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High-spin level structures of Tl have been studied by in-beam y-ray spectroscopic methods using the
196pt("Li, 4n)'*Tl reaction at 40 MeV of beam energy. A large number of new states have been found, resulting
in a significant extension of the previously known level scheme with the observation of 44 new transitions and
33 new levels. By comparing with the level structures in the odd-mass Tl isotopes and the even-even core Hg
nuclei, configurations are proposed for the newly observed rotational bands and states in **T1. The properties
of the strongly coupled positive- and negative-parity bands can be interpreted in terms of the cranked Nilsson-
Strutinsky-Bogoliubov model calculations, which show that the observed bands are built on the oblate shapes.

DOI: 10.1103/PhysRevC.97.034331

I. INTRODUCTION

The thallium isotopes (Z = 81) provide a rich laboratory
for the study of nuclear shapes and have attracted considerable
experimental and theoretical attention in the last few decades
[1-4]. In spite of the location adjacent to a closed shell number
of protons, the states observed to occur in these isotopes reveal
an impressive variety of excitations built on different shapes,
spherical, prolate, oblate, and triaxial, as well as normal and
superdeformed [5—37]. The properties of these various modes
of excitation present challenges to nuclear models and spur
interest in understanding the configurations involved.

In odd-mass TI (Z = 81) isotopes, the spin parity of 1/2%
for the ground states could be understood as being due to
the 735y /> proton-hole orbital. The known 9/2~ isomer states
have been shown to arise from the oblate minimum [38—40],
and, where seen, the rotational bands built on the 9/2~ states
have properties consistent with the 9/27[505] orbital from
the oblate shape [5-7]. Later, rotational bands associated
with both oblate (whyy, mij3/2) and prolate (whos, wii3)2,
7 f7/2) structures have been also observed in light T1 isotopes
including the superdeformed structure in deficient neutron
189=195T] [30-33]. While slightly oblate shapes dominate the
low-energy structure of heavy Tl nuclei (A > 189) [12,25],
prolate shapes are lower in energy for the lighter isotopes.
However, as the neutron number increases, the levels in heavy
201T] become somewhat irregular and more spherical in nature,
although the collective rotational nature of the 9/2~ band for
the 2°! Tl isotope still persists [41]. As one moves subsequently
toward the N = 126 shell closure, the absence of any regular
bandlike structure for the low-lying states in the heavier
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odd-mass Tlisotopes suggests spherical shapes for these nuclei
atlow excitation energy. Moreover, noncollective prolate shape
(y = —120°) in this region has been invoked to account for
the existence of irregular sequences observed in '*3T1 [13].
Very recently, a possible chiral band structure associated with
triaxial deformation has also been reported at high excitation
beyond first band crossing in '*>TI [37,42].

The odd-mass nucleus '°TI, with the neutron number N =
118, is an interesting transitional nucleus whose two immediate
odd-mass neighbors on either side have different shapes. As
mentioned above, the spherical shape dominates in the heavier
20371 [43] and the deformed shape dominates in 19771 [7,44].
Moreover, a recent study indicates that >°' Tl is best described
as a transitional nucleus with a combination of collective
and single-particle excitations [41]. Thus, a knowledge of the
structure of Tl should yield useful information to study
systematically the change in nuclear structure and shapes in
the shape-transition region. However, the present knowledge
of Tl is particularly limited. The level structures are known
only up to the tentative (15/27) and (15/2%) states, respec-
tively. Clearly, more spectroscopic information is needed on
19971 to obtain a high-spin level scheme as rich as that in 2°' T1
and other lighter odd-mass Tl isotopes.

The results presented here extend considerably the level
schemes obtained in earlier work. Several level sequences have
been identified for the first time and the negative-parity yrast
band structures established previously have been extended to
higher spins beyond band crossing. Remarkable similarities
as well as some notable differences have been found with
the level structures of lighter odd-mass T1 isotopes. Coupling
of an unpaired proton to the '*®Hg core is debated and used
for the description of majority of these bands or states. At
the same time, the cranked Nilsson-Strutinsky-Bogoliubov
(CNSB) calculations to understand the observed properties are
also presented.
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FIG. 1. Relative efficiencies of the CIAE detector array. Top:
Whole array. Middle: 42° and 153° detectors. Bottom: 90° detectors.

