/22213/22 ,2 d M1/E2
227.1 19/22217/22 7~1! 0.5160.10 M1/E2
230.9 19/22217/22 2~1! 0.7460.15 M1/E2
232.3 17/22215/22 2~1! 0.4060.10 M1/E2
239.7 19/22215/22 11~2! d E2
270.4 7/2125/21 105~1! 0.6360.02 M1/E2
273.1 15/22213/21 ,2 d E1
286.1 21/22219/22 7~1! 0.7460.14 M1/E2
288.1 21/22219/22 11~2! 0.6560.17 M1/E2
331.1 ~27/21)225/21 ,2 d (M1/E2!

334.9 13/21211/21 83~1! 0.8560.03 M1/E2 e

357.5 23/22221/22 5~1! 0.8560.16 M1/E2
361.8 15/21213/21 69~1! 0.8560.03 M1/E2 e

369.8 11/2129/21 100~1! 0.8460.03 M1/E2 e

381.7 17/21215/21 66~1! 0.9260.04 M1/E2 e

397.7 ~29/21)2~27/21) ,2 d (M1/E2!

407.0 25/22223/22 3~1! 0.9160.17 M1/E2
413.7 ~31/21)2~29/21) ,2 d (M1/E2!

426.9 25/21223/21 2~1! 0.7260.21 M1/E2
429.6 19/21217/21 10~1! 0.6260.08 M1/E2
429.9 27/22225/22 2~1! 0.7160.46 M1/E2
455.8 ~29/22)227/22 ,2 d (M1/E2!

461.3 21/21219/21 7~1! 0.6160.10 M1/E2
474.2 23/21221/21 4~1! 0.6160.13 M1/E2
479.9 ~31/22)2~29/22) ,2 d (M1/E2!

489.8 25/21223/21 2~1! 0.9560.28 M1/E2
497.3 19/22215/22 9~1! 0.9660.09 E2
510.9 ~27/21)225/21 2~1! d (M1/E2!

605.9 23/22219/22 8~1! 0.9860.12 E2
630.7 ~17/21)213/21 3~1! d (E2!

643.7 23/22219/22 ,2 d E2
653.3 ~15/21)2~11/21) ,2 d E2
689.7 27/22223/22 3~1! 0.9060.19 E2
696.9 15/21211/21 15~1! 0.9760.10 E2
700.3 9/2127/21 82~1! 0.5760.03 M1/E2
704.9 13/2129/21 15~1! 0.9460.10 E2
730.3 ~11/21)211/22 ,2 d E1
731.0 13/21211/21 ,2 0.5360.25 M1/E2
736.4 ~21/21)2~17/21) 2~1! d (E2!

743.7 17/21213/21 19~1! 1.0860.21 E2
744.2 27/22223/22 3~1! 0.9060.17 E2
750.8 17/22215/22 2~1! 0.3160.10 M1/E2
754.7 17/22215/22 2~1! 0.2660.11 M1/E2
764.8 25/22221/22 ,2 d E2
794.8 13/21211/21 ,2 d M1/E2
811.4 19/21215/21 4~1! d E2
836.2 27/22223/22 ,2 d E2
836.5 ~25/21)2~21/21) ,2 d (E2!

837.8 ~31/22)227/22 2~1! d (E2!
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TABLE II. ~Continued!.

Energy, keVa I i
p2I f

p Intensityb DCO ratio Multipolarity

876.5 19/22217/21 2~1! 0.6560.20 E1
881.6 ~11/21)29/21 ,2 d

885.7 ~29/22)225/22 ,2 d (E2!

888.6 13/212 ,2 d

891.0 21/21217/21 2~1! d E2
901.5 ~29/21)2~25/21) ,2 d (E2!

912.5 13/22211/22 4~1! 0.4560.19 M1/E2
923.4 ~35/22)2~31/22) ,2 d (E2!

925.7 13/2129/21 2~1! 0.8960.25 E2
935.7 23/21219/21 2~1! d E2
935.8 ~31/22)227/22 ,2 d (E2!

