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High-spin states in odd-mass ' ' Sb: b, J = i bands on 9/2+ proton-hole states
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Properties of high-spin states in """"""Sbhave been studied via the "Cd( Li,3n)" +'Sb reactions. Using

Ge(Li) and Si(Li) detectors, in-beam measurements of y-ray excitation functions, y-y coincidences, y-ray
angular distributions, and pulsed beam-y timing spectra weie made to determine level energies, decay
schemes, y-ray multipolarities, J assignments, isomeric lifetimes, and a g factor. Systematic hJ = 1

bands built on low-lying 9/2+ proton-hole (2p-1h) states were observed in these nuclei. The bandheads that
involve the excitation of a 1g9/2 proton across the Z = 50 shell achieve an energy minimum near the middle

of the neutron shell. The observed properties of these bands are consistent with significant prolate
deformations; the band spacings imply a deformation asymmetry of y = 20 in a triaxial rotor model. In
addition, single-particle and single-particle plus core-excitation states were observed in these Sb nuclei. Two
isomers were identified, a 19/2 state at 2796 keV in '"Sb (7 = 230+4 ns and g. = + 0.290+0,005) and

a (27/2+) state in "Sb (7' = 1.23+ 0.13 s).

NUCLEAR REACTIONS Cd(6Li, 3n) " '~Sb measured y-y coincidences,
y(E, O, t), spin rotation in B= 10.3 ko; deduced level schemes in odd-mass

~Sb, y multipolarities, J', T&&2, g-factor. Enriched targets, Ge(Li)
detectors.

I. INTRODUCTION

The nuclear structure of the odd-mass Sb iso-
topes (Z = 51) is expected to be understandable in
simple theoretical terms because of the Z = 50
shell closure. Previous experiments have deter-.
mined much of the low-spin structure of these nu-
clei' "and reasonable success has been achieved
in their theoretical treatment. "'" The theory has
involved an odd proton, in the available spherical
shell-model orbitals (2d,/„1g,/„3s,/„2d, /„
1h»/2), coupled to phonon excitations of the Sn
core. To further test the theoretical understand-
ing, it is desirable to extend the experimental in-
formation to the high-spin states. The observa-
tion of high-spin states that correspond to an odd
proton coupled to phonon excitations would help
to complete the determination of the proton-phonon
coupling. High-spin states that correspond t'o an
odd proton coupled to a specific broken neutron
pair in high-j orbitals are also expected.

The study of high-spin states in odd-mass Sb
nuclei also provides information on deformed states
which coexist with these spherical states. In an
earlier publication' covering a portion of the pre-
sent study, a sequence of hJ = 1 bands built on low-
lying ~~+ proton-hole states in the '"'"'"""Sb
nuclei was reported. These, ' bandheads are be-
lieved to result from the excitation of a 1g,/2 pro-
ton across the Z = 50 closed shell. The low ener-
gies and the rotationlike band spacings suggest a
large deformation. The two particle-one hole
(2p-1h) structure has also been implied by L = 4

Te(t, n) pickup strength' to some of these states.
Successful calculations in terms of a [404]~+ Nil-
sson proton-hole orbital and appropriate potential
energy surfaces for the hvo-proton prolate cores
have been made for these, ' states. "'" Results
from a previous (o., 2n) experiment" had deter
mined part of the hJ= 1 band in "'Sb for which a
deformed rotor interpretation was given. Recent-
ly, several other light-ion studies have been made
which yield information on high-spin states in
several Sb isotopes

In this paper the complete experimental results
of our study of high-spin states in """""""Sb,
for which preliminary reports~' have been given,
are presented including several recent lifetime
andg-factor measurements. This work is part of
a larger study of high-spin states in odd-mass
Sb(Z = 51),"1(Z = 53),""Cs(Z = 55),'4 and
La(Z = 57) ' nuclei. The collective properties ex-
tracted from this larger study" for the Z & 50 re-
gion have been approached theoretically from both
the particle-rotor" ' and particle-vibrator" "
descriptions.

In the present work, the odd-mass Sb nuclei were
populated via the ('Li, 3n) fusion-evaporation reac-
tionwitheven Cd targets; thisreactionallowsasys-
tematic investigation of these nuclei because several
of the even Cd isotopes are stable. The high-spin
states, which are selectively populated by these re-
actions, were studied by the following in-beam y- ray
measurements: (1)y-rayexcitationmeasurements,
(2) y-y coincidence measurements, (3) y-ray angu-
lar distribution measurements, (4) pulsed beam-y

1324



HIGH-SPIN STATES IN ODD-MASS '' '' Sb: DJ=I. . .

measurements, and (5) y-ray perturbed angular
distribution measurements. The experimental tech-
niques involved in these measurements are discus-
sed in Sec. IIof thispaper.

The experimental results extracted from the
above measurements, include excitation energies,J' assignments, lifetimes, and electromagnetic
moments for the high-spin states. This informa-
tion is given in Sec. III for each of the odd-mass
Sb isotopes studied. Section IV contains a dis-
cussion of the theoretical interpretation of these
experimental results.

II. :EXPERIMENTAL TECHNIQUES

The '"'"""''"Sb nuclei studied in this project
were produced by the ('Li, 3n) reaction with a 'Li
beam from the Stony Brook Fn tandem Van de
Graaff accelerator. Like other (HI, xn) fusion-evap-
oration reactions'~ the ('Li, 3n) reaction prefer-
entially populates high-spin states; orbital angular
momentum transfers as large as 1'l@ can be
achieved with 34 MeV 'Li. Further, the dominant
y-ray decay mode of the residual nucleus is through
yrast states, those states of a given angular mo-
mentum which lie lowest in energy. The targets
used in most of the experiments were -10 mg/cm'
(-3 MeV thick for 34 MeV 'Li) enriched metallic
foils of "' '"" "Cd. In these studies, y rays
were observed with one or two large volume Ge(Li)
detectors which had typical energy resolutions
(FWHM) of 2.5 keV at 1.33 MeV. Also a 5 mm
thick planar intrinsic Ge detector which had a
resolution (FWHM) of 0.5 keV at 122 keV was used
for low energy y rays.

The experimental measurements that are com-
monly employed. to determine level structures and
decay properties via (HI, xn) reactions have pre-
viously been discussed in detail. " In the following
sections the essential aspects of the measurements
performed in this study will be given.

A. y-ray excitation measurements

The intensity of each y ray was measured as a
function of excitation energy by varying the energy
of the 'I,i beam from 24 to 34 Me V. These excita-
tion measurements are helpful in identifying y
rays from a given residual nucleus because the
cross sections for different channels populated by
fusion-evaporation reactions peak at different,
well-separated energies. The excitation measure-
ments were also used to choose the optimal beam
energy at which to perform the various measure-
ments. The cross section for a (HI, xn) reaction
is approximately described by a peak (-10 MeV
wide) with a centroid given by E,„=(I+Ms jMr)
x(-q+6x) MeV,"where Ms and Mr are the mas-

ses of the beam and target nuclei, Q is the Q
value of the reaction, and x is the number of evap-
orated neutrons. The separation of E,„(x) from
E „(x+1) is of the order of 14 MeV. A 'Li energy
of 34 MeV was chosen for the measurements of
each target as a compromise between the predicted
optimal energy and beam energy limitations.
Singles spectra taken at this energy are shown in
Fig. 1 for all four targets.

B. y~ coincidence measurements

In order to identify y rays from the nucleus of
interest and to locate the y-ray cascades in a de-
cay scheme, y-y coincidence measurements were
performed. These measurements were made both
with Ge(Li) detectors, and with a Ge(Li) and an
intrinsic Ge detector. Using standard fast-slow
timing, information consisting of the energies of
two y rays and the time difference between them
were written on magnetic taye in an event-by-event
mode. Time differences of up to+500 ns were ac-
cepted. For each target more than 10' such events
were collected for analysis after the experiment.
In this analysis, coincident energy spectra were
scanned for each full energy peak and an appro-
priate time region. Compton background was sub-
tracted using coincidence spectra collected for re-
gions near the full energy peaks. Random coin-
cidences were found to be negligible. Several ty-
pical y-y coincidence spectra for y rays in
are shown in Fig. 2. The results of a11 y-y coin-
cidence gates have been listed in tabular form"
for y rays. assigned to '"'""""'Sb.