II. EXPERIMENT

In the present experiment, excited states in 1971 were
populated using the fusion evaporation reaction '*°Pt(’Li,
4n)'TI at an incident beam energy of 40 MeV. The ’Li
beam was delivered by the HI-13 tandem accelerator at the
China Institute of Atomic Energy (CIAE). The target consisted
of a 1.22 mg/cm? self-supporting foil of enriched '*°Pt
with 94.57% enrichment. The deexcitation y rays from the
reaction residues were detected with an array consisting of
eight Compton-suppressed HPGe detectors and two planar
HPGe detectors, which were kept at 42° (one), 90° (four),
and 153° (five) with respect to the beam direction. The
relative photo-peak efficiency of the detector array and energy
calibration were performed using the standard '3>Eu and '**Ba
radioactive sources. The efficiencies as a function of energy in
our experiment are shown in Fig. 1, which can be achieved by
fitting the data points using the following parametrization [45]

In(e) = [(A + Bx + Cx?)™ + (D + Ey + Fy*)~°17"/¢,
(1

where € is the efficiency, x =In(£,/100) and y =
In(E, /1000). The y-ray energy E, is in keV. A, B, and C
are the fit parameters for the low-energy region and D, E,

and F are the fit parameters for the high-energy region. The G
parameter determines the shape of the turnover region between
the high- and low-energy efficiency curves.

A total of 36 x 10% y-y twofold and higher coincidence
events were recorded. The data were sorted into symmetrized
and angular correlation y -y matrices for off-line analysis. An
asymmetric angular correlation matrix between the detectors
at forward and backward directions and at 90° was constructed
and used for the directional correlation of oriented states
(DCO) ratio analysis to distinguish between quadrupole and
dipole transitions. In our array geometry, a DCO ratio of
about 1.0 is expected if the gating and the observed transition
are stretched transitions of pure and equal multipole order.
Rpco = 0.6 is expected for a pure dipole transition gated
on a stretched quadrupole transition. The inverse value of
Rpco =~ 1.7 is expected for a quadrupole transition gated on
a dipole transition. Both ratios distinguish clearly between
stretched dipole and quadrupole transitions whereas it is
impossible to distinguish between stretched quadrupole and
AT = 0 transitions. The spin and parity assignments given in
the present work follow from the previously established level
assignments and the deduced multipolarities of newly observed
transitions.

III. LEVEL SCHEME

Before this work only a few levels were known in '*°TI. The
first studies by Diamond and Stephens [47] and by Andersson
et al. [48] had identified three excited states, including the
9/2~ metastable state with a half-life of 28.4 ms, built on the
1/2% ground state. Afterward, Newton et al. [5] established
a band built on the 9/27 isomer with the 11/27, 13/27,
and tentative (15/27) states. They also assigned two possible
positive-parity (13/2%) and (15/2%) states through 629 keV
and 535 keV y-rays transitions feeding the negative-parity
9/2~ band. Recently, Marginean et al. [49] added a few new
transitions to the two band structures built on the lowest 1/2+
and 3/2% states using '°’ Au(a, 2n) reaction. The present work,
shown in Fig. 2, has extended the previous level scheme above
the 9/2~ isomer with 44 new transitions and 33 new levels,
consists of six sequences. The number labels are introduced to
ease the discussion. Table I lists all transitions assigned to '**T1
with their energies, intensities, DCO ratios, and assignments
into the level scheme. It should be mentioned that the present
experiments considerably only extend the level scheme above
the 9/27 isomer, but no more y rays are observed feeding the
1/2% ground state.

Band 1 previously known to (15/27) has been extended
to (33/27) state with the observation of a sequence of new
Al =1 transitions of 329, 466, 172, 226, 116, 112, 353,
266 keV and some of AI = 2 crossover transitions of 746, 795,
and 638 keV. Placement of these y transitions were assigned
from analysis of individual y-y coincidence spectra and their
intensities. Further support for the placement of the y rays
within the band was derived from consideration of energy
sums. Apparently, coincidence relations between M1 + E2
cascade and E?2 crossover transitions give great confidence
in the level scheme of the negative-parity states up to spin
21/2~. For higher spins, these E2 crossover transitions have
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FIG. 2. Partial level scheme of '’ Tl obtained in the present work.

