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Rotational bands near the Z=50 closed shell: 111sb
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Rotational states have been identified in s~Sb for the first time. Three decoupled (b I=2) bands
extending to over 1 MeV in rotational &equency have been observed. At the highest &equencies,
the Q moments of inertia for these three bands are seen to decrease steadily to unexpectedly low

values; this is interpreted as evidence for a novel form of band termination. One of these bands is
interpreted as being based on the s'hqqgs orbital coupled to a deformed [(s'gsgq) (s'grgs) ]0+ state
of the &OSn core. The interaction strength for the alignment of a pair of hqqyq neutrons has been
extracted and compared with calculations. Two possible quasiparticle configurations are discussed
for the other decoupled bands. Two strongly coupled (b,I=1) hands have been identified and both
shown to involve the [(sgsys) (sgr~s) ] configuration. A large number of spherical states have
also been observed, which can be explained on the basis of valence protons coupled to spherical
states in the Sn core.

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

I. INTRODUCTION

The study of collective structures in nuclei near the
Z=50 closed shell has recently enjoyed an upsurge in ac-
tivity. Because of the inBuence of the large proton shell

gap, saSn and sqSb nuclei are expected to show predom-
inantly spherical excitations at low excitation energies.
Indeed, the level schemes of odd Sb nuclei show a large
number of states which consist simply of a single pro-
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ton orbital coupled to spherical states of the neighboring
even Sn core. The even Sn nuclei have rigid spherical
ground states with the first excited 2+ energy showing
remarkable uniformity at 1.2 MeV over a large range of
neutron numbers [1). Nevertheless, deformed states are
also known to be part of the Z=50 and Z=51 landscape.
Rotational bands with BI=1 transitions have been ob-
served in odd sqSb nuclei [2], based on the high-K, P-
upsloping ega~2 orbital intruding &om below the Z=50
proton shell. Subsequently deformed states in even saSn
nuclei were discovered via related decoupled b,I=2 rota-
tional bands [3]. These states have a two-particle two-
hole (2p2h) configuration (m'g7/2) (mgs~2) with a pro-
late deformation regulated by the crossing of the ~g9y2
and mgqy2 orbitals at P2 0.2 [4]. More recently decou-
pled bands involving the low-K prolate orbitals above
the Z=50 proton shell have been found in odd-mass Sb
nuclei. In Sb, three such structures are known which
involve the three available proton orbitals md5y2 Kg7/2,
and vrhz&~2 coupled to the 2p2h deformed state in Sn
[4]. A b,I=2 band has been found in ~~sSb, which ex-
tends to high spin and high rotational frequency [5]. This
band initiates &om the mhqqy2 intruder orbital coupled
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to the 2p2h deformed Sn core. At high spins, align-
ments of additional nucleons have been observed in this
band, with properties that are not well explained by the
standard nuclear models. Recent results for ~ sSb [6]
and ' Sn [7,8] have revealed interesting rotational
structures. These bands have dynamic moments of in-
ertia which gradually decrease to very low values (ap-
proximately s the rigid body value) at high rotational
frequencies.

In order to explore the systematic properties of these
structure features to more neutron-deficient nuclei, ex-
periments have been performed to investigate Sb.
Very little was known previously about the level scheme
of this nucleus [9]. This investigation uncovered several
interesting and unexpected features. Parts of this work
resulting from the experiments performed at Stony Brook
and Chalk River Laboratories have been previously re-
ported [10].

II. EXPERIMENTAL DETAILS

Three experiments were performed to populate a com-
plete range of spins in Sb. Moderate-spin levels
were studied using the FN tandem/Superconducting
LINAC facility at Stony Brook. The reaction
ssRu(~sF, 2p2n) ~~Sb was initiated with a 90-MeV F
beam. The 1 mg/cm~ target of enriched ssRu was backed
by Pb to stop the recoiling nuclei; this eliminated
Doppler broadening of all but the fastest p-ray transi-
tions. An array of six Compton-suppressed Ge detectors
was employed for the p-ray measurement in conjunction
with a 14-element BGO ball which subtended 80% of
4x solid angle, used as a multiplicity filter. A fold con-
dition of two or more suppressed Ge signals in coinci-
dence with two or more BGO elements was required for
an event to be accepted. This reduced background from
x-rays, Coulomb excitation, and other low-multiplicity
events. Events meeting this criterion were then recorded
onto magnetic tape; a total of 157x10 such events were
recorded. These data were then sorted off-line into an

E~ —E~ matrix. Coincidence relationships determined
from this matrix were used to construct the level scheme
shown in Fig. 1. A sample coincidence spectrum showing
band 5 from the backed target data is shown in Fig. 2.

Multipolarities of some p transitions were determined
from directional correlation (DCO) analysis [11].For this
type of ratio analysis, detectors situated at 90 with re-
spect to the beam direction are sorted against those at
forward and backward angles. Transitions with known
multipolarities in other nuclei populated in the reaction
were used as a calibration. It was found that if the gate
transition has a stretched E2 character, a DCO ratio of
approximately 1.0 indicated a stretched quadrupole tran-
sition. A ratio of 0.50 was typical of a pure stretched
dipole transition.

