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The very neutron-deficient isobars '"’Pb and '"T1 have been produced using the fusion-evaporation reactions
104pd("8Kr, xpyn), where x < 1and y > 2. The gas-filled separator RITU was employed to transport and separate
the recoiling nuclei of interest from the scattered beam and unwanted products. The GREAT spectrometer was
used to study the decay properties through a-o and «-y correlations, which has allowed the ground state of
'"9Pb to be assigned as I” = 9/2~. The decay of '”Pb was measured to have an a-particle energy and half-life
of E, = 7348(5)keV and ¢,/ = 2.7(2) ms, respectively. A search for a vi;3/, state in 179Pb was performed, but
only a limit of excitation energy and half-life was obtained. In *Tl a 1, n=1 1411(8) ns isomeric state, likely at an
excitation energy of 904.5(9) keV, was identified and is tentatively assigned to be a 9/2~ proton intruder state.

DOI: 10.1103/PhysRevC.96.064314

I. INTRODUCTION

The a-decay fine structure and hindrance factors of very
neutron-deficient nuclei are powerful tools for determining
spins and parities of low-lying states. Identifying single-
particle states around Pb reveals the states responsible for
driving the nuclear shape from sphericity at low excitation
energies, even though Pb at Z = 82 is a closed shell. Such
information is certainly most important in this region of shape
coexistence [1,2].

The neutron-deficient region of the nuclear chart, from Pb at
Z = 82,downto N = 82 uniquely allows the study of «-decay
chains between two closed shells. @-decay chains themselves
allow the study of nuclear structure effects when the proton and
neutron numbers are changing, but the number of valence nu-
cleons remains constant. In the -decay chain of '"*Pb the v f 2
and vhg; orbitals are found near the Fermi surface, along with
the vi3/, unique-parity shell-model intruder orbital, which in
most cases is an isomeric state decaying via an M2 transition to
the vhy, state. The behavior of the 9/2™ and 13/27 states, the
excitation energy and the reduced-transition probability of the
179py «-decay chain partners, 171pt 1670g, and '3W have been
reported by Scholey et al. [3], revealing a striking consistency
between the level energy differences and B(M?2) values.

The « decay of ”Pb has been observed previously by
Andreyev et al. [4] and contrary to the lighter members of the
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a-decay chain, was tentatively assigned as /7 = 9/2~ ground
state. A total of 12 events over a broad energy range were seen
and hence it was concluded that the observed o decay must
feed the excited 9/2 state in ' Hg [5] due to the broad energy
distribution of decay events, but no «-y correlations were
observed. The present paper confirms the initial finding with
more accurate energy and half-life values of the '"’Pb « decay.
Also, the assignment of the ground-state spin and parity as
I™ = 9/27 is confirmed through the observation of an 80 keV
y-ray transition following the Al = 0 « decay of '°Pb to the
first excited /7 = 9/2 state in ' Hg [5]. No evidence for the
Vii3/7 state in 179Ph was observed.

In studying the neighboring isobar to '"’Pb, 7Tl the pro-
tons near the Fermi surface are revealed. The neutron-deficient
Tl (Z = 81) isotopes play a vital role in understanding the
shape coexistence phenomena. The intruder 9/2~ and 13/2%
excited states originating from one-particle one-hole (1p-1h)
excitations to the mwho, and mij3, orbitals, respectively,
are both observed at low energies in the odd-mass '3>~19T]
isotopes [6-9]. In fact, the 9/27 state, which is assigned to
have an oblate-deformed shape is known to be present along
the isotopic chain down to BIT1110).

The '°T1 (N = 98) isotope is located 24 neutrons away
from the stable isotope >>T1. It has a ground state configuration
of 7(s1/2)~!, which has recently been confirmed by a laser-
spectroscopy study [11]. In addition, it is known to have an
w(hyy /2)‘1 isomeric state with a half-life of # , = 1.46(4) ms,
that o decays to a w(hy; /2)_' isomeric state in ! Au [4]. The
present work reports on a tentative observation of the (9/27)
proton intruder state for the first time in !”"T1 and extends the
level-energy systematics of odd-A TI isotopes further beyond
the proton drip-line.

