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Decay spectroscopy of the long-lived states in186Tl has been performed at the ISOLDE Decay Station at
ISOLDE, CERN. The� decay from the low-spin (2Š ) state in186Tl was observed for the �rst time and a half-life
of 3.4+ 0.5

Š0.4 s was determined. Based on the� -decay energy, the relative positions of the long-lived states were
�xed, with the (2Š ) state as the ground state, the 7(+ ) state at 77(56) keV, and the 10(Š ) state at 451(56) keV.
The level scheme of the internal decay of the186Tl(10(Š )) state [T1/ 2 = 3.40(9) s], which was known to decay
solely through emission of 374-keV� -ray transition, was extended and a lower limit for the� -decay branching
b� > 5.9(3)% was determined. The extracted retardation factors for the� decay of the 10(Š ) state were compared
to the available data in neighboring odd-odd thallium isotopes indicating the importance of the� d3/ 2 shell in the
isomeric decay and signi�cant structure differences between184Tl and186Tl.

DOI: 10.1103/PhysRevC.102.024322

I. INTRODUCTION

Neutron-de�cient nuclei around the neutron midshellN =
104 are interesting study cases from the nuclear structure
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point of view. This region of the nuclear chart is characterized
by the occurrence of shape coexistence in atomic nuclei [1],
a phenomenon, whereby different shapes coexist within one
nucleus at low energy and which is interpreted as arising from
proton excitations across theZ = 82 proton shell closure.
These coexisting structures have been observed in laser spec-
troscopy [2–5], � and� decay [6–10], and Coulomb excitation
[11] studies.

In the case of odd-odd thallium isotopes in this region,
proton excitations acrossZ = 82 leads to the existence of
three long-lived states [9,12]. Previous studies suggest that the
main con�gurations of these states are [� s1/ 2 � � p3/ 2] for the
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2Š states [3,6,12], a mixture of [� s1/ 2 � � i13/ 2] and [� d3/ 2 �
� i13/ 2] for the 7+ states [3,6,12], and [� h9/ 2 � � i13/ 2] for
the 10Š states (9Š in case of188Tl) [3,12]. Unlike in the
neighboring184Tl and 188Tl isotopes, the half-life and the
decay of the (2Š ) state in186Tl, whose existence has been
suggested from the� -decay study of the low-spin isomeric
state in190Bi [12], have not been reported yet.

Studying the decay pattern of the 10Š isomers in Tl iso-
topes can reveal information on the decay of the intruder-
based states in this region of the nuclear chart [8]. However,
in the case of186Tl, the 10(Š ) state is known to decay only
through emission of a 374-keV� ray [13], while, as observed
in 184Tl, the decay pattern is expected to be more complex,
including multiple paths of internal decay, as well as� decay
[8,9].

In this paper, we present an extension of the isomeric decay
scheme of the186Tl(10(Š )) state, the observation of the�
decay of the186Tl(2Š ) state and the relative positions of the
three long-lived states in186Tl. The results of the� -decay
study of all three long-lived states will be published elsewhere
[14].

II. EXPERIMENTAL SETUP

The experiment was performed at ISOLDE, CERN as
a part of a campaign dedicated to measure the decays of
182,184,186Tl. A pure beam of186Tl was produced through
spallation of a thick UCx target by 1.4-GeV protons, provided
by the Proton Synchrotron Booster. The proton pulses (PP)
were delivered every 1.2 s (or a multiple of this value) and
grouped into the CERN proton supercycle structure (SC),
whose length varied during the experiment from 20 to 40 PP.
The produced thallium atoms effused from the target to a
hot cavity, where they were selectively ionized in a two-step
ionization process by the Resonance Ionization Laser Ion
Source system [15]. The �rst step excitation was performed
through the 6p2P1/ 2 � 6d 2D3/ 2 transition at 276.83 nm using
a dye laser system. For the second step, the output from
a Nd:YAG laser at 532 nm was used (details of the laser
schemes are given in Ref. [15]). After the ionization, the ions
were extracted from the ion source at 30-keV energy and
separated with respect to their mass-to-charge ratio by the
High Resolution Separator [16]. To allow for the implantation
of the thallium isotopes, a beam gate was open for 90 ms after
each PP. The puri�ed beam was implanted onto an aluminized
mylar tape at the center of the ISOLDE Decay Station (IDS)
[17]. After every SC, the tape was moved in order to remove
daughter activities.