C. Angular distribution measurements

Intensities and anisotropies of the y rays were
obtained from angular distribution measurements.
The intensities were needed to order transitions
within a cascade and to determine branching ra-
tios, while the anisotropies were used in the de-
termination of y-ray multipolarities and in the
assignment of spin values. In these experiments,
the relative intensity of each y ray was measured
with a Ge(Li) detector at four angles between 27'
and 90' for '"'"'"Sb and at five angles between
0' and 90' for "'Sb. The observed angular distri-
butions were then fitted to the expression f(8)
=I [ IA+, ~P( cos)8+A, P,( cos)]8, where P„ is a
Legendre polynomial, and I is the y-ray intensity.
The fits were performed both with the A4 fixed at
zero and withA4 allowed to vary; forA, values
consistent with a pure dipole transition, the quoted
value of A, is that obtained from the fit with A4
= 0. The intensities I&, corrected for detector ef-
ficiency, and theA, and A4 values derived from
the angular distributions are listed in Table I
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for the y rays of interest. Typical angular dis-
tribution data and fits are shown in Fig. 3 for
several transitions in "'Sb.

Spin assignments (multipolar ities) deduced from
the A„values are given in Table I. Mixing ratios
extracted for transitions whose A., values could
be accurately determined are also given in this
table.

The spin assignments given here were obtained
by using transition-multipolarity information ob-
tained from the angular distribution data together
with previously known spins of low-lying states.
Previous studies of heavy-ion fusion-evaporation
reactions have shown two important properties:
(1) The preferentially populated high-spin states
are aligned in low-m substates since the orbital
angular momentum brought into the compound nu-
cleus is perpendicular to the beam direction, and

(2) these states decay predominantly by stretched
J=J —L y-ray transitions of multipolarity L, al-
though competition from the L+ 1 multipolarity
in the case of parity-unfavored transitions may
also occur. To extract the multipolarity and mix-
ing ratio information, the experimental A~ values

were compared with values calculated assuming
these two properties. In these calculations the
m-substate population was taken to be a Gaussian
distribution P(m) = (1/N) exp[-m'/(2g')], where
P(m) is the probability of populating a given m
substate, X is a normalization constant, and 0
is the width of the Gaussian. The same value of
a can be applied to states of similar energy and
spin. Values of g, which were extracted from the
angular distributions of y rays known to originate
from stretched transitions of a pure multipolarity,
are listed in Table I. An average value of g= 2.2
+ 0.3 was obtained, in agreement with that from a
previous ('Li, 3n) study" at 34 MeV. Lifetimes
and lifetime limits were also useful in making spin
assignments because such information can exclude
the presence of higher multipolarities in a decay
transition. The spin assignment made in this way
are not always completely rigorous due to the
assumptions concerning the m -subs tate population
and stretched y-ray transitions; however, the spin
assignments presented here are considered to be
strong because these assumptions have been found
to be empirically valid for dominant transitions
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(FWHM) was obtained with the Ge(Li) detector.
In these studies, the data for all four targets were
taken in two ways. First, y-ray energy spectra
were collected for several time regions between
pulses; this method allowed identification of all
delayed y rays and yielded approximate lifetime
information. Secondly, time spectra mere collect-
ed time differentially for selected y rays to ob-
tain precise lifetimes for specific isomers. In
order to measure the lifetime of a long-lived iso-
mer discovered in "'Sb, a mechanical wheel was
used to pulse the 'Li beam at a repetition period
of 3 s and a 40@ duty cycle.

E. Perturbed angular distributions
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FIG. 2. Representative p-y coincidence spectra from
the "6Cd(6Li, 3n) "~Sb reaction for selected p-ray gates.

in such heavy-ion reactions and because the as-
sumptions have a sound theoretical basis.

In extracting the multipolarity information and

mixing ratios, it was necessary to take into ac-
count the effects of cascade feeding from iso-
meric states. The isomeric states may live long
enough to have their alignment reduced due to in-
teractions with hyperfine fields in the target. In
the present study, a negligible alignment was found
for several Sb isomers with 7 &200 ns, consistent
with isotropic y rays for the direct decay transi-
tions of these isomers.

After pulsed beam studies revealed a y = 230 ns
isomer in "'Sb, this isomeric state was further
investigated with a measurement of its g factor.
The method used was the Time Differential Per-
turbed Angular Distribution (TDPAD) method. In

this method the isomer is excited by the beam
pulse after which the y-ray angular distribution is
observed to precess as a function of time in an ex-
ternal magnetic field. The magnetic field strength
was calibrated to be 10.3 kG by a measurement of
the known g factor" of the ~2+ state in "Qe. A
thick 60 mg/cm' '~Cd target, which stopped the
beam, was used for this g-factor measurement.
The 1217-keV delayed y ray in "'Sb was observed
with NaI detectors at~135'with respect to the
beam direction. The resulting time spectra were
evaluated by forming the usual ratio,

I(-135;t) —1(135', t)
Z(-135; t)+f(135', t)

where I(8, t) is the y-ray intensity at an angle 8

and a time t relative to the beam pulse. The ratio
spectra were fitted to the function

R (t) = [3A,/(4+A, )] sin(3(o~ t+ y),

D. Pulsed beam~ measurements

Pulsed beam-y timing studies on all four targets
were performed to search for isomeric states
and to measure lifetimes or lifetime limits. Be-
sides determining transition strengths, lifetime
information was used to exclude the existence of
high multipolarities in decay transitions. Using
pulsed 'Li beams of 1 and 4 p. s repetition periods
with pulse widths of -3 ns (FWHM), the energies
and associated time delays relative to the beam
pulse were measured for all y rays using a Ge(Li)
detector. An overall time rese'ution of -8 ns

where &u~ = -gp. Q/5 is the Larmor precession fre-
quency and P is a phase shift which allows for an-
gular deviations such as beam bending in the mag-
netic field. In this expression, terms in A4 have
been neglected since A, is small and because the
ratio function is only weakly dependent on A4. In
order to eliminate the loss of nuclear alignment
caused by radiation-induced lattice damage, it was
necessary to heat the target to 510'K. This loss
of alignment, which was studied carefully for Sb
in Cd as a function of temperature, has been re-
ported. "
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The singles y-ray spectra produced by the 34
MeV 'Li beam on the Cd targets were found to be
complicated, containing products from several
residual nuclei. Analysis showed that ('Li, 3n)
was the dominant fusion-evaporated reaction at
this energy, accounting for 50-60% of the total
cross section. Even Sn nuclei, which are populated
by ('Li, p3n) and possibly by 'Li breakup into an
n particle and a deuteron followed by (o. , 2n), were
the second largest residual product with 15-20%
of the total cross section in each case. The
('Li, p2n). reaction to the odd Sn nuclei had -20%
of the cross section for the '"Cd target, but this
reaction decreased for heavier targets to &5% for
'"Cd. Other reactions observed weakly (&5%)
were the ('Li, 2n), ('Li, 4n), and 'Li breakup fol-
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TA9LE l. Experimental results of angular distribution measurements for 1 3 5~ z~ 1 gb.