II. EXPERIMENTAL DETAILS

The neutron-deficient isotopes of interest were produced
using the fusion-evaporation reactions '*Pd("8Kr,3n)'"°Pb
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and '“Pd("®Kr, p2n)'7°Tl, at the Accelerator Laboratory of the
University of Jyviskyld, Finland. A heavy-ion beam of "8Kr!>*
with an energy of 358 MeV was impinged on a self-supporting
rotating '%*Pd target with a thickness and enrichment of
745 pg/cm? and 95.25%, respectively. A 34 ug/cm? thick
carbon charge-reset foil was positioned behind the target. The
beam intensity during the 224 h of irradiation was, on average
140 pnA. The evaporation residues of interest (recoils) formed
in the fusion-evaporation reactions were separated from the
beam and unwanted reaction products using the gas-filled
separator RITU [12] and transported to its focal plane, where
the GREAT spectrometer [13] is located.

In the GREAT spectrometer recoils passed through a
multiwire proportional counter (MWPC) and implanted into
a set of two adjacent, 300 um thick double-sided silicon
strip detectors (DSSD). Both DSSDs have an active area of
60 x 40 mm? and a strip pitch of 1 mm on both faces yielding
4800 pixels. The DSSD strips were calibrated internally
using the known «-particle energies of '"!"Hg and "°Pt,
from Refs. [14-16], respectively (see Fig. 1). A 700 ug/cm?
degrader of aluminized mylar was positioned between the
DSSDs and MWPC to reduce low-energy reaction products
in the implantation detectors.

A 15 mm thick planar double-sided germanium strip
detector with a 120 x 60 mm? active area and strip pitch of
5 mm was positioned directly behind the DSSDs inside the
vacuum chamber. The low-energy y rays and x rays were
observed using the planar detector. In addition, in the present
experiment it was used to veto energetic light-particles that
pass through the DSSDs, depositing an amount of energy
that overlaps with the a-particle energies from the nuclei of
interest. One large volume and two EUROGAM type clover
[17] germanium detectors surround the vacuum chamber of the
GREAT spectrometer. The clover detectors were set in order
to measure high-energy y rays and x rays.
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FIG. 1. Energy spectrum of a-particles correlated within a maxi-
mum search time of 20 ms following a recoil implant within the same
pixel in the DSSDs at the focal plane of RITU, vetoed by the gas
counter (MWPC) and the planar Ge detector.
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The data from each detector channel were recorded inde-
pendently using the triggerless total data readout (TDR) [18]
data acquisition system. All the events were time-stamped
with a precision of 10 ns by using a 100 MHz clock. The data
analysis was performed using the GRAIN software package
[19].

A more detailed description of the experimental setup is
presented in Ref. [20].

III. EXPERIMENTAL RESULTS

A. Decay spectroscopy of "Pb

Figure 1 shows the energy spectrum of all recoil-correlated
decay events detected in the DSSDs within a 20 ms correlation
time and vetoed by the MWPC and the planar Ge detector. The
spectrum is dominated by proton and «-particle evaporated
products, due to the proximity of the proton drip line.

A two-dimensional plot of «-particle energy parent-child
correlations is illustrated in Fig. 2(a). Maximum correlation
search times of 20 ms and 45 ms were used for the recoil-parent
and parent-child correlation events, respectively.

The group of a-decay activity between 7320-7450 keV
in Figs. 1 and 2 corresponds to the « decay of '"’Pb
produced via the 3n-exit channel. The technique of recoil-
o (parent)-aop (child)-as(grandchild) correlations was applied
to confirm the initial findings by Andreyev ef al. [4]. The o
decay of '"Pb was identified using the known energy and
half-life of the child '"Hg and grandchild '"'Pt o decay
[21]. In total 105 '""Pb a-decay events correlated with its
child ""Hg, [E,, = 6898(4)keV and t;/» = 9.6(4) ms], were
observed. The a-particle energy for 7 Hg reported here from
the present work is consistent within errors with values
reported in Refs. [22,23]. Parent-child «-decay correlations
of °TI™ [4], "Hg [14], '"Hg [21], and '7®Pb [20] can also
be seen in Fig. 2(a).

The production cross section of !”’Pb is estimated to be o ~~
200 pb taking into account the calculated RITU transmission
efficiency [24], DSSD coverage, and «-particle full-energy
detection efficiency of 50%, 70%, and 55%, respectively.

