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The isomers in the very neutron-deficient isotopes 7°™ 81 Hg and "°™TI were populated via

fusion-evaporation reaction *Kr4!7Ag — ¥ Bi*.

Using the gas-filled recoil separator SHANS,

the nuclei of interest were efficiently transported and separated from scattered beam particles and
unwanted reaction products. In this study, conversion electrons (CEs) associated with isomeric tran-
sitions (ITs) of these isomers were observed for the first time. The CE-a correlation measurements
provided crucial insights into their decay properties. For *"*™TI, a previously unknown IT branch

was identified, and a tentative I'T decay scheme was proposed. For

179m,181m o the analysis of CEs

served to validate and update their I'T decay pathways.

I. INTRODUCTION

Neutron-deficient nuclei near the proton shell closure
at Z = 82 exhibit rich structure phenomena, such as
shape coexistence and shape evolution, which arise from
the interplay between single-particle and collective ef-
fects (see e.g. Refs. [IH3] and references therein). Iso-
mers serve as sensitive probes for investigating shape-
related phenomena, many of them have been identified
in neutron-deficient mercury (Hg, Z = 80), and thal-
lium(T1, Z = 81) isotopes [4HI8]. In these isotopes, the
de-excitation of isomers often involves internal conver-
sion, which is essential for determining the multipolari-
ties of nuclear transition and the configuration of isomeric
states, thereby providing key information on nuclear
structure. However, detail studied of internal conver-
sion in such nuclei have not been fully explored, largely
due to the difficulty of measuring low-energy conver-
sion electrons (CEs). These measurements demand high-
efficiency detectors with low energy thresholds, which
are often challenged by high background rates adn noise-
related triggering issues.

For neutron-deficient '7-'8'Hg, 79T] isotopes, their
isomers have been identified in previous studies [Bl [6], 10~
12]. The available respective spin-parities, half-lives and
decay modes of these isomers are summarized in Table[l]

* zhli@pku.edu.cn
T landrei.andreyev@york.ac.uk

However, the de-excitation pathways of these isomers are
not yet fully characterized.

In the case of ""Hg, the oblate 13/2% isomer was
identified through a-decay study of '®3Pb at RITU gas-
filled separator [5]. Its decay to the weakly prolate de-
formed ground state proceeds via a cascade consisting of
an 111-keV M2 transition followed by a 61-keV M1 tran-
sition. The multipolarities of these isomeric transitions
(ITs) were inferred by comparing the intensity ratio of
~ rays and Hg K x-rays with calculated internal conver-
sion coefficient without direct measurement of the CEs
[19]. The isomer '8'™Hg was identified following its pro-
duction via the complete fusion reaction 4°Ca + *4Sm
— 84Ph* at the velocity filter SHIP(GSI)[6]. Its de-
excitation was proposed to proceed via an unobserved,
strongly converted transition, followed by a newly iden-
tified cascade of a 90.3-keV M1 and a 71.4-keV E2 v-ray
transition. As in the case of 1" Hg, the multipolarities
of two observed ~ transitions were assigned based on in-
tensity analyses. The unobserved transition was initially
suggested to be an E3 transition based on the Weisskopf
estimate [6]. However, a recent investigation of 183mHg
[9] suggested an M2 character for this transition instead,
by analogy with 183™Hg. Such assignment implies that
the proposed IT cascade cannot reach the 1/2~ ground
state. Thus, the de-excitation path of '31™Hg requires
further investigation.

For 79T, its a-decay chain down to '“Re has been
established in the same experiment at GSI which '8!™Hg
was studied [I0], yet no ~ rays or CEs of ITs of !™™TI
has been detected. Consequently, the excitation energy
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TABLE I. The spin-parities, half-lives, a-decay and IT properties of the isomers denoted as "m” and ground states denoted as

97

the present work.

g” in our studied nuclei, respectively. The data are from [5} 6, 10M12], except from the branching ratio of "*™T1 deduced by

nuclide spin-parity T2 (s) Eao (keV) ba (%) brr (%) ~ rays from IT (keV) reference
17om 11/2 1.46(4)x1073 7207(5) 75(10) 25(10) - Ref. [10]
1.40(3)x1073 7206(4) 75(10) 25(10) - Ref. [12]