927749 28.4 ms

The width of the arrows is proportional to the intensity of the transitions,

while the white part of the arrows is the correction due to internal conversion [46]. The strongly populated states up to [™ = 15/27 are in

agreement with previous work.

not been observed, the ordering was based on the intensities
after accounting for appropriate internal conversion from Rosel
et al. [46]. All new transitions added to band 1 are clearly
displayed in the coincidence spectra gated on the 795 and
226 keV transitions, respectively [Figs. 3(a), 3(b)]. The 353
and 266 keV y rays have been placed above the 112 and
116 keV lines in the level scheme of Fig. 2 based on the
assumption that the latter two y rays are strongly converted
M1 4+ E2 transitions. However, the sequence ordering of these
transitions still could not be determined unambiguously as
the total intensities of the 112 and 116 keV lines could not
be obtained due to the lack of any experimental information
about the internal conversion coefficients. Two continuous low-
energy transitions corresponding to the 27/2~ — 25/2~ and
29/2~ — 27/2~ transition have been found in '°’TI [7]. Thus,
the 112 and 116 keV y rays have been tentatively assigned as
the (27/27) — (25/27) and (29/27) — (27/27) transitions
based on the systematic similarity of the level schemes of
197.19971. An unusual feature of this structure is that there are
three 17/27 states, which are closely linked with the yrast
band, one at the 2196 keV level, another one at the 2217 keV,
the third one at 2255 keV level. The 17/27 level at the lowest
excitation energy of 2196 keV is adopted as part of this band.

Structure 2 consists of several transitions with irregular
energy spacings. All the y rays involved in this structure
are clearly visible in the spectrum gated on the 535 keV
transition, (13/2%) — 13/2~ in Fig. 3(c). Initially, Newton
et al. [5] tentatively identified the 1985 keV level as the 13/27
state based on angular distribution and conversion coefficient
measurements, incompletely excluding an alternative 17/2~
state. Thereafter, Liu et al. [50] revised the 1985 keV level
as the 17/2~ state based on their angular distribution mea-
surements. Our present data favor 13/2% over 17/27, because
the DCO ratios of 535, 486, and 419 keV transitions in the
present work suggest Al = 2 or 0 character. An E2 character
for the 535 keV transition would require 17/2~ for the spin

of the 1985 keV level, which would lead to a 21/2~ spin
of the 2471 keV level and a linking M3 transition for 604
keV transition. Since M3 is excluded, the 17/27 and 21/2~
possibilities of 1985 keV and 2471 keV levels are not allowed.
In addition, if one assumes the 1985 keV as the I™ = 17/27,
the whole level structure would become yrast. This scenario is
deemed to be unlikely, since the strongly coupled band 1 should
be more favorably populated. All the above results indicate that
the 535 keV y ray is most likely E1 (Al = 0) type rather than
E2 one, and hence the spin and parity of the 1985 keV level
is suggested as (13/2%). This state continues further up in the
irregular sequence with 181, 419, and 897 keV transitions. It
noted that the 419 keV transition is close in energy to the strong
417 keV line, but the spectrum gated by the 535 keV y ray [in
Fig. 3(c)] clearly shows this transition without contamination.
Additionally, transitions of 181 and 897 keV were placed in
parallel with the 486 and 419 keV lines, respectively.

Bands 3, 4, 5, and 6 are completely new. Only three
transitions (629, 598, and 363 keV) linking these bands to
band 1 had been observed previously. The transitions in these
bands are illustrated in Fig. 4(a), where spectra gated on the
629 keV transition is shown. In this gated spectrum, almost all
transitions assigned to these side bands can be seen. The Rpco
value of 0.61(6) obtained for the 629 keV transition gated by
the 702 keV known E?2 transition indicates thatitisa Al =1
dipole transition. Moreover, the E 1 character of the 629 keV y
ray has been reported in Ref. [5] for this transition, and hence
the spin and parity of the 2080 keV level is 15/2%.

