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This is the first report on nuclear structure of Sb. Excited states up to I = 27/2+ and 35/2
have been established using the reaction Fe( Ni, 3p) Sb and in-beam techniques. According to
the particle(hole)-core coupling scheme these excited states were classified into five bands: three are
based on the vrd5/q, vrgqi2, and ~hei/q states; the other two are the AI = 1 collective bands built
on the 1?/2+ state at 2651 keV and the 23/2 state at 4487 keV. The 11/2+ -+ 9/2+ transition in
the s'grlq band possesses an E2/Ml mixing ratio b ) 0, which suggests admixing of the sgsl2 hole
state. Positive mixing ratios observed in the collective bands indicate a prolate deformation due
to the (s'gsl2) core excitation. In the vrhiil2 band, B(M1;23/2 —+ 21/2 ) was measured to be
0.040(3) W.u. Furthermore the 27/2 m 25/2 transition was too weak for a proton Ml transition.
These transitions are retarded by the vhz&/z con6gurations mixed in the involved states.

PACS number(s): 23.20.—g, 27.60.+j, 21.60.Cs

I. INTRODUCTION

Recently the study of high-spin states in light tin
isotopes has made significant progress [1—6]. Not only
single-particle levels were confirmed in the energy spec-
tra but also collective levels were found at high excitation
energies. Single-particle aspects can be ascribed to inter-
acting valence neutrons around the inert core Sn. As
a matter of fact a shell model calculation [7] has suc-
ceeded in reproducing part of the energy spectrum of the
yrast states and some others: those states having senior-
ity 8 ( 6 for the even isotopes ' ' SQ and v ( 5
for the odd ' Sn. It also gave the reduced matrix
elements: (iiM1[i) is in fairly good agreement with ex-
periments but (i]E2]i) is too large for certain states. In
ios io"Sn [1,2,5] single-particle states fed from high-spin
states indicate the weak coupling of an odd neutron and
an even tin core. The calculated spectra support this ob-
servation. On the other hand the nuclear collectivity in
tin isotopes is believed to involve the core excitation pro-
ducing proton or neutron holes in the ggi2 orbit. Even in

a light tin isotope such as SnAI = 2 decoupled bands
have been found to appear at excitation energies above
6 MeV [4,6].

As well as the odd tin isotopes, nuclear structure of
light, odd antimony isotopes may be described in terms
of the particle(hole)-core coupling scheme. How an odd
proton is coupled to an even tin core is an interesting sub-
ject for studying the p-n residual interaction. To date
high-spin states have been observed in ' Sb by in-
beam techniques [8,9]. Energy spectra peculiar to the
single closed shell and AI = 1, 2 bands were revealed
there. However, excessive neutrons complicate the nu-
clear structure of these nuclei and so make it diKcult to
study the detailed configurations. Therefore, the lighter
isotopes are much better candidates for investigating this
coupling scheme.

This is a motive of the present study, the first on nu-
clear structure of Sb. An attempt is made here to
assign the configurations to the excited states by com-
parison of transition properties between Sb and In.
Furthermore, the magnitude of nuclear deformation is
estimated for the collective states by an approximate
method.

II. EXPERIMENTS

The present experiments all relied on a charged-
particle multiplicity filter, Si box, for selection of the
reaction channels producing antimony isotopes; for de-
tails of the Si box, see Refs. [10,11]. These include ex-
periments on p-p coincidences, the p-ray angular distri-
bution, the p-ray linear polarization, and the lifetime of
excited states.