1799 1/2% 0.265(10) 6560(6) 60(2) - - Ref. [IT]
1om g 13/27F 6.4(9)x107° - - 100 110.8, 60.6 Ref. [5]
1799 g 7/27 1.050(3) 6285(3) 55(25) - - Ref. [5]
18lm gy 13/27F 0.48(2)x1073 - - 100 90.3, 71.4 Ref. [6]
18la1g 1/2~ 3.4(3) 6006(5) 24(2) - - Ref. [6]

of 1™™T] remains unknown. Within this decay chain, 60 F

the isomeric states possess the same spin-parity I™ = 19Hg At(ER-a) < 10 ms

11/2~ [10, 20H22] and were expected to exhibit similar 50 | gy 6283

reduced a-decay width. However, the measured value for 6120g

179mT] is 89(4) keV, which is approximately 30% larger 40 + 18 T]

than those of its daughters 7> Au [67(4) keV] and "1™ Ir o Hg 6380 Au 182p}

[54(7) keV] [I0]. This discrepancy suggests the existence 30 - 157; 5857 6440 15mpp 6900

of an unobserved decay branch, potentially including pro- 20 L / 6693 721?

ton emission or ITs.

In this work, we report the first observation of CEs as-
sociated with ITs in 1797181mHg and 17" T]. The mea-
surements for low-energy CEs were performed by em-
ploying a digital data acquisition system coupled with
pulse-shape analysis techniques, which provides a lower-
energy threshold and a significant reduction in back-
ground events. For 7Tl the observed correlation
CE(*™™T1)-a(1799T1) reveals a previously unobserved I'T
branch. A revised IT decay scheme is proposed and com-
pared with neighboring isotopes. In the case of 31™Hg,
the present CE data, combined with previous y-ray mea-
surements [6], allow for identification of a refined decay
scheme and an estimation of the isomer’s excitation en-
ergy. Furthermore, the IT path of '"™Hg, which was
initially established via a-decay spectroscopy [5], is cor-
roborated by the present CE measurements.

II. EXPERIMENT

The nuclei of interest were produced by the fusion-
evaporation reaction "8Kr+197Ag — 185Bi*, via different
particles evaporation channels: o2n for '™TI, apn for
1"9Hg and 3pn for 1 Hg. The ®*Kr beam, with a typical
intensity of about 100 pnA and an energy of 353 MeV,
was provided by the Sector-Focusing Cyclotron (SFC) of
the Heavy Ion Research Facility in Lanzhou (HIRFL),
China. An 800 pg/cm? 197Ag target (97.8% enriched)
with a 40 pg/cm? carbon backing was used. Evapora-
tion residues (ERs) were separated using the SHANS gas-
filled recoil separator, which was filled with 0.6 mbar he-
lium gas [24]. After separation, the ERs passed through
two multi-wire proportional counters (MWPCs) before

10

Counts/10 keV
5
S
|

wopgg "M AHER-a) < 1s
6120 6283
3000 |- 3
184Pb
1Pt 6630 1ssmp
2000 |- 3730 17Tl 6693
\ 183gpp, 182pp
6560 / 6900

1000 4

1

6500
Energy (keV)

5500 6000 7000

FIG. 1. Energy spectra of ER-« correlations registered in the
DSSSD for the reaction “®Kr+'%"Ag. The spectra are shown
for two correlation-time windows, At(ER — ) < 10 ms (top)
and A¢{(ER — a) < 1 s (bottom). Peaks are labeled by the

parent nuclides of the corresponding « decays [23]

being implanted into a 300 pm thick double-sided sili-
con strip detector (DSSSD) with 6144 pixels (48 x 128
strips). The coincidences between signals from the MW-
PCs and DSSSD were used to distinguish the emitted
particles from the implanted ions. The v rays emitted
by the implanted ERs or their decay products were mea-
sured by four germanium detectors (2 HPGe, 1 Ge-clover
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FIG. 2. Two-dimensional Eg41-Eg42 plot with At(ER-d1) < 5 ms and At(di-d2) < 2 s. The time interval are determined based
on the half-life of nuclides of interest, *"®™T1 (~ 1.4ms [I0, 12]) for the first generation decay, '"?TI (265(10) ms [I1]) and

175m Ay (138(5) ms [I0]) for the second generation decay, in order to reduce the counting of other strongly populated nuclides

and highlight correlation of 7°™T1.

and 1 LEPS detector) surrounding the DSSSD. More de-
tails of this experiment are available in Refs. [25] 26].