E, (keV) b Jf~ Jjli f B.R. (%)' Other d

135.1+ 0.5
153.3 + 0.5
237.4 + 0.3
270.4+ 0.4
288.2

335.0

361.8 + 0.5
370.0

381.7
697.1 + 0.5
700.1 + 0.5
705.1 + 0.5
744.0+ 0.5
947.6+ 0.5
970.9 + 0.5

1212.6 + 0.5

87

70

110

100

53

12+ 3

15+ 3

17+ 3

73

100

-0.03+ 0.03

0.10~ 0.04

0.14 + 0.05

-0.15 + 0.03

—0.04+ 0.04

0.06+ 0.04

0.06 + 0.04

0.15~ 0.04

0.00+ 0.05

0.27+ 0.11

—0.23+ 0.04

0.18 + 0.09

0.15 + 0.07

0.26 + 0.06

0.18 + 0.04

-0.03+ 0.06

0.01 + 0.04

—0.02 + 0.04

0.04~ 0.05

0.02~ 0.04

0.03+ 0.05

0.02 +0.05

0.02 + 0.11

0.07 ~ 0.06

—0.10 + 0.11

-0.12 + 0.10

-0.03 ~ 0.05

-0.03+ 0.10

19(-) 17+2' 2

ff-~ 5
2 2

18(-) 15 (-)
2 .2

7+ 5+

2 2

{2f-) 18(-)
2 2

f3+~ 11+
2 2

15+~ 13+
2 2

11+~ 9+
2 2

17+ 15+
2 2

15+ 11+
2 2

9+ 7+
2 2

13+ 9+
2 2

17+~ 13+
2 2

15(-) fi-
2 2

8+ 5+
2 2

9+ 5+
2 2

25+ 4

84+ 5

85+ 6

74+ 8

15~ 6

16+ 5

26+ 8

6= 0.11+0.03

6=0.02 + 0.05

6=-0.06~0.O9

4 = -0.04~ 0.04

~= 0.51+ 0.50

4 = 0.20 + 0.04

6=0.19~ 0.08

&= 0.30+ 0.05

6=0.15~ O.O5

& = —0.03 + 0.09

6= -0.09~ 0.07

6 = -0.12 +0.14

6 = -0.03 + 0.20

0=1.9+ 0.4
a.= 2.0+ 0.3

12.6+ 0.2
58.3 + 0.2

162.7
197.2
202.1

250.4

254.3 ~ 0.5
292.6 + 0.5
349.8+ 0.5
336.8
365.7

374.3

.387.1+ 0.5
432.8 + 0,5

456.9 ~ 0.5
527.0

551.9
568.0 + 1.0
702.8 + 0.5
711.4+ 0.5
753.1 + 0.5
795.5 ~ 0.4

1000.0 ~ 0.5
1160.2 + 0.4

90+ 10

91

17+ 2

30

100

15+ 2

13+ 3

50

151

127

-0.11+ 0.05

-0.10+ 0.03

-0.11~ 0.04

-0.02 + 0.06

—0.10~ 0.05

0.04+ 0.06

-0.06 ~ 0.05

-0.01+ 0.04

-0.06 + 0.04

0.08 + 0.04

-0.02+ 0.10

0.15+ 0.06

-0.26+ 0.04

0.03 + 0.05

0.15+ 0.09

0.18 + 0.05

0.10~ 0.04

0.16+ 0.04

0,01+ 0.04

0.02 + 0.04

0.03+ 0.06

-0.01 + 6.08

-0.09+ 0.08

-0.01+ 0.05

0.04+ 0.05

0.06 ~ 0.05

0.09 + 0.06

-0.07+ 0.06

0.06+ 0.04

0.02 + 0.08

-0.08 + 0.10

-0.02+ 0.04

-0.06+ 0.05

-0.04 + 0.05

U- —&
2 2

25(+) 21(-)
2 2

11- 9+

2 2

21(-) ~ f8 &-)

2 2

17(-) 15(-)
2 2
19(-)~ 1Z+

2 2
19 17(-)
2 2

2k(-) (I 9)
2 2

19(-) 17(-)
2 2
13+~ f1+
2 2

15+~ f/+
2 2
ff+~ 9+

2 2
17+~ f5+
2 2

(L9+) $7+
2 2

19~ 15(-)
2 2

Z+ 5+

2 2

19(-)~ 15 (-)
2 2

15+ - 11+
2 2

13+~ 8+
2 2

17+~Q+
2 2

11- . 7+
2 2
15(-) 11-
2 2
9+~ j+
2 2

19+4
69~ 4

28+ 6

38 + 4

86~ 5

81~ 6

75+ 6

19+ 6

14+ 5

25+ 6

33~4

or= 2.1+ 1.0
6=-0.10~ 0.06

&= 0.03 + 0.05

4 = 0.03 + 0.08

~ = 0.25 + 0.31

6= 0.02 + 0.08

6 = 0.15 + 0.05

6=0.10 + 0.05

6=0.23 + 0.05

6 = 0.16 + 0.09

6= -0.06+ 0.20

. 6= -0.37~ 0.06

6 = -0.24+ .0.27

6= -0.16+ 0.19

4= 0.05 + 0.20

0= 2.8 + 0.6
0'= 2.5 + 0.4
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E& (keV)

131Q.9 + 0.4

1322.9+0.5

70 0.15+0.05

O.2V ~ O.O4

TABLE I. (Continued)

-0.06 ~ 0.07

0.06 + 0.04

"'Sb

J' tL

i f

2

1i
2

B.H. (%) '

61+4

Other

0 = 2.4 +0.4

0 = 2.1 +0.4

158.2+ 0.2

207.1 + 0.2

214.0

279.2

337 3

364.8

374.3

380.6

416.7+0.5
42V.7+0.5

437.2 + 0.5

441.6 + 0.5

443.4 ~ 0.5

54o.v+ o.5

576.3 + 0.5

581.2 + 0.4

6O2.6+O.4

657.2

702.1 + 0.4

709.1 +0.4

723.6

746.3 ~ O.4

797.8 +0.5

853.3 + 0.5

1216.7 + 0.5

1300.2 +1.0

1326.8 + 0.5

1338.4 ~ 0.5

1380.5 + 0.5

140

4p

108

83

100

38

32

16~ 2

32

16~ 2

28

35

14~ 3

16+ 3

13+ 3

10+ 3

6+ 2

145

81

60

loo

0.02 + 0.04

-0.40 + 0.03

-0.23 ~ 0.04

0.04 + 0.05

0.02 + 0.04

O.OO+ 0.04

0.06 + 0.04

-0.01+ 0.05

O.O5+ 0.05

0.16+0.05

—0.02+ 0.06

-Q.vl + 0.03

0.36+0.04

0.11+ 0.06

0.10 + 0.05

-0.22+ 0.05

-0.24 + 0.04

0.17+ 0.08

-0.37+0.04

Q.QS+ 0.05

0.21~ 0.05

0.13+ 0.04

0.25+ 0.04

-0.07 + 0.06

o.oo+ o.o4

—O.O2+ 0.O4

-0.05+ 0.06

-0.03+ 0.04

-0.01+0.05

-0.01+0.03

0.03 + 0.04

-0.05 + 0.06

O.O5 ~ 0.05

0.07+ 0.05

0.00 ~ 0.05

-Q.12 + 0.08

-0.09 ~ 0.10

-0.03+ 0.05

P.02 + 0.06

0.00 + 0.06

-0.03 + 0.09

-0,02 + 0.05

-0.06 + 0.05

-0.05 + 0.05

-0.08 ~ 0.06

-0.07 + 0.05

'"Sb

2 2

~(-)
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~(+) ~(-)
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~+
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2 2
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2 2
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~(-) 2,(-)
2

2 2

2 2
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~(-)
2 2

2 2

2 2

~+ ~+
2 2

~+ ~+
2 2

2 2

&~+
Y 2

2 2

)
2 2

2 2

2 2

11
2 2

2 2

76+4

81+5

82 +6

76 +5

74+6

69+8

24~5

76+8

36+6

32+5

29+5

18+6

19+5

31~8

24+8

68+5

6 =—0.08 +0.09

6 =-0.08 +0.06

6 =-0.01 +0.05

0.1.7 + 0.05

0.15 +0.04

0.21 +0.04

0.14 + 0.05

O.1S+O.O6

0.28+ 0.06

0.13~ 0.05

6 =-O.2S+ 0.06

0.00 + 0.06

5 =-0.23 + 0.06

5 =-0.05+ 0.08

6 = -0.07+0.07

6 =-0.16+0.20

~ =-0.04 + 0.07

6 =-0.05 + 0.09

6 =-0.04+ 0.08

0.02 + 0.09

90.9 +0.2

129.1+0.2

197.1

287.2

306.7 + 0.5

351.5 + 0.4

172 +18

122 +13

18+ 2

50

12+ 2

-0.19+ 0.04

-0.42 ~ 0.04

-0.09 + 0.09

-O.ll + 0.07

0.02 + 0.05

0.02 + 0.07

0.10 + 0.11

'0.07 + 0.12

0.04 + 0.16

2

~(-) ~(-)
2

(~ ) -(~')
(&+

)

