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Several collective rotational bands have been established in doubly-odd Sb extending to high

spin ( 355) and excitation energy ( 18 MeV). Two pairs of strongly coupled negative-parity

sequences were observed at low spin consisting of stretched quadrupole transitions and interlinking

Ml dipole transitions. These bands are interpreted in terms of the s'[404]9/2+ orbital. A third pair
of signature-partner bands was established; however, no interlinking M1 transitions were observed

in this case. These bands are associated with the s'[550]1/2 intruder orbital, and the rotational

properties are remarkably similar to those of a mhgy/g intruder" band in Sb having enhanced

quadrupole deformation (Pz 0.32). The experimental results are discussed with the aid of total
Routhian surface and Woods-Saxon cranking calculations.

PACS number(s): 21.10.Re, 27.60.+j, 23.20.Lv

I. INTRODUCTION

Nuclei bordering on the spherical closed shell at Z=50
have shown exotic collective structures, which coexist
with the expected single-particle properties. The exis-
tence of collective rotational structures in the even tin
(Z=50) isotopes has been known for some time (e.g.,
Ref. [1]). Bmthermore, many rotational cascades have
recently been established to high spin (I 405) in sev-
eral odd-A antimony (Z=51) isotopes ranging from iasSb
to ii~Sb [2—6]. Similar bands have now been established
in several isotopes with 49( Z (53 [7—11]. The unex-
pected collectivity in these isotopes, which are essentially
spherical in their ground states, is derived &om deformed
2-particle —2-hole (2p-2h) 02 states n'(g&i2 gs/2) in the
even tin core nuclei [12]. In addition, occupation of the
strongly P-sloping m[550]1/2 "intruder" orbital, &om
the +her&~2 subshell above the Z = 50 shell gap, is able to
stabihze enhanced quadrupole shapes in a manner sim-
ilar to the v[660]1/2+ intruder orbital for A 135 nu-
clei [13]. Values of the nuclear quadrupole moment, de-
duced for several nuclei in this mass region &om mean
lifetime measurements of nuclear states, confirm well-
deformed shapes for the intruder bands. For example,

such measurements for an intruder band in iisSb yield a
quadrupole deformation P2 0.32 [5]. Similar measure-
ments for related bands in Sb and SSn suggest more
modest nuclear deformations of P2 ——0.20—0.25 [3,9].

The present paper concentrates on collective structures
in the doubly odd SySb63 nucleus, which are observed
up to high spin (~ 355) and excitation energy ( 18
MeV). Previous work on the low-spin level structure of

Sb below an excitation energy of 4 MeV is presented
in Ref. [14].

II. EXPERIMENTAL DETAILS

High-spin states in doubly odd Sb were populated
with the ssZr(2sNa, 5n)i 4Sb reaction at a bombarding
energy of 102 MeV. The target consisted of two self-
supporting foils of sszr (86'%%uo enrichment), each of nom-
inal thickness 600 pg/cm . The 2sNa beam was pro-
vided by the Tandem Accelerator Superconducting Cy-
clotron (TASCC) facility at the Chalk River Laborato-
ries of AECI Research. Coincident p-p data were ac-
quired with the Sm spectrometer, which consists of 20
Compton-suppressed HPGe detectors plus a 71-element
BGO inner ball calorimeter which provides p-ray s~~~-
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energy, H, and fold, K, information. The gains of the
HPGe detectors were matched oH' line with an Y ra-
dioactive source, and adjusted on line for a recoil velocity
v/c = 1.65'%%uo. Data were written onto magnetic tape for
events in which two or more suppressed HPGe detectors
registered in prompt time coincidence with nine or more
elements of the inner ball (fold K ) 9). Under this con-
dition, approximately 2.7x10 events were recorded on
tape.

