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Excited states in the neutron-rich isotope '33Sn were studied via the
B decay of 133In. Isomer selective ionization using the ISOLDE RILIS
enabled the 3 decays of 133Ings (I™ = 9/27) and '33™In (I™ = 1/27) to be
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studied independently for the first time. A description of the experimental
setup at the ISOLDE Decay Station is presented together with preliminary
results from the experiment.
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1. Introduction

In the last two decades technological advances have allowed new exper-
imental studies to extend our knowledge about the neutron-rich nucleus
1338n.  This nuclide, having one neutron above the doubly magic 3?Sn
core, is the main player to deduce neutron single-particle (SP) states above
N = 82. The first investigation of ¥3Sn was performed with B-decay spec-
troscopy of 134In, for which the large probability of -delayed neutron emis-
sion (P, = 65% [1]) opens great possibilities to study the states of interest
by measuring 7 rays in coincidence with delayed neutrons [2, 3]. These
measurements were later followed by reaction studies based on one-neutron
transfer reactions [4-7]. The aforementioned investigations provided mu-
tually consistent information about SP energies for vps,, (E = 854 keV),
vp12 (B = 1363 keV), vhg)s (E = 1591 keV) and v f5/5 (E = 2005 keV)
neutron orbitals relative to the v f7/, ground state of 133Sn. Nevertheless,
the question of the position of the neutron unbound viy3/, state remains
open for investigation. In addition, recent studies indicate the need to study
highly-excited states in 33Sn, for which v-ray emission was found to be a
decay mode, competing with S-delayed neutron emission |[7].

Studies of '¥3Sn via the 8 decay of '33In, which were not successfully
performed so far [2|, are a reliable way to provide precise data to clarify
the structure of excited states in 133Sn. The '33In B-decay studies can be
performed not only for the I™ = (9/2%) ground state (T} /o = 165(3) ms [8]),
but also, independently, for the decay of its I™ = (1/27) isomeric level,
which has a similar half-life (77, = 180(10) ms [8]).

The purpose of this work was to verify the experimental possibilities to
investigate separately the 3 decay from the 133In I™ = (9/2%) ground state
and its I™ = (1/27) isomeric level. Since there is a large spin difference
for the two ([-decaying states of the parent-nucleus, they are expected to
populate different levels in the daughter nucleus '33Sn.

2. Experiment

Our experiment was performed at the Isotope Separator On-Line facility
(ISOLDE) [9] at CERN, where 1.4 GeV protons from the Proton Synchrotron
Booster (PSB) were directed on a uranium carbide target equipped with
a neutron converter. Fission products were diffused from the target material
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and then effused via a transfer line to the “hot cavity” ion source for ioniza-
tion towards the ionizer tube. Ionization of the desired atoms was provided
by the Resonance Ionization Laser Ion Source (RILIS) [10]. After extraction
and acceleration by an electrostatic potential of 40kV, ions of 33In were
mass separated using the High Resolution Separator (HRS) [11]. Finally,
the ion beam was transmitted to the ISOLDE Decay Station (IDS) [12] and
implanted on a movable tape. The collection point was surrounded by four
HPGe clover detectors, two LaBr3(Ce) detectors and a fast-time response
B detector, which consisted of thin plastic scintillator (1 inch in diameter)
coupled to a fast PMT. All signals from the detection system, including the
proton timing signal from PSB were recorded and sampled in a triggerless
mode using the Nutaq digital data acquisition system [13]. This enabled the
off-line correlation of the events with the time of the proton pulse impact
on the target.