2 2

(M+
)

81+6

18 +4

0.01 + 0.05

~ =-0,10 + 0.04

6= O.O9+O.O6

0.08 + 0.09

4= O.16+O.O6
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(Continged)

E (ke V)

380.0 + 0.4

389.9

397.4

418.5

425.6

441.5 +1.0
443.0 +1.0
449.3

504.9 +1.0
646.6

756.1 + 0.5

748.2 + 0.6

814.8

1047.2 ~0.5

1257.1 +1.0
1278.9 + 0.6

1347.9 + 0.7

1460.8 +0.5

b

60

34+ 5

163

41

100

24+ 4

34

32+ 4

11+ 3

157

165

117

A2

-0.67+ 0.04

0.43+ 0.07

0.12 + 0.05

0.27 ~ 0.04

-0.12+0.07

-0.10 + 0.06

-0.19+ 0.06

0.11+ 0.04

0.05 + 0.08

-0.14+ 0.06

0.20 + 0.08

-0.29+ 0.10

-0.56 ~ 0.10

0.31+ 0.06

0.58 + 0.16

0.21 + 0.06

-0.01 + 0.05

0.01 + 0.09

-0.08 + 0.05

-0.06 + 0.04

-0.04+ 0.09

0.06 + 0.08

-0.06 + 0.09

-0.02 + 0.05

0.07+ 0.13

-0.03 + 0.08

-0.05+ 0.09

0.07 + 0.08

-0.13~ 0.15

-0.02+ 0.05

.-0.10+ 0.30

-0.10 + 0.08

J% ~ J1I
i f

~(-) ~(-)
2

15
2 2

(v+)
(-) (-)

2 2

13
2 2

1R
2 2

2 2

11+
2 2

2 2

2 2

2 2

2 2

~(-)

1i
2 2

2 2

B.R. (%) '

65 +5

23 +5

40+5

19+6

77 +5

Other

6 =-0.25 +0.05

0.47 + 0.05

6 = 0.24 + 0.05

6 =-0.08 +0.05

0.07 +0.08

5= 0.09~0.05

f5 = -0.02 + 0.09

0.24 +0.06

0.03 +0.08

~ =-0.13+0.13

6 =-0.22 ~0.12

~ =-0.02 ~ 0.06

0 =-0.05+0.15

Energies of p rays are accurate to +0.3 keV unless noted otherwise.
I& are the y-ray intensities, normalized such that the intensity of the P —

2 transition is 100; the intensities are
accurate to +10% except where noted.

B.R. are the branching ratios of transitions from a given initial state.
This column gives the mixing ratios &(F2/M1), and the widths 0 which describe the m-substrate population produced

in the reaction (see Sec. IIC).

lowed by (d, p) and (d, n). The cross sections for
production of the even Sn nuclei mere increasing
rapidly with energy at 34 MeV, whereas those for
('Li, 3n) were nearly constant. For this reason
the excitation studies could be used to help dif-
ferentiate between the residual products of the two
major reaction channels.

The high-spin level structures and y-ray decay
schemes of s ~ '~ ' ~ Sb based on the measure-
ments of the present study are shown in Figs.
4-V. They were deduced largely from the y-y
coincidence results and the angular distribution in-
formation shown in Table I. The spin assignments
(multipolarity information) given in Figs. 4-7 and
in Table I are discussed in Sec. IIB. (The assign-
ments in brackets are less certain because the
y-ray transitions from which they were deduced
did not clearly show the discussed properties for
reasons of photopeak contaminants, alignment
loss due. to isomer feeding, or possibly non-
stretched decay. ) Several types of states were
found to be common to all of these Sb nuclei;
these systematic states will be discussed together

in Sec. IIIA. Following this, the remaining high-
spin states including lifetime and g-factor results
specific to each Sb nucleus mill be considered
separately.

A. Level structure common to" " " "Sb

The level structures observed in the four odd-
mass Sb nuclei via the ('Li, 3ny) reaction have
several features in common at low excitation en-
ergies. These common levels have excitation
energies that vary in a systematic manner as a
function of A. All of the ground states mere pre-
viously known to have J' = ~2+.'~ The first excited
states, which have J"= ~2', drop from 814 keV in"Sb to 2VO keV in "'Sb. An —, state exists in
each c.ase just above 1300 keV. These three levels
are expected to be predominantly the proton
single-particle states from the ~d,~„mg,~ „and
7TlE yy/ g orbitals .~ " An unexpected and striking
feature for these odd-mass nuclei is a AJ =1 band
of levels that are connected by J-J —1 y-ray cas-
cades; the bandhead is a~2' state in each nucleus.
The energy spacings between corresponding states
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FIG, 7. The level structure and decay scheme of Sb
determined in the present study.
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FEG. 6. The level structure and decay scheme of " Sb
determined in the present study.

in these AJ= 1 bands are nearly identical for"""""'Sbwith those in "Sb showing slight in-
creases. In addition, another, + state was ob-
served between 1200 and 1300 keV in each odd-
mass nucleus. Their excitation energies are sim-
ilar to the first 2+ state energies in the" Sn
cores; thus they are expected to be largely" 'Bn(2') Smd, g, .

As seen in the level diagrams, the first excited
state in each Sb nucleus has been assigned J'=~~'.
These states decay to the ground states by y rays
whose angular distributions are characteristic of
mixed dipole-quadrupole transitions. This plus
additional lifetime information implies Ml/E2
transitions and the, ' assignments. These, '
assignments are in agreement with those made by
a ('He, d) study~ where these first excited states
were populated by proton transfers of orbital an-
gular momentum I = 4, indicating that they are
partially composed of an odd proton in the 1@7/2
shell model orbital. The ~2+ assignment was also
made in '"Sb by a '"Sn(p, n) study' and is in agree-
ment with P-decay studies of "'Sb,"' and
113~115~ 10~11

Mh/ ~

The spin-parity assignments for the ~2' bandhead
and the other ~2' state observed between. 1200 and
1300 keV in each odd-A. Sb nucleus are strongly
established by the y-ray measurements. All of
these states decay to the ~~' ground states by y
rays that have angular distributions typical of pure
quadrupole transitions, which indicates a spin of

Of these eight states, five decay to the ~2'
state by y rays whose angular distributions indicate
M1/E2 transitions, implying ~2' assignments. A

positive parity is also favored for these states be-
cause in all cases the quadrupole transition to the
ground state competes strongly with, or dominates
over, the transition to the ~~' state. The ~~' as-
signments are in agreement with those reported
for "'Sb from a P-decay study' and for """Sb
from y-ray and conversion electron measure-
ments following (c., 2n) reactions. "'"

A cascade of y rays decaying between members
of a bandlike structure was observed in each Sb
nucleus to feed into the, ' bandhead states dis-
cussed above. The angular distributions of the y
rays decaying between successive band members
have small anisotropies, which are consistent with
mixed Ml/E2 8-J —1 transitions (positive mixing
ratios). This is corroborated by the occurrence
of weaker crossover y rays that have properties
characteristic of E2 J-J -2 transitions. Life-
time limits for these states rule out the importance
of higher multipolarities. On the basis of these
arguments, the states in the bands were assigned
J"=~2', ~2', ~2', . . . ; seven members with J"up
to ~~+ were identified in the "'Sb band. The spin
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assignments for band members in """Sbare in
agreement with those based on (n, 2n) conversion-
electron studies 'v'8

The J"=, states identified at energies just
above 1300 keV in the odd-mass Sb nuclei are firm-
ly established by the present y-ray measurements.
The angular distribution data indicate that these
states decay in one or more of the following
branches: a dipole transition to one of the —,