942.2 9/2127/21 3~1! 0.4360.13 M1/E2
947.8 15/22211/22 22~1! 1.0160.08 E2
963.8 25/21221/21 ,2 d E2
970.8 9/2125/21 36~1! 0.9960.08 E2
979.2 27/21 5~1! d

989.8 13/2129/21 2~1! 0.9560.18 E2
1031.0 17/22215/21 4~1! 0.4960.14 E1
1046.0 ~11/21)2~7/21) ,2 d E2
1048.3 ~7/21)25/21 2~1! d E2
1095.6 11/2227/21 ,2 d M2
1109.1 15/22211/22 5~1! 0.9060.16 E2
1136.7 11/2127/21 11~1! 0.9760.10 E2
1138.9 15/22211/22 9~1! 1.0560.19 E2
1212.6 9/2125/21 33~1! 1.0260.08 E2

aTransition energies accurate to within60.2 keV.
bIntensities are normalized to 100 for the 369.8-keV transition.
cTransition not observed, but inferred fromg-coincidence relations.
dTransition too weak to yield DCO ratio, or the presence of a nearby transition prevents extraction of a
ratio.
eAngular distributions have been measured for these transitions in Ref.@2#.
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DCO ratios. Thus, under this presumption this sequence
tends toJp5~31/21).

A second strongly coupled band has also been observe
this experiment. This structure was found to be populate
4%. This band, which is labeled band 4 in Fig. 1 begins
Jp519/22 and extends toJp5~31/22). The spins of this
band are rather well established from the DCO ratios of
transitions depopulating the band to the lower spin lev
The state at 2314 keV, depopulated by the 948-keVg ray,
has a spin of 15/22; this has been established in Ref.@2#
through angular distribution measurements. The DCO ra
for the 231-, 227-, 751-, 755-, 877-, and 1031-keV tran
tions which depopulate this band then strongly imply t
spin of the bottom member of band 4 to be 19/2. The DC
ratios are not able to rule out a positive parity for this ba
It has been assigned negative parity in this work based o
comparison with117Sb.

Two, and possibly three, decoupled bands were also
served in this study. Band 2 is a sequence of transiti
extending fromJp513/21 to Jp5~29/21). This band was
populated with only 1% of the119Sb channel strength; as
result of the low intensity it was only possible to obtain
DCO ratio for the first transition in the sequence. Howev
the energies of these transitions and a comparison with
x-
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t

e
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s
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.
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FIG. 2. Two background subtracted coincidence spectra sh
ing thep(d5/2g7/2

2
^ (pg9/2)

21 bands in117,119Sb.
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level scheme of117Sb suggestE2 assignments for these tw
upper band members. The spin and parity of the 13/21 state
are well established through the DCO ratios of the transiti
depopulating the band. The positive-parity assignment is
supported by the fact that this band decays only weakly
known negative-parity states. The link to the negative-pa
states is accomplished via a 41-keV transition which was
directly observed in this experiment. Its presence was
ferred from coincidence relationships between band 2
the 153-keV transition.

Band 3 is a decoupled band extending fromJp515/22 to
Jp5~35/22), populated with approximately 4% of the rea
tion channel cross section. DCO ratios imply that all but
final two transitions in this cascade haveE2 character; it was
not possible to extract a DCO ratio for the uppermost tr
sitions. The 1139-keVg-ray transition depopulating thi
band was found to have a DCO ratio of 1.0560.19 which
thus determines the spins and parities of the band as sh
in Fig. 1. The band decays exclusively into the 11/22 state.
A spectrum representing this band can be seen in Fig. 3

Finally, another structure observed has been labeled b
1 in Fig. 1. This structure consists of only one in-band tra
sition, with four transitions depopulating it. The intensi
flows mainly through a strongJp57/2125/21 transition.
DCO ratios were unavailable for all of the five transitio
involved in this structure. It has been singled out for atte
tion here due to the similarity between it and band 1
117Sb.