Band 3 based on the 15/27 state has been established up
to 27/2%. A representative spectrum for band 2 obtained from
a gate on the 237 keV transition is shown in Fig. 4(b). This
gate indicates not only y rays in band 3, but also those 629,
598, and 363 keV transitions that link band 3 into band 1.
Decays from band 4 are also observed in this gate because of
the possible 64 keV transition that feed the level directly above
the gated y ray (see discussion below). The 367 keV transition
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TABLE 1. Level excitation energy E,, energies E,,, relative intensities, DCO ratios, initial- and final-state spin parities, and multipolarities
of y-ray transitions assigned to Tl in the present work.

E, (keV) E, (keV) I, Rpco(D)? Roco(Q)P 717 Mult.
1117.9 369.3 100.0(45) 1.03(7) 0.67(5) 11/2= — 9/2- M1+ E2
1450.3 3324 65.8(38) 0.96(6) 0.96(9) 13/2- — 11/2- M1+ E2
701.9 72.1(69) 1.70(8) 0.98(10) 13/2- — 9/2- E2
1716.4 598.5 4.5(6) 1.00(11) 13/2- — 11/2- M1+ E2
1867.1 416.8 15.9(11) 0.59(9) 15/2- — 13/2- M1+ E2
749.2 16.9(9) 0.94(17) 15/2- — 11/2- E2
1985.0 534.7 19.1(10) 1.19(13) (13/2+) — 13/2- El
2079.6 212.5 0.9(6) 15/2+ — 15/2- El
363.2 3.3(5) 1.19(13) 152+ — 13/2- El
629.3 74.0(28) 0.61(6) 15/2+ — 13/2- El
2166.3 1813 4.3(5) 0.56(10) (15/2+) — (13/2%) M1+ E2
2196.0 328.9 4.3(7) 0.57(17) 17/2- — 15/2- M1+ E2
745.7 9.1(13) 0.97(14) 17/2- — 13/2- E2
2203.6 124.0 9.6(13) 1.13(14) 0.67(12) 17/2+ — 15/2+ M1+ E2
2216.6 349.5 1.2(4) 17/2- — 15/2- M1+ E2
766.3 3.1(11) 1.03(16) 17/2- — 13/2- E2
2255.1 388.0 1.2(4) 17/2- — 15/2- M1+ E2
804.8 3.1(11) 0.88(19) 17/2- — 13/2- E2
22777 198.1 5.4(12) 1.3221) 0.64(16) (17/2) — 15/2*
2338.0 258.4 5.1(5) 1.34(19) 0.64(9) (17/2) — 15/2*
2406.6 203.0 22.3(7) 0.99(10) 0.61(9) 19/2+ — 17/2+ M1+ E2
327.0 1.7(4) 1.57(52) 19/2+ — 15/2+ E2
2471.1 486.1 7.0(8) 1.12(11) (17/2%) — (13/2+) E2
604.0 1.4(12) (17/2%) — 15/2- El
2534.1 196.1 4.5(11) 1.28(33) 0.56(20) (19/2) — (17/2)
2555.2 2775 5.5(5) 1.23(21) 0.63(17) (19/2) — (17/2)
2643.2 236.6 10.3(10) 1.17(14) 0.55(8) 21/2% — 19/2+ M1+ E2
439.6 1.2(4) 1.63(66) 21/2+ — 17/2+ E2
2661.9 406.8 3.5(5) 0.69(17) 19/2- — 17/2- M1+ E2
4453 1.4(6) 19/2- — 17/2- M1+ E2
465.9 3.8(5) 0.57(12) 19/2- — 17/2- M1+ E2
794.8 14.0(17) 1.05(14) 19/2- — 15/2- E2
2707.6 301.0 11.7(10) 1.07(11) 0.56(8) (21/2+) — 19/2+ M1+ E2
(64.4)° (21/2+) — 21/2* M1
2781.6 247.5 3.05) 1.04(15) 0.61(17) (21/2) — (19/2)
2833.9 172.0 4.9(11) 0.55(12) 21/2= — 19/2- M1+ E2
578.8 2.1(5) 1.15(33) 21/2° — 17/2- E2
617.3 1.6(7) 21/2- — 17/2- E2
637.9 4.6(17) 1.15(13) 21/2- — 17/2- E2
2889.9 418.8 1.73) 1.15(18) (21/2+) — (17/2%) E2
2904.5 349.3 3.2(4) 1.1927) (21/2) — (19/2)
2999.8 218.2 2.6(3) 1.07(14) (23/2) — (21/2)
3008.7 365.5 9.5(10) 1.10(11) 0.64(11) 23/2+ — 21/2+ M1+ E2
602.1 3.2(5) 1.45(25) 1.13(23) 23/2+ — 19/2+ E2
3059.8 225.9 11.6(4) 0.67(13) (23/27) — 21/2- M1+ E2
3248.0 188.2 7.3(4) 0.56(10) (25/27) — (23/27) M1+ E2
32733 565.7 8.4(7) 1.69(16) 0.96(18) (25/2%) — (21/2+) E2
33274 4229 3.7(4) 1.26(20) (23/2) — (21/2)
3348.6 339.9 2.1(4) 0.93(20) 25/2+ — 23/2+ M1+ E2
705.4 4.7(7) 1.60(28) 0.97(14) 25/2+ — 212+ E2
3360.3 1123 3.2(7) 0.70(15) (27/27) — (25/27) M1+ E2
3368.3 897.2 3.0(7) 0.93(16) (21/2+) — (17/2%) E2
3476.1 116.1 2.6(6) 0.68(18) (29/27) — (27/27) M1+ E2
3809.4 460.8 0.9(4) 0.97(18) 27/2+ — 25/2+ M1+ E2
800.7 0.9(2) 1.68(32) 1.08(35) 27/2+ — 23/2+ E2
3815.2 541.9 7.0(8) 1.55(18) 0.88(20) (29/2+) — (25/27%) E2
3829.1 352.7 6.0(7) 0.46(9) (31/27) — (29/27) M1+ E2
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TABLE 1. (Continued.)