The detection signals were recorded by the general-
purpose digital data acquisition system (GDDAQ) [27]
and analyzed using the CERN ROOT framework [28].
The 16-us waveforms from the preamplifiers of the
DSSSD were digitized at a sampling rate of 250 MHz.
The background resulted from light-charged particles in
the a spectrum was effectively reduced by exploiting
the distinct pulse-shape characteristics of decay parti-
cles and energetic light particles punching through the
DSSSD [26].

The a-energy calibration of the DSSSD was performed
using known a-decay lines from 166:167Qg, 162:163\y 158 ff
and '7Ir produced in the reaction of "®Kr+2Mo —
170pt*, The typical energy resolution in the range of
5000-7000 keV is ~ 50 keV (FWHM). The calibration
in the low energy range was performed with three CE
peaks of ¥3™TI produced in our experiment (see details
below), yielding a DSSSD energy resolution of ~25 keV
(FWHM) at 300 keV. The energy threshold of DSSSD
was at ~ 120 keV.

III. RESULTS

A part of the a-decay spectrum registered in the
DSSSD, associated with the decays occurring within 10
ms and 1 s after the implantation of ERs in the same
pixel, is shown in Fig. 1, in order to separately present
short-lived isomers and the overall population of reaction
products. The search for CEs of ITs from isomers to the
ground states utilizes a two-dimensional Eg1-Eg42 plot, as
shown in Fig. 2| (The d; and dy refer to the first genera-
tion decays from ERs and second generation decays from
daughter nuclides.) The time intervals of At(ER-d;) < 5
ms and At(d;-ds) < 2 s are used to highlight the decays
of isomers. Some known a-« correlations are well identi-
fied in the Eg4; > 5000 keV region. In the left side of Fig.
four distinct groups are labeled with A-D. The d; of
them are attributed to CEs from ITs and the do are the
« decays from the ground state of the corresponding nu-
clide, see Table[[] For example, the group C corresponds
to the decay chain of '®1™Hg, where d; corresponds to
the CE of 1#1™mHg (~180 keV) and dz corresponds to a of
1819Hg (6006 keV). The « particles escaped from DSSSD
with partial deposited energy are also seen in Fig.[2] Due
to their higher deposited energy > 1 MeV, these escaped
events will not affect the identification of the CE events
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FIG. 3. The CE spectra of (a) '*3™TI; (b) '¥!™Hg; (c) '™ TI;
(d)'™®™Hg. For (d), the green line represents the CE events
reconstructed from pileup data, while black line corresponds
to the real-time processed data. They are displayed on dif-
ferent y-axis scales (left for pileup, right for non-pileup) for

clarity.

The CE spectra of 183 T], 181mHg 179mT] and 179" Hg
are presented in Fig. [8[a), (b), (c), (d), respectively. Un-
fortunately, for the y-ray spectra of the ITs gated on the
ground-state « decay for these isomers, only the spec-
trum of '¥3™T1 has sufficient statistics to get reliable in-
formation, while the others have limited statistic and do
not allow accurate analysis. In the following, we will de-
tail the characteristics of the CE spectra for each group.

Group A (!83mT1): The IT cascade of ¥3™Tl is al-
ready known to consist of a 356-keV E3 transition fol-
lowed by a 272-keV M1 transition (see Fig. 3 of Ref.
[13]). In Fig. [2| Group A exhibits limited statistics due to
the short search time At(ER-d;) of 5 ms compared to the
known half-life of 53.3(3) ms for ®3™T1 [29]. To increase
the statistics, Fig. a) employs a 150 ms time window.
Three CE peaks are clearly visible and well correspond

to the CEs from different atomic shells as labeled. This
good correspondence allows for the energy calibration for
low-energy CE range in the present experiment using the
known IT energies. A half-life of 53.5(5) ms for ¥3mTI]
was extracted from an exponential decay fit to the decay-
time curve, which shows consistency with the reported
value in Ref. [30]. Further details on the coincident CE
— 7 analysis for 133™T1 can be found in Ref. [26].

Group B (!8'™Hg): As shown in Fig. b)7 the cor-
relation CE spectrum for '®1™Hg is characterized by a
single peak at approximately 180 keV in Fig. [B[b). Its
half-life is deduced to be 0.50(9) ms, in agreement with
the reported value of 0.48(2) ms [6]. This result pro-
vides the first direct evidence for the correlation between
181mI{g and 1819Hg.

Group C (1™mT1): The four CE events in Fig. c)
represent the first observation of the IT branch in 7™ TI.
The half-life of ™™T1 is deduced to be 1.3(6) ms using
a maximum likelihood method [3I], in agreement with
the reported value of ~ 1.4 ms [I0, [12]. Additionally, the
known o decays from 7*™T1 to 7™ Au are also observed
in our experiment, as shown in Fig. [2| with 18 counts in
total.

