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Abstract. In this work we have identified and studied the decay of two new microsecond isomers 19/27 and
23/2% in '31Sb. This neutron-rich nucleus was produced by thermal neutron-induced fission of 2! Pu. The
detection is based on time correlation between fission fragments selected by the LOHENGRIN spectrometer
at ILL (Grenoble) and the y-rays or conversion electrons from isomers. These new data on high-spin states
complete the level scheme previously obtained from (-decay. A large fraction of the members of the

ﬂg7/2V(h;11/2d; /12) and 7gr7 /21/h;12/2 multiplets are now known and were compared with a multi-particle

shell model calculation.

PACS. 23.20.Lv  Gamma transition level energies — 25.85.Ec Neutron-induced fission — 21.60.Cs Shell

model — 27.60.4j 90<A<149

1 Introduction

The nuclide 1§’1ISb80 is of special interest since it has one
proton and two neutron holes outside the doubly closed
shell nucleus '32Sngs. Due to its particularly simple struc-
ture the results of the particle shell model calculations
can be easily compared to the experimental data. How-
ever, this neutron-rich nucleus is difficult to produce and
the available information concerning its structure comes
mostly from (§-decay data. In their papers, Stone et al. [1,
2] reported an extensive level scheme constructed up to
an excitation energy of about 2 MeV. The spins and pari-
ties of the levels were firmly established and the members
of the Wg7/2u(h;11/2d;/12) and 7rg7/21/hiz/2 multiplets were
identified up to the spins I"=17/2~ and I™=11/2", re-
spectively. The higher-spin members of these two configu-
rations cannot be fed by (-decay and have to be produced
via other ways. One possibility is to feed directly by fis-
sion the yrast isomers expected to be present among the
high-spin levels of the two main configurations. One of
these isomers, the 15/27 state at 1676.7 keV, has been
already found [1]. However, the values of the half-lives of
this isomer reported in the literature [3-6] scatter between
50 and 95 ps. To remove this ambiguity and to gain more
experimental information on the high-spin states of 131Sb,
we have reinvestigated the us isomers of this nucleus fed
directly by the fission process.

On the theoretical side, the calculations presented in
the literature are quite old and incomplete. In the more
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recent paper, Heyde et al. [7] have performed the one
particle-two hole calculations, but the two-body zero-
range interaction used for the neutron-proton interaction
is too schematic to give sufficiently precise results. Conse-
quently, we have performed a new microscopic shell model
calculation up to 2.5 MeV excitation.

2 Experimental procedure

The details concerning the experimental set-up are given
in [8,9]. The fission fragments of the A = 131 mass
chain were produced by thermal neutron induced fis-
sion of 24'Pu. The spectrometer LOHENGRIN at ILL
has been used to separate the fission fragments of ionic
charge ¢ = 23 or 24 recoiling from a thin target of about
400 pg cm~2. The fission fragments were detected by a AE
gas-detector of 13 cm length, and subsequently stopped
in a mylar window of 12 pym thickness. The «-rays decay-
ing the isomeric states were detected by two large volume
Ge detectors and the conversion electrons were detected
by two cooled Si(Li) detectors covering a total area of
2x6 cm? and located 7 mm behind the mylar window.
The gas pressure of the ionization chamber was tuned to
stop the fission fragments at about 2 pm from the outer
surface of the mylar window to minimize electron absorp-
tion and to have a good energy resolution. Events were
stored on a disk each time a Si(Li) or a Ge detector was
fired within a time window of 40 us after the implanta-
tion of a fission fragment. In this case, the possible -+,



192

Counts

3432

200

382.0

100

400 Channe

K 96.4

2000

Sb KX-Rays

L 96.4

1500

1000

500

0

|
0 200 400 600 Channel

Fig. 1. v and electron spectra of the A = 131 mass chain
in delayed coincidence with the fission fragments. The time
window AT": 0.3-2.5 us is too short to observe the 450.3 and
1226.4 keV lines de-exciting the 1676.7 keV isomer. A weak
contamination of '**Xe is due to their close A/q values. The
arrow shows the expected position of the K 343.2 keV line.

v-electron, and electron-electron coincidences detected in
a time window of 4 us were registered.