' states
discussed, a quadrupole transition to the, + first
excited state, and/or an octupole transition to the
~2' ground state. These angular distributions
strongly imply the J"=~ assignments. The ob-
served branching is also consistent with the multi-
polarities and energies of the transitions. The

assignments for these states in '"'"'"Sb
are in agreement with the ('He, d) studies, ' where
these states were populated by proton transfer
of orbital angular momentum I.= 5 that indicates
the presence of 1h»~, proton strength. The as-
signment was also suggested by P-decay studies
in '"Sb' and conversion electron measurements""
in """Sb

2000-

IOOO-

2000

0
IOOO—

2000

IOOO—

TA

.28

.75 —l.20 sec

l.2

Sb Delayed 7- Rays

B. States in" Sb IOO 200
CHANNEL NUMBER

500

In addition to the previously discussed results
for "'Sb a 948-, 237-, and 288-keVy-ray cascade
was found in coincidence with the decay y rays of
the ~2 state at 1365 keV. From the relative in-
tensities of the y rays, excited states were iden-
tified at 2314, 2552, and 2840 keV as shomn in
Fig. 4. This identification is strengthened by the
observation of the 135-keV y ray that branches
from the 2552-keV level to the 2419-keV ~2' band
member. The states at 2314, 2552, and 2840
keV were assigned spins of ~2~ ', ~2', and (~2 ),
respectively, on the basis of the y-ray information
given in Table I. Unfortunately, these states were
fed significantly from a long-lived isomer, which
attenuated the anisotropy of their decay y rays and
thus made it difficult to extract precision angular
dis tribution inf ormation.

The mean lifetime of the isomeric state was mea-
sured to be g = 1.23+ 0.13 sec with the 'Li beam
pulsed at a 3 s repetition period. Data for this
measurement are presented in Fig. 8 which dis-
plays energy spectra collected for different de-
layed time regions. All of the states observed in
the present study of '"Sb were found to be par-
tially populated via the long-lived isomer. A time
spectrum collected for the 288-keV y ray showed,
after the Compton background was subtracted, that
(12+2)% of this transition is prompt. This in-
dicates that the 2840-keV level is not the isomer,
but that the isomer decays by an unobserved tran-
sition to this level. A tentative spin assignment

I'IG. 8. Delayed p-ray spectra for several delayed
time regions obtained from the '~BCd(6Li, 3n) ~Sb reac-
tion arith the beam pulsed at a 3 s repetition period.

J"= (~2') has been made for the isomer on the bas-
is of its lifetime, which is approximately consis-
tent with %eisskopf estimates for a 50-keV 83
or 200-keVM3 transition depopulating the isomer.
A 50-keV E3 is preferred because it would have an
interval conversion coefficient cy & 200, whereas
a 200-keV M3 transition would have 0. -2 and should
have been observed in the delayed spectra. A
quadrupole transition corresponding to J =~2 for
the isomer is unlikely because exceptionally large
hindrances mould be required. The "Sb decay
scheme and this isomer have also been studied re-
cently using (p, xny) reactions. '

C. States in "'Sb

Sb a group of states was located by the y-ray
measurements between 2300 and 3200 keV; their
excitation energies are 2323, 2525, 2779, 2874,
3072, and 3130 keV as shown in Fig. 5. The spin
assignments shown for these states are based on
the present angular distribution and lifetime in-
formation. The position of a weak 568-keV y ray
could not be firmly established in the decay
scheme. All y rays except the 433-keV and 568-
ke V y rays mere observed to be fed by the pre-
viously known" isomeric state (v = 340 psec) at
3130 keV. Partial feeding from this isomer re-
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suited in attenuation of some of the y-ray angular
distributions.

Many of the high-spin states have previously
been investigated by y-ray measurements follow-
ing the "'In(o. , 2n) reaction. " This earlier study
observed all of the levels known in Fig. 5 except
the 3057- and 3625-keV levels. Spin-parity as-
signments, based on measurements of conversion
electrons, were made in this previous study.
These previous assignments are in agreement with
those given in the present study. The (n, 2n) work
observed ~= 340 p. s isomer and assigned it to be
3130-keV level, in agreement with the present
pulsed beam results. Recently, a (p, any) study'
of '"Sb obtained results in agreement with those
given here for states up to the 2323-keV level.

D. States in" Sb

l04
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O
IO~

(02

— 2796 keV l9/2 STATE- Sb
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A group of eight states was observed in "'Sb
between 2500 and 3700 keV by the various y-ray
measurements as shown in Fig. 6. The y-ray de-
cay of these states feed into the ~~' state at 1300
keV that was discussed previously.

In pulsed beam studies, several "'Sb y rays
were observed to have delayed components showing
the same lifetime slope. These y rays included
two pairs of coincident y rays, (279-1217) and

(158-1338) keV, which feed the 1300-keV ~2 state.
Several measurements of the delayed components
gave a mean lifetime value v = 230~ 4 ns. Typical
data for this pulsed beam-y measurement are pre-
sented in Fig. 9 which shows a time spectrum for
the Compton-subtracted photopeak of the 279-keV

y ray. The coincidence data and y-ray energy
sums imply a level at 2796 keV that decays via
these y-ray cascades to the, state. The y rays
were ordered within the cascades as shown in Fig.
6 on the basis of their intensities. From the y-ray
angular distributions, the resulting states at 2517
and 2638 keV were assigned J=~2 . The fact
that there is no prompt peak in the time spectrum
for the 279-keV y ray shown in Fig. 9 implies that
the 2796-keV level is the isomer. The v = 230 ns
mean lifetime of this level is roughly consistent
with Weisskopf estimates for its decay by quad-
rupole transitions, but is a factor of &10-" slower
than such estimates for dipole transitions. The
279-keV decay y ray could either be a normal M2

or a hindered E2 transition relative to Weisskopf
estimates, while the 158-keV transition could be
a normal E2 or an enhanced M2. The angular dis-
tributions of these two y rays are strongly atten-
uated because of the isomeric lifetime. On the
basis of this lifetime information, the 2796-keV
isomer is assigned J=,

The g factor of the 2796-keV level was measured
by the TDPAD method with an external magnetic

FIG. 9. A Compton-subtracted time spectrum collected
for the 279-keV p ray in "Sb with the beam pulsed at a
repetition period of 1 ps. The solid line is a least-
squares fit to an exponential decay.

field, as discussed in Sec. IIE. Typical ratio
spectra R (t) collected are shown in Fig. 10. An

uncorrected value Igl= 0.290+ 0.005 was extracted
from several runs. 20 Expected corrections to the
external magnetic field are given by the relation
B=B,„,(1+a)(1+K), where o is the diamagnetic
shielding correction and K is the Knight shift.
Although neither a nor K has been measured for Sb in

Cd, good estimates can be made. A value 0
= -0.006~ 0.001 is expected in the Z = 53 region
on the basis of electron shielding calculations in-
cluding relativistic effects." A Knight-shift cal-
culation based on related measurements yields
K=+ 0.007. Since 0 and K are small and nearly
cancel each other, the corrected g factor is equal
to the uncorrected value with the uncertainties
unchanged. The preliminary reports "of this
measurement gave the sign of the g factor as nega-
tive. Recently, independent measurements of this

02 -' 2796 keV I9i2 State — Sb

O. I

0.0

-0.1

-0.2—

200
I I I I I I I

600 400 0
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FIG. 10. The ratio spectrum R(t) = [Y(-135;t) —Y(135;t)]/
[Y(—135;t)—Y(135;t)]collected in the TDPAD g-factor
measurement for the v = 230 ns isomer at 2796 keV in
"'Sb.
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g factor have been made via a induced reactions
on In targets; preliminary results from these
measurements indicated agreement of the absolute
value of the g factor but gave a positive sign. ~'~
A reanalysis of the initial g-factor measurement'
and the subsequent radiation-damage study of Sb
recoils in Cd as a function of temperature" also
yielded a positive sign, namely g =+0.290~ 0.005.
A misinterpretation of the phase in the "Ge ratio
data, that mas used for the magnetic field calibra-
tion, had caused the reversed sign.