High-spin states in Sb were populated by using the
reaction s4Fe(s Ni, 3p) o Sb at a bombarding energy of
225 MeV. The target was a foil of s Fe, 98'Fo enriched
and 2.1 mg/cm; the foil was backed with an evaporated
gold layer, 10.3 mg/cm . Gamma-gamma coincidences
were recorded event by event using six Ge detectors; four
of them were placed in the horizontal reaction plane and
the others below the target in the vertical reaction plane;
these mere located 10 cm fmm the target, at angles of
90 + 30 with respect to the direction of the beam.
The coincidences were accumulated for 70 h and totaled
1.2 x 10 . The p-ray angular distribution was measured
at angles of 21 to 105 in steps of 12 with respect to the
direction of the beam. The p-ray linear polarization was
observed with a polarimeter consisting of a single ger-
manium crystal, 70 mm in diameter and 15 mm thick.
The linear polarimeter was located at a center-to-center
distance of 10 em below the target and its surface was

put in two positions, in and perpendicular to the reaction
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plane. The p-ray intensities were thus measured in the
respective positions to determine the ratios N~~~/N~, the
anisotropies of linear polarization.

The lifetimes of the excited states were measured by
the recoil distance method. An 4Fe foil of 96%%uj& enrich-
ment and 0.8 mg/cm thickness was used for the lifetime
measurement. The stopper was the 7.9 mg/cm2 copper
foil with a 2.3 mg/cm layer of gold evaporated on the
&ont surface. The Si box was split into two halves, &ont
and back parts, between which the target and stopper
foils were set. The allowed recoil distance was 3 mm and
the accuracy of the Ineasured distances was limited to
+0.05 mm by the Qatness of the target foil. The stop
and Qight peaks of p rays were observed at two angles of
18' and 145 to resolve accidentally overlapping peaks,
if any.

III. RESULTS

Candidates of p rays &om Sb were picked out &om
the singles spectrum with charged-particle multiplicity
M = 3. To confirm their origin and the transition cas-
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cades, coincidence spectra were projected &om the event
record for the gates set on these p rays. Thus 67 p rays
were identified with transitions in Sb. Their energies
are listed in Table I. There are several doublets which
were resolved by p-p coincidences. In particular a doublet
of 179.5 and 179.9 keV p rays is strongly fed in deexcita-
tion Qf Sb.

Figure 1 illustrates a few coincidence spectra. Spec-
trum (a) with the gate set on the 320 keV p peak indi-
cates existence of a collective band. Also spectrum (b)
with the gate set on the 318 keV p peak demonstrates
intraband transitions in another collective band. Spec-
trum (c) shows a linkage between the ground-state band
and an odd-parity band.

The relative intensities of the p rays &om Sb were
determined &om the singles spectrum taken at 57' where
the Legendre polynomial P2(cos8) nearly vanishes. For
unresolved p rays, their relative intensities were evalu-
ated from the coincidence spectra. The angular distribu-
tions of p rays and their associated coefficients A2 and
A4 were deduced &om the singles spectra observed at the
angles mentioned above. For adjacent p rays unresolved,
the coefficients A~ and A4 were determined for their dou-
blet. These properties of the transitions are summarized
in Table I.

Figure 2 shows the ratios N~~~/X~ of p transitions in
sSb and known transitions in ~osIn [12] and ~osSn [4].

The sensitivity of the linear polarimeter was too low
(& O'Pp) to measure the polarization with great accuracy.
For this reason no attempt was made to determine the
magnitudes of linear polarization but the ratios them-
selves were used to discriminate between magnetic and
electric transitions: JV~~/N~ ) 1 or ( 1 corresponds to
a pure, magnetic or electric transition, respectively. It
should be noted here that the dipole transitions observed
in Sb can be classified into four groups: A2 +0.15,
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FIG. 1. Gamma-gamma coincidence spectra from Sb.
Spectra (a) and (b) demonstrate the transitions in the collec-
tive bands with even and odd parities, respectively. Spectrum
(a) includes the asterisked (*) transitions in the odd-parity
band since the 320 keV gate was contaminated by the 318
keV transition in that band. Spectrum (c) shows the linkage
by the 400 keV El transition between the ground-state band
and the vrh~&/2 band.