In the off-line analysis for ii Sb (5n channel), only
events with a total sum energy H & 12 MeV were in-
cremented into a symmetrized E~-E~ matrix. This low
sum-energy condition greatly suppressed events &om the
competing 4n evaporation channel into Sb. In addi-
tion to standard p-p matrices, angular correlation matri-
ces were constructed &om the coincidence data for groups
of HPGe detectors at angles of +37' and +79' with re-
spect to the beam axis. From these matrices, intensity
ratios I~(37' 79')/I-~(79' 37') w-ere obtained by gating
on quadrupole transitions. We used these angular inten-
sity ratios to assist in the assignment of transition mul-
tipolarities using the method of directional correlation
from oriented states (DCO) [15].

E~ (keV)

560.1
597.3
639.9
740.0
821.1
899.2
969.2
1046.8
1135.4
1219.5
1280.3
1343.9
1390.0
1485.3
1702.0
1930

I~ ('%%uo)

21.9
21.2
64.5
99.7

= 100
101.1
87.6
76.1
53.7
43.0
32.7
21.0
5.1
9.8
4.0
1.0

I~ (37' 79')-
I (79'-37')

1.2(2)
1.1(1)
0.9(1)
1.0(1)
0.9(l)
o.9(i)
i.i(i)
1.1(1)
1.3(2)

Assignment

E2
E2
E2
E2
E2
E2
E2
E2
E2

Energies are estimated to be accurate to +0.3 keV, except
those quoted as integers which are accurate to +1 keV.
Errors on intensities are typically less than 5%. Band 4

carries 10'%%uo of the channel intensity.

TABLE II. Gamma-ray energies, relative intensities (cor-
rected for detector efIiciency), and angular correlation data
for transitions associated with bands 3 and 4 in Sb.

TABLE I. Gamma-ray energies, relative intensities (cor-
rected for detector efiiciency), snd angular correlation data
for transitions associated with bands 1 and 2 in Sb.

I~ (%) o Assignment'b I~ (37' 79')-
0.6(1)
0.5(1)
0.5(1)
0.6(1)
o.7(i)
0.5(1)
0.6(1)
0.7(1)
o.7(1)'
0.6(1)

1.1(1)
0.9(1)
1.0(1)
1.1(l)
0.9(1)
1.2(1)

0.9(1)
0.9(1)

E» (keV)

(9 8)
(10 +9 )
(ll m 10 )
(12 -+ ll )
(i3- ~ i2-)
(i4- -+ iS-)
(15 -+ 14 )
(16 m 15 )
(18 m 17 )
(17 ~16 )
(19 m 18 )
(ll m9 )
(12 + 10 )
(13 ~ ll )
(i4- + i2-)
(15 ml3 )
(16 ~14 )
(17 -+ 15 )
(18 m 16 )
(19 ~17 )

207.7
309.2
343.1
372.4
391.3
428.2
470.1
506.9
506.9
515.6
537

652.7
716.1
764.5
820.2
897.8
976.2
1021.6
1021.6
1044

= 100
88
65
39
31
29
31

49
49"
23
11
13
16
15
18
20
26
33'
33d

6

Energies are estimated to be accurate to +0.3 keV, except
those quoted as integers which are accurate to +1 keV.

Errors on intensities are typically less than 5+0. Bands 1 and
2 carry 20% of the channel intensity.
The negative-parity assignment of this band is adopted from

Ref. [14]. The present theoretical analysis, however, suggests
positive parity; see text for discussion.

Doublet, value given for both transitions.

III. LEVEL SCHEME OF Sb

TABLE III. Gamma-ray energies, relative intensities (cor-
rected for detector eKciency), and angular correlation data
for transitions associated with band 5 in Sb.

E„(keV)
585.0
691.2
782.7
871.6
945.9
1018.8
1101.2
1189.3
1276.4
1358.8
1454.1
1587.9

38.1
101.1
= 100
90.4
67.1
53.3
42.7
35.1
24.3
13.2
7.7
3.5

I (37'-79')
I, (79 37')-

0.9(1)
1.2(1)
1.0(1)
0.9(1)
1.1(l)
0.9(1)

Assignment

Energies are estimated to be accurate to +0.3 keV, except
those quoted as integers which are accurate to +1 keV.