Five states were identified above the 2796-keV
level, up to an energy of 3658 keV and a spin of

The 2796-keV state was found to be fed by a
strong 207-442-214 keV cascade of y rays. The
bottom two y rays had anisotropies that strongly
indicate mixed dipole-quadrupole transitions,
while the 214-keV y ray was consistent with a pure
dipole, Thus, states at 3003, 3445, and 3658 keV
were assigned spins of ~~, ~2, and ~a', re-
spectively. Also states at 3098 keV and 3542 keV
were located by a weak 581-443 keV y-ray coin-
cidence and assigned spine of ( —",) and( —",), respec-
tively.

Recently high-spin states in "'Sb have also been
investigated via the (o., 2ny) reaction. " The results
of this study agree with those of the present work,
except for a difference in the ordering of the 443-
keV and 582-keV coincident y rays. However,
these y rays aremeak and the intensities quoted-
in both studies are consistent with either ordering.
The (a, 2ny) study included conversion electron
measurements from which additional parity in-
formation was extracted. They assigned negative
parity to the eight states above 2500 keV shown
in Fig. 6 that feed into the 1300 keV ~2 state,
except for the 3658-keV ~2 state to which they
assigned positive parity. They also obtained a
lifetime result for the 2796-keV isomer in agree-
ment with the present mork as well as mean life-
times of T= 5.8+ 0.3 and 9.7+ 0.6 ns, respectively,
for the 3658- and 1300-keV states. Several high-
spin states in "'Sb have also been observed with
the (P, 2ny) reaction"; results consistent with
those of the present work mere obtained for the
AJ = 1 band members with J'- ~2.

E. States in "3Sb

In '"Sb, an additional group of states above
2300 keV was observed by the y-ray measure-
ments as shown in Fig. 7. A strong 1279-418-
129-380 keVy-ray cascadefed the ~2 state at 1348
keV. The bottom two y rays in the cascade had
quadrupole properties and the upper two showed
a mixed dipole-quadrupole character. On this
basis, levels at 2627, 3045, 3174, and 3555 keV
were assigned spins of ~2, ~2, ~2, and ~2, re-

spectively, and (-) parities.
As shown in Fig. 7, there are several other

weaker y rays which document additional levels
in '"Sb. In particular, levels at 2308 and 2506
keV which have been tentatively assigned (~3')
and (~2') are connected by y rays with the AZ = 1
band members that are displayed on the right side
pf Fig. 7.

High-spin states in '"Sb have also been studied
with the (p, 2ny) reaction" which yielded informa-
tion on several states mith J ~ ~2. These results
are in agreement with the present work.

1461
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FIG. 11. A diagram of the excitation energies of low-
1ying high-spin states in odd-mass Sb nuclei.

IV. DISCUSSION

The low-lying level spectra in odd-mass Sb nu-
clei are expected to include spherical single-par-
ticle states since the Sb nuclei (Z = 51) have one
proton beyond the major shell closure at Z = 50.
These states will be discussed in Sec. IVA. In ad-
dition to the single-particle states, two-particle
one-hole (2p-1h) states can be formed by the ex-
citation of a proton out of a lower shell. In each
of these Sb nuclei, a ~~' state has been identified
and interpreted as a deformed 2p-1h state involving
the excitation of a lg,~, proton across the Z = 50
closed shell. The energies of these states mhich
are also shown in Fig. 11, decrease rapid'ly from
1461 keV tp 971 keV jn gpjng frpm Sb tp Sb.
These intruder states will be discussed further
in Sec. IVB.

Other states in the odd-mass Sb nuclei are ex-
pected to involve the coupling of an odd-proton,
in any of the single-particle orbitals, to excita-
tions of the core. Since the cores of the odd-mass
"Sb nuclei are the " 'Sn nuclei, these states are
expected for weak coupling to be roughly equal
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to the excited states of the neighboring even Sn

nuclei. The excitations in the Sn cores are usually
described as phonon vibrations or as two-neutron
quasi-particle states formed by the breaking of a
neutron pair. The states in Sb that are interpreted
as an odd proton coupled to these core excitatioris
will be discussed in Sec. IVC.

A. Single-particle states

The high-spin single-particle states at low ener-
gy in the odd-mass Sb nuclei are expected to have
the valence proton occupying the 2d, /„1g7/2 or

shell model orbjtals. In the ' '~ & Sb11/ 2

nuclei, states of J"= —,", +', and ~2 mere observed
which have previously been interpreted~" as these
single-particle states. The energies of these states
are summarized in Fig. 11. As can be seen in
this figure, the ~~ states have a relatively con-
stant energy with respect to the ~2+ ground states,
whereas the ~2+ states decrease sharply in energy
as a neutron number increases. The spectroscopic
factors from ('He, d) studies' indicate that the ~~'

and ~2' states contain most (80-90%) of the 2d,~,
and 1g,~, single-particle strengths in all four of
the odd-mass Sb nuclei. The, states, except
for that in "'Sb which was not observed with this
reaction, were found to have smaller single-par-
ticle strengths (-5(P/o).

B. Deformed &' intruder states and the 6J= 1 bands

In each Sb nucleus, a, ' state was observed to
be fed by a bandlike cascade of J-J -1 y-ray
transitions with J-J —2 crossovers. These cas-
cades and AJ=1 bands are shown on the right side
of Figs. 4-7. As shown, very few y-ray transi-
tions into or out of the bands occur. The similar-
ity of the energies of the y rays in these cascades

is most striking as can be seen in Fig. 12, which
shows the ~J = 1 band members plotted relative
to the energy of the ~2' bandhead. Very recently
the AJ=1 bands built on ~2' proton hole states in
~'~'Sb have been observed via y-ray measure-
ments following the '2""'Sn('Li, n2n) reactions. 2'

The hJ = 1 energy spacings observed from the bot-
tom are 375, 328, 349, and 359 keV in ~'Sb and
preliminary 438 and 3VO keV in "'Sb. These EJ= 1
bands are included in Fig. 12.

The observed similarities suggest a common
structure of these AJ = 1 bands in the odd-mass
Sb nuclei. In particular, a rotational interpreta-
tion" ""for these bands is implied by the follow-
ing properties: (1) the energy spacings between
band members, (2) the mixing ratios 5(E2/M1) of
the J-J —1 transitions, (3) the relative intensities
of the J J—1 and J-J -2 crossover transitions,
and (4) the ~2+ bandhead energies as a function of
neutron number ¹ This rotational interpretation
mill be developed in this section. Part of the~2'
band in "'Sb shown in Fig. 6 was previously ob-
served via the "'In(n, 2n)"'Sb reaction by Fromm
et al." They interpreted their y-ray and conver-
sion electron data for the AJ=1 cascade in terms
of a rotational band of a symmetric prolate rotor.

The AJ=1 bands of the odd-mass Sb nuclei.
shown in Fig. 12 might also be interpreted in
terms of a quasiparticle or cluster coupled to an-
harmonic phonons of the core. It has been shown
that such models can describe AJ =1 bands in
transitional nuclei. ""'" A vibrational model
has been applied to the hJ = 1 band in "'Sb by Bron
et al."as observed in their (n, 2n) experiment.
Our preference for a rotational interpretation is
based on the fact that the lorn-lying ~2' bandheads
are difficult to understand in the vibrational mod-
els.
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FIG. 12. A level diagram of the 48=1 bands in
3Sb plotted relative to the &2' bandheads.