The SPEDE spectrometer was installed in the IDS decay
chamber for the detection of conversion electrons and�
particles [18]. It consists of 24-fold-segmented, 1-mm-thick
annular silicon detector, which was cooled by circulating
ethanol at aboutŠ20oC. It was situated at 15 mm in the
backward direction of the beam, in front of the tape (see
Fig. 1), and it covered about 14% of the solid angle. Behind
the tape, a 0.5-mm-thick 900-mm2 PIPS silicon detector for
the detection of� particles was placed. Outside the IDS cham-
ber, there were �ve high-purity germanium clover detectors
(HPGe) used to detect the� radiation. The� energy and
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FIG. 1. A scheme of the detection system.

ef�ciency calibrations were performed by using an encapsu-
lated152Eu source and a138Cs sample produced on-line and
implanted onto the tape. At 1408 keV, the energy resolution
was 2.7 keV and the absolute� ef�ciency was 1.95(6)%.
The SPEDE spectrometer energy calibration was performed
using strong transitions with known energies from the decays
of 182,184,186Tl and 138Cs for electrons and by using known�
decays of184Tl and184Hg for � particles. The electron energy
resolution was 6.3 keV at 288 keV and the� energy resolution
was about 190 keV at 6 MeV. All signals were collected in
triggerless mode by using the Nutaq digital acquisition system
[19] with 100-MHz sampling frequency.

III. RESULTS

A. � decay of the (2Š ) state

Figure2 shows the� -decay energy spectrum registered by
the SPEDE spectrometer during the experiment. Because of
a limited energy resolution, it was not possible to resolve the
�ne structure� decays. Based on the (i) systematic trend of
the � -particle energies (see Figs. 1 and 9 in Ref. [9]), (ii)
the previous experimental measurements of the� decay of
186Tl and 186Hg [20,21], and (iii) the behavior of the peak

FIG. 2. The single-� energy spectrum registered with the SPEDE
spectrometer.
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TABLE I. The relative intensities of the� -ray transitions as-
signed to the decay of186Tl to 182Au, normalized to the intensity
of the 129-keV transition. The 202-keV transition remains unplaced
on the decay scheme.

E� I rel
� Einitial

level E�nal
level

(keV) (keV) (keV)

104.1(2) 24+ 5
Š4 129.4 25.3

129.4(1) 100 129.4 0.0
140.8(3) 6.1+ 1.7

Š1.5 270.2 129.4
143.7+ 0.7

Š0.8 2.1+ 1.2
Š1.0 273.1 129.4

201.5+ 0.4
Š0.5 2.4+ 1.0

Š0.8
273.1+ 0.5

Š0.7 3.0+ 1.0
Š0.8 273.1 0.0

intensity as a function of time, the peak around 5.7 MeV was
associated with the� decay of186Tl, while the peak at around
5.1 MeV stems from a weak ground-state to ground-state
� decay of186Hg to 182Pt (branching ratiob� = 0.016(5)%,
E� = 5094(15) keV [21]).

In total, six � -ray transitions have been observed in co-
incidence with the� particles associated with the decay of
186Tl (see TableI and Fig. 3). Four of them, 104-, 129-,
144-, and 273-keV transitions, were previously observed and
placed in the level scheme in the182Hg to 182Au � -decay
study [22]. Based on the� -� -� coincidences (see Fig.4),
the newly identi�ed 141-keV transition was placed on top
of the 129-keV level, while the 202-keV transition remains
unplaced. The decay scheme is presented in Fig.5.

Two levels at 129 and 273 keV known from the� -decay
study of182Hg(0+ ) are both suggested to have spin 1 or 2 and
a negative parity [22]. The feeding of these low-spin levels
in the� decay of186Tl suggests a low spin for the� -decaying
state, despite the fact that this state has a similar half-life to the
10(Š ) state (see Sec.III C). The existence of such level, with
spin parity (2Š ), has been proposed from the� -decay studies
of 190Bi [12]. Therefore, we suggest that the observed� -ray

FIG. 3. The� -ray energy spectrum with an energy gate on the
4550- to 6500-keV� particles and a coincidence time gate 70 ns�
� T (� Š � ) � 300 ns. An expanded view of the spectrum between
135 and 300 keV is shown in the inset. Peaks are labeled according
to corresponding transition energy in keV.

FIG. 4. The� -ray energy spectrum with an energy gate on the
4550- to 6500-keV� particles and 129-keV� ray. Gold K� and K�

x rays as well as a peak at 141 keV are present.

transitions placed in the decay scheme in Fig.5 follow the �
decay of the186Tl(2Š ) state.

To check the possible� decays of the other long-lived
states in186Tl, the number of counts in the� -decay spectra
gated on the 129- and 273-keV� -ray transitions were com-
pared to the number of counts in the single-� energy spectrum.
To remove the in�uence of the 5094-keV� particles from
the 186Hg decay, the comparison range was set between 5.4
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FIG. 5. The� -decay scheme obtained in the present work. The
25-keV transition has not been observed; however, it is known from
the� -decay studies [22]. The spin parity of the182Au ground state is
taken from Ref. [23] while the spin assignments of the excited states
and the placement of the� -ray transitions are taken from Ref. [22],
with an exception of the newly observed 141-keV transition (plotted
in red). The spin parity of186Tl is taken from Ref. [12] and the half-
life comes from our analysis.
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