FIG. 2. Anisotropies N~~/N~ in linear polarization. The
anisotropies for p rays from Sb are denoted by their ener-
gies in keV units and those for p rays from other nuclei by al-
phabetical letters; a 272 keV (19/2+ —+ 17/2+; In). b 485
keV (17/2+ m 13/2+; In). c 906 keV (4+ m 2+; Sn).
d 1195 keV (8+ m 6+; Sn). e 1206 keV (2+ m 0+; Sn).
The anisotropy at 319 keV was evaluated for the doublet of
the 318 and 320 keV p rays. Also are given the anisotropies for
the doublets: 180(180+ 180),243(242 + 243), 339(339+ 339),
and 360(359+ 361) keV.
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TABLE I. The properties of p-ray transitions in Sb.

Energies
(keV)

Relative
intensities

Angular distributions
A2 A4

Mixing
ratios I, —+If

(band No. )

77.8
168.6
176.3
179.5
179.9
187.0
241,5
243.3
262.5
268.6
318.4
320.1

t 338.9
339.1
359.1

i 360.5
373.1
379 ~ 1
384.1
392.4
400.2
403.6
416.7
416.9
428.2

444.5
454.4
462.0
463.3
496.3
488.6
508.6
511.6
513.4
554.0
658.8
678.5
699.4
727.1
752.6
753.6
756.0
757.4
763.0
809.4
832.1
832.2
837.3
843.7
847.5
852.9
882.4
907.4
918.6
991.4

1003.8
1015.7
1022.6

18(5)
4(1)
2(1)

20(6)
44(13)
6(1)
12(2)'
16(3)'
31{2)
3(1)

23(6)'
17(5)'
16(5)
2o(6)'
i7(s)'
17(5)'
17(2)
35(5)
1(1)
15(3)
s3(s)
12(2)
4(1)
io(3)'
7(2)
3(1)
5(2)
4(2)
3(l)
l(1)
4(2)
6(2)
4(2)
15(5)
18(3)
3(1)
3(1)
5(2)
2(1)
4(2)
4(2)'
7(3)'
7(3)'
5(2)
s(2)
4(2)'
18(4)
7(2)
13(2)
5(2)
20(2)
3(1)
39(8)
3(1)
30(6)
6(2)
4(2)
5(2)

—0.21(3)

—0.27(3)

—0.07(3)'
—0.35(3)
—0.19(8)

—0.10(3)'

—0.10(3)

—0.10(3)'
—0.21(3)
—O.29(3)

—0.14(5)
—0.22(3)
—0.08(5)

—0.12(3)
—0.05(5)

0.15(3)
—0.42(5)

—0.42(5)'

—0.34(5)

—0.18(8)
o.23(s)

0.26{5)

0.31(5)

0.29(3)
0.28(8)

0.04(7)

0.02(7)

0.04(7)'

0.04(7)
0.15(12)

0.04(7) '

0.04(7)

0.06(7)'

0.03(7)
0.04(7)

0.14(9)
0.05(7)

—0.01(9)

0.07(7)

0.03(9)

0.04(7)
0.04(9)

0.09{9)'

0.02(9)

+0.16(12)
0.09(12)

—0.02(9)

—0.16(9)

—0.10(7)
0.12(12)

