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Abstract

In this work the microsecond isomers in 12°In and 129Sh were investigated.
These nuclei were produced by the thermal-neutron-induced fission of 24! Pu.

The detection is based on a time correlation between the fission fragments

selected by the LOHENGRIN spectrometer at ILL (Grenoble) and the v rays
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or conversion electrons from the isomers. The decay schemes of the new 17/27
isomer in 12°Tn and 23/27F isomer in 29Sb 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 electromagnetic transition rates are in very good

agreement with the experimental data.
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I. INTRODUCTION

The study of nuclei in the close vicinity to doubly-magic 1*2Sn is currently drawing much
attention. This is related to the fact that these nuclei provide the opportunity for testing
the predictive power of the shell model well away from the valley of stability.

In this paper, we have studied the yrast structure of the two isobars '??In and ??Sh.
In both of them the neutron holes occupy the levels of the 50-82 shell, but while in 12Sb
the valence proton is also in this shell, in '*°In there is a proton hole in the lower 28-50
shell. The yrast states in these nuclei are expected to have a simple structure and are
therefore well suited to test the matrix elements of the effective interaction, in particular
the proton-neutron ones in the hole-hole and particle-hole channels.

Nuclear-structure information on the heavy In isotopes is very scarce. For nuclei above
129Tn, only the ground states and the long-lived isomers, decaying by 3-emission, are known.
For '*?In, apart from the known 9/2% ground state and an excited 1/2 state at 380 keV [1],
the most important information was the possible evidence, by Fogelberg et al. [2], of the high-
spin yrast-traps 23/27 and 29/2% belonging to the aligned configurations ng/gl/(d;/ghﬁlﬂ)
and 7T99_/121/(h11/2)_2, respectively.

Much more information is available for *?Sh. Stone et al. [3,4] reported an extensive level
scheme up to about 2 MeV. The spins and parities of the levels were firmly established up to
spin I™ = 11/2%, and a long-lived isomer I™ = 19/2~ was found from (-decay experiments.
Our aim in this study was to extend the knowledge of this nucleus to higher spins and to
compare its structure with that of the previously known microsecond isomers of '*'Sbh [5].

Motivated by the new data made available by the present experiment, we have performed
a shell-model study of '*?In and '??Sh assuming '*?Sn as a closed core. In our calculations
we have employed a realistic effective interaction derived 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 around '*2Sn.

The paper is organized as follows. In Sec. Il we describe the experimental method while



in Sec. III we report the results of our measurements. In Sec. IV we present the results
of our shell-model calculations and compare them with the experimental data. Section V

contains a summary of our conclusions.

II. EXPERIMENTAL PROCEDURE

The details of the experimental set-up are given in [5,8]. The nuclei of A = 129 mass
chain were produced by thermal-neutron induced fission of ?*'Pu. The LOHENGRIN
spectrometer at ILL has been used to separate the fission fragments recoiling from thin
targets of about 400 pg/cm? thickness and 1.3 mg total weight according to their A/q
ratios. The fission fragments are detected by a AFE gas detector and subsequently stopped
in a Mylar foil of 12 pm thickness. The v-rays deexciting the isomeric states are detected
by two large-volume Ge detectors and the conversion electrons are detected by two cooled
adjacent Si(Li) detectors covering a total area of 2x 6 cm?, located 7 mm behind the Mylar
window. The electron detection efficiency is very high, about 30%, and the set-up allows

one to detect electrons down to very low energy (~15 keV).
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FIG. 1. vy-decay spectrum of the us isomers observed in the A = 129 mass chain in delayed

coincidence with the fission products. The energy error for the lines is 0.2 keV.
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FIG. 2. Half-life spectrum of the 333.8 keV « ray of the *°In isomer.
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FIG. 3. Si(Li) spectrum of ??In gated by the sum of the 359.0, 995.2 and 1354.1 keV v rays.