Figure 2(b) shows a two-dimensional energy plot of parent-
o decay versus y-ray energies, with the MWPC and planar
Ge detector veto applied to the a-decay events. A 20 ms
correlation time was applied for an «; decay after a recoil
implant, while the y-ray energies are those detected in both
the clovers and planar Ge detectors within a 750 ns time
window subsequent to an «; decay, with the aforementioned
time condition. In total, 13 y-ray events of E, = 80.0(5)
keV were detected in prompt coincidence with an «; decay
having an energy of 7348(5) keV, which is assigned to '7°Pb
as shown in Fig. 2(c). An 80 keV transition was observed
previously in ">Hg by O’Donnell ez al. [5]. This transition
de-excites the first excited state in !">Hg, which has a spin
and parity of I =9/27 and feeds the 7/2~ ground state,
hence the transition has an M1 character. In addition, the 9/2~
excited state is populated by the decay of a 0.34(3) us 13/2%
isomeric state via an M2 transition also reported in Ref. [5]
(see Fig. 6). The strong coincidence between the o decay of
17Pb and the 80 keV y ray transition in '"Hg observed in
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FIG. 2. (a) A matrix of parent and child «-particle energies vetoed
by the MWPC and planar. Maximum searching times of 20 ms and
45 ms were used for the recoil-parent pairs and the parent-child pairs,
respectively; (b) a-y energy matrix vetoed by MWPC and planar
Ge detector within a 20 ms correlation time for recoil-parent pairs;
(c) a y-ray energy spectrum following the 7348(5) keV « decay of
17Pb within a 750 ns time window. The dashed line from (a) to (b)
represents the o decay of "’Pb’s ground state. The dashed lines in
(b) represent the energy limits to produce spectrum (c).

the present work in addition to the hindrance factor value
(discussed later in Sec. IV A), firmly assigns the ground-state
spin and parity of '"Pb to be I = 9/2~. The a-particle
energy was deduced from the coincidence discussed above,
Ec7)9be E, = 7348(5)keV for the 9/2~ ground state decay of

Pb.

The theoretical total internal-conversion coefficient for an
80keV M1 transition in '"Hg is aoy = Ae/A, = 2.74(2) [25],
which is mainly due to L and M electron conversion as the K -
binding energy By = 88.1 keV [26] for mercury is larger than
80 keV. In fact, L electrons dominate by L/M = 4.29(9) [25]
and have an energy of EL ~ 65.17 keV and EM ~ 76.44 keV
for the L and weaker M internal-conversion electrons lines
[26], respectively.
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The energy sum of the '”Pb a-particle and conversion
electrons (E, + E,) in the same pixel of the DSSDs was
observed as shown in Figs. 1 and 2(a). Either a full energy
of E,(7348) + EL(65.17) >~ 7413(5) keV or E,(7348) +
E é” (76.44) ~ 7424(5) keV or part of it (escape events) will
deposit in the DSSDs. In addition, the group of events around
~7356 keV and ~7440 keV, can be explained as being due
to the additional summing with Hg x rays (< 15 keV) and
Auger electrons. The intensity ratio of 7’Pb a-particle and the
summing of electron energies in Figs. 2(a), 1, and 3 (inset) is
in agreement with the theoretical o value [25].

Figure 3 reveals the logarithmic-time difference spectrum
between the implanted recoils in the DSSDs and the « decay of
179Pb. Maximum correlation searching times of 20 ms and 45
ms for recoil-a; (7°Pb) and ot (\"°Pb)-ap (17 Hg), respectively,
were used to produce the plot in Fig. 3. The maximum value
of the curve (shown in red color online), yields In(1/X) [27],
where A is the decay time constant. The half-life of '"*Pb could
thus be extracted as t,, = 2.7(2) ms.

A [recoil—y]-al(”QPb) and [recoil-e~J-o; (7°Pb) analysis
were performed in order to search for the 13/2% isomeric state
in '7Pb. No evidence for the 13/2% state either depopulating
the ground state of !””Pb or « decaying to 13/2* state in "> Hg
was found.