Errors on intensities are typically less than 10%. Band 5
carries 10'Fo of the channel intensity.

The high-spin level scheme of Sb, deduced &om
this work, is presented in Fig. 1, where seven bands of
stretched quadrupole transitions, characteristic of collec-
tive nuclear rotation, are labeled. Strong XI=1 tran-
sitions were observed interlinking bands 1/2 and bands
6/7. Measured transition energies, intensities, angular
correlation ratios, and spin-parity assignments for these
bands are listed in Tables I—IV. Figure 2 shows part of
the low-spin structure of i 4Sb [14) including the decay of
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FIG. 1. High-spin rotational
bands in Sb. Transition en-
ergies are given in keV. The
lowest level of band 1 resides
1067 keV above the 8 isomeric
level, while the lowest level of
band 6 resides at 1577 keV
above the isomer. The relative
excitation energies of bands 4
and 5 are not known. For clar-
ity, the energies of the interlink-
ing dipole transitions of bands
1/2 and 6/7 are not labeled, ex-
cept for the first transition in
each case.

bands 6/7 into the known levels. The isomeric 8 state,
shown at the bottom in Figs. 1 and 2, decays to a lower 3+
level, the ground state of Sb, with a measured lifetime
r =220 ps [16]. Representative gated coincidence spectra
obtained from the present data are shown in Fig. 3.

A. Bands 1 and 2

The strong BI=1 transitions linking bands 1 and 2
were previously identified in Ref. [14]. The decay down to
the isomeric 8 level was also established; the lowest level
of band 1, assigned as 8 in Ref. [14], lies at an excitation
energy of 1067 keV above the 8 isomeric state. The
present work has extended band 1 to I = 18 and band 2
to I = 19.

B. Bands 3, 4, and 5

Band 4 consists of a series of 12 stretched-quadrupole
transitions; a coincidence spectrum is shown in Fig. 3(b).

The three high-energy transitions constituting band 3
are also evident. The inset shows the intensity profile.
Band 4 is fed over many transitions before the full in-

tensity is reached, estimated to be 10% of the channel
strength. The intensity drops rapidly over the lowest
two transitions, indicating depopulation of the band. No
definite links to the low-spin level scheme could be un-

ambiguously assigned &om the present data. As shown
in Fig. 3(b), band 4 is in coincidence with the known
1185 keV 10 -+ 8, 453 keV 10 -+ 9, and 258 keV
11+ ~ 10 transitions [14]. Apart from the lowest 560
keV transition, the band is also in coincidence with two
unassigned transitions of energies 598 keV and 1495 keV.
(Note that another strong 598 keV p ray is placed in the

low-spin level scheme [14]). These two transitions are in
coincidence with each other and form part of the link
between band 4 and the low-lying levels.

Band 5 consists of 12 stretched quadrupole transitions.
As shown in the spectrnrn of Fig. 3(c), the band is in
coincidence with low-lying 1185 keV, 750 keV, and 1131
keV transitions, except for the lowest 585 keV in-band
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TABLE IV. Gamma-ray energies, relative intensities (cor-
rected for detector efBciency), and angular correlation data
for transitions associated with bands 6 and 7 in Sb.

E„(keV)

116.4
139.9
176.5
192.5
235.2
277.3
316.5
322.6
355.6
375.3
376.7
393.3
419
423

428.1
431
470

515.7
570

600.7
633.1
658

732.6
770.4
802

839.2
850.4
863.7
888.9
988.7
1001.3
1102.8
1102.9
1188.5
1206.6
1263.9
1301.4
1336.2
1390.1
1417.0
1528.2
1693

1869.9

19
147
50
82
103
79
15
54
51

:—100
31
42( 2

& 2
30

& 2

(2
95

& 2
65
72
(2
51
59
(2
10
9

48
55
45
56

32d

52
32
25
17
15
13
7
10
5
2

30

I7(37'-79')
I (79'-37')

