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High-spin microsecond isomers in129In and 129Sb
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In this work the microsecond isomers in129In and 129Sb were investigated. These nuclei were produced by
the thermal-neutron-induced fission of241Pu. The detection is based on a time correlation between the fission
fragments selected by the LOHENGRIN spectrometer at the ILL~Grenoble! and theg rays or conversion
electrons from the isomers. The decay schemes of the new 17/22 isomer in129In and 23/21 isomer in129Sb are
reported. A shell-model study of these two nuclei was performed using a realistic effective interaction derived
from the CD–Bonn nucleon-nucleon potential. Comparison shows that the calculated energy levels and elec-
tromagnetic transition rates are in very good agreement with the experimental data.

DOI: 10.1103/PhysRevC.67.054312 PACS number~s!: 21.10.Tg, 23.20.Lv, 25.85.Ec, 27.60.1j
ic
to

in
he

th
n

es
e

ive
le

i

t
l

n
to

the

ent

a-
de-

nd

ibe
he
re-
ith
our

fs.
y

sion

ted
lec-

he
I. INTRODUCTION

The study of nuclei in the close vicinity to doubly mag
132Sn is currently drawing much attention. This is related
the fact that these nuclei provide the opportunity for test
the predictive power of the shell model well away from t
valley of stability.

In this paper, we have studied the yrast structure of
two isobars 129In and 129Sb. In both of them the neutro
holes occupy the levels of the 50-82 shell, but while in129Sb
the valence proton is also in this shell, in129In there is a
proton hole in the lower 28-50 shell. The yrast states in th
nuclei are expected to have a simple structure and are th
fore well suited to test the matrix elements of the effect
interaction, in particular the proton-neutron ones in the ho
hole and particle-hole channels.

Nuclear-structure information on the heavy In isotopes
very scarce. For nuclei above129In, only the ground states
and the long-lived isomers, decaying byb emission, are
known. For 129In, apart from the known 9/21 ground state
and an excited 1/22 state at 380 keV@1#, the most important
information was the possible evidence, by Fogelberget al.
@2#, of the high-spin yrast traps 23/22 and 29/21 belonging
to the aligned configurationspg9/2

21n(d3/2
21h11/2

21 ) and
pg9/2

21n(h11/2)
22, respectively.

Much more information is available for129Sb. Stone and
co-workers@3,4# reported on an extensive level scheme up
about 2 MeV. The spins and parities of the levels were firm
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established up to spinI p511/21, and a long-lived isomer
I p519/22 was found fromb-decay experiments. Our aim i
this study is to extend the knowledge of this nucleus
higher spins, and to compare its structure with that of
previously known microsecond isomers of131Sb @5#.

Motivated by the new data made available by the pres
experiment, we have performed a shell-model study of129In
and 129Sb, assuming132Sn as a closed core. In our calcul
tions we have employed a realistic effective interaction
rived from the CD-Bonn free nucleon-nucleon potential@6#.
Similar calculations have been recently carried out@7# for
other nuclei with proton particles and neutron holes arou
132Sn.

The paper is organized as follows. In Sec. II we descr
the experimental method, while in Sec. III we report on t
results of our measurements. In Sec. IV we present the
sults of our shell-model calculations and compare them w
the experimental data. Section V contains a summary of
conclusions.

II. EXPERIMENTAL PROCEDURE

The details of the experimental setup are given in Re
@5,8#. The nuclei ofA5129 mass chain were produced b
thermal-neutron-induced fission of241Pu. The LOHENGRIN
spectrometer at the ILL has been used to separate the fis
fragments recoiling from thin targets of about 400mg/cm2

thickness and 1.3 mg total weight according to theirA/q
ratios. The fission fragments are detected by aDE gas detec-
tor and subsequently stopped in a Mylar foil of 12mm thick-
ness. Theg rays deexciting the isomeric states are detec
by two large-volume Ge detectors and the conversion e
trons are detected by two cooled adjacent Si~Li ! detectors
covering a total area of 236 cm2, located 7 mm behind the
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Mylar window. The electron detection efficiency is ve
high, about 30%, and the setup allows one to detect elect
down to a very low energy (;15 keV).