B. Proton (9/27) intruder state in 17971

In order to search for y rays depopulating isomeric states in
79T a technique of [recoil-y ]-o;-r; correlations was applied,
where «; and o, in this case are the parent 179T1 and child
175 Au « decays after a recoil implant within the same pixel in
the DSSDs, respectively.
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FIG. 3. Time spectrum of the ””Pb « decay, which shows the
logarithm of the time difference (At) between the implanted recoil
and « decay of '”Pb within a 20 ms correlation time followed by
Pb’s child '"Hg o decay within a 45 ms correlation time. The red
line is a one-component fit described in Ref. [27] and yields a half-life
of t;, =2.7(2) ms for 179Pb. The inset shows a-particle energy of
17pb correlated with '"Hg o decay, which correspond to the time
distribution.
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FIG. 4. The logarithmic-time difference (At) between the im-
planted recoil and TI¢ « decay. a-particle energy condition of
recoil-o; ("’ T18)-a (> Au®) correlation was required within 12 s
and 620 ms searching time of recoil-o; and «-o, correlations,
respectively. The red line is the two-component fit described in
Ref. [27] and yields the half-lives of #,, = 426(10) ms and ¢,/ =
2.7(5) s for ""TI¢ « decay and the random correlation, respectively.

The a-particle energy of the a-decaying ground state !7°T1¢
was deduced from the present work to be E, = 6557(4)keV.
In Fig. 4 the logarithmic-time difference spectrum between
the implanted recoils in the DSSDs and the « decay of '7°TI¢
is plotted within a 12 s searching time. The gated a-particle
energy of '"TI¢ is correlated with the a-decaying child nuclei
175 Aué [14] within a 620 ms searching time. The half-life
of TI1¢ was extracted as 7, 2 =426(10) ms using a two-
component fit [27]. In the present work, o (parent)-o,(child)
correlations of "7°T1¢ — P Aug and '°TI" — > Au™, which
were recently reported in Refs. [4,14] were confirmed. Table I
shows a comparison of a-particle energies and half-lives of
179718 and 1 Auf" deduced from the present work and
earlier studies.

TABLE I. Comparison between a-particle energies E, and half-
life values 1, of """ T18"" and ' Au#"" isotopes obtained in the present
work and the earlier studies.

Isotope E, (keV) ti> (ms) Reference

179718 6557(4) 426(10) Present work
6560(4) 265(10) [14]

6568° 415(55) [29]

6568(18) 430(350) [22]

179y 7206(4) 1.40(3) Present work
7207(5) 1.46(4) [4]

175 Au® 6433(4) 200(3) Present work
6433(4) 207(7) [14]

175 Ay™ 6433(4) 136(1) Present work
6432(5) 138(5) [4]

“No uncertainty value was given.
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Figure 5(a) shows the summed (clover and planar Ge
detectors) y-ray energy spectrum within a 1 us of a recoil
implant, which was prior to the ground state o decay [E, =
6557(4)keV] of 'TI¢ within a 1.4 s correlation time of
a recoil. The spectrum is dominated by the known y-ray
transitions in !"’Hg [28] and Hg x rays, while y-ray peaks
marked with an asterisk are the newly observed transitions
feeding the ground state of '"TI. The inset in Fig. 5(a)
shows the correlated a-particle spectrum collected within
a 1.4 s correlation time after a recoil implant. This figure
displays the overlap between the «-decay characteristics of
"OTI8 [E, = 6557(4)keV, 11> = 426(10) ms] and '""Hg [28]
[Eq = 6577(9)keV, t1/, = 114(15) ms].

In order to exclude the contribution of 177Hg, recoils cor-
related with a; ('"°T18) and (!> Au®) decays were required,
as is shown in Fig. 5(b). The inset shows the «-decay activity
correlated with as('>Au®). The maximum searching time
for recoil-o; and «j-ap is 1.4 s and 620 ms, respectively.
In addition, the o decay of 179 [4] is observed as well,
since its child o decay of 'Au™ [14] [E, = 6433(4)keV,
t12 = 136(1) ms)] has overlapping decay properties with that
of P Auf [E, = 6433(4)keV, t;/» = 200(3) ms)].