IV. DISCUSSION

A. Spherical levels in 117Sb and 119Sb

At lower spins, the shapes of the51Sb nuclei are domi-
nated by the major shell gap atZ550. With only one proton
outside the closed shell, the Sb nuclei are expected to be

FIG. 3. Two background subtracted coincidence spectra sh
ing theph11/2(d5/2g7/2)

2
^ (pg9/2)

22 bands in117,119Sb.
s
so
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like spherical shell-model nuclei with the valence proton o
cupying thed5/2, g7/2, and h11/2 orbitals. A Woods-Saxon
level diagram for the proton orbitals is shown in Fig. 4 wi
b250 representing a spherical nucleus. The neutrons out
of N550 occupy a similar shell-model space with the Fer
level depending on the neutron numberN. Although the low-
spin levels are numerous, they can often be described
terms of a simple coupling of the valence proton orbitals
various spherical states of the50Sn core, as is the case fo
117,119Sb. The ground states of these two nuclei ha
Jp55/21, which results from the occupation of thepd5/2
orbital coupled to the ground state of the correspond
50Sn core nucleus. The level schemes of these two nu
also show low-lying 7/21 and 11/22 states from the occu
pation of thepg7/2 andph11/2 orbitals, respectively.

The even-mass Sn nuclei all possess 01-21-41 ground-
state sequences of similar high energies, and negative-p
spherical levels which result from the breaking of a neutr
pair to include an odd number ofh11/2 orbitals. The coupling
of the valence proton to these states can be seen in
117Sb and119Sb. For example, these nuclei exhibit promine
9/21, 11/21, and 15/22 spherical levels, which can be a
tributed to (j ^ 21), namely the coupling of the spherica
21 state of the core to thepd5/2, pg7/2 andph11/2 orbitals,
respectively. A good example of the valence proton coupl
to a negative parity core state is the 19/22 isomer in119Sb. It
has been shown in previous studies that this state is c
posed of thepd5/2 orbital coupled to the two-neutron
72 state of the118Sn core@22#. The negative parity 202-254
292 sequence in117Sb and 273-232 sequence in119Sb can
also be explained via a similar coupling picture@23,24#.

B. Positive parity strongly coupled bands

A single strongly coupled band having positive parity w
observed in both 117Sb and 119Sb. The experimenta
Routhians@25# for these two bands are shown in Fig.
when a Harris parametrizationJ0517 andJ1512 has been
employed@5#; as can be seen, the bands have zero signa
splitting. These strongly coupled bands in the odd-Sb i
topes have been systematically studied in previous invest

-

FIG. 4. Woods-Saxon energy levels as a function of the de
mation parameterb2. TheZ550 energy gap and some orbitals a
labeled.



x
e
g
ed
s

-
ba
ru
ch

a
e

en

ed
a

.

d

ted

l

cy
e,

n-
to

ve-
own
oth
ere

The
. In
, a

gn-
nal

gl
t

t

he
me

and
ters

768 56D. R. LaFOSSEet al.
tions @1,2#. Modest deformations arise via 1p-1h proton e
citations across theZ550 gap because of a hole in th
upslopingpg9/2 orbital and two protons in the downslopin
pg7/2 orbital ~see Fig. 4!. These bands are thus bas
on a 2p-1h proton configuration, given a
(pg7/2d5/2)

2
^ (pg9/2)

21. The highK of the (pg9/2)
21 or-

bital is responsible for the lack of signature splitting.
Although these bands in117,119Sb have each been ex

tended several transitions, it is the sequences labeled
5b in Fig. 1 which represent an added interest to these st
tures. These are short sequences of presumably dipole
acter, which feed into bands 5a of 117,119Sb at the 21/21 and
23/21 states. The Routhians for these short sequences
shown along with the Routhians for th
(pg7/2)

2
^ (pg9/2)

21 bands. It can be seen that band 5b
crosses band 5a at a rotational frequency\v'0.4 MeV.
Since this feature is reminiscent of a quasiparticle alignm
the relative alignments@25# of bands 5a and 5b have been
calculated, using the same Harris parameters as employ
the calculation of the Routhians. The relative alignments
shown in Fig. 6. The bands 5b in both 117Sb and119Sb gain
approximately 7\ in alignment as a result of this crossing