Group C (!™™T1): The four CE events in Fig. [3|c)
represent the first observation of the IT branch in '7*™TI.
The half-life of 1™™T1 is deduced to be 1.3(6) ms using
a maximum likelihood method [31], in agreement with
the reported value of ~1.4 ms [I0, 12]. The half-life and
decay energy of the second-generation decay in this clus-

ter are deduced to be 0.5705 s and 6563(19) keV, re-
spectively. It should be noted that, as shown in Fig.
the « line around 6560 keV observed in the present
experiment may also contain a contribution from the
a decay of !839Pb feeding the 3/2~ state in '""Hg
(Eq = 6570(10) keV, T}/ = 535(30) ms, branching ra-
tio = 28(4)% [5]), which is also consistent with the sec-
ond-generation decay observed here. Therefore, these CE
events could also originate from a previously unknown
ms-isomer in 83Pb decaying to the 3/2~ state in 1™ Hg.
However, this possibility can be firmly excluded by the
present data. If such an isomer existed in '*3Pb, CE
events should also appear in coincidence with the another
6775 keV « branch of 839Pb, with about 10 counts ex-
pected based on its branching ratio = 72(5)%, whereas
no such events are observed. In addition, the known «
decays from 7™TI to 7™Au are also seen in our ex-
periment, as shown in Fig. [2, with 18 counts in total,
which allows a subsequent determination of the branch-
ing ratio.

Group D (}"™Hg): Due to the shorter half-life of
179mHg (6.4 us [5]) compared to the dead time of DAQ
(20 ps [26]), most decay events associated with 79" Hg
would not be recorded following the implantation. How-
ever, the pulse shape of the implantation signal was
captured in this experiment. The fast-decaying pulses
pile up on the implantation pulse shape, and can be
reconstructed using the digital pileup pulse processing
method. The processing detail can be found in Refs.



[7, 26, B2H35]. The CE spectrum reconstructed from
the pileup pulses is shown in Fig. d) with the green
line, while the CE spectrum processed in real time on
GDDAQ is drawn with black line. Both CE spectra ex-
hibit a peak around 160 keV, but the 90-keV CE peak
is absent in non-pileup spectrum. This difference can be
attributed to the lower energy threshold of the pileup
pulse data (~ 70 keV), compared to the non-pileup data
from GDDAQ (~ 120 keV). In the experiment, the signal
trigger threshold was set slightly above the noise level.
In contrast, the offline analysis for pileup pulse recon-
struction was not constrained by this threshold, because
GDDAQ was triggered by the pulse of ER implantation.
The subsequent CE signal was then reconstructed by the
digital pileup pulse processing method [32], which effec-
tively distinguished the small pulses down to 70 keV. As
a result, only pile-up data are used for 17" Hg in the next
section.

IV. DISCUSSION

A. The IT decay of '™Hg

The previously reported IT decay scheme of 17" Hg
[5] is shown in the inset of Fig. [b). Since each IT
transition can generate CEs from different electron shells,
multiple peaks are expected to appear in the CE spec-
trum. Here, they are mainly classified into two types,
K-CE and L+M...-CE, according to their energies. As
labeled in Fig. a), the 90-keV peak originates from the
summing of L+M+..-CE from the M1 61-keV decay and
K-CE from M2 111-keV decay, while 160-keV peak rep-
resents the summing of L4+M+..-CE from the M1 61-keV
decay and L+M+..-CE from the M2 111-keV decay.

To better understand this scenario, Geant4 Monte
Carlo simulations were performed |26} 36]. In the simula-
tion, the emission probabilities for CEs were provided by
the conversion coefficients calculated by Brlcc [37]. The
simulated result is presented in Fig. b)7 which repro-
duces the experimental data well. A minor deviation is
observed for the 90 keV peak, which is likely attributable
to the energy threshold ~ 70 keV applied in processing
pileup data.