A second experiment, which used a self-supporting thin
target, was performed using the TASCC (Tandem Ac-
celerator Superconducting Cyclotron) facility at Chalk
River Laboratories. In order to populate high-spin levels
in Sb, a 120-MeV beam of Na was used to induce

the 2Mo(2 Na, 2p2n)~~~Sb reaction. The Chalk River 8'
spectrometer, which consists of 20 Compton-suppressed
Ge detectors and 71 inner-ball BGO elements, was em-
ployed to detect the emanating p rays. The target con-
sisted of two stacked self-supporting foils, each with a
thickness of 600 pg/cm . Doppler shifts of the p rays re-
sulting from the recoil velocity of the residual nuclei were
corrected on-line. A multiplicity requirement of two Ge
detectors and eight or more BGO elements was required
for an event to be written on magnetic tape. An anal-
ysis of the BGO ball average multiplicity (K) and to-
tal energy (H) per event for various reaction channels
was then made to determine oE-line parameter cuts. A
multiplicity requirement of K &15 was selected and no
total energy cut was made; this requirement greatly en-
hanced the 2p2n reaction channel over other competing
channels. Events meeting this requirement were sorted
into an E~ —E~ matrix, accumulating a total of 72x10
events.

A third experiment was performed at the 88-in. Cy-
clotron at Lawrence Berkeley Laboratories, with the
Early Implementation of GAMMASPHERE. The reac-
tion Fe(ssCu, n2p) with a beam energy of 245 MeV
populated Sb. The experiment was directed at the
study of Te through the 3p channel, but the a2p chan-
nel proved to be populated with considerable strength.
The target consisted of two self-supporting 500 pg/cm
foils of 97% isotopically pure Fe. At the time of the
experiment, the GAMMASPHERE array consisted of
31 Compton-suppressed Ge detectors, each with an ef-

ficiency of approximately 75% of a standard 3 in. x 3
in. NaI at 1.3 MeV. Thirteen of these detectors were
positioned at forward angles of less than 38' relative to
the beam direction, and fifteen at backward angles all
greater than 142'. The remaining three detectors were
positioned at 90'. This forward-backward geometry min-
imized the eR'ects of Doppler broadening; despite a high
recoil velocity of 4.7% of c, the FWHM of peaks at 1
MeV was measured as only 6 keV after correcting for
Doppler shifts. Only events in which three of these de-
tectors registered a p ray were accepted and written onto
magnetic tape. A total of 10 such triples events were
recorded. The triples data were then sorted oH'-line into
an E~ —E~ —E~ cube. A sample of the thin-target data
showing bands 2, 3, and 4 from GAMMASPHERE is
shown in Fig. 3.

For all experiments, data analysis was greatly facil-
itated by the use of the programs GF2, EscL8R, and
LEvITsR [12] written by D.C. Radford of Chalk River
Laboratories.

III. RESULTS

The proposed level scheme for Sb, derived from co-
incidence relationships and relative intensities, is shown
in Fig. 1. Table I contains the transition energies, spin
assignments, relative intensities, DCO ratios, and multi-
polarities assigned to the p rays identi6ed in the backed-
target experiment. Table II reports the energies, spin as-
signments, and relative intensities of the high-spin transi-
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FIG. 1. The decay scheme of Sb deduced from this work. Gamma-ray energies are given in keV. The widths of the arrows
represent the relative intensities of the transitions. For clarity the transitions in the three decoupled bands located above the
levels marked with an asterisk are shown to a scale of 0.6; thus the energy scale shown at the left applies only to those levels
which are not members of the decoupled bands. Transitions marked with an X are intended only to indicate the decay patterns
of the associated bands.
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FIG. 2. A background sub-

tracted coincidence spectrum
from the backed-target exper-
iment. The gated transition
is at 410 keV and is a mem-

ber of the proposed (7rg7/2)

S(mg9/2)
' band (band 5).

tions which were observed in the thin-target experiments.
Spin assignments were made on the basis of DCO ratios
and systematics. The ground state of Sb is assumed

to have I =
2 following the systematics of other odd Sb

nuclei studied to date; beta-decay experiments support
this assignment [13].

Figure 1 reveals a very complicated structure of single-
particle levels as well as five rotational bands in ~ Sb.
Three of these bands are decoupled (b.I=2) and extend
to rotational frequencies exceeding 1 MeV. These rota-
tional bands can also be seen in Fig. 3. The remaining
two bands are strongly coupled (EI=l) bands. The de-

coupled band labeled 1, was populated with an inten-
sity of approximately 20% of the ~~~Sb yield in both
the Chalk River and GAMMASPHERE experiments,
but only 10% in the Stony Brook experiment. It has
been assigned a negative parity based on the proposed
El assignment for the 271-keV transition connecting
the 2 and 2 states. The DCO ratio measured for
this transition was 0.45+0.03 which is consistent with
a pure (no quadrupole mixing) stretched dipole assign-

ment. Also, the ~~3 x~v ~z9Sb isotopes possess an-
state lying slightly above a z state, with a low energy
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TABLE I. Information on transitions assigned to Sb observed in the backed-target experiment.