0.5(1)

0.6(1)
0.5(1)
0.7(1)

0.6(1)
0.5(1)
0.9(1)
0.5(1)
0.6(1)

0.9(1)

1.1(1)

1.0(1)
0.9(1)

0.9(1)
1.0(1)

0.4(1)
0.5(1)
1.0(1)
1.1(1)
0.9(1)
1.1(1)

0.9(1)
0.9(1)

0.9(1)
0.8(1)

1.4(2)

0.8(2)

Assignment

(9 8)
(11 -+ 10 )
(10 -+9 )
(13 m12 )
(12 + 11 )
(15 F14 )
(ll m9 )
(14 m13 )
(16- -+ 15-)
(12 m 10 )
(17 m16 )
(18 -+ 17 )
(20 m19 )
(11- -+ 12)'
(13 mll )
(22- ~ 21-)
(19 m18 )
(14 m13 )
(21 m 20 )
(15 -+ 13 )
(16 m 14 )
(12 -+ 12)'
(17 ~15 )
(18 + 16 )
(12 ) -+ ll+'
(ll ) -+ 10
(13 ) ~ 12'
(19 m 17
(20 + 18 )
(21 -+ 19 )
(22- ~ 20-)
(23 ~21 )
(24 -+ 22 )
(26- -+ 24-)
(25 m23 )
(28 —+ 26 )
(27 + 25 )
(30 m28 )
(29 —+ 27 )
(32 -+ 30 )
(34 —+ 32 )
(9 -+8 )'
(10 )~8

Energies are estimated to be accurate to +0.3 keV, except
those quoted as integers which are accurate to +1 keV.

Errors on the relative intensities are typically less than 5'Fo.

Bands 6 and 7 carry 15/0 of the channel intensity.
Linking transition into the known decay scheme.
Doublet, value given for both transitions.

transition. Similar to band 4, band 5 is fed over several
transitions. The maximum intensity of band 5 reaches
10% of the channel strength. The intensity of the lowest
transition (585 keV) falls off, indicating feedout over the
lowest two levels.

Figure 3(b) shows that the lowest member of band

5 (585 keV) is in coincidence with band 4. Candidate
linking transitions are shown in Fig. 1 as dashed lines.
The first transition of energy 301 keV is clearly seen in
Fig. 3(b), while the second transition of energy 357 keV
is weaker. These energies are close to those expected if
bands 4 and 5 are assumed to be signature partners with
little signature splitting.

C. Bands 6 and 7

Bands 6 and 7 are linked by strong BI=1transitions at
low spin, but at higher spin collective quadrupole transi-
tions dominate. The decay of bands 6/7 into the known
low-spin levels proceeds via several pathways as shown
in Fig. 2. The observed decay pattern and measured an-
gular correlation ratios, obtained for some of the linking
transitions (see Table IV) suggest a spin-parity assign-
ment of I = 8 for the lowest level of band 6.

IV. DISCUSSION

Two mechanisms are thought to be responsible for the
stabilization of enhanced quadrupole deformation in nu-
clei around. the Z = 50 shell gap. The first mechanism
involves the formation of the 2p-2h x(gr2&2 g~&2) core

state which explains deformed 02+ states observed in the
even tin isotopes [12]. Since the xg7~2 orbital crosses
the age~2 orbital at P2 0.2 on a standard Nilsson di-

agram, the formation of the 2p-2h state stabilizes the
quadrupole deformation at this value. The second mech-
anism that induces deformation is the occupancy of the
xh~q~2[550]1/2 intruder orbital from the N = 5 oscil-
lator shell, which is analogous to the role played by the
N = 6 viqs~2[660]1/2 intruder orbital in the light rare-
earth region around mass A = 135. Obviously, the two
mechanisms for inducing deformation may reinforce each
other for certain configurations. For example, on the
one hand, occupation of the mhqq/2 intruder in the anti-
mony isotopes (Z = 51) allows the formation of the de-
formed 02+ core state, such that the deformation-driving
7rhqq~2 Igl x(go&2 g&&z j proton structure is achieved. On

the other hand, the occupation of positive-parity proton
orbitals may perturb the deformed core state; e.g. , struc-
tures of the form x(+) Is+(go&2�gz&s) would be expected
to be less deformed. The interplay between these two
deformation-driving mechanisms is discussed in Ref. [7].