- +0.1
—0.1

- +0.1

~+0 ~ 1

—0.1

~+01
0- +0.1

+0.1
+0.1

- +0.28
—0.1

—0.1

—0.1

15/2+ -+ 13/2+ (II)
23/2 + 21/2+ (III-+I)
21/2 + (19/2 ) (V)
15/2+ + 13/2+(I)
23/2 —+ 21/2 (III)
19/2 m 17/2+ (III' I)
23/2 m 21/2 (V)
23/2 -+ 21/2 (V)
21/2 + 19/2 (III)
9/2+ ~ 7/2+ (I~II)
25/2 m 23/2 (V)
19/2+ m 17/2+(IV)
21/2+ m 19/2+(IV)
13/2+ + 11/2+(II)
27/2 —+ 25/2 (V)
23/2+ m 21/2+(IV)
21/2 —+ 19/2+ (III'I)
17/2+ ~ 15/2+(I)
21/2+ m 19/2+ (I)
2S/2+ ~ 23/2+(IV)
ll /2 -+ 9/2+(Iliml)
29/2 —+ 27/2 (V)
iS/2+ -+ 11/2+ (II)
27/2+ m 25/2+(IV)
31/2 m 29/2 (V)
(29/2+) m 27/2+ (IV)
33/2 —+ 31/2 (V)
(21/2 ) -+ 19/2+(I)
35/2 ~ 33/2 (V)
27/2 -+ 25/2 {III)
15/2 m 13/2+ (III—+I)
9/2+ —+ 7/2+ (II)
33/2 m 31/2 (III)
11/2+ m 9/2+(II)
25/2 m 23/2 (III)
21/2+ m 17/2+(IV)
27/2 -+ 23/2 (V)
23/2+ m 19/2+(IV)
19/2 -+ 1?/2+ (I)
25/2+ + 21/2+(IV)
11/2+ -+ 9/2+(II —+I)
21/2 —

& 19/2 (Vmill)
21/2 m 19/2 (VIIII)
29/2- ~ 2S/2-(V)
27/2+ —+ 23/2+(IV)
31/2 —+ 27/2 (V)
7/2+ ~ 5/2+(Ilail)
19/2 m 17/2+ (Illml)
31/2 m 27/2 (III)
33/2 —+ 29/2 (III)
13/2+ ~ 9/2+(II)
33/2 m 29/2 (V)
19/2 —+ 15/2 (III)
35/2 —+ 31/2 (V)
13/2+ -+ 9/2+(I)
29/2 m 25/2 (III)
(35/2 ) m 31/2 (III)
11/2+ -+ 7/2 (II)
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TABLE I. (Continued)

Energies
(keV)

1029.4
1050.0
1079.7
1093.3
1100.7
1105.6
1111.3
1208.8
1341.1

Relative
intensities

2(1)
26(4)
46(s)
16(s)
100

so(s)
6(s)
6(s)
2o(o)'

0.35(s)
0.29(2)
0.11(8)
O.27(2)
O.so(s)
0.25(8)

—0.18(7)
—0.06(4)
—0.01(12)
-o.o8(4)
—0.21(7)
—0.25(12)

0.25(8) —0.20(12)

Angular distributions
A2 A4

Mixing
ratios I; mIf

(band No. )
17/2+ m 15/2+(I)
27/2 -+ 2S/2 (III)
15/2 -+ 11/2 (III)
13/2+ m O/2+(II-+I)
O/2+ m 5/2+(I)
io/2+ -+ i5/2+(I)
2i/2+ -+ i7/2+(I)
i7/2+ ~ iS/2+(I)
o/2+ -+ 5/2+ (IImI)

Unresolved p peaks in the singles spectrum with M = 3; the intensity of the p ray from Sb was evaluated from the p-p
coincidences.

A doublet of p rays from Sb; their intensities were evaluated from the p-p coincidence spectra and their angular distribution
coefficients A2 and A4 were determined for the doublet.
'A doublet of p rays from Sb: their intensities were obtained from the singles spectrum with M = 3 but their angular
distribution coefficients A2 and A4 were determined for the doublet.

p peaks including impurities; the 907 keV peak was contaminatd by the 906 keV p ray from Sn and the 1341 keV peak by
the 1342 keV p ray from In; their intensities were obtained by subtracting the estimated intensities of the contaminants.