Energy, jreV
~

123.4
182.1
186.6
242.2
251.1
266.9
270.7
275.5
278.5
294.9
296.6
298.1
307.5
334.6
341.9
346.4
354.6
361.3
370.4
381.8
382.3
387.0
395.1
404.5
408.3
410.0
411.2
418.5
420.2
439.0
442.6
446.0
447.5
450.0
451.9
457.7
460.1
477.7
482.6
489.8
516.7
523.7
547.5
551.2
551.6
555.5
560.2
560.5
565.5

581.0
585.1
602.4
619.S

19
2

21
2
15+
2

13+
2

g+
2

21
2
11
2

23
2
17
2
25+
2
Q+
2

1S+
2
27+
2

31
2
29+
2

25
2
25
2
19
2
S1+
2

27
2

17+
2
17+
2ss+
2

27
2

29
2
2S+
2
35+
2
19
2

31
2
19
2
21+
2

(—"')
17+
2
S7+
2
19
2

23
2
17+
2
17+
2
sg+
2

21+
2
41+
211+
2
g+
2

21+
2
23
2
19+
2

27
2
19
2

15
2
19
2

29
2
27+
2

25
2

17
2
19
2
13+
2
xz+)
g+
2
19
2
Q+
2

21
2
15
2
23+
27+

211+
2
25+
2

29
2
27+
2

23
2

23
2
15
2
29+
2

25
2
ts+)
15+
2
S1+
2

25
2

27
2
21+
2
33+
2
19
2

29
2
15
2
19+
2
17+
2

15+
2
35+
2
15
2
19
2
15+
2
15+
2
S7+
2
19+)
2
Se+
2
g+
27+

2
vs+)
2
19
2
17+
2

25
217+
2
13
2
17+
2

27
2
2S+
2

21
2

Relative intensity

&2

&2
48

&2

2

14
38
6

&2

13
4

14
14
&2
13
6
6
2

11
2

4

8

10
6
3
12
7

&2
2

&2
3
2

37
5

3
&2
2

2

3
&2
2

5

5

3
7
2

2

9
&2

20
&2
&2
6

DCO ratio

0.52+0.23
0.43+0.10
0.39+0.02

0.42+0.14
0.31+0.31
0.45+0.03
0.20+0.07

ci

0.62+0.11
ci

0.60+0.09
0.56j0.13

0.61+0.07

0.54+0.24
ci

0.45+0.08
ci

0.53+0.11
0.44+0.09

0.41+0.16
0.77+0.53
0.98+0.13

d

1.12+0.40
d

0.38+0.03
ci

1.01+0.32
d

0.70+0.23
0.87+0.53

d

0.95+0.13
0.59+0.14

d

1.04+0.09
d

0.43+0.08
d

0.47+0.04
0.55+0.24

d

Multipolarity

Ml/E2
Ml/E2
Ml/E2

(Ml/E2)
Ml /E2
Ml /E2

E1
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2

Ml/E2
Ml/E2

(Ml/E2)
Ml /E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2
Ml/E2

E2
E2

Ml /E2
(Ml/E2)
Ml/E2
Ml/E2

E2
E2

Ml/E2
Ml/E2
Ml/E2

(Ml/E2)
Ml/E2
Ml/E2
Ml/E2

(Ml/E2)
E2

Ml/E2
Ml/E2

Ml /E2
El

Ml/E2
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Energy, keV

621.1
624.0
630.8
641.6
649.4
671.4
704.8
704.9
712.1
723.8
755.3
758.8
765.3
774.6
791.6
805.9
812.6
819.3
820.8
821.8
827.5
827.9
830.2
832.7
834.9
844.1

851.1
860.8
912.0
927.7
932.3
937.6
960.9
995.3
997.6

1000.7
1006.2
1034.2
1055.5
1059.5
1071.3
1072.5
1081.2
1090.0
1116.4
1118.8
1126.8
1142.3
1147.6
1189.1
1271.9
1327.6
1398.5

19
2

(15+)
25
2
19
2
29+
2

27
2
2S+
2

23
2
31+
2

21
2

31
2

27
2
33+
2
11+
2

17
2
3S+
2

29
2

(—"')
15
2
13+
2

1S+
2

31
2

(11+)
35
2
15
2
1S+
27+
2

37+
2

39
2
19+
2
39+
2
19+
2

23+
2
43
2
21+
2
41+
2
17+
2

29
2

29
2

23
2
11+
2
13+
2

47
2
13
2

25
2
19
2

(11+)
15
2
g+
2

29
2

19
2

(
19+)
g+
2

17+
2
13+
2

21
2
17+
2
2S+
2

23
2
21+
2
19
2
27+
2
19
2

27
2

23
2
29+
2
g+
2
15
2
31+
2

25
2
17+
2

15
2
9 +
2
11+
2

27
2
g+
2

31
2
15
2
11+
25+

2
33+
2

35
2
17+
2
3S+
2
15+
2
re+)
2
39
2
17+
2
37+
2
13+
2

25
2

25
2
19
27+
2
g+
2

43
2
11
2

21
2
15
27+

2
11
25+

2
25
2
15
2
1S+
25+

2

I; —I~

TABLE I. (Continued)

Relative intensity

2

2

&2

8

2

11
2

4

2

2

10
&2

2

2

8

2

&2

3

2

5

2

&2
3

8

&2

3
16
&2

4

2

&2

&2

3

2

6

&2

3
4

3
8

&2

48

&2
6

6

6

2

27
100
&2
&2
&2
20

DCO ratio

0.36+0.15
d

0.95+0.11

1.00j0.23
d

0.95+0.07
d

0.41+0.12
0.26+0.05

d

0.45+0.07
1.25+0.70

d

0.22+0.06
d

1.12+0.65
d

1.97+0.66
d

1.02+0.06
d

0.50+0.41
1.43+0.45
0.80+0.23

d

1.02+0.10
1.04+0.10

d

1.18+0.13

Multipolarity

E1
(Ml/E2)