A. Calculated deformations

Calculations based on the total-Routhian-surface
(TRS) formalism [13,17,18] have been performed for

Sb. These calculations employed a triaxial Woods-
Saxon single-particle potential and a monopole pairing
force residual interaction [19,20]. Self-consistent defor-
mation parameters (Ps, P4, p) for different quasiparticle
configurations were evaluated at different values of the
rotational frequency.

Configurations of the type vhzzg2 m (+, kl/2) yielded
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FIG. 2. Low-spin structure of Sb showing the decay out of bands 6 and 7. Transition energies are given in keV.

small calculated quadrupole deformation P2 0.12 with
a triaxiality of p +7'. In these configurations,
7r(+, +1/2) refers to either 7rgqg2 or 7rdsy2 orbitals. In
contrast, configurations involving the [550]1/2 proton
intruder, e.g. , mhzz/2 vhzz/2 or vrh~q/2 vg~/2, are pre-
dicted to possess a much larger quadrupole deformation,
P2 0.24, p +5'. The former configurations with

P2 0.12 are yrast at low spin, while the latter configu-
rations with P2 0.24 only become yrast for spins above
25k. At lower spins, 105, the latter well-deformed con-
figurations are 1—1.5 MeV above yrast.

The TRS calculations also exhibit several low-spin
minima at the noncollective oblate shape p = +60 .
These configurations are shown in Table V and pro-
vide natural explanations for the low-lying 8, 9, and
11+ states in Sb as shown in Fig. 2. In particular,
the isomeric 8 state may be interpreted as the oblate
Lvhqq~2 hard&~2) configuration. A noncollective near-
yrast state is also predicted at I = 29+ with large
quadrupole deformation P2 ——0.28.

In summary, the above calculations indicate two
groups of near-prolate energy minima of differing defor-
mations for configurations containing hzz/2 neutron and
proton orbitals, respectively. The former minima, asso-

B. Woods-Saxon cranking calculations

Woods-Saxon cranking calculations employing a uni-
versal triaxial Woods-Saxon single-particle potential
[19,20] have been performed at the deformations pre-
dicted by the TRS calculations. Single-particle ener-

TABLE V. Calculated low-spin TRS minima at the non-
collective oblate p = +60 shape. Energies relative to the 8
state are shown and compared to low-lying states in Sb.

Con6guration

PA11/2 7l I5/2
&~11/2 t3 ~g7/2

Vh11/2 7rh11/2

8
9
11+

0.09
0.11
0.12

Energy (MeV)
Theory Experiment

0.0 0.0
0.6+0.1 0.75
1.8+0.1 1.44

ciated with the vhzz/2 orbital, correspond to quadrupole
deformation P2 0.12; the latter, associated with the
mh~zy2 orbital, corresponds to P2 0.24.
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FIG. 3. Representative spectra for Sb. Transition energies are labeled in keV. (a) Sum of gates on 494 and 1067 keV
transitions that depopulate bands 1/2. (b) Sum of gates set on the 969, 1047, 1135, 12].9, 1280, and ].344 keV transitions of
band 4. The 598 keV and l494 keV transitions are involved in the decay of the band to the low-spin levels. The 585 keV
transition belongs to band 5, while the 301 keV and 357 keV transitions are candidate dipole transition interlinking bands 4
snd 5. (c) Sum of gates set on the 691, 783, and 872 keV transitions of band 5. Contaminating lines from ' Sn are marked by
the stars. (d) A gate set on the 1870 keV 10 m 8 transition that depopulates bands 6/7.