—0.1, —0.2, and —0.35. The group with A2 —0.2 com-
prises rather pure transitions; they are the 78 and 269
keV M1 transitions and the 373 and 400 keV El transi-
tions. The others include Ml/E2 mixed transitions. As
will be discussed later, the mixing ratios of these transi-
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FIG. 3. A level scheme of Sb. Excited states are classi-
fied into Bve bands according to the particle(hole)-core cou-
pling scheme: three are based on the vrd5y2, mg7/2, and vrhqq/2
states and the other two are rotationally aligned collective
bands.

tions give information about the nuclear con6gurations.
In particular the 513 keV p ray with A2 +0.15 provides
evidence for the core excitation (7rgs/2)

The present study thus brought a level scheme of Sb
shown in Fig. 3. The transition cascades were placed
there so as to conform with the p-p coincidences and
the intensity balance at levels. For the reason mentioned
later, I = 5/2+ was assigned to the ground state. Spin
parities of the excited states were determined &om the
observed multipolarities and parity changes of the tran-
sitions. It was also assumed that a highly excited nu-
cleus deexcites with the decrease of angular momentum
by emission of p rays. In this work no transitions were
observed &om the (19/22 ) state to the low-lying states.
The p-ray detection without Compton suppression must
have missed such weak transitions. In Fig. 3 the excited
states are classified into bands (I)—(V).

The lifetime of the 23/2 state was measured by the
recoil distance method. Figure 4 illustrates the decay
curves for the 180 keV doublet, the 263 keV p ray and
the 379 keV p ray. The doublet consists of the 179.9
keV transition from the 23/2 state and the 179.5 keV
transition from the 15/2+ state. The 263 keV transition
succeeds the 179.9 keV transition. With B(MI) 0.3
W.u. obtained for the 19/2+ ~ 17/2+ transition in In
[12], the half-life of the 21/2 state can be estimated to
be a few ps. On the other hand the 1050 and 554 keV
transitions feed the 23/2 state within Ti/2 ——6 ps. Thus
the half-life of the decay curve for the 263 keV gives the
half-life of the 23/2 state: Ti/2(23/2 ) = 84(7) ps.

The 15/2+ state is fed mainly by the 379 keV and
1106 keV transitions; I~(379) = 35%, I~(1106) = 30%.
As seen &om Fig. 4, the decay curve for the 379 keV
transition is composed of a fast component (Ti/2 & 6 ps)
and a slow component from the 23/2 state; the feeding
ratio is about 2 to 1. A trace of the fast component was
yet discerned in the decay curves for the 78 and 992 keV
transitions but not for the 180 keV doublet. A numeri-
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11/2+2 states are located in the vicinity of the 9/2+
and 13/2+ states, respectively. Band (I) is thus fea-
tured by the configurations: 7rds/2 I3 ( Sn)o+ 2+ 4+

The 15/2+ and 17/23 states belong to the multiplet
7rds/2 (3 (6+) and the 17/2z, 19/2+, and 21/2+ states to
the 7rds/2 I3 (8+).

1.0—
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I

1.0 2.0 30

DISTANCE X (mm)

FIG. 4. The decay curves for (a) the 180 keV doublet, (b)
the 263 keV p ray, and (c) the 379 keV p ray. The decay curves
for p rays were measured by the recoil distance method. The
intensities of the stop peaks were measured relatively to that
of the 254 keV p ray from Sn with a half-life of 7.3 ns. A
recoil distance of 1 mm is equivalent to 79 ps. These three
curves are substantially ruled by the lifetime of the 23/2
state.

cal simulation for these observations gave the lower and
upper bounds to the half-life of the 15/2+ state: 10 ps
& Ti/2(15/2+) & 30 ps.

IV. DISCUSSION

A. The ground-state band

Neutrons in the orbits vd5/2, vg~/2, and vh~z/q are in-
volved in low excitation of light tin isotopes. According
to the weak coupling model, low lying excited states in

Sn were classi6ed into three bands based on these or-
bits [5]. Thus the proton analogues 7rds/2 7lg7/2 and