Based on the present data, the experimental K/L
conversion ratio of the 111 keV transition is de-
duced to be ag(111 keV)/ap (111 keV) = 1.5(2). This
value should be regarded as a lower limit rather than
an absolute one, since the low-energy peak around
90 keV is affected by the above-mentioned threshold ef-
fect and some counts may therefore be lost. The ex-
perimental value is close to the Brlcc-calculated ra-
tio ok /o, (111 keV, M2) = 2.69(6). For comparison, the
corresponding ratios calculated by Brlcc for other pos-
sible multipolarities of the 111 keV transition are 0.247
(E2), 0.0165 (E3) and 0.506 (M3), all of which are sig-
nificantly smaller than the experimental lower limit and
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1soF K-CE of 111 + L+M...-CE of 61 4 gate: 6288 keV|
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4 50F
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FIG. 4. The comparison between (a) the experimental CE
spectrum only using the pileup data and (b) the simulated
spectrum of 1™ Hg, based on the IT decay scheme presented
on the right-side. The red and blue shadows show the consis-

tency of simulated and experimental CE peaks.

can therefore be excluded. The F1 and M1 multipo-
larities are also clearly ruled out, since their Weisskopf
single-particle estimates yield partial half-lives of about
2 x 1072 ns and 0.1 ns, respectively, much shorter than
the observed 6.4 us half-life of '7™Hg. Therefore, our
data independently support an M2 assignment for the
111 keV transition, in agreement with the decay scheme
proposed in Ref. [5].

B. The IT decay of *'"Hg

An isomer in 8'Hg with spin-parity 13/2% and a half-
life of 0.48 ms was previously identified in an experiment
utilizing the SHIP separator [6]. Its IT decay was deter-
mined as a cascade consisting of AE; — 90.3-keV(M1)
— 71.4-keV(E2) transitions, based on the y-ray and Hg
X-ray spectroscopic analysis. In ref. [6], an unobserved,
highly converted transition AE; keV was suggested to
have an E3 character to explain the isomeric decay.
However, a recent study reinterprets its multipolarity as
M2 by analogy with 183™Hg [9]. Consequently, the de-
excitation path of ¥ Hg changes from 13/2T — 7/2~
— 5/27 to 13/2% — 9/27 — 7/27. In this scenario, the
90.3 keV M1 transition observed in Ref. [0] likely cor-
responds to the decay from the known 9/2~ state at x
+ 91 keV to the 7/27 state at x keV with the 5/27[512]
configuration [7]. Due to the E2 multipolarity, the sub-
sequent 71.4-keV transition, however, cannot reach the
1/27 ground state.

In the present work, the observed CEs of 81" Hg con-
firm the connection between 1 Hg and '®19Hg. To con-
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FIG. 5. The comparison between the experimental CE spec-
trum of '®'™Hg (a) and the simulated spectra based on two
representative I'T decay schemes: scenario 1 with AFE; ~ 75
keV, AEs ~ 70 keV (b), and scenario 2 with AE; ~ 45 keV,
AFE> ~ 30 keV (c). In the simulations, peak 1 corresponds to
the summed conversion-electron events involving the K-shell
electrons of the 90.3-keV transition, while peak 2 arises from
the sum of L4+M...CEs. The low-energy structure visible be-
low peak 1 originates from partial-summing events,which oc-
cur when one or more transitions in the cascade proceed via

~-ray emission rather than via internal conversion.

struct the complete IT decay cascade from 3'™Hg to
1819Hg, an additional unobserved transition AF, keV is
proposed, as shown in the inset of Fig. (b) The order-
ing of AF, and 71.4-keV transitions will be addressed
below.

In Ref. [6], an upper energy limit of B.(K) = 83 keV
(K-electron binding energy in Hg [38]) was estimated for
AFE1, as in this IT cascade, only 90.3-keV transition has
K x-rays, which was supported by the coincident gamma
spectra (see Fig. 1 of Ref. [6]). For the same reason,
namely the absence of K x-rays, AFs also cannot exceed
83 keV.

The CE energy peak of 3™ Hg around 180 keV shown
in Fig. a), can be attributed to the summation of the
CEs from these IT transitions. The analysis follows the
procedure similar to that for 1™™Hg. The 90.3 keV tran-
sition has both K-CEs and L+M+..-CEs, whereas AFj,
AFEs and 71.4 keV transitions possess only L4+M+..-CEs,
since their energies are lower than B.(K). Under ideal

conditions with the sufficiently-low CE energy threshold,
two distinct summing peaks (denoted as peak 1 and peak
2) would be present in the CE spectrum of 8!™Hg as
shown in Fig. b). Peak 1 is associated with the sum-
mation of K-CE of 90.3 keV transition and L+M+..CEs
from AFE;, AE5 and 71.4 keV transitions, while the peak
2 arises solely from the summation of their L4+M+..CEs.
However, in Fig. a), only a single CE peak is observed,
suggesting two possible explanations.