III. EXPERIMENTAL RESULTS

A. 129In

In a previous work devoted to new microsecond isom
in 129Sn and 130Sb @9#, we also reported on fourg rays
belonging to a new isomer in129In. However, the poor sta
tistics of this measurement were not sufficient to get a p
cise half-life of the isomer and to build a reliable lev
scheme. Consequently, a new measurement was perfo
with better statistics. The newg-decay spectrum of theA
5129 mass chain in delayed coincidence with the fiss
fragments is shown in Fig. 1. The time spectrum of t
333.8-keVg ray is reported in Fig. 2, and a mean half-li
value of 8.5~5! ms was measured for the four lines deexciti
the isomer.

The Si~Li ! spectrum in coincidence with the 359.0
995.2-, and 1354.1-keVg rays is shown in Fig. 3. The ob
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FIG. 1. g-decay spectrum of the microsecond isomers obser
in the A5129 mass chain in delayed coincidence with the fiss
products. The energy error for the lines is 0.2 keV.
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FIG. 2. Half-life spectrum of the 333.8-keVg ray of the 129In
isomer.
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served lines are interpreted as the InKa2x rays and theK
and L conversion electrons of the 333.8-keV transition a
observed in theg spectrum. The measured value of the co
version coefficientaK50.08(2) is compatible either with an
M2 (aK50.071) or anE3 (aK50.063) transition. The mea
sured half-life of the isomeric transition allows one to com
pute the reduced transition probability rates for pure mu
polarity B(M2)50.032(2) W.u. andB(E3)5279(16) W.u.,
respectively. As acceleratedM2 or E3 transitions are not
expected, one may conclude that the isomeric transitio
predominantlyM2 in nature.

The 129In level scheme is shown in Fig. 4. Th
conversion-electron measurements allow us to fix unamb
ously a spin and parity valueI p517/22 for this new isomer.

B. 129Sb

Thanks to the high statistics for theA5129 mass chain,
another weakly produced isomer was also observed. It

d
n
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FIG. 3. Si~Li ! spectrum of129In gated by the sum of the 359.0
995.2-, and 1354.1-keVg rays.
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FIG. 4. Decay scheme of the129In isomer. The relative intensi-
ties of theg rays are reported in parentheses. Two long-lived m
lisecond isomers, previously found by Fogelberget al. @2#, have
been added to the figure. The excitation energy of the lowest en
state, which decays byb emission, is unknown.
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cays by two weakg rays of 98.6~2! and 189.5~2! keV. More-
over, theK- andL-shell conversion electrons of the 98.6-ke
transition were also observed in the Si~Li ! spectrum shown
in Fig. 5. These two transitions are in coincidence, as sho
in Fig. 6, and their half-life reported in Fig. 7 is 1.1(1)ms.
The electron energy differenceEK2EL for the 98.6-keV
transition, and theg and electron energy differenceEg
2EK allows us to assign this new isomer to the Sb eleme
The experimental conversion coefficient valueaK51.1(2)
for the 98.6-keV line is compatible only with anE2 multi-
polarity, and the reduced transition probability isB(E2)
50.51(9) W.u.

This new isomer very likely feeds the 19/22 state at
1851.0 keV excitation energy and of 17.7 min half-life, a
is the analog of the one already found in131Sb @5#. This
hypothesis is supported by the fact that the isome
transition energies are very close~98.6 and 96.4 keV in129Sb
and 131Sb, respectively!, and the excitation energies of th
23/21 isomeric states are also very close~2139 and 2166
keV 129Sb and131Sb, respectively!.

The 129Sb level scheme is shown in Fig. 8 and compa
to the previously known level scheme of the131Sb isomer
@5# . We have also added in the level scheme another pr
ously known microsecond isomer of 1860.9 keV energy;
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FIG. 5. Si~Li ! spectrum of the microsecond isomers observed
the A5129 mass chain in delayed coincidence with the fiss
products. The contamination of135Te is due to a small admixture o
A5129 and 135 masses having closeA/q ratios.
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FIG. 6. g-ray spectrum in coincidence with theK electrons of
the 98.6-keV transition of129Sb.
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energy was reported in the work of Stone and Walters@4#,
and we have measured its half-life in a previous work@10#.
The main difference between the two Sb isotopes conce
the relative positions of the 15/22 and 19/22 states, which
are reversed in these two nuclei. The consequences of
feature are dramatic for the 19/22 state that has a very dif
ferent half-life in these two nuclei.