This crossing can be explained as anh11/2 neutron cross-
ing. Such crossings in (pg9/2)

21 bands have been observe

FIG. 5. Experimental Routhians extracted from the stron
coupled bands uncovered in this study. The top frame shows
Routhians from119Sb, the bottom those from117Sb. In both frames,
filled data points indicate the favored signature, and open points
unfavored signature. The Harris parametersT0517 and T1512
were used in the calculations.
-

nd
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ar-

re

t,
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previously inZ553 and 55 isotopes, and should be expec
to occur in 117,119Sb. Cranked shell model~CSM! calcula-
tions @26# performed for117Sb are shown in Fig. 7. An axia
deformationb250.22 has been used@9#. These calculations
predict this crossing to occur at a rotational frequen
\v'0.35 MeV, slightly lower than the experimental valu
but in reasonable agreement with experiment. Thenh11/2
alignment also explains the large gain in the relative alig
ment of the bands. Another crossing which is expected
occur at a nearby frequency, namely thepg7/2 crossing, can-
not explain such a large alignment increase.

C. Negative-parity strongly coupled bands

In each of the two nuclei under study, a single negati
parity strongly coupled band was observed. These are sh
as bands 4 in Fig. 1. The two bands are similar in that b
have zero signature splitting, as can be seen in Fig. 5, wh
the experimental Routhians of the bands are plotted.
relative alignments of these bands are shown in Fig. 6
calculating the experimental Routhians and alignments
Harris parametrizationJ0517 andJ1512 was employed
@5#. Neither band shows evidence of a quasiparticle ali
ment, even though the bands were observed to rotatio

y
he

he

FIG. 6. Experimental relative alignments extracted from t
strongly coupled bands uncovered in this study. The top fra
shows the alignments from119Sb, the bottom those from117Sb. In
both frames, filled data points indicate the favored signature,
open points the unfavored signature. The Harris parame
T0517 andT1512 were used in the calculations.
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frequencies near or above the frequency at which thenh11/2

alignment was observed in the (pg7/2d5/2)
2

^ (pg9/2)
21

bands. These two bands differ in one important aspect;
bandhead of band 4 in119Sb was observed 2\ lower than
that of band 4 in117Sb.

Previous studies of117Sb provide the quasiparticle con
figurations for these two structures. Band 4 in117Sb is built
upon a 23/22 isomer, which has been extensively studied
Refs. @21,20#. In these prior studies it was shown that t
23/22 isomer possesses a significant deformation@21#, and a
g factor consistent with a@(pg7/2d5/2)

2
^ (pg9/2)

21# ^ n72

quasiparticle configuration@20#. Here then72 refers to a
spherical state of the116Sn core, having anh11/2d3/2 configu-
ration. This configuration, which is assigned to band 4
117Sb in the present study, is consistent with the lack
signature splitting in this band, due to the highK of the
(pg9/2)

21 orbital. The lack of theAB nh11/2 alignment is
then also understood, since this two-neutron configura
blocks this crossing. One can also see in Fig. 6 that theBC
nh11/2 alignment is not present in this band, although t
CSM calculations of Fig. 7 predict this crossing to occur
\v'0.50 MeV. Since theAB nh11/2 crossing is delayed in
the positive-parity coupled bands, it may not be unreason
to expect a similar delay in this case. It is worth notin
however, that the experimentally deduced deformation
band 4 in 117Sb is b250.24 @21#, while the calculation
shown in Fig. 7 was performed forb250.22. If the calcula-
tion is performed instead withb250.24, theBC crossing is
predicted to increase to\v'0.52 MeV, close to the highes
observed frequency of the band.