~hz&~2 can be considered to play a similar role in Sb.
Since vrd5y2 has the lowest single-particle energy among
the three, I = 5/2+ is assigned to the ground state
of Sb. The experimental results agree with this as-
signment: the 7/2+ ground state could hardly account
for the linkage by the observed El transitions between
the ground-state band and the odd-parity band, band
(III). Band (I) bears a close resemblance in level struc-
ture to the ground-state band in Sn; the transition
cascades from the 15/2+ to 13/2+ to 9/2+ to 5/2+
state are strongly populated there. This suggests that
as well as in the vdsg2 band of "Sn the multiplets:
7rds/2 ( Sn)o+ 2+ 4+ s+ sPlit rather narrow. A shell

model calculation for io7Sn [7] shows that the 7/2z and

B. The mgq/q band and the vrg9/q hole states

The 7/2+ state appears at an excitation energy of 832
keV. At erst sight it might be taken as a member state of
the multiplet 7rds/2 (2+). However, the 9/2+ m 7/2+
interband transition is too weak for an intramultiplet
transition. Its intensity is about 3o the evaluated value
&om the branching ratio between the E2 and M1 transi-
tions observed in rosin. Thus the 7/2+ state is identified
with the vrg~jq state.

The 9/2+ and 11/2+ states of band (II) belong to the
7rg7/2 (2+) multiplet. However, they are far from the
members of the pure multiplet. The 11/2+ 4 9/2+
transition possesses an angular distribution coefBcient
A2 ——0.15 and a linear polarization P & 0. From the
plots of A2 and P against Q = h2/(1+ b2) [13], the
E2/Ml mixing ratio h is evaluated to be +0.28. If the
transition concerned were a pure intramultiplet transi-
tion, it would follow that (]~E2]]) & 0 and (~~M1]~) & 0,
leading to b & 0. This is because core Sn in a
low-spin state is slightly deformed oblate and the g7/2
proton has a positive g factor. So some configurations
with QII & 0 must be mixed in these states so as to
give rise to a positive mixing ratio b & 0. Since the
9/2[404] Nilsson level appears at low excitation energies
in i Sb [14], the 7rgs/2 hole states are likely to be
admixed: (7rds/2) [(7rgs/2) ( Snjo+ 2+ 4+ ], where

the two protons (7rds/2) are taken to couple to j = 0+
for economy of excitation energy.

The Ml/E2 branching ratio at the 11/2+ state gives
a crude estimate of the 7rgs/2 hole amplitude in the 9/2+
state. First let us consider the transitions caused by
the 7rg7/2 (2+) component of the 11/2+ state. The
transition rates are given by I(M1) = EsB(Ml) and

I(E2) = E B(E2). The branching ratio is thus writ-
ten as follows: I(M1)/I(E2) = 830EisB(M1)/E23B(E2),
where p-ray energy is measured in units of MeV and the
reduced transition probabilities in the respective Weis-
skopf units. B(E2) can be taken from the experimental
value: B(E2;6+ —+ 4+) = 2.3 W.u. in ios Sn [15]. B(M1)
for 7rg7/2 can be estimated from that for (7rgs/2) since

B(M1) is proportional to (g~ —g~); here g~ is the
g factor of a particle or hole coupled to a core nucleus
and gz is that of the core. B(M1) for (7rg9/2) was

measured to be 0.21 W.u. for the 19/2+ k 17/2+
transition in o In [12]. The 1023 keV E2 transition
from the 11/2+ state has a relative intensity of 5%%uo and
the 513 keV Ml transition has 15%. Thus the inten-
sity of the Ml transition caused by vrg7/2 is estimated
to be: I(M1) = 5%%uo x 9[kg(7rg7/2)/Ag(7rgs/2hole)]
where Eg is short for (g~ —gR). On the other
hand I(M 1) for (7r gs/2) and other admixtures
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is at most 15%. Consequently the following re-
sult is obtained: I(M1;vrggy2hole) /I(Ml; s g7/2)

s [Ag{nggg2hole)/Ag{ng7g2)] . Here the multiplier of the
(b,g)2 ratio gives the square of the mixing ratio in am-
plitude.

