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Abstract. The neutron-rich isotope *¢Sb has been produced following the relativistic projectile fission
of 38U in an experiment performed at the Fragment Separator at GSI, Darmstadt. Delayed ~-ray spec-
troscopy of the fission products has been performed after isotope separation. A new isomeric state in 1**Sb
has been populated, and its lifetime measured as T3/, = 565(50) ns. Realistic and empirical shell-model

calculations have been performed and are compared to the experimental observables.

PACS. 21.10.Tg Lifetimes — 21.60.Cs Shell model — 25.75.-q Relativistic heavy-ion collisions

1 Introduction

In the vicinity of the magic Z = 50 and N = 82 shell
closures, the coupling of valence particles and holes in
relatively high-j orbitals frequently gives rise to isomeric
states with moderate spin. Indeed, the presence of more
than one (3-decaying state in given nuclei is a characteristic
feature for this region, and several nuclei are also known
to have isomeric states with half-lives in the microsecond
regime.

With its 51 protons and 85 neutrons, *6Sb forms an
interesting system with one proton and three neutrons
outside the doubly magic '32Sn core. Because of its odd-
odd character, information about its lower-lying excited
structure should give direct access to the proton-neutron
interaction in this rather neutron-rich region of the nu-
clidic chart. Of special interest is the question of how these
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low-lying configurations develop as more protons and neu-
trons are added to 132Sn. In analogy with the situation in
the 208Pb region, as investigated by Alexa and Sheline [1],
it is expected that mixing will increase with the number
of valence particles until, ultimately, quadrupole-deformed
collective states form.

136Sh was first observed as a (-delayed neutron pre-
cursor [2] produced in thermal neutron-induced fission of
2357, and its Bn-emission half-life was determined to be
Ty = 0.923(14) s [3]. Hoff et al. [4] studied the 3-decay
in detail and concluded from the population pattern of
states in the daughter nucleus 3¢ Te that the 13°Sb ground
state most likely has I™ = 1~ and is dominated by the
Ty /zyf$/2 configuration. Interestingly, Hoff et al. report
only one (5-decaying state, and no other excited states in
136Sh have been observed.

In contrast, '3*Sb, which has two neutrons less than
136Qh, has two (-decaying states: the I™ = 0, Ty =
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0.85 s ground state and a I" = 77, T}, = 10 s isomer.
Both levels are members of the (wg7/ovf7/2)0-, . .7— mul-
tiplet [5]. Although the excitation energy of the 7~ state
and the placement of excited states between the 0~ and
7~ are still uncertain [6], a number of levels built on top
of the 7~ isomer are known [5].

The 2°%Pb region counterpart of 136Sb is 2'2Bi, which
has the same number of protons and neutrons outside
the doubly magic core. 2'?Bi has an I™ = 17, Tj;p =
60.5 min ground state and an I™ = 87(97), Ty =
27 min [-decaying isomer, both with the configuration
7Th9/21/g93/2 [7]

In principle, spectroscopic information about excited
states in 136Sb could be obtained by studying the 3-decay
of 1368n. Indeed, first results from the (3-decay of very
neutron-rich Sn isotopes have been obtained in a laser ion-
source experiment at CERN/ISOLDE [8]. No 7-ray transi-
tions in !36Sb have been observed. It should be noted that
in the S-decay the mother nucleus 'Sn has ground-state
spin and parity I™ = 07. Hence, population of high-spin
states in the daughter '36Sb is very unlikely. Recently,
particle-tagged delayed-coincidence spectroscopy of iso-
mers produced directly in nuclear reactions has emerged
as a successful alternative method to study excited states
in nuclei far from the valley of S-stability [9,10].

We have applied this new method to produce and in-
vestigate microsecond range isomers in the region around
13281 using projectile fission as a population mechanism.
With the present study, *¢Sb becomes the most neutron-
rich Sb isotope from which ~-rays have been observed. As
pointed out in ref. [11], spectroscopy of exotic nuclei offers
a unique test of the components of the effective interac-
tions that depend on the isospin degree of freedom. Con-
tinued investigations of '36Sb and other neutron-rich nu-
clei beyond '*2Sn will enhance the understanding of how
the shell structure and nuclear mean field develop when
approaching the neutron drip-line.