Band 4 in 119Sb results from a similar configuration. I
order to explain the lower spin of this band compared
band 4 in 117Sb, there are two options both involving th
(pg7/2d5/2)

2
^ (pg9/2)

21 proton configuration, which is re
quired to account for the lack of signature splitting in th
structure. The first involves a coupling of this proton co
figuration to the known two-neutron 52 state of the118Sn
core. Thisn52 spherical state involves a singleh11/2 neutron,

FIG. 7. Cranked shell-model calculations performed for n
trons in 117Sb. An axial deformation ofb250.22 was used in the
calculations. Solid lines indicate orbitals having both positive pa
and signature; dotted lines, positive parity and negative signa
dashed lines, negative parity and signature; and dash-dotted
negative parity and positive signature.
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which again explains the nonobservation of thenh11/2 align-
ment. The second option, as in117Sb, simply involves a cou-
pling of the proton configuration to then72 118Sn core state;
however, in this case the coupling would not be fu
aligned.

D. Decoupled bands

1. Configurations

A total of five decoupled rotational bands were observ
in these experiments. The three found in117Sb have been
discussed in Ref.@4#, where they were explained as a co
pling of a low-K valence proton to the 2p-2h deformed stru
ture known in the116Sn core. Thus, the configurations o
these bands were determined to bepg7/2^ 2p2h,
pd5/2^ 2p2h,ph11/2^ 2p2h, where 2p2h represents the pr
ton two-particle-two-hole structure (pg7/2d5/2)

2
^ (pg9/2)

22

responsible for the band in116Sn. Because of the near dege
eracy of thepg7/2 and thepd5/2 orbitals, the two positive-
parity protons, (pg7/2d5/2)

2, in the 2p-2h configuration may
change somewhat depending on the valence proton. T
assignments are supported by the observed spins of
bands, and by the observed decay patterns to the lower-l
spherical single-particle states. On the basis of the spins
three decoupled bands in the117Sb begin to branch out at th
levels corresponding to the116Sn 41 2p-2h band member
decaying respectively to both the spherical and the deform
( j ^ 21) states, which are admixed. Thus, the 19/22 member
of the ph11/2 band 3 decays into two 15/22 states, the
13/21 member of thepd5/2 band 2 decays into two 9/21

states, and the 15/21 member of thepg7/2 band 1 decays into
two 11/21 states.

Using this information, it is possible to assign configur
tions to the decoupled bands in119Sb. Band 3, having nega
tive parity and decaying exclusively into the spheric
11/22 state, can be assigned theph11/2^ 2p2h configuration.
Although the relationship between the decay pattern and
orbital occupied by the valence proton is not as clear as
117Sb, the spins of band 2 are indicative of th
pd5/2^ 2p2h configuration. Finally, band 1 is possibly r
lated to thepg7/2^ 2p2h configuration; this must be consid
ered tentative, however, as the spins and parity of this st
ture are unknown.

Band 1a in 117Sb remains to be explained. This sequen
was only weakly populated, thus only the lowest state of
sequence is known with any certainty. However, this
quence does exhibit bandlike energy spacings. Presuming
three transitions of this structure are of stretchedE2 charac-
ter, this sequence may be the signature partner to band 1
the expected large signature splitting.

The observation of decoupled bands involving 2p-2h
citations across theZ550 gap in 50Sn and51Sb nuclei has
also been extended to52Te @27,28# and 53I @29–32#.

2. Quasiparticle alignments in the decoupled bands

The nh11/2 pair alignment which was observed in th
(pg7/2d5/2)

2
^ (pg9/2)

21 strongly coupled bands should b
seen in the decoupled bands as well. Such alignments ca
seen in the dynamic moments of inertiaJ(2) of the positive
parity bands, which are shown in Fig. 8. Bands 1 and 2

-

y
e;
es,



.
ow

e
b

r
t

al

A

-
ro

a
up

r
he
d
o

o

n

nds.
the
ly

e
tion
for
dard
this

re-
he

nce
f

ed
a

o-

nce

il-
were

of

than
rger

on-

ad-

as
l of
u-
tes

l and
a-

ce
ok

770 56D. R. LaFOSSEet al.
117Sb clearly show an alignment at\v'0.45 MeV, and
band 2 in119Sb at least shows a strong increase inJ(2). The
negative-parity bands also show evidence of this crossing
both nuclei, the dynamic moment of inertia of bands 3 sh
a gradual increase, and in117Sb theJ(2) appears to have
begun to decrease at the last point.