In Fig. 5(b) y-ray peaks of 94.0(5) keV, 226.0(6) keV, and
584.5(5) keV are evident. These transitions are subsequent to
the decay of an isomeric state, which finally feeds the ground
state of 7°TI¢. Thallium K -shell x rays having energies of
Ky, = 72.87keV and K, = 70.83 keV [26] can also be seen
in Fig. 5(b) as a composite peak due to the resolution of the
Ge detectors.

The low statistics related to y-ray transitions feeding the
ground state of '"*TI¢ did not allow a recoil-[y-y ] coincidence
analysis. The intensity ratio of (/g,/los) <1 for the 94 keV
transition firmly assigns this transition to have an E 1 character,
due to the fact that o (E1) = A./A, = 0.500(7) [25] and
any other multipolarity for this energy has an o, more than
an order of magnitude greater than this value. The 226 keV
and 584.5 keV transitions are then assigned multipolarities of
M1 and E?2 with total internal-conversion coefficients [25] of
(M 1) = 0.856(12) and ayo (E2) = 0.0193(3), respectively.
The assignments are based on the assumption that all the three
transitions form a cascade, where their intensities must balance
within errors, as shown in Table II. For no other combination
of multipolarities do the intensities balance. Moreover, the
total Tl x-ray yield, relative to the y-ray yield, deduced
from Fig. 5(b) supports the aforementioned multipolarity
assignments. In the present work, in total three transitions
of 94.0(5) keV, 584.5(5) keV, and 226.0(6) keV were observed
for the first time to depopulate the newly observed isomeric
state in '°TI.

Half-lives of 11, = 112732 ns, 1 = 130%3) ns, and 11, =
1001'28 ns were measured for the 94 keV, 226 keV, and
584.5 keV transitions, respectively, using the maximum-
likelihood method within a 1 us searching time. These values
are consistent within errors proving that all transitions are
delayed by the depopulation of the same isomeric state.
The weighted-average half-life value for the isomeric state is
typ = 114t}g ns.
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FIG. 5. Summed energy spectra of y rays detected in the GREAT
planar Ge and clover detectors within 1 us of a recoil implantation in
the DSSDs. (a) y-ray spectrum correlated with «;('7°TI¢) decays,
where the recoil-o; correlation time is 1.4 s. The inset reveals
correlated o decay within 1.4 s of a recoil implant in the DSSD
pixel. (b) y-ray spectrum correlated with a; (""" TI¢) decay followed
by (" Au®), where recoil-o; and «-a, correlation times are 1.4
s and 620 ms, respectively. The inset figure shows correlated o
decays preceding the " Aué « decay within a 620 ms correlation
time. (c) Summed decay curve of the 94.0(5) keV, 226.0(6) keV, and
584.5(5) keV transitions. The red line is an exponential distribution
plotted using the weighted-average half-life value of #,, = 1 14+}O ns
(see the text for details).

There is a known «-decaying isomeric state with a spin
and parity of /7 = (11/27) in '"°TI" [4]. While the excitation
energy of this state is still unknown the «-particle energy and
half-life were deduced from this work as E, = 7206(4) keV
and t, = 1.40(3) ms, respectively, (see Table I). A search was
performed to ascertain the order in excitation energy of the
newly observed #1,, = 1141’{3 ns isomeric state and the 11/2~
state and whether there are transitions between these two states.
Searches for [recoil-y ]-a; ("7*TI™) and [recoil-e~ ]-a; (7OTI™)
correlations were performed, where e~ are conversion-electron
events correlated with its recoil in the same pixel in the
DSSDs. Furthermore, a [recoil-e~J-o; (\7°T18) correlation was
performed. No correlations or coincidences were found. The
results show that the 94 keV, 226 keV, and 584.5 keV y-ray

PHYSICAL REVIEW C 96, 064314 (2017)

TABLE II. The energies E, of y-ray transitions observed in
both the clover and planar Ge detector of the GREAT spectrometer,
which are depopulating the isomeric state in " T1. The total transition
intensities /I, were calculated taking into account the total internal-
conversion coefficients «,. Both the total transition intensities I,y
and y-ray intensities I, are corrected for the clover and planar Ge
detector efficiencies and normalized such that 7,,(94 keV) and 1,,((94
keV) are 100. The measured half-lives 7,,, were calculated using the
maximum-likelihood method.