E2
E1
E2
E2
E2
E2
E2

Ml/E2
E2
E2
E2

Ml/E2
Ml/E2

E2
E2

(Ml/E2)
Ml/E2
Ml/E2

E2
E2

(Ml/E2)
E2

Ml/E2
E2

Ml/E2
E2
E2

Ml/E2
E2
E2

(E2)
E2
E2
E2
E2
E2
E2
E2
E2
E2
E2

M 1/E2

E2
(E2)

E2
E2
E2

(E2)
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Energy, keV
~

1416.0
1655.5
1963.3
1976.4

19
2
15
2
15
2
15
2

15
2
11
2
11
2
11
2

TABLE I (Continued)

Relative intensity

&2
2

&2

&2

DCO ratio'

1.03+0.45
1.15+0.47
0.99+0.34

Multipolarity

E2
E2
E2
E2

Transition energies accurate to within +0.2 keV.
Intensities are normalized to 100 for the 1147.6-keV transition.

'DCO ratios are from backed-target experiment only.
Transition too weak to yield DCO ratio.

El transition connecting them [2]. (In ~~ Sb the

state lies below the z state and no connecting E1 tran-
sition is observed. ) Band 1 in ~~~ Sb has been observed up

to I =( 2 ). The z band member was not observed,

as the band begins to decay out at a spin of 2 into
states which are presumably admixtures of single-particle
and collective configurations. The majority of the decay
out occurs via the 2

—
2 552-keV transition, the in-23 19

tensity then branches into four competing decay paths.
The strongest decay path from this point is through the
452-keV E2 transition and then down through the spher-
ical negative parity states. Finally, there is a short se-
quence of high energy, presumably E2 transitions feed-

ing into band 1 at the J =
2 level. This sequence was

observed only in the GAMMASPHERE experiment, al-
though the associated drop in the intensity of the in-band
1255-keV transition was seen in the Chalk River experi-
ment.

The two other decoupled bands were weakly populated
in the thin-target experiments, and were not observed in
the backed target experiment. Band 2 was observed with
a relative intensity of approximately 3% in the Chalk
River experiment; band 3 was not observed. Bands 2
and 3 were each populated with an intensity of approx-
imately 5% in the GAMMASPHERE experiment. De-
spite the high quality of the data and good statistics from
the thin-target experiments, it was not possible to con-
nect these two bands to either band 1, or to the spher-
ical states of the level scheme. As Fig. 1 shows, band
2 appears to decay predominantly into band 1 at the

state. It decays with less strength into two spherical
states. Band 3 appears to decay into only spherical states
and is not observed in coincidence with transitions from
other bands. Since these two bands are not connected to
the level scheme, it is not possible to assign them to a
definite spin. However, it is possible to estimate the spins
from a knowledge of the decay of these bands. Thus we
have estimated the spins shown for these two bands by
determining the highest spin state into which the bands
decay. It is dificult to estimate the uncertainty in this
determination, but it is likely 4h. It should also be
noted that it is possible that the spins of these bands
difFer by only lh rather than 2h as shown in the figure;
this fact attains significance when we consider the quasi-

particle interpretation of these structures.
Of the two strongly coupled bands, band 5 was popu-

lated with considerably more intensity than band 4. The
b,I=1 mixed Ml/E2 transitions are very intense com-
pared with the E2 crossover transitions. Band 5, which

decays out at the 2 state, feeds into lower spin states
via a number of decay paths. This band has been ob-

served up to a spin of I =
2 . Band 4 has been as-

signed negative parity, based on the E2 character of the
1416-keV transition, determined through its DCO ratio.
The 724-keV decay transition is too weak to extract a
DCO ratio. A negative parity assignment is, however,
consistent with the higher mass 5 9Sb nuclei, w'here

negative parity AI=1 bands have previously been ob-
served [4,14]. There is evidence also for a similar strongly
coupled negative parity band in Sb with weak E2
crossover transitions [6].

The 40-keV transition, linking two
&

states was
not observed in these experiments; its presence was in-
ferred from coincidence intensity relationships among the
621-keV 2

- 2, 123-keV
q

- 2, 267-keV

and 581-keV 2
—

2 transitions. The existence of this

strong low-energy transition also implies that the
state at 3477 keV may have a lifetime of the order of
nanoseconds. (This level is marked by a double asterisk
in Fig. 1, and is fed by 1060-keV and 267-keV transitions.
It is depopulated by the 40-keV and 123-keV transitions. )
Indeed, a comparison between the backed and unbacked
target data does suggest a lifetime for this state. The co-
incidence between the 581-keV and 267-keV transitions
is strong in the backed-target experiment, but this is not
the case in the two unbacked-target experiments, where
the recoiling residual nuclei are &ee to recoil out of the
detection region. A mean lifetime of the order of this
recoil time, approximately 5 ns, would explain this coin-
cidence difFerence.

IV. DISCUSSION

A. Proton orbitals coupled to ~OOSn core spherical
states

As Fig. 1 shows, a large number of single-particle lev-
els have been identified in Sb as a result of this work,
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extending in spin to over 2 . Several levels can be25

attributed to configurations involving the Sn ground
state coupled to a single valence proton from outside
the Z=50 closed shell. The ground state of Sb with
I =2 results &om the occupation of the vrd5~2 orbital.