IV. COMPARISON WITH THEORY

As mentioned in the Introduction, we have performed
shell-model study of129In and 129Sb employing a realistic
effective interaction derived from the CD-Bonn nucleo
nucleon potential@6#. We consider the doubly magic132Sn as
a closed core and let the valence neutron holes in both nu
occupy the five levels of the 50-82 shell. The same mo
space is taken for the valence proton in129Sb, while the

n
n

1 2 3 4 5 6 7

10

100

T1/2=1.1 (1) µs

129
Sb Ee=98.6 keV

C
ou

nt
s

Ee (keV)

FIG. 7. Half-life spectrum of the electrons of the 98.6-keV tra
sition in 129Sb.
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proton hole in129In is assumed to occupy the four levels
the 28-50 shell. Our choice of the proton single-particle a
neutron single-hole energies is discussed in Ref.@7#, where a
similar study of the heavier Sb isotopes~ 130,131,132Sb!, was
carried out. As regards the proton single-hole energies,
have been taken from the experimental spectrum of131In
@11#. The adopted values are reported in Table I.

A description of our derivation of the effective interactio
including references can be found in Ref.@7#. Here we only
mention that the effective interaction in the neutron-neut
channel has been calculated in the hole-hole formali
while the proton-neutron matrix elements have been deri
in the particle-hole and hole-hole representation for129Sb
and 129In, respectively.

We now present the results of our calculations. They h
been obtained by using theOXBASH shell-model code@12#.

In Fig. 9 we compare the calculated levels in129In and
129Sb with the experimental ones which have already b
reported in Figs. 4 and 8. Some selected levels of131Sb,

TABLE I. Single-particle and single-hole energiese ~MeV!
adopted in our calculations.

Neutron-hole
level e

Proton-particle
level e

Proton-hole
level e

1d3/2 0.000 0g7/2 0.000 0g9/2 0.000
0h11/2 0.100 1d5/2 0.962 1p1/2 0.365
2s1/2 0.332 1d3/2 2.439 1p3/2 1.650
1d5/2 1.655 0h11/2 2.793 0f 5/2 2.750
0g7/2 2.434 2s1/2 2.800
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namely, those corresponding to the experimental ones of
8, are also shown. A more complete spectrum is reporte
Ref. @7#. The significant similarity between the spectra
these three nuclei makes a comparison of their level struc
quite interesting.

The 7/21 and 11/21 states in131Sb result essentially from
the coupling of the valence proton in theg7/2 level to the
ground and first 21 state of130Sn, respectively. The next two
groups of states are dominated by a single configurat
being members of thepg7/2n(d3/2

21h11/2
21 ) andpg7/2n(h11/2)

22

multiplets.
In 129In, the role of the valence proton in theg7/2 level is

played by the proton hole in theg9/2 level, while the structure
of the two neutron holes is preserved. In this case, the 111

state corresponds to the stretched-minus-one coupling o
proton hole to the 21 state of130Sn while the stretched cou
pling gives rise to the 13/21 state. The 17/22 state is a mem-
ber of the pg9/2n(d3/2

21h11/2
21 ) multiplet. All other members

turn out to be higher in energy, with the maximum-spinJp

523/22 state lying only few tens of keV above the 17/22

one. Aside from the 11/21 state, we find three other states
the energy interval between the 13/21 and 17/22 states. They
all haveJ<9/2, which is consistent with the isomeric natu
of the 17/22 state. The 29/21 state, which we predict at 389
keV above the 23/22 level, is the maximum-spin member o
pg9/2n(h11/2)

22 configuration.
The states of129Sb have essentially the same structure

that of the corresponding states in131Sb, the additional two
neutron holes giving rise to a zero-coupled pair~the 17/22

state, which has not been observed, is predicted to lie at
MeV!. It should be noted, however, that configurations oth
129In
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FIG. 9. Experimental and calculated energy levels~MeV! in 129In, 131Sb, and129Sb.
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TABLE II. Calculated and experimental reduced transition probabilities~W.u.! and half-lives in131Sb,
129In, 129Sb.