Thanks to the RILIS, which not only offers element selectivity but also
allows for isomer selective ionization for odd-mass In isotopes, the 8 de-
cay of 133In was studied with selective ionization of either 1339In or 133™In.
The RILIS was applied to ionize indium with an ionization scheme con-
sisting of a resonant first excitation step and a non-resonant (NR) ioniz-
ing step {A\]A2} = {304 nm|532 nm™®} [14, 15]. The resonant transition
was excited with frequency tripled light from a Titanium:Sapphire (Ti:Sa)
laser operated in a “narrowband” mode of operation (fundamental linewidth
~ 800 MHz) [16]. The different hyperfine structures in the atomic energy
levels of the I™ = 9/2% ground state and the I™ = 1/27 isomer made it
possible to employ the narrowband Ti:Sa laser for isomer selective ioniza-
tion of indium. The RILIS scan was performed with the less exotic beam
of 12In. A schematic drawing illustrating the principle of a RILIS scan is
presented in Fig. 1. The number of counts for + rays that uniquely decay
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Fig.1. Schematic drawing behind the idea of the online RILIS-IDS scan for 2°In
beam, performed to find optimum laser wavelength providing minimum mixing
ratio of S-decaying states (see the text for details).
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from I™ = 9/2% ground state or I™ = 1/2~ isomeric state of 1*In are plot-
ted as a function of the wavelength of the narrowband Ti:Sa laser. The
evaluation of the ground state/isomer ion beam composition as a function
of laser wavelength allowed the selection of the optimum laser frequency to
study the decay from a desired state of the parent nucleus with a minimum
mixing ratio of ground state versus isomer.

3. Results and discussion

In Fig. 2, we present the time-correlated -gated ~y-ray spectra recorded
by the HPGe detectors for 133In decay, which were measured independently
for the decay of the I™ = (9/2%) ground state and the I™ = (1/27) iso-
mer. The total duration of the measurement with selective separation for
133In jons in the ground state was 18.5 hours, while for ions in its isomeric
state, it lasted for 11.5 hours. We identified ~ rays following 33 In — 133Sn
decay at energies 854 keV and 1561 keV. The 854 keV line was found to
be in f—y—y coincidence with the 513 keV transition (Fig. 2). Other tran-
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Fig.2. Portions of the f-gated 7-ray spectra of the '33In decay measured with
RILIS set on I™ = (1/27) isomeric state (upper part) and I™ = (9/2%) ground
state (lower part), time-correlated with the proton pulse occurrence. The time
gate corresponds to about three half-lives of the ground and isomeric states of
133Tn, respectively [8]. Part of the B-gated y-ray spectrum in coincidence with the
854 keV transition is presented in the upper right corner. Lines marked with a star
(*) are unassigned, while those marked with a cross (+) arise from the neutron-
induced activity.
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sitions visible in both spectra belong to daughter activities present in the
subsequent part of the decay chain of '33In. Dominant lines in Fig. 2 arise
from the ¥2Sn — 132Sb decay [17]. Apart from that, we identified lines
corresponding to neutron-induced activity, mainly due to inelastic neutron
scattering reactions with stable germanium isotopes in the detectors [18].
The difference in the 7-ray spectra for 33In decay from ground- and
isomeric-state can be explained by spin-parity selection rules. Because of
the large spin difference between these two states, their decay will populate
different groups of levels. In the decay of the I™ = (1/27) isomeric state,
two levels with assigned low-spin values, I™ = 3/27 (E, = 854 keV) and
I™ = (1/27) (E, = 513 keV) are fed in the '33Sn daughter nucleus. It
should be noted that in our spectrum there is no line at 2005 keV, which
was reported in previous B-decay studies of 23In [2]. Our results confirm
previous observations about low-lying states in '33Sn including consistent
information about the position of the I™ = (1/27) state, observed in the
B decay of 133In for the first time. A partial decay scheme of '33In is pre-
sented in Fig. 3. The presence of a very weak 1561 keV line in the ~-ray
spectrum of the decay of isomeric I™ = (1/27) state is due to a small impu-
rity of the beam. When the laser wavelengths were optimized to selectively
ionize ¥3In atoms in the isomeric state, the ratio of ions in the isomeric
state versus those in the ground state was not high enough to completely
suppress the contribution from the decay of the I™ = (9/2%) ground state.
The intensity of the 1561 keV ~+ ray was used to evaluate the impurity of the
beam originating from the presence of ions in the I™ = (9/2%) ground state.
The ratio of 1561 keV ~-ray intensities registered when RILIS was set on
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Fig.3. Schematic representation of *3In 8 decay. The Qg and S, values were
taken from [19], T} o and energy of I™ = (1/27) level in '**In from [8].
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I™ = (1/27) versus when on I™ = (9/2%) was found to be 0.05(1). We do
not observe the 854 keV line in the spectrum collected when RILIS was set
to separate ions in the I™ = (9/2%) ground state of 133In, indicating a high
beam purity.