The 2 state at 851 keV and the 2 state at 1419 keV
are attributed to the valence proton occupying the vrg7y2

TABLE II. Information on high-spin transitions observed
in the thin target experiments.

Energy, keV

671.4
755.3
770.3
832.7
865.7
912.0
920.9
955.1
995.3
998.1

1045.3(3)
1081.2
1082.9
1137.8
1138.4(3)
1164.1
1202.5
1233.0(3)
1254.7(3)
1255.2(3)
1358.4 (4)
1362.3(4)
1380.1(3)
1408.4
1456.4(5)
1502.2(4)
1535.4(4)
1560.0(4)
1632.5(5)
1665.5(5)
1671.4(6)
1736.3(6)
1795(2)

1803.8 (6)
1851.3(7)
1946(4)
1968(1)
2037(3)
2179(2)

I,
27
2
31
2

( —",)
35
2

( —", )
39
2

43
2

47
2

( —", )
51
2

55
2

( —", )
59
2

63
2

( —", )
59
2

67
2

71
2

63
2

75
2

79
2

67
2

( —", )

I7t'

f
23
2
27
2

(—")
31
2

(—")
35
2

39
2

43
2

( —", )
47
2

51
2

( —", )
55
2

59
2

(—", )
55
2
63
2

67
2
59
2
71
2

75
2
63
2

(—", )
79

Relative intensity
100'
98'
33
95'
27d

80'
66
23d

76'
55
21
66'
45
48'
18
40
35'
16
29'
33'
15
12'
27d

14
6'

15
18
3c

(2
&2'
10'

(2
(2
8d

(2
6d

(2
(2

Transition energies accurate to within +0.2 keV, except
where noted in the table.

Intensities are normalized to 100 for the 671.4-keV transi-
tion.
Intensity reported is from the Chalk River experiment.
Intensity reported is from the GAMMASPHERE experi-

ment.

and mhzzy2 orbitals, respectively.
Several sequences of levels in Sb can be attributed

to valence proton orbitals coupled to excited spherical
states in the Sn core [15], principally the Oi -2i -4i
ground-state sequence. This core sequence coupled to
the 7rd5g2 orbital manifests itself as the 2 ground state,
the 2 state at 1148 keV and the 2 state at 2221 keV.
The vrhzzy2 orbital should also couple to this sequence of
core states. The 2 state at 2561 keV corresponds to
the vrhzzg2 orbital coupled to the 2z state. It is diKcult

to associate a particular
&

state with the mhqq~2 134&

con6guration because of the large number of 2 states.
The even Sn nuclei also exhibit negative-parity spher-

ical states. These states are attributed to two-
quasineutron con6gurations involving a vhq&~2 neutron.
The valence proton in Sb can couple to these states as
well. In higher mass Sb isotopes, such states have been
found to be isomeric [2,16]. Typically these isomers are
composed of the valence proton occupying the vrg7/2 or
xd5~2 orbital coupled to either the 5 or 7 states &om

the Sn core. The 2 state which shows evidence of a
lifetime in Sb may have such a con6guration.

B. Proton orbitals coupled to deformed states in
"OSn

f. Band 1

One of the striking features of the Sb level scheme is
the long sequence of high energy transitions labeled band
1 on the left side of Fig. 1, which starts &om an excita-
tion energy of 4.385 MeV and I =

2 and extends to 23

MeV and I =( 2 ). The nearly constant energy spac-
ings between the peaks in this spectrum are indicative
of a rotational band, with the top transitions implying a
rotational frequency of ~=0.97 MeV. DCO ratios have
been measured for the lower-lying transitions, revealing
a stretched quadrupole character. No signature partner
to this band was observed in this experiment, which in-
dicates a large signature splitting. Such a large signature
splitting is the hallmark of a low-K con6guration, K be-
ing the projection of the angular momentum on the sym-
metry axis of the nucleus. Of the low-K orbitals that are
nearest the Fermi surface, the vrhii~2(O= 2) quasiparticle
is the most likely candidate. This orbital is deformation
driving and is also consistent with the proposed negative
parity of the band. However, the presence of a spherical
state at 1419 keV built on this orbital suggests that this
orbital alone cannot account for the deformation implied
by this rotational structure. Therefore it is expected that
this rotational band is based on the hzzy2 proton being
coupled to the 2p2h deformed band of the Sn core.
The deformed [(mgs~2) (vrg7~2) ]p+ configuration is
the basis of the positive parity rotational bands observed
in the even Sn nuclei from Sn to iisSn [3,7,8]. It is
thus proposed that band 1 in Sb is based on the con-
figuration vrhii~2 [(irg7/2) (vrg9y2) ]p+,
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This feature of the valence proton being coupled to
both spherical and deformed core states has been ob-
served previously in the i s Sb isotopes [4,5,14]. In
iirSb for example [4], spherical states with I =25+ 7+

and 2 have been observed and attributed to the occu-
pation of the ~d5i» ~g7i» and ~h»i2 orbitals, respec-
tively, coupled to the spherical core ground state. These
same orbitals were also found to couple to the 2p2h de-
formed band of the 6Sn core, yielding three decoupled
rotational bands. In Sb a single rotational band based
on the xhzzy2 orbital coupled to the 2p2h core is ob-

served, as well as the corresponding spherical 2 state
[5]

The rotational band in Sb was not observed down
to the z band member in the present experiments; at
I =

2 the band begins to decay out through a large
number of competing decay paths. This is a common
feature of the low-lying decoupled bands discovered in
even Sn and odd Sb nuclei [3—5] as the lower spin ro-
tational levels admix with spherical states having com-
parable excitation energies. In Sb, the xhiii2 band

is observed down to the 2 state, where it then decays

into two 2 states. These 2 states, whicharepossibly
admixed, correspond to the n hiii2 orbital coupled to the
deformed and spherical 2+ states of the Sn core. The
two other decoupled bands found in "Sb decay in a sim-
ilar manner. In Sb, the band decays into two admixed
I =

2 states involving the vrhzzi2 orbital coupled to
the deformed and spherical 4+ core states.