50 '-

)f5(

9/2[404] '

and (2)
I-4

C. A collective band with even parity

By contrast with band (II) of a single-particle nature,
band (IV) shows a collective energy spectrum. This dif-
ference is likely to come from the xggg2 hole con6gura-
tions. Band (IV) is confluent at the 17/2+ state into
band (I) and then band (II) branches at the 15/2+ state
from band (I). The 17/2+ i 15/2+ transition gives a
clue for reasoning the involved configurations. It pos-
sesses A2 ———0.29, P ( 0 and so b ( 0. A nega-
tive b can be ascribed to an oblate deformation of the
mds~2 (6+) configurations. In this situation the fol-
lowing proton hole configurations can be mixed without
changing the sign of 8 and inducing either E2 or Ml tran-
sition: (mds~2)4+ [(n'gg~2) ( Sn)o+] in the 17/2+ state
and (s'dsy2)g+[(vrggy2) i( Sn)4+] in the 15/2+ state.
The former becomes the basis of rotationally aligned
states and the latter is inherited by band (II).

Band (IV) may be considered to comprise the ex-
cited states with the rotationally aligned con6gura-
tions: (mds~2). 4+[(7rgg(2) ( Sn )p+ 2+ 4+ ]I& with

I = I'+ j. Then the transition properties of the ro-
tationaOy aligned nucleus are determined by a rotating,
deformed core o Sn* with a vrg9~2 hole, strongly coupled
together to (I', K). For example, since the deformed core
with the hole has a prolate deformation and a positive
g factor, the intraband Ml/E2 mixed transitions there
should show mixing ratios b ) 0. This is the case for the
6I = 1 transitions observed in band (IV). Furthermore
this simplification makes it feasible to evaluate the nu-
clear properties and to compare them with the existing
data from other nuclei.

In Fig. 5, the moment of inertia is compared between
band (IV) and the 9/2[404] band in iisl [16]. The mo-
ment of inertia for the former band is plotted as a func-
tion of (I —4+). The latter is typical of the 9/2[404]
bands in the iodine isotopes is i2iI [16—18]. The fact
that these plots are located close to each other means that
the nucleus iogSb in band (IV) is deforined to almost the
same extent as iisl in the 9/2[404] band. For the 9/2[404]
band Paul et al. [16] have estimated the nuclear deforma-
tion P to be larger than 0.25 from the branching ratios
between intraband E2 and M1 transitions.

Their analysis was based on the semiclassical formal-
ism of Donau and Frauendorf [19]. Here the formula of
B(E2) and B(M1) for an odd-mass deformed nucleus [20]
are applied to estimate the intrinsic quadrupole moment

B(E2' I' +If) = 5/16+C-g(I~2It
~ K~ 0~ K)Q2g and

B(Ml; I; -+ II) = 3/4nC (I;1II,K, O, K)K (gir —gIr) .
Then the B(E2)/B(Ml) ratio between the intraband
transitions is expressed as follows:

30—

I i I I I I I

1 ) /2 i3/2 15/2 17/2 19/2 21/2 23/2 25/2

I
FIG. 5. Comparison of the moment of inertia between de-

formed bands. The moment of inertia is plotted against
(I —4+) for band (IV) and against (I —7 ) for band (V):
2X/FP = 2I'/[E(I') —E(I' —1)], where I' = I —j. These
plots are compared with that for the 9/2[404] band in i I.

B(E2;I i I —2)
B(M1;I w I —1)

5 (I —1 —K)(I —1+K) Qgo

(I —1)(2I —1)K2 (glr —g~) 2

For the aligned configurations spin I should be replaced
by I' = I—j. The g factor of the rotor with a vrggy2 hole
can be inferred from the g~ factors compiled by Prior
et al. [21]; here g~ is taken to be 0.5. With gri approxi-
mated by g[(n'gg/2) ] = 1.50, g~ is evaluated to be 1.32.
On the other hand the B(E2)/B(M1) ratio was mea-
sured for the 21/2+ to 27/2+ states: it takes 0.085(25)
(eb/pN)2 for I = 21/2+ and increases with the spin to
0.15(3) (eb/pN) for I = 27/2+. The above expression
gives the Qg moment of 3.1 eb for the 27/2+ state, from
which it follows that P = 0.23.