E, (keV) I, (%) Lot (%) ti2 (ns) Multipolarity
94.0(5) 100(25) 100(25) 112729 El
226.0(6) 65(25) 80(30) 130739 Ml
584.5(5) 120(50) 80(30) 100739 (E2)

transitions only feed the '"°TI¢ not the 7TI™ and that there
is no evidence for transitions between the two isomeric states,
within the sensitivity limits of the detector set-up used for these
measurements.

IV. DISCUSSION
A. Decay spectroscopy of '’Pb

The hindrance factor HF for a Al =0 transition was
calculated using the Rasmussen method [30] and corresponds

to an unhindered (favored) transition with HF = tl}‘g [t =

1.70(1), where t), /2 is the experimental half-life from this

ras

work and 773 is the theoretical a-decay half-life. The «-decay

reduced width of the 9/2~ — 9/2~ « decay of '"Pb, §2 =
Aexp X h/p = 44(3) keV, for the a-particle energy of E, =
7348(5) keV was deduced with the assumption of a Al = 0,
where & is Planck’s constant and p is the barrier penetration
factor calculated using the WKB approximation. This value
is consistent within errors with the value of 85 = 37(4) keV
for the Al = 0 decay of the neighboring odd-A lead nucleus,
181pp [31]. Table III shows a comparison of different a-decay
properties for '”’Pb obtained from the present work and from
Ref. [4].

A prediction of the ground state configuration of '”’Pb was
made by Andreyev et al. [4] based on the broad distribution of
the a-particle energies assigned to !"”Pb. The present results
confirm this assignment not only with the observation of
coincidences between the 7348(5) keV o decay in !"”Pb and
the 80 keV y-ray transition from the 9/2~ excited state in
17SHg, but also with the a-decay hindrance factor and reduced
width supporting a Al = 0 decay.

TABLE III. Comparison of a-particle energies E,, half-life
values t;,, and a-reduced widths 6§ for "°Pb nuclei from the present
work and from Ref. [4]

E, (keV) t1/2 (ms) 82 (keV) Reference
7348(5) 2.7(2) 44(3) present work
7350(20) 3.5 33+l [4]

064314-5



H. BADRAN et al.

1329 x_
M2 S (I)
92~ 'Pb R (¢59)
E, = 7348(5) keV
t,,=2.7(2) ms

b, = 100 %
8, = 44(3) keV

HE=170(1) 135+ 3 494

M2 SE, =414 keV

9/ 80
Ly MIZE=80keV,
""Hg | g, = 6898(4) keV
t,, = 9.6(4) ms

v

FIG. 6. Decay scheme of '””Pb and "> Hg deduced in the present
work, where E,,, E,,, by, 8§, and HF represent the a-particle energy, y -
ray energy, branching ratio, «-decay reduced width, and the hindrance
factor, respectively. The 13/2% excited state in " Hg at 494 keV is
taken from Ref. [5]. The dashed blue box shows the two possible
decay-mode scenarios (I) and (IT) for the 13/2% state in 179pp, which
are discussed in the text.

Figure 6 shows the decay scheme of '"’Pb including the
information obtained from this work, and the values for '’ Hg
taken from the present work and from Ref. [5]. A direct
ground state to ground state o decay should be considered,
which would have an energy of 7428(5) keV. Disentangling
these decays from the «-particle and electron energy sum is
practically impossible and the lack of any extra events around
this energy leads to the conclusion that such a decay is not
observed in the present data set.

In the Pb region the vii3,, unique-parity intruder orbital
should exist near the Fermi surface. This state has been studied
down the a-decay chain of '7Pb in Refs. [3,5] and was also
observed in !'Er [32]. It is also observed in the Pb isotopic
chain down to '83Pb, where the excitation energy is rather low
79(6) keV [33], but to date has not yet been observed in 181pp,