2 Experiment

The experiment was performed at the FRagment Sepa-
rator (FRS) at GSI, Darmstadt [12]. Neutron-rich nuclei
around '32Sn were produced in the projectile fission of
2381 at the relativistic energy of 750 MeV /u impinging on
a 1 g/cm? ?Be target. The average beam intensity from
the SIS heavy-ion synchrotron was 1 x 107 238U ions per
second.

The ions of interest were separated by combining mag-
netic analysis with energy loss in matter [12]. The FRS was
operated in a standard achromatic mode and a wedge-
shaped degrader with thickness set to 50% of the range
of the selected fragments was placed at the central fo-
cal plane of the spectrometer. Over a four days running
period, we covered three different settings optimized for
13180, 13480, and 139Cd, respectively. For each production
setting of the FRS, between 12 and 20 different fragment
species were transmitted to the final focal plane, and in
total some 30 isotopes in the neutron-rich Cd to Te with
neutron numbers N varying from 76 to 87 were observed.
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Fig. 1. Particle identification spectrum showing the proton
number Z vs. the mass-to-charge ratio A/q for fragments reach-
ing the final focal plane of the separator during the setting op-
timized for '3*Sn. Each group represents a single isotope, as

schematically indicated for **¢Sb.

Due to the specific kinematics of in-flight fission, the
total transmission (including nuclear absorption as well as
straggling effects) from the production target to the final
focal plane was ~ 1%. The separated ions were identified
event by event via combined time-of-flight, position track-
ing, and energy loss measurements. The FRS detectors
were calibrated using the 23®U primary beam at different
velocities.

Figure 1 presents the particle identification plot of the
second setting, in which 136Sb was transmitted. The trans-
mission losses [10], due to the reaction products picking-up
electrons (thereby altering their A/q ratio) while passing
through the different layers of matter in the separator, was
very small: 99.0% of the Sn and 98.7% of the Te fragments
were fully stripped in the second stage of the FRS.

It should be noted here that the relativistic charac-
ter of the in-flight fission process introduces a gain factor
[13] with respect to the fission at rest: the high labora-
tory velocity of the fissioning projectile nucleus (=~ 83%
of the speed of light) leads to an optimal transmission for
those fragments that are emitted in a forward or backward
direction with respect to the beam. The resulting “kine-
matic boost” implies that for equal fission rates, nuclei
produced with cross-sections up to three orders of magni-
tude smaller can be separated and studied [13], thus sig-
nificantly extending the possibilities for spectroscopy in
very neutron-rich regions of the nuclidic chart [14].

At the final focus, the fragments of interest were slowed
down using an adjustable aluminum degrader (6.3 g/cm?
for the setting in which '3%Sb was identified) and subse-
quently implanted in a 6.5 mm thick aluminum catcher.
By comparing the energy loss signal from plastic scintilla-
tor counters placed just in front of and after the adjustable
degrader, those fragments (up to 30% for a given isotope!),
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Fig. 2. v-ray spectra measured in delayed coincidence with
implanted ions of (a) ***Te (delay interval 0.25-8.0 us), and
(b) '¥5Sb (0.5-8.0 us). The energy labels are in keV.

undergoing charge-changing reactions during the slowing-
down process, could be rejected. In addition, a veto scin-
tillator placed after the catcher helped to reject ions that
were not implanted correctly.

The catcher was surrounded by four segmented Clover-
type Ge detectors [15], in which delayed y-rays emitted by
the implanted ions were detected. The Ge detectors were
energy and efficiency calibrated using standard sources.

The flight time of the ions through the separator is
about 300 to 400 ns, which typically sets a lower limit of
about 100 ns for the lifetimes which can be studied. v-rays
from the decay of any isomeric state were recorded within
a 80 us time gate, which was started with the detection of
a heavy-ion event. This slow coincidence technique allowed
us to correlate the detected v-rays with the implanted
heavy ions. The time interval between the implantation
and delayed ~-ray was measured by using both TDCs (8 us
range) and TACs (80 us range).

More details about the experiment can be found in
ref. [16].