3 Experimental results

The v and electron spectra measured in delayed coinci-
dences with the fission fragments of the A = 131 mass
chain are shown in fig. 1. Three new ~-rays of 96.4, 343.2
and 382.0 keV have been observed. The Si(Li) spectrum in
coincidence with the 343.2 and 382.0 keV y-rays is shown
in fig. 2. Both of these transitions are coincident with lines
interpreted as the Sb K X-rays and the K and L conver-
sion lines of the 96.4 keV transition observed in the -~y
spectrum. Moreover, an electron line is also observed be-
low the X-rays in coincidence only with the 343.2 keV
transition and is interpreted as the K conversion line of a
50.0(5) keV transition. The L line is also seen, but with
a much smaller intensity. All these lines have a half-life
of 1.1(2) ps as seen in fig. 3, where the time decay of the
K-96.4 line is reported.

The experimental conversion coefficient ax=1.2(2)
measured for the 96.4 keV line is compatible only with
an F2 assignment. As the ~-ray of the 50 keV transition
was not observed, one cannot deduce an a g value in this
case, but the value K/L ~ 6 measured makes only F1
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Fig. 2. Si(Li) spectrum gated by the 343.2 and the 382.0 keV
~y-transitions.
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Fig. 3. Half-life spectra of the K-96.4 keV electron-ray.

or M1 assignment possible. Since the K-line of the 343.2
keV transition was not observed in the delayed spectrum
of fig. 1, this suggests an F1 multipolarity for this transi-
tion.

At this point of the discussion, one may conclude that
a new 1.1 us isomer has been observed in the *!Sb nu-
cleus. As from theoretical considerations (see discussion
below and table 1) no levels are expected below the 7ds /o
state at 798.5 keV, the 1.1 us isomer cannot feed directly
the ground state, otherwise one would have several states
too close to the ground state. In contrast, it can decay on
the previously known 15/27 isomeric state at 1676.7 keV.
However, in this case, the half-life of more than 50 us
previously measured [3-6], prevents the observation of
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Table 1. Experimental and calculated positive- and negative-
parity levels in *Sb.

E (keV) J~ E (keV) E (keV) J~ E (keV)
Expt. Calc. Expt. Calc.
0 7/2% 0 1872.8  1/2t 1853
798.6 5/27  ds;e 1889.8  11/27 1986
1141.9  3/2t 1117 1917.4  15/2~ 1855
1203.0  5/2t 1089 1931.3  9/2*
1226.4  11/2% 1170 13/2t 1963
1229.6  9/2% 1394 1981.2  13/2 1939
1481.2  7/2% 1631 1998.0  9/2~ 1916
1676.7  15/27 1697 2069.9  19/2% 2025
1687.9  19/27 1690 2166.3  23/2% 2109
1726.6  17/2~ 1695 17/2T 2171
1731.0  13/2~ 1737 21/2%7 2328
1786.9  3/2% 21/27 2602
1813.4  11/27 1857 25/2F 2734
15/2% 1871 27/2% 3485
1871.9  7/2° 1913
Experiment Theory
21663 Typ =112 s .
%26.4 23/2" 2109
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Fig. 4. Proposed level scheme of '3'™Sb.

coincidences between the 1.1 us v-rays and the 450.3 and
1226.4 keV lines de-exciting the 15/27 isomer. These con-
siderations allow us to construct the level scheme shown
in fig. 4. Moreover, the 50.0 keV transition de-exciting the
1726.7 keV level is very likely the same as the one pre-
viously measured by Stone et al. [1], from the S-decay of
the 11/2~ isomer of 58.4 s half-life in *'Sn. A spin and
parity I™=17/2" was already assigned to this state.