I1I. EXPERIMENTAL RESULTS

A. 1291n

In a previous work devoted to new ps isomers in '??Sn and '*°Sh [9] we also reported
four gamma rays belonging to a new isomer in ?°In. However, the poor statistics of this
measurement were not sufficient to get a precise half-life of the isomer and to build a reliable
level scheme. Consequently, a new measurement was performed with better statistics. The
new ~-decay spectrum of the A = 129 mass chain in delayed coincidence with the fission
fragments is shown in Fig. 1. The time spectrum of the 333.8 keV ~-ray is reported in Fig. 2
and a mean half-life value of 8.5(5) us was measured for the four lines de-exciting the isomer.

The Si(Li) spectrum in coincidence with the 359.0, 995.2 and 1354.1 keV ~-rays is
shown in Fig. 3. The observed lines are interpreted as the In K, X-rays and the K
and L conversion electrons of the 333.8 keV transition also observed in the =~ spectrum.
The measured value of the conversion coefficient ax=0.08(2) is compatible either with an

M2 (ax = 0.071) or an E3 (ax = 0.063) transition. The measured half-life of the isomeric



transition allows one to compute the reduced transition probability rates for pure multi-
polarity B(M2)=0.032(2) W.u. and B(FE3)=279(16) W.u., respectively. As accelerated
M?2 or E3 transitions are not expected, one may conclude that the isomeric transition is
predominantly M2 in nature.

The ?°In level scheme is shown in Fig. 4. The conversion-electron measurements allow

us to fix unambiguously a spin and parity value I™ = 17/2~ for this new isomer.

X+281 (29/2") 110 ms
281.0
X (23/2") 700 ms
g
1688.0 17/27 85pus
3%%08 M2
1354.2 (100) 13/2°
359.0
(83) .
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FIG. 4. Decay scheme of the '??In isomer. The relative intensities of the y-rays are reported in
parenthesis. Two long-lived ms isomers, previously found by Fogelberg et al. [2], have been added
to the drawing. The excitation energy of the lowest energy state, which decays by f-emission, is

unknown.



B. 1*Sb

Thanks to the high statistics for the A = 129 mass chain, another weakly produced isomer
was also observed. It decays by two weak v-rays of 98.6(2) and 189.5(2) keV. Moreover, the
K and L shell conversion electrons of the 98.6 keV transition were also observed in the Si(Li)
spectrum shown in Fig. 5. These two transitions are in coincidence, as shown in Fig. 6, and
their half-life reported in Fig. 7 is 1.1(1) ps. The electron energy difference Ex — Ep, for
the 98.6 keV transition, and the gamma and electron energy difference £, — Ex allows us
to assign this new isomer to the Sb element. The experimental conversion coefficient value,
ag = 1.1(2) for the 98.6 keV line, is compatible only with an E2 multipolarity and the
reduced transition probability is B(£2)=0.51(9) W.u.

This new isomer very likely feeds the 19/27 state at 1851.0 keV excitation energy and of
17.7 min half-life, and is the analog of the one already found in '*'Sb [5]. This hypothesis is
supported by the fact that the isomeric-transition energies are very close, 98.6 and 96.4 keV
in 12?Sb and '?'Sb respectively, and the excitation energies of the 23/2% isomeric states are
also very close (2139 and 2166 keV in '*?Sb and in 'Sb, respectively).

The 29Sh level scheme is shown in Fig. 8 and compared to the previously known level
scheme of Sb isomer [5] . We have also added in the level scheme another previously
known ps isomer of 1860.9 keV energy; its energy was reported in the work of Stone et al.
[4] and we have measured its half-life in a previous work [10]. The main difference between
the two Sb isotopes concerns the relative positions of the 15/27 and 19/27 states which are
reversed in these two nuclei. The consequences of this feature are dramatic for the 19/2~

state which has a very different half-life in these two nuclei.
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FIG. 5. Si(Li) spectrum of the us isomers observed in the A = 129 mass chain in delayed
coincidence with the fission products. The contamination of '**Te is due to a small admixture of