Total Routhian surface (TRS) calculations [17] which
minimize the energy of the nucleus in the rotating kame
with respect to the deformation parameters P2, P4, and
p add credence to this interpretation of band 1 in Sb.
Energy surfaces for the lowest proton configuration of
negative signature and parity are shown in Fig. 4 for two
&equencies. A distinct minimum is seen in these plots
with a deformation of P2——0.24 and a near-zero value of

the triaxiality parameter p, indicating a deformed prolate
shape.

Figure 5 shows plots of the dynamic moment of inertia
(g~ 1) and relative alignment extracted from band 1 in

Sb, and for the nhiii2 band in ii Sb [5]. The J'1 & is
defined by the expression hdI/W, and the rotational &e-
quency hu is given by dE/dI. The relative alignment is
defined as i = I (u) —Jpsr/5; a value of Jp 2——3A /MeV
was einployed [5]. In calculating the J'~ l values for band

1 in Sb it was assumed that the 552-keV 2
-

2 and

452-keV 2
-

2 transitions were band members. From
these plots, the rotational frequencies at which the an-
gular momenta of pairs of quasiparticles align along the
axis of rotation can be determined. Two such alignments
can be seen for band 1 in Sb in Fig. 5. The first oc-
curs at a rotational frequency hu 0.42 MeV. This can
be observed as a broad peak in the g~ 1 plot around this
&equency. The second alignment which can be seen in

Fig. 5 occurs at a rotational frequency of ~ 0.6 MeV.
It is difficult to distinguish between the two crossings in
the plot of the relative alignment. However, it can be
noted that the total gain in the relative alignment is ap-
proximately 155.

Cranked Woods-Saxon calculations using the defor-
mation parameters extracted &om the TRS calculations
have been used to interpret these crossings. These cal-
culations predict an hiiy2 neutron crossing to occur at
~=0.35 MeV, and a gri2 proton crossing at ho=0.6
MeV. No other crossings are expected theoretically in
the frequency range ho (0.6 MeV. Thus, the first ex-
perimental crossing is identified with the breaking of a
pair of hzzi2 neutrons, and the second interpreted as the
Kg7/2 alignment. These two processes can yield, at most,
a total of 165 gain in the relative alignment; thus these
assignments are consistent with the experimentally mea-
sured gain in the relative alignment. This interpretation
of the two alignments observed in this band in iiiSb is
also consistent with what has been reported in Sb [5].

5m=0.560 I=23.45
P,W.241 ~4.3 P;—0.036.

0.20 -'=

0.10 -'

:~LX
E

~ ~
Q QQ

II

-0.10-'

020~c(V, I ~ ~ ~ I ~ ~ ~ 0 I ~ ~ I 0 ~ $0 ~ 0 I 0 0 ~ ~ I I \ ~ \ I ~ I ~ ~
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5m=0.685 I=30.0h

Ii~&.241 7= 5.5 P,= 0.043.
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FIG. 4. TRS calculations showing the de-
formed minimum associated with the vrhzz/q

proton for frequencies of Ace=0.560 MeV and
0.685 MeV, near the proposed mgqg2 pair
alignment.

X=32COS(y+30)
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FIG. 5. Plots of the dynamic moment of inertia J and
relative alignment for band 1 in Sb, and for the vrh~&/q band
observed in Sb [5]. Solid circles represent Sb and open
circles represent Sb. In calculating the relative alignment
for Sb, a value of gp ——235 /MeV was used for the Harris
parametrization.

It should be noted however that while the cranked
Woods-Saxon calculation correctly predicts the experi-
mental crossing frequency of the vrg7g2 crossing, it ap-
pears experimentally that the neutron h~&y2 crossing is
delayed. in frequency by approximately 0.07 MeV. Satula
et al. [18] have calculated the effect of a quadrupole-
quadrupole neutron-proton interaction on the crossing
frequencies. They suggest that a sizable interaction can
occur in odd-proton nuclei when (i) the proton Fermi
level is below the orbital occupied by the odd particle
and (ii) the occupied orbital has a quadrupole moment
substantially different from the average value. Both con-
ditions are well satisfied in the vrhz~y2 intruder bands in
odd Sb nuclei. The calculations predict that the crossing
frequencies should be higher in the Sb mh~1~2 bands than
in the Sn-core bands, by 0.02-to-0.03 MeV/fi compared
with observed shifts of 0.09 MeV/fi ( Sb) and 0.03
MeV/fi ( iSb), relative to the crossing in the Sn core
bands. Thus for the most part, the calculated effects of
a quadrupole-quadrupole neutron-proton residual inter-
action are smaller than observed.