The time spectrum measured for the 1226.4 keV and
450.3 keV transitions is characteristic of the subsequent
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Fig. 5. Half-life spectra of the 1226.4 keV ~-ray.

decay of two isomeric states. The case of the 1226.4 keV
transition is shown in fig. 5. The unfolding of the decay
curve allows to extract the values T /5(1) = 4.3(8) us and
T1/2(2) = 65(5) ps for the half-lives and the relative fis-
sion yields of 35% and 65% for the short and long compo-
nents, respectively. This new result shows for the first time
the existence of two half-lives, and this explains the large
spread of the values of the previously measured half-lives
[3—6]. One should note that this half-life has never been
measured in $-decay experiments but only in delayed co-
incidence work with fission products.

This new half-life of 4.3 us is very likely associated
with the 1687.9 keV state, expected to decay by a non-
observed, very low-energy isomeric transition of 11.2 keV.
Its reduced transition probability, assuming an F2 multi-
polarity, is B(E2)=0.99(18) W.u. This suggests that the
isomeric transition takes place between two levels hav-
ing a large E2 overlap of their wave functions and that
the new isomer at 1687.9 keV should have a spin and
parity I™=19/27. To confirm this hypothesis, we have
compared the transition probability measured in '31Sh
with the the 15/27 — 19/27 transition in '22Sb. One
should note that the initial and final spins are inverted in
129Gh and 13!Sb. For this purpose, we have measured the
half-life of the 15/2~ state in '29Sb, already observed at
1851.3 keV [1]. From the measured value T} /5 = 2.2(2) ps,
the value B(E2)=1.90(17) W.u. was deduced for the di-
rect 15/27 — 19/2~ transition and B(F2)=1.52(14) W.u.
for the reversed transition 19/2~ — 15/27. The last value
is rather close to the analogous one for 31Sb.

The 2069.9 keV state decaying by an E1 transition to
the 19/27 and to the 17/27 state but not to the 15/2~
has a spin and parity I™=19/2", while the 2166.3 keV
one decaying by an EF2 transition has a spin and parity
I™=23/27". The isomeric transition rate, B(E2)=0.53(10)
W.u., suggests that here also the transition takes place
between levels having a large E2 overlap.

The 17/2~ state at 1726.7 keV could also decay to the
new 19/27 state at 1687.9 keV by a low energy M1 tran-
sition of 38.8 keV. However, it is difficult to observe ex-
perimentally its conversion electrons, because the K-line
of 8.3 keV is below the detection limit of the Si(Li) detec-
tor and the L-line of 34 keV is expected to be too weak
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Table 2. Experimental and calculated B(E2) transition prob-
abilities in **'Sb.

Transition Ti;» B(E2) (e’fm*)
us Expt. Calc.

23/2% — 19/2%  1.1(2) 21(4) 24.1
19/27 — 15/27F 42.5
19/27 — 15/27  4.3(8) 40(7)  38.6

and too close to the Kg X-rays to be observed without
ambiguity. One should note that this transition was not
reported in the paper of Stone et al. [1].

4 Comparison with theory
4.1 Energy levels

A semi-empirical shell model calculation was performed
using the code OXBASH [10]. A truncated configura-
tion space was used including only the valence orbitals
g7s2 for the protons and dz/; and hyy/o for the neu-
trons. The numerical calculations have been performed
using the particle-particle formalism. The single-particle
energies relative to '32Sn E(mgr/s) = —9633 keV and
E(vd3;s) = +7325 keV, were deduced from the measured
masses of 133Sb and ¥!Sn [11]. The vhyy /9 single par-
ticle level is suggested to be placed 110 keV above the
vds )y level, as discussed in ref. [9]. The two body matrix
elements of the residual interaction were extracted, wher-
ever possible, from experimental data. However, complete
experimental data are not available on the mgr/ovhiy/2
multiplet, and therefore we have used the calculated val-
ues of Andreozzi et al. [12].

In this calculation the s;,, neutron orbital measured

at 332 keV above the d3/ ground state level in '**Sn [13]
is not explicitly introduced because its interactions with
the hyy /2, d3/2 neutrons and g7/, proton are not known ex-
perimentally. However, the experimental matrix elements
which are employed include implicitly effects of the possi-
ble configuration mixing with the sy /5. Thus, it is expected
that the shortcomings of the shell model without config-
uration mixing, are compensated by using experimental
effective interactions that already contain high-order cor-
rections.