4. Summary

Low-lying states in 133Sn were studied in the 8 decay of '33In at the
ISOLDE facility. Thanks to the isomer-selective ionization provided by
RILIS, we were able for the first time to study separately to study sepa-
rately the 8 decay from the ground- and from the isomeric-state of 133In.
The impurities of the beam of #2In ions in these two states were found to be
negligible. Our data are consistent with the previous results on the low-lying
level structure of 133Sn [2-7], and provide further support for the adopted
spin assignments of low-lying states in 133Sn.

This work was supported in part by the National Science Centre, Poland
(NCN) under contracts No. UMO-2015/18/E/ST2/00217 and No. UMO-
2015/18/M/ST2/00523, by the Spanish MINECO via FPA2015-65035-P
project and by the Portuguese FCT via CERN /FIS-NUC /0004 /2015 project.

REFERENCES

[1] A.A. Sonzogni, Nucl. Data Sheets 103, 1 (2004).

[2] P. Hoff et al., Phys. Rev. Lett. 77, 1020 (1996).

[3] P. Hoff et al., Hyperfine Interact. 129, 141 (2000).

[4] K.L. Jones et al., Nature (London) 465, 454 (2010).

[5] K.L. Jones et al., Phys. Rev. C 84, 034601 (2011).

[6] J.M. Allmond et al., Phys. Rev. Lett. 112, 172701 (2014).

[7] V. Vaquero et al., Phys. Rev. Lett. 118, 202502 (2017).

[8] Yu. Khazov, A. Rodionov, F.G. Kondev, Nucl. Data Sheets 112, 855 (2011).

[9] R. Catherall et al, J. Phys. G 44, 094002 (2017).

[10] V. Fedosseev et al., J. Phys. G 44, 084006 (2017).

[11] E. Kugler et al., Nucl. Instrum. Methods Phys. Res. B 70, 41 (1992).

[12] http://isolde-ids.web.cern.ch/isolde-ids/

[13] http://nutaq.com

[14] M.L. Muchnik et al., Quantum Electron. 13, 1515 (1983).

[15] 1. Dillmann et al., Eur. Phys. J. A 13, 281 (2002).

[16] S. Rothe et al., Nucl. Instrum. Methods Phys. Res. B 317, 561 (2013).

[17] H. Mach et al., Phys. Rev. C' 51, 500 (1995).

[18] T. Siiskonen, H. Toivonen, Nucl. Instrum. Methods Phys. Res. A 540, 403
(2005).

[19] M. Wang et al., Chin. Phys. C 36, 1603 (2012).


http://dx.doi.org/10.1016/j.nds.2004.11.001
http://dx.doi.org/10.1103/PhysRevLett.77.1020
http://dx.doi.org/10.1023/A:1012661816716
http://dx.doi.org/10.1038/nature09048
http://dx.doi.org/10.1103/PhysRevC.84.034601
http://dx.doi.org/10.1103/PhysRevLett.112.172701
http://dx.doi.org/10.1103/PhysRevLett.118.202502
http://dx.doi.org/10.1016/j.nds.2011.03.001
http://dx.doi.org/10.1088/1361-6471/aa7eba
http://dx.doi.org/10.1088/1361-6471/aa78e0
http://dx.doi.org/10.1016/0168-583X(92)95907-9
http://dx.doi.org/10.1070/QE1983v013n11ABEH004973
http://dx.doi.org/10.1007/s10050-002-8756-7
http://dx.doi.org/10.1016/j.nimb.2013.08.058
http://dx.doi.org/10.1103/PhysRevC.51.500
http://dx.doi.org/10.1016/j.nima.2004.11.021
http://dx.doi.org/10.1016/j.nima.2004.11.021
http://dx.doi.org/10.1088/1674-1137/36/12/003

	1 Introduction
	2 Experiment
	3 Results and discussion
	4 Summary