1. Rotational interpretation of the b J= 1 bands

The energy spacings in the bands are roughly
in agreement with the spacings expected for a ro-
tional band. A simple check on the consistency
of the band spacings and a rotor moment of inertia
can be made using the approximate formula for
energies of an axially symmetric rigid rotor,
E~ = (I'/28)J'(J+ 1), where E~ is the energy of a
band member of spin J and 8 is the moment of
inertia. Although deviations from this equation
are expected from the Coriolis interaction or from
possible axial asymmetries of the core, the simple
formula should give a reasonable estimate of the
moment of inertia. Values of (28/8 ) =2J/
(E~ -E~,) are plotted for J-J' —1 transitions in
"'Sb in Fig. 13. As shown, (28/8 ) varies from
- 29 MeV at, the bottom of. the Sand 48
MeV ' at the top. Results for "' "'~'Sb are
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obtained from the energy systematics of 2 pro-
ton-hole states observed with L = 4 pickUp strength
in the odd-mass ~' "'Sb nuclei by the (t, n) reac-
tion' and in "'Sb by the (p, o.) reaction. The en-
ergies of these proton-hole states increase from
a minimum of 950 keV in uzSb to 2710 keV in
~'Sb; they are plotted as a function of neutron
number X in Fig. 15 together with the energies of
the ~2+ bandheads observed in '" "'Sb in the pre-
sent work and jn the '~ Sb nuclei. These ener-
gy systematics show that the energies of the de-
formed —,

' bandheads are equal to or continuous
with those of the ~2' proton-hole states identified
in the pickup-reaction studies.

The minimum in these, ' excitation energies
near '" ~'Sb as shown by the dashed curve in Fig.
15 suggests a deformation maximum near the mid-
dle of the neutron shell, while the increased ener-
gies of the ~2+ proton-hole states in the heavier and
bghter odd-mass Sb nuclei suggest that the de-
formation decreases as N approaches the closed
shells at K=82 and 50. The decrease in the ex-
citation energy of the ~2' proton-hole orbital re-
sulting from an increased deformation is expected
to be roughly. proportional to P where the pro-
portionality constant is related to the slope of the

[404] —,
' ' Nilsson orbital. The moments of inertial

extracted from the band spacings yield direct inform-
ation on the deformation in that P is approximately
proportional to M8. The value of (28/h')'~'for the
odd-mass Sb nuclei extracted from the energy differ-.
ence between '-,"and —,

"band members (this choice
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avoids possible shifts in the ~2' member due to
deformation asymmetries) are plotted in Fig. 16
on an inverted scale as a function of N. The
dashed curve drawn through the excitation ener-
gies in Fig. 15, which is roughly parabolic with
a narrow minimum at N=68-70, does not have
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FIG. 16. The quantity (28/h ) extracted from the
4J=1 band spacings in the odd-mass Sb nuclei plotted
against the neutron number N. This quantity is approx-
imately proportional to the deformation. The data points
for N =70, 72 are taken from Bef. 21.
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nuclei.
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the identical shape as the curve in Fig. 16 drawn
through the values of (28/@ )~~' for '" ~~Sb. In

particular, the maximum in the moment of inertia
curve appears broader than the minimum in the
excitation energies and possibly shifted down to
~V =66. This difference in shapes as a function of
X implies that, in addition to the deformation, the
neutron-proton and pairing interactions are also
varying as a function of A so as to influence the ex-
citation energies of these, ' proton-hole states.
These interactions are in themselves very inter-
esting for the Z & 50 transition region.

A theoretical study of the [404]~s' proton-hole
states in the odd-mass '" "'Sb nuclei has recently
been performed by Heyde et al." The total ener-
gies including the potential energy of the core
were calculated as a function of an axially sym-
metric deformation parameter e. An example of
these calculations is given in Fig. 17 for various
states of "'Sb. As shown, the state consisting of
a proton hole in the [404]~s' orbital decreases rap-
idly in energy as the deformation increases reach-
ing a minimum energy at e -0.15; the extracted ex-
citation energy at the minimum deformation is
-1.2 MeV, in reasonable agreement with the ex-
perimental value. The excitation energy for the
[404]~a' proton-hole states for all of the odd-mass
Sb nuclei calculated by Heyde et al."are shown
in Fig. 15 by a solid line along with the experi-
mental energies. Figure 15 demonstrates that
the calculations reproduce the general dependence
of the excitation energies of these ~2' states as a
function of neutron number. The deformation ex-
tracted at the energy minima are in fair agreement
with the values deduced from the experimental
band proper ties.

Further information on deformed ~
' proton-hole

states in this Z & 50 transition region has been
obtained from studies of high-spin states in the
odd-mass "' "'I (Z = 53) nuclei" and "' ~'Cs
(Z = 55) nuclei. '~ In these studies, bed= 1 bands
built on low-lying ~a' states were observed (see
Fig. 18); these bandheads are interpreted as
4p-1h and 6p-1h states in the I and Cs nuclei, re-
spectively. The energy systematics of the de-
formed ~2+ proton-hole states in Sb, I, and Cs
are similar in that they follow parabolic shapes as
shown in Fig. 19 with a minimum energy near the
center of the neutron shell (N= 66); the energy
minima are at "' ~'Sb (-950 keV), at "'I(-300
keV), and in "'Cs the ~a+ state becomes the ground
state. Very recently, a AJ = 1 ~2' band was ob-
served in ~'La.25

A deformed structure relationship between the
excitation of a 1g,~2 proton from the Z = 50 closed
core and the excitation of a pair of 1g,~, protons
has recently been made. Low-lying deformed 0+,
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states in even Sn (Z = 50) nuclei have been iden-
tified by Bron et al."from the observation of their
rotational bands via (o., 2ny) studies T. hese Oa+

states have a large L = 0 Cd('He, n) strength im-
plying a significant (1g,~s) proton component.
The moments of inertia extracted from the band
spacings of these 2p-2h 0, states in the Sn nuclei
are slightly greater than those of the correspond-
ing 2p-1h ~2 states in the Sb nuclei. j'n addition,
the yarabolalike curves connecting the bandhead
energies for the 0, Sn and ~~' Sb states have simi-
lar shapes and minima as a function of N (see Fig.
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FIG. 18. A comparison of the+2'&J=l band for the
N=66 isotones of "~Sb, "I (Ref. 23), and ' 'Cs (Ref. 24).
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19). These similar deformation properties suggest
that the deformed ~~+ (2p-1h) Sb states are better
represented by a coupling of a proton to the 0,'
(2p-2h) Sn states than by a coupling of a proton
hole to the (2p) Te ground states that are at most
only modestly deformed.

The energies and deformations of these proton-
hole states as a function of N and Z contain in-
formation sensitive to the nuclear potential energy
surface for this transition region. A detailed map-
ping of the deformation properties of the 1gg/,
proton excitations is theoretically important for
an understanding of these intruding collective fea-
tures.

2. Consideration of axially asymmetric deforrnations

Although band mixing calculations in an axially
symmetric model can generally describe the hJ
= 1 bands observed in the odd-mass Sb nuclei, the
possibility of axially asymmetric core deformations
should be considered. Properties of rotational
bands with axially asymmetric deformations have
been studied by Davydov and Filipov, ' and more
recently by Meyer-ter-Vehn. " In these studies,
for which the nuclear deformation is parametrized
by a deformation P and by an asymmetry y, the
level spacings for odd-mass nuclei were found
to be especially sensitive to y. Thus, comparison
calculations of the hJ = 1 band spacings in the Sb
nuclei were made to investigate the degree of

asymmetry.
In the Sb bands, the spacings reveal consistent

deviations from those expected for a typical sym-
metric rotor with Coriolis corrections. All four
of the Sb bands show a squeezing of the ~2 —~
spacing (~2 state is pushed up) relative to the other
spacings. Such a (j+2) —(j+1) squeezing occurs
as y increases from 0 for hole states" and sug-
gests that these bands can be described by a value
of 10'& y & 30'. These deviations are not likely to
be caused by admixtures from other states, since
the band spacings are nearly identical in "' "'Sb,
while the energies of states that could admix with
the band members are expected to vary. significant-
ly with respect to the energies of the band mem-
bers.