3 Analysis and results

By selecting events associated with a single isotope
species, very clean v-ray spectra can be obtained. Fig-
ure 2 shows delayed ~-ray spectra measured in coinci-
dence with implanted ions of '3%Te and 36Sb, respec-
tively. The previously reported isomers in 134Te (I™ = 61,
T/ = 164 1s) [17]) and '**Te (I™ = 19/27, T} ;2 = 510 ns)
[18] have half-lives in the range (~ 100 ns—1 ms) that can
be studied using the described technique (see table 1).
They were used as reference both for the particle identifi-
cation in the first fragment setting, and to verify the pro-
cedure for the lifetime determination. The particle identi-

Table 1. Summary of determined half-lives

Isotope I T/ (ns) T /5 (ns)
present work  previous work
134T e 6" 165 (6) 164 (1) [17]
135 Te  19/27 512 (22) 510 (20) [18]
136 - 565 (50) -
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Fig. 3. Time distribution curves of the (a) 325 keV line from
the decay of the I™ = 19/27 isomer in **Te, and (b) the
173 keV line identified in **®Sh.

fication of the second setting (cf. fig. 1), where the 13¢Sb
isomer was observed, was firmly established using the well
known I™ = 8%, T} /5 = 2.03 s isomer in '32Sn [19].

Time spectra from the particle-delayed ~-coincidence
measurements for the 325 keV ~-ray in 13°Te and
the 173 keV transition in 136Sb are shown in fig. 3. The
prompt part of the decay time distributions have been
subtracted. The half-lives were extracted by fitting the
slope, assuming a single component decay. The results are
summarized in table 1 and compared with previous mea-
surements of known isomers.
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Fig. 4. Comparison of realistic (KHSM, thin lines) and em-
pirical (ESM, thick lines) shell-model calculations for the
7rg7/21/f73/2 multiplet in *%Sb. The two different approaches
give very similar results. All states below 1 MeV have negative
parity in the full (KHSM) calculation.

4 Discussion

Since the residual interaction and the quadrupole prop-
erties of the '32Sn and 2°®Pb regions are rather similar
[17,20], and because the E2 effective charges are essen-
tially equal, we can expect the shell-model descriptions for
the lowest-lying v multiplets to be very similar [21]. This
is especially true when comparing nuclei with ground-state
configurations involving both protons and neutrons in or-
bitals with the same number of nodes in their radial wave
functions (71g7/» and v2f7/5 in the '32Sn region, corre-
sponding to wlhg/p and v2gg /o in the 208Ph region).

Indeed, after appropriate scaling with A=1/3, interac-
tion strengths and matrix elements obtained around 2°®Pb
can be applied also for nuclei close to ¥2Sn [17,20,21].
(Note however that, as the collective negative-parity states
in 132Sn are higher than in 2°%Pb, the octupole properties
of the two regions may differ significantly.)

The observation of only a single delayed ~-ray transi-
tion associated with 36Sb makes it difficult to reconstruct
the properties of excited states in this nucleus. In order
to provide more information, we have therefore performed
spherical shell-model calculations, using two different sets
of interactions, to estimate the excitation energies of the
lowest-lying states. The latest experimental information
on single-particle energies in the '32Sn region were in-
cluded [22,23].

The Kuo-Herling shell model (KHSM) uses realistic
two-body matrix elements calculated for the 2°5Pb region
and scaled down by A~1/3 in the full Z = 50 to 82 and
N = 82 to 126 model space with mixing [24-26]. The
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Fig. 5. KHSM and ESM shell-model calculations for the

mgy/2vf7 /2 multiplet in 1348} see the caption of fig. 4 Experi-

mental level energies from ref. [6] are indicated by open circles.

empirical shell model (ESM), on the other hand, uses two-
body matrix elements (TBME) scaled from the whg /51892

multiplet in #'°Bi to wg7 /ovf7 /o, and f72/2 TBME obtained

from '34Sn. Pure configurations are assumed.

The results of the calculations for °Sb are summa-
rized in fig. 4. The two models predict very similar be-
haviour of the ﬁg7/guf73/2 multiplet members, and both

correctly reproduce the observed ground-state spin and
parity I™ =1~ [4].