A =129 and 135 masses having close A/q ratios.
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FIG. 7. Half-life spectrum of the electrons of the 98.6 keV transition in 129Sb.
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IV. COMPARISON WITH THEORY

As mentioned in the Introduction, we have performed a shell-model study of *In and
129Gh employing a realistic effective interaction derived from the CD-Bonn nucleon-nucleon
potential [6]. We consider the doubly-magic '*?Sn as a closed core and let the valence neutron
holes in both nuclei occupy the five levels of the 50-82 shell. The same model space is taken
for the valence proton in '??Sb while the proton hole in '??In is assumed to occupy the four
levels of the 28-50 shell. Our choice of the proton single-particle and neutron single-hole
energies is discussed in Ref. [7], where a similar study of the heavier Sb isotopes, 130:131:132G},
was carried out. As regards the proton single-hole energies, they have been taken from the
experimental spectrum of *'In [11]. The adopted values are reported in Table 1.

A description of our derivation of the effective interaction including references can be
found in [7]. Here we only mention that the effective interaction in the neutron-neutron
channel has been calculated in the hole-hole formalism, while the proton-neutron matrix
elements have been derived in the particle-hole and hole-hole representation for *?Sh and
12971, respectively.

We now present the results of our calculations. They have been obtained by using the
OXBASH shell-model code [12].

In Fig. 9 we compare the calculated levels in *?In and '??Sb with the experimental ones
which have already been reported in Figs. 4 and 8. Some selected levels of *'1Sb, namely
those corresponding to the experimental ones of Fig. 8, are also shown. A more complete
spectrum is reported in [7]. The significant similarity between the spectra of these three
nuclei makes quite interesting a comparison of their level structure.

The 7/2% and 11/2% states in '*'Sb result essentially from the coupling of the va-
lence proton in the gr/; level to the ground and first 2% state of '*°Sn, respectively. The
next two groups of states are dominated by a single configuration, being members of the
7Tg7/21/(d;/12h1_11/2) and mg7 /o0 (hi1/2) 7% multiplets.

In '*In, the role of the valence proton in the g7/, level is played by the proton hole in

12



the go/2 level, while the structure of the two neutron holes is preserved. In this case, the
11/2% state corresponds to the stretched-minus-one coupling of the proton hole to the 2%
state of '*°Sn while the stretched coupling gives rise to the 13/2% state. The 17/27 state
is a member of the ng/zl/(d;/Ith_ll/Z) multiplet. All other members turn out to be higher
in energy, with the maximum-spin J™ = 23/2~ state lying only few tens of keV above the
17/27 one. Aside from the 11/2% state, we find three other states in the energy interval
between the 13/2% and 17/27 states. They all have J < 9/2, which is consistent with the
isomeric nature of the 17/27 state. The 29/2% state, which we predict at 389 keV above the
23/27 level, is the maximum-spin member of mgg/21/(h11/2)~* configuration.

The states of 122Sb have essentially the same structure as that of the corresponding states
in 13'Sb, the additional two neutron holes giving rise to a zero-coupled pair (the 17/2~ state,
which has not been observed, is predicted to lie at 1.86 MeV). It should be noted, however,
that configurations other than the dominant one play a significant role, their percentage
ranging from 20 to 48%. In particular, they are responsible for the inversion of the 15/27
and 19/2~ states with respect to '3!Sh.

As regards the quantitative agreement, we see that the observed excitation energies are
very well reproduced by our calculations, the only significant discrepancy occurs (in all
three nuclei) for the 11/2% state, which is predicted to lie a few hundreds keV above its
experimental counterpart. This discrepancy leads to an inversion in the ordering of the

13/2% and 11/2% levels in #*In.

13
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FIG. 9. Experimental and calculated energy levels (MeV) in 12In, 131Sh and 129Sb.