In the scenario 1, assuming the observed peak in Fig.

a) is peak 1, the sum AFE; + AFEs should be ~ 145 keV,

and both AF; and AFE5 should lie within 62-83 keV
by the upper limit of 83 keV discussed above. In this
case, the non-observation of peak 2 in the present CE
spectrum can be understood. Based on the Brlcc-cal-
culated ax /oy ratio for the 90.1-keV transition [37],
the expected contribution of peak 2 around 220 keV
would be only about three counts, which could be ob-
scured by the right-tail of the observed peak 1. How-
ever, an additional constraint comes from the previ-
ously reported ~-ray data in Ref. [6]. For the above
energy range, Brlcc gives af (AFE;, M2) = 50-250 and
Sl (AE,, M1) = 2.5-7.0, respectively [37]. These values
can be compared with the experimentally deduced con-
version coefficients of the 71.4-keV and 90.3-keV transi-
tions reported in Ref. [6], namely agot (71.4 keV) = 19(4)
and a%"(90.3 keV) = 7.3. Therefore, the inferred AFE,
transition would have a smaller conversion coefficient and
hence a relatively stronger y-ray branch. It should there-
fore be at least as observable in the y-ray spectrum as the
71.4-keV and 90.3-keV transitions. However, in Fig. 1 of
Ref. [6], the 71.4-keV and 90.3-keV ~ rays were observed,
whereas no evidence for AE5 was reported. For this rea-
son, Scenario 1 is considered less favored.

In the scenario 2, where the observed CE peak repre-
sents peak 2, the sum AF,4+AF; would be ~ 75 keV. In
this case, the absence of the peak 1 expected at ~ 110 keV
is attributed to the energy threshold around 120 keV.
Similarly, the calculated ranges of af%(AFE;, M2) and
a4 (AEy, M1) are 10% — 10 and 10 — 300, respectively.
The analysis reveals that, in contrast to the first sce-
nario, a subset of (AFE;, AF5) pairs can satisfy oz >
19. This pattern sets an upper limit of 40 keV for AFs,
which provides a basis for discussing the order of AFEs
and 71.4-keV transitions. A possible cascade of AFE{—
90.3 keV-71.4 keV-AE> would require the presence of a
3/27 state at AF5 keV in 18'Hg. However, due to the 40
keV upper limit for AFs, this state cannot be explained
as one of the known 3/27 states at 64 or 269 keV, which
were identified in the o decay of ¥5Pb [39]. Since no ad-
ditional 3/2~ state at such low energy was populated in
that o decay study [39], the most likely ordering of the
transitions deexciting from ¥!™Hg to '8'9Hg is AE;—
90.3 keV-AFE5-71.4 keV, as shown in the inset of Fig.
5(b).

Geant4 simulations were performed for both scenarios,
and representative simulated CE spectra with AE; = 75
keV and AEy = 70 keV (scenario 1) or AE; = 45 keV and
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than the symbol sizes and therefore not shown.

AE; = 30 keV (scenario 2) are presented in Fig. 5 (b)
and (c), respectively. As anticipated, in scenario 1 the ob-
served peak corresponds to peak 1 which is dominated by
the K-conversion component of 90.3-keV transition, while
peak 2 which is associated with the L+M... CEs of 90.3-
keV, would have much lower statistics. However, the sim-
ulation for scenario 1 also predicts additional structures
around ~ 80 keV and ~ 140 keV. These features arise
from low-energy partial-summing CE events that occur
when one or more transitions proceed via y-ray emission
rather than CEs. The absence of such structures in the
experimental spectru further disfavors scenario 1. In sce-
nario 2 where the observed peak corresponds to peak 2,
the simulated specturm shows reasonable agreement with
the observed spectrum, whereas peak 1 and the low-
energy partial-summing CE events are suppressed in the
measured spectrum due to the ~120-keV threshold. In
these simulations, the positions of peak 1 and peak 2
remain invariant under different allocations of AE; and
AFE,. Although the low-energy partial-summing compo-
nent may shift, it always lies below peak 1 and is therefore
unrelated to the observed peak. Based on the above anal-
ysis, the sum AE;+AFs can be confirmed as ~ 75 keV,
and the excitation energy of the 13/27 isomeric state can

be deduced to be ~ 240(40) keV. This uncertainty of 40
keV is dominated by counting-statistics uncertainty and
the DSSSD energy resolution.
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FIG. 7. The IT-decay scheme of '™ T1 and a-decay schemes
of 17™9T] and their daughter nuclides. The values shown in
red are deduced in present work, except for the 226-keV tran-
sition energy of the 3/27 — 1/2% decay, which is adopted
from Ref. [I2]. Other values are taken from Refs. [10] [IT].
Shown are a-decay energies E,, half-life values, Ti/3, o
branching ratios by, and reduced a-decay widths 62. The
reduced a-decay widths were calculated with the Rasmussen

prescription by assuming AL = 0 transitions [46]