Based on the calculations, several scenarios for the ob-
served isomeric level in '36Sb are possible. A high-spin
(I > 7) isomer is highly unlikely due to the lack of observa-
tion of other, higher energy (=~ 1 MeV) ~-ray transitions.
In principle, such a high-spin isomer may be possible if the
isomeric structure was built on top of a 8-decaying isomer.
However, this is at variance with the fact that only one
B-decaying state has been observed so far [4]. As a second
scenario, favored by the ESM calculations we propose a 4~
isomer decaying to the 27 state via the observed 173 keV
E2 transition. The ESM predicts that the 6~ state would
be a (-decaying isomer, which is again in disagreement
with ref. [4]. The experimental B(E2) value of the 173 keV
isomeric transition is then deduced as 0.125(11)Wu, which
appears low in comparison with B(E2) = 4.5 Wu given
by the ESM model for an isomeric 4~ to 2~ transition.

To solve the discrepancy a third scenario can be con-
sidered. We assume a low energy (< 50 keV) unobserved
primary transition 47 to 27, and the detected 173 keV ~-
ray would then be a 27 to 1= M1 transition. The con-
version coefficient for a 50 keV E2 transition in '36Sb is
ot = 20.2, which leads to B(E2) = 3.6(3) Wu. However,
this scheme is at variance with the large energy splitting
predicted for the 4~ to 2~ states in both models.

We, therefore, propose as the most probable scenario
that the observed isomer results from the small energy
spacing between the 6~ and 4~ members of the 7rg7/21/f73/2

multiplet. This scheme is favored by the more elaborate
KHSM model, and is consistent with the predicted level
spacing, the B(FE2) values, and the non-observation of a
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high-spin (67) #-decaying state. The observed 173 keV ~-
ray would in this case be the 4™ to 27 E2 transition, and
the low energy 6~ to 4~ and 27 to 1~ transitions are not
observed due to electron conversion and/or absorption in
the aluminum catcher. Using the measured half-life, we
deduce B(E2) = 7.7(7) Wu for a 26 keV (ator > 250) 6~
to 4~ transition —the level spacing predicted by KHSM.
This value is in good agreement with the KHSM theoret-
ical prediction of 5.6 Wu (corresponding to a half-life of
~ 780 ns), and is not strongly dependent on the precise
energy of the unobserved transition.

‘We have also performed the corresponding calculations
for the lowest-lying mg7/ovf7 /2 multiplet in 1348}, as shown
in fig. 5. Included for reference are the experimental level
energies from ref. [6]. The agreement between the calcula-
tions and experiment is striking, as is the close similarity
between the two models.

A comparison of the calculated 077~ level energies in
the two even-mass antimony isotopes shows rather differ-
ent trends. In '34Sb, the lowest-lying multiplet members
are those with the lowest and highest spins, whereas the
intermediate-spin levels lie at significantly higher excita-
tion energies. In contrast, the corresponding levels in 36Sb
are predicted (in both models) to have a much flatter dis-
tribution. A very similar behavior is also observed in the
208Ph region, as exemplified by the corresponding nuclei
210Bi and 212Bi [1].

We interpret this flattening out to be a natural conse-
quence of the presence of two additional neutrons. As the
occupation of the neutron f7/5 orbital increases, the 7v
particle-particle interaction in '34Sb should change into a
particle-hole interaction in '4°Sb. The signature of such a
Pandya transformation is a gradual change of the excita-
tion vs. spin distribution shape from a parabola in 34Sb to
an inverted parabola in 14°Sh, via more flat distributions
as the one predicted for 36Sb.

Both the expected gradual onset of collectivity as well
as effects related to the lowering of the neutron binding
energy could influence this simple shell-model picture. It is
therefore of great interest to further explore the evolution
of low-lying nuclear structure in the antimony isotopes as
a function of the neutron number.

5 Summary

~-rays from an excited isomeric state in the very neutron-
rich fission fragment 136Sb have been observed for the first
time, and the half-life of the isomer has been determined
to be Ty, = 565 (50) ns. To interpret the experimen-
tal observations, we have performed spherical shell-model
calculations using two different sets of interactions. The
results indicate that the isomer most likely is the I™ = 6~
member of the gy /2uf73/2 multiplet.

However, although '36Sb has only one proton and three
neutrons outside the doubly magic '32Sn core, the gradual
onset of collectivity, as more valence particles are added,
could influence the level ordering and spacing. Systematic

studies, both experimental and theoretical, of the struc-
ture of 136Sb and its neutron-rich neighbors are clearly
needed.
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