If such an isomeric state exists in ! ”°Pb it will have a spin and
parity of /™ = 13/2" and will decay in one of two ways as is
shown in Fig. 6. The first and most probable scenario (I) is that
it feeds the 9/2~ ground state of '"’Pb via an M2 transition.
The other possibility (IT) is that it @ decays to the 13/2% state in
17SHg at an excitation energy of 494 keV, which is depopulated
by the cascade of a 414 keV and a 80 keV transition to the
ground state of 175 Hg as mentioned in Ref. [5]. The elec-
tromagnetic transition will dominate over « decay, due to the
partial half-life being ~1000 times shorter than the « decay for
any excitation energy of the 13/2% state. The a-decay partial
half-lives for different Q values were calculated using the
Geiger-Nuttall law, where A(Z) and B(Z) coefficients are ob-
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tained from Ref. [34]. However, as no electromagnetic transi-
tion of [13/2" (isomeric state) —> 9/2’(179Pbgr0und state)]
was observed an upper observational transition energy limit
of E ~300 keV has been set for such a decay based on
the flight time through the RITU separator. A lower limit of
the transition energy, £ ~ 180 keV, was deduced taking into
account the statistics and the detection efficiency of y rays
and conversion electrons. The y-ray transition half-life was
calculated using the Weisskopf estimate with the assumption
that an M2 transition is approximately hindered by a factor
of 5-10 in this region, as reported in Ref. [3]. The theoretical
total internal-conversion coefficient for an M2 transition in
7Pb was obtained from Ref. [25]. Hence the excitation
energy of the 13/2% state in '"”Pb is not within the range of
180-300 keV.

B. Proton (9/27) intruder state in 17971

Figure 7 provides a partial level scheme of y-ray transitions
feeding the ground state of énglgg, deduced in the present
work. The ground state of odd-A thallium isotopes #1211
are known to have a spin and parity of /™ = 1/2%, originating
from the 7 (s; /2)_' configuration. Recently, the ground state
spin of Tl has been assigned as I = 1/2 using laser
spectroscopy by Barzakh er al. [11]. In the present work the
226 keV level has been assigned as 1™ = (3/2") as can be
seen in Fig. 7 and de-excited by an M1 transition to the 1/2%F
ground state. The (3/27") state is associated with a 7 (d3 /2)’1
configuration. This assignment is based on the fact that an
excitation energy of 226 keV fits the systematics of 7 (d3 /2)‘1
states along the odd-A TI isotopic chain (see Fig. 8). The 584
keV transition energy is close to the 2* — 07 transition energy
of 558.5 keV in the 178Hg [35] core. Hence the 584.5 keV
transition is assigned as a (7/2%) — (3/2%) transition of E2

927 1 1418 ns
El1 |94 keV
a2 v

E2 584 keV

321

M1 | 226 keV

12+
179

Eq = 6557(4) keV
t,,=426 (10) ms

FIG. 7. A partial level scheme of '"TI proposed in the present
work based on assumptions discussed in the text.
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character, where the (7/2%) state can be understood as a 7w d3 2
proton-hole coupled to the 2* state of the "Hg core.

The origin of the isomeric state must now be considered.
In odd-A thallium isotopes '¥12IT1, a 1p-2h mwhoy intruder
state associated with an oblate shape is well known through the
observation of low-lying 9/2~ isomeric states. Therefore, in
79T the 94 keV E1 transition is assigned to de-excite a (9/27)
state and feed the (7/2") state, as is shown in Fig. 7. In heavier
Tl isotopes '>2°'T] and in '8! Tl the 9/2" state decays via an
E3 transition to a 3/2" excited state, all having comparable
B(E3) values as reported in Ref. [10]. However, in lighter
odd-A TI isotopes the excitation energies of the 9/27 state
were deduced mainly based on the Bi isotopes «-decay fine
structure as reported in Refs. [36-38], with the exception of
1851 [21]. In the case of 7Tl the (9/27) intruder state decays
via an E'1 transition, where the reduced-transition probability
of B(E1) = 1.50"%3 x 10~° W.u was extracted. This is in good
agreement with typical experimental B(E 1) values for known
delayed E'1 transitions in this region [6,39-41].