Alignment

[vh„gs]
[vh„]s]
[~grgs]'
[s h, its]
[sgrg2]2

Ps = 0.12

0.34
0.47
0.66
0.69
0.47

Lu, (MeV)
Pg = 0.24

0.32
0.45
0.85
0.63
0.66

p2 = 0.32

0.39
0.55
& 0.9
0.51
0.85

Alignment of second and third valence quasiparticles.

TABLE VI. Qussipsrticle crossing frequencies
obtained from cranked Woods-Saxon calculations at various
quadrupole deformations.

gies, obtained from unpaired calculations, are shown as
a function of frequency in Figs. 4 and 5, respectively,
for quadrupole deformstions P2 ——0.12, p = +5 and
P&

——0.24, ~ =+5'.
Similar calculations, including pairing, have also been

performed in order to predict the alignment frequencies
for speci6c quasiparticle pairs. The results are summa-
rized in Table VI. Crossing frequencies are shown for de-
formations corresponding to the two TRS minima, as well
as the experimentally deduced quadrupole deformation
for an intruder band in Sb (P2 0.32) [5]. Calcula-
tions performed as a function of quadrupole deformation
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FIG. 4. Woods-Saxon single-particle energies for neutrons (a) and protons (b) calculated at s deformation Ps ——0.12,

P4 ——0.0, and p = +5'. The vh~~/s orbitals are labeled by their asymptotic Nilsson quantum numbers.

P2 are shown in Fig. 6 and clearly show the differing
driving forces of the hqqy2 neutron and proton intruder
orbitals. While the hzz/2 neutron orbital shows an en-

ergy minimum at Pz 0.21, the hqq/2 proton orbital
favors P2 0.41. It should be emphasized that these
calculations show deformations favored by the single-
quasiparticle orbitals, and do not necessarily represent
the overall nuclear shape. The shapes predicted by the
TRS calculations are more realistic.

C. Comparison arith experiment

In order to compare the theoretical calculations with
the band structures ia Sb, dynamic moments of iner-
tia g(2) = dI/do/ ( 4/hE~) are shown in Fig. 7. The
dynamic moments of inertia are useful since they can
be evaluated without a knowledge of level spins. It can
be seen that bands 6 and 7 [Fig. 7(b)] do not show a
hump at Ru 0.45 MeV which is present in the other
bands [Fig. 7(a)]. A second hump at hu 0.65 MeV is,

however, seen in all bands. These humps indicate that
rotational alignments of pairs of particles occur at these
frequencies. Band 4 splits at the top, with the exten-
sion of three high-energy transitions labeled as band 3 in
Fig. 1. These high-energy transitions lead to extremely
low values of the moment of inertia at high frequencies,
much lower thaa the rigid-body value.

Experimental alignment [21] plots are shown in Fig. 8
for the bands in ~~ Sb where they are compared to in-
truder bands in ~~sSb [5] and ~~~In [7]. A rotational ref-
erence with Harris parameters [22] Jq ——29.452 MeV
and gj ——4.454 MeV s has been subtracted. These val-
ues are taken from a fit to the yrast band in I as used
in Ref. [23]. In extracting the alignments for the decou-
pled bands 4 and 5, bandhead spins of 105 and lib were
assumed, respectively. The alignment of these two decou-
pled bands is somewhat difFerent to that for the strongly
coupled bands in Sb. However, the alignment pattern
is similar to that of the intruder bands in Sb and In
[»g 8(b)l.
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FIG. 5. Woods-Saxon single-particle energies for neutrons (a) and protons (b) calculated at a deformation Ps = 0.24,
P4 ——0.0, and 7 = +5'. Levels are labeled by their asymptotic Nilsson quantum numbers.
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Negative parity bands 1 and 2, and 6 and 7, form sig-
nature partners with little signature splitting. The pair
of bands 1/2 was previously identified [14], while bands
6/7 have been established for the first time. The observa-
tion of strong BI=1 transitions suggests the involvement
of the n gz&z orbital, namely, the [404]9/2+ Nilsson level.