The fact that the two crossings can be distinguished
from each other in the gI I plot allows for the extraction
of the experimental interaction strength in the manner
described in Ref. [5]. The interaction strength can be
obtained from the dynamic moment of inertia, by

where g~ and J' „are the unperturbed and maximum(2) (2)

value of the Pl2l moment of inertia, respectively. This
assumes a constant moment of inertia for the underlying
core, and an interaction which is spin and frequency in-

dependent. Unlike ii Sb, accurate values of go and Ai
cannot be obtained in Sb, because of the irregularity
in the J'l I plot at the lowest frequency. If the ii Sb val-

ues of Ref. [5] are used, namely, Po ——23fPMeV and
Bi=7.35, an interaction strength of 470 keV is obtained
for Sb. The value extracted for the same crossing in

Sn cannot be measured accurately either, since the
band is not observed below the 10+ level [15]. Assum-
ing the peak in the J'l2l is observed, and using the same

and Ai values as earlier, we find the experimen-
tal interaction strength of the Sn core to be 160 keV,
indicating a 300 keV difference between the two inter-
action strengths. This difference is identical to that ex-
tracted for Sb, suggesting that the proposed residual
interaction between valence hzzg2 neutrons and protons
is similar in the two cases. The calculations by Satula
et al. [18] predict this difFerence in interaction strengths
to be 60 keV, again significantly less than experimentally
observed.

Finally, the Pl2l plot for band 1 shows an irregularity
at approximately ~=0.60 MeV. This irregularity results
from the presence of the short sequence which feeds into

band 1 at the 2 state. The 2 states in band 1 and
in the side-band interact and repel each other. The re-
sulting change in the transition energies of the p rays
depopulating these levels causes the J'I2l values to shift.
Three successive values of the gI l are affected as follows:
the first gl2I value is shifted upward, the second down-
ward and the third upward. These shifts begin in Fig.
6 at a rotational frequency slightly greater than Re=0.6
MeV.

2. Banda 2 and 8

The lack of definite spin assignments for bands 2 and
3 makes interpretations diKcult. However, two bands
with similar dynamic moments of inertia have been ob-
served in i Sb [6]. Thus it seems likely that bands
2 and 3 in Sb possess interpretations similar to the
two bands observed in Sb. In Ref. [6] two possi-
ble interpretations for these two bands in Sb were
given. The first involves a broken pair of neutrons
vg7/I'2 vh gg j2 coupled to the configuration of band 1 in
"'Sb, ~hiig2 I8I (7rg7/2) (7rg&~2) . The two bands
would be signature partners in this scenario. In this con-
figuration an hqzy2 neutron alignment would be blocked. ,
and a vrg7/2 alignment would be expected to occur at
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approximately Ace=0.6 MeV; the J'i2i of the two bands
in Sb does not show clear evidence for such an align-
ment. However, TRS calculations do predict a strongly
deformed prolate shape for such a configuration at the
estimated empirical spin values.

The alternative explanation put forward in Ref. [6) for
the bands in Sb involves a variant of the 2p2h core
structure. One of the protons occupying the g~g2 orbital
is promoted to the hqzy2 orbital. Again, the two bands
would be signature partners. This configuration blocks
the ~gp(2 crossing, but does not block the neutron hgg(2
crossing at Eau=0.35 MeV. The +~2i for bands 2 and 3
in Sb do not show definitive evidence for the neutron
hqq/2 alignment, but the initial high value of the +~2l
is suggestive of such an alignment. It is also possible
that rather than being signature partners of the same
configuration, bands 2 and 3 in Sb may be interpreted
as each possessing one of the discussed configurations.

At the highest rotational &equencies, near 1 MeV, it
can be seen in Fig. 6 that the +~2& decreases steadily
to low values; in bands 2 and 3 the g~sl decreases to
values of approximately 2053jMeV. This characteristic,
namely, slowly decreasing moments of inertia at high ro-
tational &equencies, is consistent with the properties of
rotational bands found in ~99Sb [6], ~os'~osSn [7,8], and
also in 2Sr [19].The lack of expected quasiparticle align-
ments in this high &equency region has been attributed
to a loss of static pairing correlations [6,19]. Also, the
slow decrease in the value of the +~2& is evidence for a
novel type of band termination [6,20]. Band termina-
tion in this mass region has been previously observed
in several 531 [21), and 54Xe [22] isotopes. Typically
this type of band termination is manifest as an abrupt
end of the rotational sequence when the band is crossed
by an aligned configuration with a noncollective oblate
shape (single-particle structure). Generally the terminat-
ing bands are very irregular sequences, the irregularities
likely being the result of mixing between the rotational
and noncollective states. The rotational bands in Sb

are very regular sequences. Rather than being crossed
by a different noncollective configuration, the band re-

tains the initial quasiparticle basis until the point where
the spin that can be contributed by the valence parti-
cles is exhausted. As the angular momenta of the va-

lence particles slowly align with the rotational axis, a
gradual change in the nuclear shape &om collective pro-
late to noncollective oblate occurs. The gradual loss of
collectivity makes additional units of spin more costly,
steadily increasing the in-band E2 transition energies.
This slow increase reveals the observed slow decrease of
the +~2& values. Eventually the spin contributed by the
valence particles is exhausted and the band terminates.
For the configuration assigned to band 1, the terminating

state is expected to have J = 2,' the terminating spin
results from a fully aligned (vhqI/2) (vg7/3) (vds/2)
(7l g9/2) (7rg7/3) (7rhzq/3) configuration. The terminat-
ing states for the proposed configurations of bands 2 and
3 should have nearly the same spins. Thus the final ter-
minating states have most likely not been observed in
these experiments.