The excitation energy of the (9/27) intruder state in the
odd-A Tlisotopes has been discussed previously down to 3Tl
in Refs. [7,10,38]. In Fig. 8 these systematics are extended as
a function of neutron number down to N = 98, A = 179. The
excitation energy of the (3/2%), (7/2%), and (9/27) states
in '7°T1 were obtained from the present work. Figure 8 shows
that the excitation energy of the (3/2%) 7 (d3 /2)" state follows
very well the systematic trend. The excitation energy of the
a-decaying 7w (hy; /2)’1 isomeric state in Tl is still unknown.
However, in Refs. [10,14] it was suggested that the excitation
energy of the 9/27 intruder state is ~300—400 keV above
the expected position of the 11/2~ state. This prediction was
made based on two different extrapolations. One being of the
parabolic trend of the 9/2~ for Tl isotopes of A = 181-201
and the other being the excitation energy of the 11/27 state in
the lightest odd-A Tl isotopes.

e
2000 , o+ n(s1p)”!

1800 1. 3/2* n(dy )"
1600 |---m---9/2" mhyy, [oblate] 4

E 1400 -4--11/27 Tfhg/z [Obllate] ) . »
g 1200 T 2 by ) ’_
3 b (<) A - .
8 1000 | . R _
- PN * ]
RS I P . ]
S 800« . e
5 600 . * . ]
L . . !
400 - . _

I o @@ | I T | L L T
200 (o)~ _

()-—A 77777 Ar-Ar-A-rAr-AaArAA A A-Ac A
96 98 100 102 104 106 108 110 112 114 116 118 120

Neutron number

FIG. 8. A plot of the experimental-excitation energies of 9/27,
3/2%, and 11/2" states relative to 1/2% ground state in odd-A Tl
isotopes as function of neutron numbers. The experimental values
are taken from Refs. [10,36,38,43-53], and its from the present work
for 1°T1.
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In the present work an excitation energy of 904.5(9)
keV was deduced for the proton (9/27) intruder state. This
excitation energy does not follow the parabolic trend of this
state along odd-mass 7% isotopes (see Fig. 8), however
it is still increasing as the neutron number decreases beyond
the proton drip-line.

At N = 100 in the spherical picture both vhg,, and the vf7,,
orbitals are full. Below N = 100 the vhg,, orbital has empty
holes init. This deviation from the parabolic trend of the (9/27)
state could be an indication that the proton-neutron interaction
by the tensor force [42] between the vhg), state and the spin-
orbit partner wh1,2 and 7 hg; states will increase the closeness
in their individual single-particle energies due to opposing
interactions (attraction-repulsion) as the vhg,; is emptied.

After finding no evidence of transitions between the newly
observed (9/27) intruder state and the o-decaying 7 (h /2)‘1
state, it can be concluded that the excitation energy of these two
states is comparable. The fact that there is a transition between
the (9/27) and (7/2%) state and the lack of a transition between
the (9/27) and 11/2~ states supports that shape assignments
of oblate deformation for the (7/2%) (2% state of '"Hg oblate
core [35] + md3)) and the (9/27) states and weakly prolate
shape for the 11/2~ «a-decaying state.

Naturally, an 11/27 state member of the band based on
oblate-deformed 9/2~ intruder state has been observed to
follow a similar parabolic trend along odd-A Tl isotopes
down to "®°TI and is included in Fig. 8. Below the midshell
a deviation from this trend is observed at '33Tl, similar to
the deviation presently observed for the (9/27) state in 7TI.
Raddon et al. [43] speculated that the w(hy; /2)" state lies
lower in the excitation energy than the 11/2~ band member
below the mid-shell causing this deviation in the parabolic
trend. This possibility is indicated by the brackets in Fig. 8.

Clearly, further work with higher statistics and in-beam
data for Tl is required in order to conduct y-y coincidence
analysis and to identify different band structures feeding
both the isomeric and ground states. This will eliminate the
ambiguities in the /™ assignments of the low-lying states.

V. CONCLUSION

In conclusion, this paper reports on the detailed «-decay
study of '"Pb having an a-particle energy and half-life of
E, =7348(5)keV and t;, = 2.7(2) ms, respectively. The
ground-state spin and parity of '"Pb is firmly assigned as
I™ =9/2~ based on the prompt coincidence with 80 keV
transition in '”Hg and a HF value which corresponds to
an unhindered Al = 0 transition. In addition, evidence for
an isomeric proton (9/27) intruder state associated with an
oblate shape in 7Tl has been observed for the first time in
the present work, having a half-life of 7, = 114ﬂ(8) ns. The
excitation energy of 904.5(9) keV has been deduced, which
shows a deviation from the parabolic trend of this state around
the midshell.
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