The comparison between the known experimental lev-
els of 131Sb and the calculation is shown in table 1 and in
the level scheme of fig. 4. In our calculation '3!Sb is over-
bound by 114 keV. Consequently, the calculated energies
of the levels displayed in table 1 and fig. 4 are given rel-
ative to the calculated ground state. The first 5/27 state
measured experimentally at 798.5 keV as well as the sec-
ond 3/2% at 1786.9 keV and 9/2% at 1931.3 keV cannot be
computed with this simple model because in these states
the proton occupies mainly the ds/» orbital, not used in
the calculation. A reasonable agreement between the cal-
culated and the experimental energies is evident in fig. 4
and table 1. The calculated 23/2% state is well below the
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21/27" state and becomes yrast. It can only decay by a
low energy E2 transition to the 19/2% and this explains
its experimentally measured long half-life.

The 15/2—, 17/2- and 19/2 states of the
Tg7 /Qy(h;llmd; /12) multiplet are reproduced with a preci-
sion of the order of 30 keV (2 %). This figure, rather good
for a shell model calculation, is, however, not sufficient
to reproduce the order of these levels: the 15/2 state is
the lowest observed state of the configuration while the-
ory predicts it to be the 19/2~ state. The consequences
of this feature are dramatic: instead of one long-lived pre-
dicted isomer decaying by 3 emission as in 29Sb, two us
isomers of 65 and 4.3 us were observed experimentally.
This striking result shows the necessity of new and more
precise model calculations in this mass region. It is then a
challenge for theoreticians to perform sophisticated calcu-
lations in the future, including all necessary orbitals, and
using various theoretical interactions.

4.2 Transition rates

The B(E2) reduced transition probabilities obtained from
the present experiment are compared with our theoretical
predictions in table 2. The effective polarization charges
€por = 0.9 - ¢ and e, = 0.9 - e were extracted from the

experimentally known B(FE2, 7793/2, 6T — 7793/2, 47) in

134Te and B(E2, Vh;12/27 107 — Vh;12/2, 8%) in 139Sn
[14,15], respectively. It is clear from table 2, that the re-
duced transition probabilities calculated with the present
approach reproduce very well the experimental data.

The 19/2% state of 7Tg7/2V]’L1_12/2 configuration decays
by two competing E1 transitions to the 19/2~ and 17/2~
members of the 7rg7/zu(h1_11/2d;/12) multiplet. In fact, the
FE1 transitions are strongly forbidden between the main
configuration of the corresponding states and therefore
they proceed via small admixtures of other configurations.
The other possibility to depopulate the 19/27 state would
be by the streched F2 transition to the 15/2% state of the
same configuration. This state is predicted by the model
to be 154 keV lower in excitation energy than the 19/2%
state. However, this transition was not observed in the
present experiment implying that its relative intensity is
lower than 5% and a large Hyy <2 10 W.u. hindrance fac-
tor was deduced for the two E1 transitions. For a similar
E1 decay, i.e. V(h;11/2d5/12)(5_) — l/h1_12/2(4+) in 139Sn, a
hindrance of 2.3(2) 10° W.u. was measured [14].

5 Conclusions

In this paper we have identified and studied the decay of
the two new 19/2~ and 23/2% isomers. These new data
substantially extend our knowledge of this neutron-rich
nucleus to higher-spin states and a large fraction of the
states of the two Wg7/2V(h;11/2d;/12) and wg7/2uh;12/2 con-
figurations are now identified. This allows a detailed com-
parison with theory. For this purpose a microscopic shell
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model calculation was performed assuming a truncated
configuration space. The main features of the level scheme
are well reproduced by the model and the 23/2% isomer
is well predicted. The excited energy of the new 19/2~
isomer is also well predicted.

We thank M. Asghar for comments and a careful reading of
the manuscript.
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