C. The IT decay of '™™TI

The low-lying 11/27 isomer in "TI, previously known
to decay only via « decay [I0HI2], is suggested to undergo
an IT branch based on the CEs observed in this work.
After considering the count ratio of detected « particles
and CEs from the decay of 7TI, the a-decay branch-
ing ratio b, = 75(10)% and IT branching ratio byr =
25(10)% are obtained, respectively.

17971 has an unpaired proton hole, which can occupy
the 3sy/2, 2dz/e or 1hyjp orbits below the Z = 82
shell gap [47]. The known excitation energies of the
3/2%, 9/27, 11/27 excited states in odd-A 177=205T]
isotopes are shown in Fig. [6 with data taken from
[0, [40-45, [48H52) The excitation energy of the
11/2~ isomer in '7"™TI is interpolated to be about
830 keV [II] based on systematics. The energies of
intruder 9/2~ states exhibit a pronounced parabolic
trend. In the nearby isotopes 1811831851 9/2= intruder
states are isomeric and de-excite through a cascade of
9/27(E3)—3/2T(M1)—1/2% [30, [40, [48]. If this in-
truder 9/2~ state also exists in Tl its expected en-
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The energy threshold is
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ergy based on the systematic trend would be higher than
that of the 11/27 isomer. In this case, a fast M1 transi-
tion to the 11/2~ state could occur, resulting in a rela-
tively short lifetime for the 9/2~ state. This level order-
ing would provide a natural explanation for the existence
of the long-lived 11/2~ isomer in 79TIL.

A previous study at the RITU separator reported the
observation of a short-lived isomer in '7T1 with a half-life
of 114715 ns [12]. Three v rays at 94, 584, and 226 keV
were observed but without «-7 coincidence information.
The authors tentatively placed these transitions in a cas-
cade, yielding a proposed excitation energy of 904 keV
and a 9/27 intruder assignment for this isomer. It should
be noted that this excitation energy appears lower than
the value of ~1100 keV expected from the parabolic ex-
trapolation of the 9/2~ systematics shown in Fig. 6. A
possible explanation could be that a weak v-ray transi-
tion was missed in the analysis of Ref. [I2] due to lim-
ited statistics. It is also worth noting that although good
statistics for 17Tl was obtained in that work, the y-ray
search was performed within a 1 us time window after
implantation, which strongly suppresses the detection of
the ~1.4 ms IT decay reported in our work. Nevertheless,
assuming that the 226-keV transition corresponds to the
low-lying 3/2% — 1/2% decay as proposed in Ref. [12] ,

we adopt F(3/2%) = 226 keV in the following discussion
and in the Geant4 simulations.

The direct E5 transition between the 11/27 isomer
and the 1/2% ground state would be extremely hindered,
thus, a cascade involving at least two ~ transitions is ex-
pected to connect these states. The observed CE events
around 220 keV in Fig. [ represent the summed tran-
sition energy of such cascade. However, due to the low
statistics, no v rays from 7*™TI] were measured by the
HPGe and Clover detectors in this experiment. There-
fore, the detailed I'T decay scheme and the excitation en-
ergies of the intermediate states in the decay path cannot
be firmly established. Nevertheless, a plausible decay sce-
nario can be inferred based on systematics and Geantd
simulations, as explained below.

With E(11/27) ~ 830 keV and E(3/2%) = 226 keV, a
direct M4 decay from the 11/2~ state to the 3/2% state,
with an energy of 830 - 226 = 604 keV, would correspond
to a Weisskopf-estimated half-life of ~ 400 s [38], which
is incompatible with the reported value of ~ 1.4 ms in
Ref. [I0,[12]. This discrepancy implies the existence of an
intermediate excited state between the 11/2~ and 3/2%
states. A plausible candidate is the 5/2% state, which is
observed in the heavier odd-A T1 isotopes shown in Fig.
[l In this scenario, the 11/2~ state decays to the 5/2%



state via an E3 transition and then proceeds to the 1/2%
ground state either through a single E2 transition or via
a cascade of M1 transitions, i.e. 5/2T — 3/27 — 1/2%]
as shown in Fig.