In Table IT we compare with the experimental data (data from works other than the
present one are taken from Refs. [2,5,13]) our predictions for the electromagnetic transition
rates and half-lives, the latter obtained by using experimental v-ray de-excitation energies,
whenever available, and including conversion. The E2 transitions rates in Sb isotopes have
been calculated with an effective proton charge e = 1.55 ¢, which is the same as that
adopted in [14] for the N = 82 isotones, while for the proton hole in '??In we use the value
e = 1.35 ¢, as results from our study of the N = 50 isotones [15]. For the neutron hole we
take the value of 0.78 e, which reproduces the experimental value of the B(F2;10% — 8%)
in 1%%Sn. In the calculation of the magnetic transitions we have used the free gyromagnetic
factors, since reasonable changes in their values would only slightly affect the final results.
From a comparison with the experimental data, we see that a quite good agreement is

obtained in all cases considered. In Table I we also report for the two Sb isotopes the values
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of B(E2;19/2% — 15/2%). The 15/2% level, which has not been observed, is predicted to lie
at about 100 keV below the 19/2% level in both nuclei. The calculated values of the above
B(E?2) are consistent with the findings of Ref. [5], where the 19/2% state in '*'Sb has been

found to decay by two competing E1 transitions to the 19/27 and 17/2~ states.

V. CONCLUSIONS

The present delayed v-ray and conversion-electron measurements of fission products have
allowed the study of the yrast structure of the two isobars 1*In and '?°Sh. Two high-spin
isomers 17/27 and 23/2% have been established. These new data substantially extend our
study of these neutron-rich nuclei close to '*2Sn to higher spin states.

In connection with the experimental work, we have performed realistic shell-model cal-
culations for *?In and '??Sh, which are the main subject of this study, as well as for 3'Sb.
Actually, the energy levels of the latter nucleus were already calculated in the study of Ref.
[7]. Here, we have completed this study by calculating the experimental transition rates and
comparing them with the available experimental data. As already mentioned in Sec. 1V, the
inclusion of !Sb in the present study is motivated by the remarkable similarity between
its low-energy properties and those of 1?In and '??Sb. As has been shown in Sec. 1V, our
calculated results provide a very satisfactory interpretation of the experimental spectra and
the electromagnetic-transition rates for the three nuclei considered. It should be stressed

that no adjustable parameters have been used in our calculations.
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TABLES

TABLE 1. Single-particle and single-hole energies ¢ (MeV) adopted in our calculations.

neutron—hole level € proton-particle level € proton—hole level €
L3/, 0.000 0g7/2 0.000 099/2 0.000
0hy1/2 0.100 Lds 0.962 Ipi/e 0.365
251 /9 0.332 L3/, 2.439 Ip3/e 1.650
Ld5 /o 1.655 0hy1/2 2.793 0/s5/2 2.750
0g7/2 2.434 251 /9 2.800

TABLE II. Calculated and experimental reduced transition probabilities (W.u.) and half-lives

in ISISb 129111 1298b‘

Nucleus  Transition JT = Jf Reduced transition probability Ti9
Calc. Expt. Calc. Expt.
131Sh E2 23/2% — 19/27F 0.60 0.53(10) L2us  1.1(2)us
E?2 19/2% — 15/2%F 1.02 0.64s
E?2 19/27 — 15/2~ 1.24 0.99(18) 44ps  4.3(8)pus
M?2 15/27 — 11/2%F 0.33x 1072 0.66 x 1073(11)  18.7us  65(5)us
1291 E3 29/2% — 23/2 0.52x 1071 0.66 x 1071(10) 170ms  110(15)ms
M?2 17/27 — 13/2% 0.45x 107! 0.32x 1074(2)  6.0us  8.5(5)us
298] E? 23/2F — 19/2F 0.97 0.51(9) 0.7us  1.1(1)us
E?2 19/2% — 15/2% 1.07 0.2us
M2 15/27 — 11/2% 0.25x 1072 0.26 x 1072%(3)  2.2us  2.2(2)us
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