8. Bande g and I

Two other rotational structures have been extracted
&om the data. Band 5 was observed with considerable
intensity. A sequence of ten transitions was found to be
mutually coincident and determined to be predominantly
dipole in character through the DCO ratios. Crossover
transitions, which were observed with DCO ratios con-
sistent with a stretched E2 character, represent the two
signatures of the rotational band. A comparison of the
Routhians of the two signatures shows that the E2 se-
quences have a very small signature splitting. This is
similar to other strongly coupled bands found in higher
odd-mass Sb, I (Z=53) and Cs (Z=55) nuclei [4,23,24].
The proposed quasiparticle configuration for this band is
(s.g7/3) (7rgs/3) ~. This configuration has K= 2, which



1830 D. R. LAFOSSE et al. 50

I l l I I I I

f

I I I I ]~I I I

]
I I I I I ~ I I I

]
I 1

20 I—

FIG. 7. Plot of experimental and theoret-
ical B(M1;I —& I-1)/B(E2;I —+ I-2) ratios
of reduced transition probabilities extracted
for band 5. The semiclassical prescription of
Donau and Frauendorf [25] was used to cal-
culate the theoretical values.

10

13 14 15
spin (h/2)

explains the lack of signature splitting in this band. The
B(M1;I ~ I-l)/B(E2;I ~ I-2) ratios extracted for this
band (the small and positive [2] mixing ratios b@2IMq
were neglected) are shown in Fig. 7, together with pre-
dicted values calculated with the semiclassical prescrip-
tion of Donau and Frauendorf [25]. It is seen that for
the majority of this band, the experimental ratios are
large, as is obvious &om the intense BI=1 transitions;
this is consistent with the K2 dependence (K=2) of the
calculated values.

There is one significant difference between this band
in Sb and the (7rg7/2) 8 (7rgsI2) proton two-particle
one-hole (2plh) bands observed in higher mass Sb nuclei.
In ~~ Sb, this proton 2plh strongly coupled band is not
observed down to the 2 band member, but instead de-

cays out at the I =
2 member. The complicated decay

proceeds primarily through the 2 state at 1.399 MeV.9+

This change in the decay process can be attributed to the
decreased deformation of the (7rgqg2) (7rgsy2) band-
head in Sb compared with the heavier mass Sb nuclei.
Table III shows the results of potential energy surface
calculations for the (xgrI2) (7rgsI2) bandhead for a
series of odd Sb nuclei; the deformation decreases steadily
as the neutron number decreases. In addition, the po-
tential minimum is broader in the lesser deformed nuclei,
which allows for more vibrational-like levels to couple
to the proton 2plh state and admix with the rotational

states. This may explain why the band decays into such
a complicated group of levels, rather than directly to the

state. Only at higher rotational frequencies where2
the band has become more deformed do the rotational

111levels dominate and become yrast. In the case of Sb
this occurs at I =

2
21+

Band 4 is another strongly coupled band. A strong
sequence of AI=1 mixed M1/E2 transitions is observed
with weak E2 crossover transitions. No signature split-
ting is observed in this band. DCO ratios of transitions
decaying out of this band suggest a negative-parity as-
signment. Negative-parity strongly coupled bands have
been previously reported in other odd-mass Sb nuclei

[4,26]. For example, in ~~7Sb, a strongly coupled band is
built on a known isomer, the g factor of which has been
measured [16]. This measurement is consistent with the
quasiparticle assignment (7rgrI2) (s gsI2) 7 for the
isomer, where the 7 refers to the two-neutron state of
the Sn core. A quadrupole moment measurement showed
that this state was indeed deformed, having a deforma-
tion of P=0.24 [16]. It is suggested that band 4 in Sb
results &om the same configuration.

V. CONCLUSIONS

Neutron number
58
60
62
64
66
68

Ps
0.167
0.172
0.194
0.211
0.222
0.206

TABLE III. The deformation of the (sg7/s) (sgsgs)
bandhead predicted by potential energy surface calculations
for neutron numbers 58—68.

In summary, high-spin states in the nucleus Sb, hav-
ing one proton outside the Z=50 closed proton Sn shell,
have been extensively studied for the first time. This nu-
cleus has been shown to possess a variety of deformed
and spherical states, which result from the coupling of
the valence proton to both deformed and spherical states

111of the Sn core. Many spherical states 1n Sb are
the result of the valence proton coupling to the near-
spherical ground state sequence of the 5oSn core.110 A
decoupled (BI=2) rotational band has been found to in-
volve the mh11/2 valence proton orbital coupled to a 2p2h
deformed sequence of the Sn core. Quasiparticle align-
ments and interaction strengths have been extracted for
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this band. The vhzzy2 crossing &equency and the inter-
action strength are shown to deviate from the Cranked
Woods-Saxon model predictions. Two other decoupled
rotational bands were also observed. All three decoupled
bands are observed to a high rotational frequency (up
to 1.0 MeV) with decreasing moments of inertia. The
smooth decrease of the dynamic moments of inertia of
these bands at the highest rotational &equencies has been
interpreted as a new form of gradual band termination.
Also, two strongly coupled rotational bands involving the
(xgs~z) orbital have been identified, one of which in-
volves the coupling of this structure to a two-neutron
negative-parity state of the Sn core.
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