In Ref. [14] it was suggested that bands 1/2 are based
on a negative-parity mg@~2 phyy/2 COD6guratlon. How-

ever, in the present interpretation this structure is associ-
ated with bands 6/7, as discussed below. From Fig. 8(a)
it can be seen that bands 1/2 carry little alignment and
upbend strongly at hu 0.45 MeV. These two observa-
tions suggest that a rotationally aligned vhz&~2 particle
is not involved; a larger alignment would be expected
with the up-bend blocked. Such features are indeed ob-

served for bands 6/7 which we therefore associate with
the n.

g~&2 I3 vhqt~2 configuration. A possible configu-
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FIG. 7. Dynamic moments of inertia for bands 3, 4, and 5

(a) and bands 6/7 (b). The moment of inertia of the nhqqga
intruder band of Sb is included in (a) for comparison. The
positions of rotational alignments of neutron and proton pairs
are indicated.
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FIG. 8. Experimental alignment plots for the bands in
Sb (a) and intruder bands in Sb and In (b).
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FIG. 9. Experimental B(M1;I ~ I—1)/B(E2; I ~ I —2)
ratios of reduced transition probabilities for bands 1/2 and
6/7 in Sb. In extracting these ratios it is assumed that for
the XI=1 transitions the multipole ~~xing ratio is negligible,
i.e., 6 (( 1.

ration for bands 1/2 is a high-K ngs/2 vg7/2 struc-

ture involving both high-0 proton and neutron orbitals
such that the alignment is small [Fig. 8(a)]. This struc-
ture would, however, have positive parity in disagreement
with the negative parity assigned in Ref. [14]. No can-
didate negative-parity structures showing the properties
of bands 1/2 [i.e., no signature splitting and very low

alignment (high K)] are evident &om the cranking cal-
culations.

The alignment i for bands 6/7, as shown in Fig. 8, is

(5—6)h. This value is consistent with the coupling of the
high-0 xgs/2 orbital with a low-0 hii/2 neutron. Rela-

- I=Q/2
tive to the Z=50 core, the m'g&/2gs/z vhii/2(A =

. K=a/2
3/2) configuration is thus proposed for the strongly cou-
pled bands 6/7. Note that the deformation-driving

m(g&/2 g&&2) core state is broken in this configuratjon

and hence a quadrupole deformation near the smaller of
the TRS minima (P2 0.12) is expected. A small sig-
nature splitting is observed between bands 6 and 7, con-
sistent with a non-axial shape as predicted by the TRS
calculations (7 +7'). In fact a signature inversion
occurs at a rotational &equency ~ = 0.36 MeV. The oc-
cupation of the hii/2 neutron orbital will block the first
rotational alignment of an hqq/2 neutron pair. This is
consistent with the dynamic moment of inertia plot of
Fig. 7(b), where the first hump, seen in other bands at

0.45 MeV, is absent. The second rise in the mo-
ment of inertia at Ru 0.60 MeV may be associated
with the rotational alignment of g~/2 protons such that

- I=2&/2
the high-spin con6guration is xg&/&g9/2 vhzz/2.

K=9/2
Experimental B(M1;I ~ I—1)/B(E2; I -+ I —2) ra-

tios of reduced transition probabilities are shown in Fig. 9
for bands 1/2 and 6/7 in ii4Sb. The values obtained for
the new bands 6/7 are on average 2—3 times smaller than
those obtained for bands 1/2 and show a distinct signa-
ture dependence, i.e., zigzag. The higher values for bands

1/2 may indicate a smaller B(E2) strength, and hence
less collectivity; bands 1/2 are therefore not observed to
such high spin. These experimental observations pro-
vide further evidence for the proposed structures of the
strongly coupled bands discussed above.