To carry out the investigation of a deformation
asymmetry, calculations were made for these AJ
= 1 bands using the triaxial rotor model of Meyer-
ter-Vehn, "which includes an unattenuated Coriolis
interaction. In these calculations, a pairing gap of
a = 1.2 MeV was used and the Fermi level was
taken to be at the highest single-particle state of
the g,~, orbital. The best theoretical description
of the "Sb band was obtained &with y = 20' and

P = 0.317. The band energies calculated with these
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FIG. 20. A comparison of the rotational band observed
in ' ~Sb with calculations from the triaxial rotor model of
Meyer-ter-Vehn (Ref. 29). Both the best fit, (P, y)
= (0.317,20'), and the axially symmetric case, y= 0' are
shown.

parameters are shown on the right-hand side of
Fig. 20, along with the experimental energies.
As shown, the calculated energies agree with the
experimental energies within a few keV for the
lower levels. For the higher levels, the calcula-
tion begins to show differences which may result
from the neglect of high-spin centrifugal stretch-
ing or of small core vibrations about the equili-
brium deformation. For comparison, the results
of a calculation with y=0 (axial symmetry) are
also shown in Fig. 20. Here the value of P was
chosen to give the same overall energy spacings
as the y=20'calculation. As can be seen, the
calculation with y = 0 does not give the observed
band spacings; in particular, the squeezing of the

levels was not reproduced. The ~J = 1
bands built on the ~2+ proton-hole, states in the odd-
mass I and Cs nuclei, ""however, did not show
the ~2 —~2 squeezing and could be fit well with
y= 0' (see Fig. 18).

Although the symmetric band-mixing calcula-
tions of Heyde et al."and Van Isacker et al. '6

that also include the Coriolis interaction give
reasonable fits to the b,J =1 Sb bands, the~2-~3
squeezing was not fit as well. Since the triaxial-
rotor model fits this squeezing in a natural way
as a function of y it appears in our opinion to-be
a more realistic model and thus a more approp-
riate starting point for theoretical calculations.

The failure of the triaxial rotor model of Meyer-
ter-Vehn to predict the details of the high-spin
band members is in part because the model as-
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sumes a rigid core with fixed values of P and y.
Time dependent variations of these deformation
parameters from vibrations and centrifugal
stretching are expected to have an effect. Unfor-
tunately, . the treatment of both vibrational and
rotational degrees of freedom in odd-mass nuclei
is a complex problem which can only be handled
in a limited manner at present. A recent develop-
ment in the triaxial rotor model has been made
by Toki and Faessler, "who have included an in-
creasing moment of inertia for the core to account
for possible centrifugal stretching. This also ap-
proximately accounts for small core vibrations
-because both centrifugal stretching and small vi-
brations reduce the energies of the high-spin band
members. The use of a variable moment of inertia
has improved the agreement between the calculated
and experimental energies of high-spin members
of rotational bands in the A -135 and A -190 re-
gions, but usually. did not alter the values of P
and y that were obtained with the model of Meyer-
ter-Vehn.

C. Single particle plus core excitations

Several theoretical investigations of. the low-
lying states in the odd-mass "' ~'Sb nuclei have
been made in which these states are described as
an odd proton coupled to various phonon vibrations
of the.even-mass Sn cores. The most complete
of these studies is that by Vanden Berghe and
Heyde, " in which the odd proton was allowed to
occupy, the 3s,g„2d,y„2d2y„ lg,y„and lh»/2
shell-model orbitals and both quadrupole and oc-
tupole vibrations were included. A similar treat-
ment was performed by Sen and Sinha" who ob-
tained results consistent with those of . Vanden
Berghe and Heyde. . Both of these studies achieved
a good overall agreement with the experimental
energy levels and electromagnetic properties of
low-spin states below an excitation energy of 3
MeV. These calculations are also in agreement
with the experimental spectroscopic factors ob-
tained with the ('He, d) reaction 2 The ~2' states
that were observed in the present work for each
of the odd-mass Sb nuclei at about 1300 keV are
interpreted as the 2d,~, proton coupled to the first
excited 2+ phonon states in the corresponding " 'Sn
.cores, which have comparable energies.

Although the Low-spin states in Sn nuclei can be
described as phonon vibrations, the high-spin
states tend to be relatively pure two-neutron ex-
citations because often there is only one unique
high-spin configuration at a sufficiently low ener-
gy. This suggests that many high-spin states in
odd-mass Sb nuclei can be described by two-neu-
tron one-proton (v22) configurations. The lowest

and ~2 levels observed in each of the Sb

nuclei studied have energies that are consistent
with the 5 and 7 " 'Sn(v2) core excitations
coupled to the 2d,~, proton. The 2' phonon excita-
tions coupled to the 1k jj/2 proton are also expected
to yield ~2 states at about 2600 keV; a second
~~ ~ level in "'Sb at 2638 keV suggests the pre-
sence of the two ~ configurations near these ex-
citations. The ~2~ and ~2 levels observed in
some of the Sb nuclei are believed to result from
(v') 7 -9 excitations coupled to 2d, ~2 or mg, ~2.

The ~~ level in»'Sb was observed to be iso-
meric with a meanlife of v = 230~ 4 ns and mea-
sured to have ag factor of +0.290~ 0.005. Using
empirical single-particle g factors along with ad-
ditivity, the expectedg factor for the

( vh»y„vd 2g„7 )(vd, ~2) configuration is g =+0.32,
which confirms the fact that this configuration is a
dominant component of the»'Sb ~3~. level. Bron
et al."have deduced from the lifetime that the E2
strength between the isomeric ~2 level and the
lowest ~2 level is enhanced by a factor of about
3 over that expected from the 7 - 5 E2 strength
in "~Sn. This enhancement is explained by the ad-
mixtures of configurations involving the 2' and 4'
core excitations coupled to the 1A»~, proton.

The ~2+ and ~2 levels observed in the odd-
mass Sb nuclei are expected on the basis of the
(vh2»~„10") excitation of the Sn cores coupled to
the 2d,~, and 1g,~, protons, respectively. Pre-
viously, the 3130-keV+~'~ isomer (7 = 340 V, s) in
"'Sb has been interpreted as having a (vh2»~„10")
&& (vd, &2) configuration, which is consistent with
theg factor of this state. " The ~~+ state in "'Sb
lies -530 keV higher in energy than in "'Sb, which
is consistent with the energy expected for this con-
figuration on the basis of the energies of the
(vh2»~2, 10+) states of the Sn cores. Both from en-
ergy and lifetime considerations, it is also be-
lieved that the (~2') isomer (v =1.23 s) observed
in "'Sb in the present experiment is the (vh»~„
10+)(vg,~2) configuration. The fact that a (vs~, ~2,
10')(n'd, ~2)~2+ isomer, observed in "'Sb, is not
seen in»'Sb is reasonable since the g,~, orbital
is becoming nearly degenerate in energy with the

d,~, orbital in "'Sb which can result in a ~2' state
that is slightly lower in energy than the ~2' state.
This would then explain the long lifetime which
results from a converted low-energy (~~')-~2~ &

EQ transition.

V. SUMMARY

The nuclear structure of high-spin states has
been investigated in ' ' ""' Sb by y-,ray mea-
surements following "Cd('Li, 3n)""Sb reactions.
Results of this investigation are summarized in
Figs. 4-7. Systematic ad= 1 bands built on low-
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lying intruder ~~' states were observed in each
of the Sb nuclei studied. These ~2' bandheads are
believed to result from the excitation of a 1g9/
proton across the Z = 50 closed shell. The ob-
served properties of the 6J =-1 bands are consis-
tent with signif icant prolate deformations. A
deformation asymmetry of y=20' is implied by the
band spacings. The systematics of these~2' states
in the odd-mass Sb(Z = 51) nuclei have been con-
nected to proton-hole excitations of I(Z = 53),
Cs(Z = 55), and La(Z = 57) nuclei'3 "of the Z & 50
transition region as well as to the 0,+ 2p-2h proton
excitations in the even Sn nuclei. "

In addition to the collective bands, the ('Li, 3n)
reactions populated the expected, ', , ', and,
single-particle states as well as a number of high-
spin states consisting of single-particle coupled
to Sn core excitations. The single-particle states

involved the 2d,~„1g,~„and 1h»~, proton or-
bitals. The core excitations included both phonon
vibrations and two-neutron states. Several iso-
mers involving the latter were studied to deter-
mine their (v'n) structure
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