Although the expectednh11/2 alignments are observed, th
frequencies at which they occur are not well reproduced
the CSM calculations. The calculations shown in Fig. 7 fo
deformation ofb250.22 predict this crossing to occur a
\v'0.35 MeV, considerably lower than the observed v
ues; a higher deformation value ofb250.30 is required to
achieve the observed crossing frequency of 0.45 MeV.
though this value is considerably larger than theb250.22 for
the (pg7/2d5/2)

2
^ (pg9/2)

21 bands, it may not be unreason
able. The decoupled bands involve a 2p-2h excitation ac
the gap while the strongly coupled bands involve only
1p-1h excitation. Thus there is an additional hole in the
sloping pg9/2 orbital and an additional proton in a low-K
downsloping orbital, both of which achieve furthe
b-driving forces. Furthermore, the deformation of t
ph11/2^ 2p2h band known in113Sb has been measure
through the extraction of the average transition quadrup
moment of the band, yielding a value ofb50.3 @5#.

Finally, there is the matter or the interaction strengths
the nh11/2 pair alignments. TheJ(2) for the three decoupled
bands in 117Sb clearly show a difference in the interactio

FIG. 8. Plot of the dynamic moment of inertia (T(2)) extracted
from the decoupled bands observed in these experiments for119Sb
~top! and 117Sb ~bottom!.
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strengths between the positive- and negative-parity ba
This is evidenced from the sharpness of the peak in
J(2) of the positive-parity bands, and the comparative
gradual increase in theph11/2 band. The gradual increas
associated with the alignment implies a stronger interac
strength. The fact that the interaction strength is different
bands in the same nucleus cannot be explained by stan
CSM calculations such as that shown in Fig. 7; however,
effect has been observed previously, and attributed to a
sidual proton-neutron interaction which is not included in t
standard cranked shell model@5,9,33#. The strongerp-n in-
teraction arises since the aligning neutrons and the vale
proton occupy similarh11/2 orbitals, and thus the overlap o
their wave functions is maximized.

V. CONCLUSIONS

High-spin states have been identified in117Sb and119Sb.
The previously known (pg7/2d5/2)

2
^ (pg9/2)

21 bands in-
volving 1p-1h proton excitations across theZ550 gap have
been extended to higher spin, and an alignment of anh11/2
neutron pair identified. A negative-parity strongly coupl
band was found in each nucleus as well, resulting from
coupling of the (pg7/2)

2
^ (pg9/2)

21 structure to the 52 and
72 spherical two-neutron states of the116,118Sn core nuclei,
respectively.

A number of decoupled bands, which involve 2p-2h pr
ton excitations across the gap, were discovered in117Sb and
in 119Sb. These bands represent a coupling of the vale
proton to deformed (pg7/2d5/2)

2
^ (pg9/2)

22 states of the
116,118Sn cores. The117Sb nucleus proved to be the best
lustration of these structures, as three decoupled bands
observed, and each conclusively linked to the occupation
the three available valence proton orbitals,d5/2, g7/2, and
h11/2, aboveZ550. The expectednh11/2 pair alignment was
observed in these bands, although at a higher frequency
expected by the cranked shell model, suggesting a la
deformation. The alignment of theh11/2 neutrons in the
ph11/2 band was found to differ from that of thepg7/2 and
pd5/2 bands, in a manner consistent with a residual prot
neutron interaction, as has been previously reported@5,9,33#.
Of course there may be other considerations, notably qu
rupole pairing as discussed in Ref.@34#.

Finally, a large number of new single-particle states w
found. These states show the irregular energies typica
shell-model nuclei. Many can be explained by simple co
pling of the valence proton orbitals to known spherical sta
in the 116,118Sn core nuclei. Thus the117,119Sb nuclei have
been observed to possess a wide range of both spherica
deformed states, all of which relate to a coupling of the v
lence proton to the different structures in the116,118Sn core
nuclei.
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