2. Decotcpled bands: bands 8, g, and S

The similarity of the moments of inertia [Fig. 7(a)] and
alignment plots [Fig. 8(a)] for bands 4 and 5 strongly
suggest similar structures: i.e., these bands are signature
partners. The rising alignments of bands 4 and 5 shown
in Fig. 8(a) is characteristic of intruder bands built on
the shii/2 orbital, e.g. , iiiIn [7] and Sb [5] shown in
Fig. 8(b). If the odd proton occupies the whii/2[550]1/2
intruder orbital, this will allow the formation of the de-
formed n'(g&/2 gs/2) core state. Hence the proton struc-
ture will be able to stabilize enhanced quadrupole defor-
mation. The appropriate single-particle diagram is thus
the one for P2 ——0.24 as shown in Fig. 5(a). It can be seen
that the vgr/2[413]5/2+ orbital is at the Fermi surface for
N=63. This orbital shows little or no signature splitting
below a frequency Ru = 0.70 MeV. The proposed struc-
ture for bands 4/5 is thus mhii/2 vgr/2 coupled to the
deformed w(gr/2 gs/2) core state. Bands 4/5 can there-
fore be thought of as coupling the single intruder band
in Sb [5] to both signatures of a gr/2 neutron orbital.
The similarity of the moments of inertia and alignments
reinforces this view. The extra gr/2 neutron orbital plays
the role of a spectator.

With this basic configuration for bands 4/5, the first
hump in the moment-of-inertia plot of Fig. 7(a) at Aalu

0.45 MeV can now be interpreted as the rotational align-
ment of a pair of h~q/2 neutrons. Similarly, the second
hump at Ru 0.65 MeV can be associated with the rota-
tional alignment of a pair of g~/2 protons, as also seen for
bands 6/7. The first neutron crossing at hu 0.45 MeV
is somewhat higher than the predictions shown in Table
VI. Similar delayed crossings of hqz/2 neutrons in bands
built on the mhii/2[550]l/2 intruder orbital have been
observed in several neighboring nuclei, including Sb
[5], iiiIn [7],and iirl [23]. This effect has been attributed
to strong neutron-proton residual interactions between
the xhzz/2 intruder orbital and the aligning vhqq/2 par-
ticles [5,24].

No de6nite interlinking dipole transitions could be es-
tablished between bands 4 and 5 although tentative links
are shown in Fig. 2 and Fig. 3(b). However, the B(Ml)
rate would not be expected to be large for the proposed
~h»/2|3vgz/& configuration since the resultant magnetic-
moment vector, dominated by the rotationally aligned
hqq/2 proton, will point in a similar direction to the spin
vector. Furthermore, the predicted well-deformed shape
(P2 0.24) would enhance the collective in-band B(E2)
strength such that the E2 decay dominates.

Band 4 appears to split at the top where the 6nal tran-
sition (1390 keV) is parallel to the high-energy 1485 keV
transition. In fact three high-energy transitions, labeled
as band 3 in Fig. 1, feed into band 4. The relatively
large energy spacings of the transitions in band 3 lead
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to extremely low values of the dynamic moment of in-
ertia [Fig. 7(a)] and a drop in alignment [Fig. 8(a)]. A
similar falling alignment at high spin is observed in the
intruder band of Sb [Fig. 8(b)]. Unusually low values
of the dynamic moment of inertia at high spin have also
been observed in several other nuclei, including Sb [3],
where the values drop to 1/2 —1/3 of the rigid body value.
Such behavior has been taken as evidence for a form of
band termination where the nucleus smoothly changes
shape from prolate to oblate over many transitions. In-
deed, with few valence nucleons outside the Z = N = 50
doubly magic shell closure, such effects are to be expected
in this mass region.

V. CONCLUSIONS

The decay scheme of Sb has been extended to high
spin where collective rotational bands dominate. Two

pairs of signature-partner bands have been identified.
One pair shows interlinking dipole transitions at low spin
and is associated with a ~g9/2 (3 vhzz/2 structure. The
second pair is interpreted in terms of a mkz&/2 vg7/2
configuration with possible enhanced deformation. The
observation of long cascades of transitions extending to
high spin has recently burgeoned in the mass A 110
region.
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