The present estimate includes uncertainties from the
approximations but it is interesting to compare it with
data from other nuclei. The odd antimony nuclei
iis i2iSb have the static quadrupole moments around
—0.4 eb in the ground state [22]. With a similar config-
uration as band (IV) except for (mds~2)4+, In in the
9/2+ ground state has a static quadrupole moment of
0.81eb [23] or an intrinsic moment of 1.5 eb. So it may
be considered that i gSb in band (IV) is deformed to a
considerable extent but not yet well-deformed.

D. Odd-parity states

Low-lying odd-parity states in Sb are due to the
m hii~2 excitation. They are classified into bands (III) and
(V) according as they are single-particlelike or collective.

The excitation energy of 7I hqqy2 is 1501keV and is close
to 1666 keV of vhiigg in Sn [5]. The ll/2, 15/2
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19/2, and 21/2 states in iosSb show a similar energy
spectrum as in Sn and so they must belong to the
weak coupling multiplets: rrhii~2 ( Sn)o+ 2+ 4+ s+,
respectively. However, it is somewhat anomalous that the
23/2 state has a rather long lifetime. B(M1;23/2 -+

21/2 ) = 0.040(3) W.u. is too small for a proton Ml
transition. The Ml transition from the 27/2 state af-

fords substantial evidence for the configuration mixing
of the hiiy2 neutron in the 23/2 state: it possesses iso
the intensity of the proton transition and the involved

[gtc —g~[ can be estimated to be about 0.1. Thus the
configurations to admix are such that a pair of neutrons
are broken and either one is excited in the vhz~/2 or-

bit. The AI = I sequence of levels with I = 25/2 to
(35/2 ) must be due to the ijhii~2 excitation.

Band (V) can be considered to arise from the
rotationally aligned configurations such as

(rrdsy2rrhii~2)~ 7- [(rrgsr z) ( Sn'}o,+ +2, 4+, ]I'...

I = I + j. Spin-parity j = 7 is assigned to
(rrdsgzrrhii~2)~. This is because the shell model calcula-

tion [7] shows that in iosSn the 3,5, and 7 states are
almost degenerate at the lowest excitation energy among
the odd-parity states. Experimentally, as shown in Fig. 5,
the moments of inertia for this band versus (I —7 ) be-
haves like that for the 9/2[404] band in ii I. Furthermore
the Ml/E2 branching ratios show that band (V) has
almost the same magnitude of the intrinsic quadrupole
moment as band (IV).

The double excitation: (rrhiig2) may well take place
at higher excitation energies. The probable configu-
rations are (rrhii~2) . io+ [(rrgsg2) f Sn*)o+ 2+ 4+ ]I

and the excitation energy is estimated to be about 6 MeV
for the band head state. So this band may intersect with
band (IV) at 6 MeV or nearby, but the present study did
not observe positive parity states beyond I = (29/2+).

V. CONCLUSION

High-spin states of Sb were established up to I
27/2+ and 35/2 using the reaction s4Fe(ssNi, 3p)iosSb
and in-beam techniques. They were studied in terms
of particle(hole)-core coupling scheme. Thus the excited
states were classified into five bands: three were based
on vrd5g2, vrg7y2, and xh~~g2, the other two were rota-
tionally aligned collective bands. The electromagnetic
properties of the M1 transitions in Sb have revealed
the following: The (rrgs~z) configurations are admixed
in the 9/2+ state and others of the rrg7~2 band. The

vhiig2 band is confluent at the 23/2 state or nearby
into the mhzzy2 band. The core nucleus Sn involved
in the collective bands is strongly coupled with a proton
hole (rrg9y2)

i and is deformed prolate: P 0.2.
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