Due to the scarcity of experimental data on the 5/27
states in neutron-deficient Tl isotopes, systematics can
only provide a rough range for the excitation energy of
the presumed 5/2% state in "TIl. The likely energy of
5/2% state can be further inferred through Geant4 sim-
ulation. As shown in Fig. B Geant4 simulations of the
CE spectra were performed for different energies of 5/27
state, and the 11/27 and 3/2% energies were fixed to
830 keV and 226 keV, respectively. The corresponding
de-excitation E3 transition was likely in the range of 150—
400 keV, which is agree with the Weisskopf estimate for
the ~ 1.4 ms half-life of 17™T1 [38]. Fig. 8 shows the
simulated CE spectra with E3 transition energies in in-
crements of 50 keV. The conversion coefficients (votai,
ak, ar...) calculated by Brlcc [37] were adopted in the
simulations. The simulated CE spectra for the E3—-M1-
M1 and the E3-FE2 de-excitation branches are shown in
black and blue curves, respectively. The comparison with
the experimental CE spectrum of 17™T1 in Fig. (c) re-
veals that only the simulations performed in Fig. b)f
(d) which account for the mixture of two de-excitation
pathways, can match the observation. By contrast, the
predict peaks by other de-excitation scenarios are absent
in the present experiment. Therefore, based on above
analysis, the energy of E3 transition is estimated to be
in the range of 200-300 keV, implying the E(5/27) =~
530-630 keV.

In previous study [11], the reduced a-decay width 62
for the a decay from 7Tl was reported as 89(4) keV,
significantly higher than those of the daughter nuclides
175mAw and "'™Ir, which were reported to be 67(4)
keV and 54(7) keV, respectively. This discrepancy was
puzzling because the §2 values for these nuclei, which
all involve « decays between 11/2~ states with similar
configurations, are expected to be comparable. In the
present work, we redetermined the 62 for 7Tl to be
66(10) keV. This result was derived using the a-decay
energy of 7207(5) keV, the reported half-life of ~ 1.4 ms
11, 12], and the newly-determined a-decay branching
ratio, with the Rasmussen approach assuming AL= 0
transition [46] and including screening correction. The
revised value of 66(10) keV demonstrates the consis-
tency within the decay chain, thereby resolving the long-
standing puzzle of an anomalously high reduced width
previously reported in Ref. [I0] and providing further
support for the presence of the IT branch in 7*™TI.

Based on the deduced IT branching ratio and the re-
ported half-life of ~ 1.4 ms for 7™ T1 [I1], 2], the Weis-
skopf single-particle transition probability B(E3) was de-
duced to be in 0.31 — 1.8 W.u. [38], corresponding to a
de-excitation F3 transition energy between 200 and 300
keV, as shown in Fig. [9] This obtained B(E3) value is
different from the systematic values of 0.01 — 0.02 W.u.
observed in neighboring odd-A isotopes 181:183:195=201 ]

10' |
F B(E3 =200keV) = 1.8 W.u.
10° E
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FIG. 9. The relationship of B(E3) values relative to the E3
transition energy of 79Tl calculated using energy and the
IT branching ratio deduced in this study along with the life-
time from Ref. [10, 12]. The blue shaded region represents
the proposed range of E3 transition energy as suggested by

the Geant4 simulation.

-1
11/2
rather than intruder hg,, configuration. Further expe/r—
iment with higher statistics and simultaneous measure-
ment for CEs and « rays are required to clarify the nu-
clear structure of 179™T1.

as the configuration of '"™TI is inferred to be h

V. CONCLUSIONS

We investigated the isomeric states in the neutron-
deficient nuclei 17*181Hg and '"TI and their IT decays.
These nuclei were produced by the "®Kr+'97Ag fusion-
evaporation reaction at the gas-filled separator SHANS.
The first observation of their CEs provided critical in-
sights into IT de-excitation pathways. For "*™Hg, the
experimental CE spectrum aligned with Geant4 simula-
tions, validated its previously reported IT decay path.
In 8'™Hg, the combined analysis of CEs and prior 7-
ray data enabled an updated decay cascade, yielding a
determination of the excitation energy of the 13/2% iso-
mer. For '"™TI, the newly detected CEs confirmed the
existence of a previously unobserved IT branch. A ten-
tative IT decay scheme of '"™T1 was proposed based on
experimental systematics and Geant4 simulations.
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