Nucleus Transition Ji
p→Jf

p Reduced transition probability T1/2

Calc. Expt. Calc. Expt.

131Sb E2 23/21→19/21 0.60 0.53~10! 1.2ms 1.1(2)ms
E2 19/21→15/21 1.02 0.6ms
E2 19/22→15/22 1.24 0.99~18! 4.4ms 4.3(8)ms
M2 15/22→11/21 0.3331022 0.6631023(11) 18.7ms 65(5)ms

129In E3 29/21→23/22 0.5231021 0.6631021~10! 170 ms 110~15! ms
M2 17/22→13/21 0.4531021 0.3231021~2! 6.0ms 8.5(5)ms

129Sb E2 23/21→19/21 0.97 0.51~9! 0.7ms 1.1(1)ms
E2 19/21→15/21 1.07 0.2ms
M2 15/22→11/21 0.2531022 0.2631022(3) 2.2ms 2.2(2)ms
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than the dominant one play a significant role, their perce
age ranging from 20% to 48%. In particular, they are resp
sible for the inversion of the 15/22 and 19/22 states with
respect to131Sb.

As regards the quantitative agreement, we see that
observed excitation energies are very well reproduced by
calculations, the only significant discrepancy occurs~in all
three nuclei! for the 11/21 state, which is predicted to lie
few hundred keV above its experimental counterpart. T
discrepancy leads to an inversion in the ordering of
13/21 and 11/21 levels in 129In.

In Table II we compare with the experimental data~data
from works other than the present one are taken from R
@2,5,13#! our predictions for the electromagnetic transiti
rates and half-lives, the latter obtained by using experime
g-ray deexcitation energies, whenever available, and inc
ing conversion. TheE2 transition rates in Sb isotopes ha
been calculated with an effective proton chargeep

eff51.55e,
which is the same as that adopted in Ref.@14# for the N
582 isotones, while for the proton hole in129In we use the
value ep

eff51.35e, as results from our study of theN550
isotones@15#. For the neutron hole we take the value
0.78e, which reproduces the experimental value of t
B(E2;101→81) in 130Sn. In the calculation of the magnet
transitions we have used the free gyromagnetic factors, s
reasonable changes in their values would only slightly aff
the final results. From a comparison with the experimen
data, we see that a quite good agreement is obtained i
cases considered. In Table II we also report for the two
isotopes the values ofB(E2;19/21→15/21). The 15/21

level, which has not been observed, is predicted to lie
about 100 keV below the 19/21 level in both nuclei. The
calculated values of the aboveB(E2) are consistent with the
findings of Ref.@5#, where the 19/21 state in131Sb has been
.

.A
py
sc

05431
t-
-

he
ur

is
e

s.

al
d-

ce
t
l

all
b

t

found to decay by two competingE1 transitions to the 19/22

and 17/22 states.

V. CONCLUSIONS

The present delayedg-ray and conversion-electron mea
surements of fission products have allowed the study of
yrast structure of the two isobars129In and 129Sb. Two high-
spin isomers 17/22 and 23/21 have been established. The
new data substantially extend our study of these neutron-
nuclei close to132Sn to higher-spin states.

In connection with the experimental work, we have p
formed realistic shell-model calculations for129In and 129Sb,
which are the main subject of this study, as well as for131Sb.
Actually, the energy levels of the latter nucleus were alrea
calculated in the study of Ref.@7#. Here, we have complete
this study by calculating the experimental transition rates
comparing them with the available experimental data. As
ready mentioned in Sec. IV, the inclusion of131Sb in the
present study is motivated by the remarkable similarity
tween its low-energy properties and those of129In and 129Sb.
As has been shown in Sec. IV, our calculated results prov
a very satisfactory interpretation of the experimental spe
and the electromagnetic-transition rates for the three nu
considered. It should be stressed that no adjustable pa
eters have been used in our calculations.
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