E, (keV) E, (keV) I, Roco (D) Roco(Q)P 717 Mult.
3988.6 1734 3.8(10) 2.04(26) 1.14(11) (33/2%) — (29/2%) E2
4095.6 266.5 3.6(7) 0.53(33) (33/27) — (31/27) M1+ E2

2From the 629 keV (E1) DCO gate.
"From the known quadrupole transition DCO gate.

“The transition energy is determined by the difference of the initial and final level energies.

(3/2% — 1/2%) is the well-known ground-state transition in
19971, which is in coincidence with the 382 keV transition
(9/27 — 3/2%)deexciting the 9/2~ isomeric state (not plotted
in Fig. 2). The other component of this wide multiplet 363 and
369 keV transitions are known to be the 15/2% — 13/2~ and
11/27 — 9/2~ transitions, respectively. From the fact that a
near 367 keV line is still present in the 629 and 237 keV
transitions gates [shown in Figs. 4(a), 4(b)] and considering
that the 629 and 237 keV transitions are not in coincident
with 367 keV transition because of the long half-life of the
9/2~ isomer, it can be concluded that another component
must exist. Its energy can be resolved through coincidence
spectra. The gated spectrum of 382 keV transition shows the
367 keV line [shown in Fig. 5(a)], while the gated spectrum
of 702 keV transition [shown in Fig. 5(b)] shows the 366 keV
line, slightly lower in energy than the one in Fig. 5(a) (due
to the contamination of 705 keV, the 369 keV peak is still
seen in 702 keV gated spectrum). This component of 366 keV
transition has been placed as the 23/27 — 21/27 transition.
Analysis of the DCO ratios indicate that the transitions with
E, =124, 203, 237, 366, 340, 461 keV and the crossover
transitions with E, = 327, 440, 602, 705, and 801 keV are
consistent with stretched Al =1 and Al = 2 transitions,

200
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300
0
£ 200
3
8 100

200

100

100 200 300 400 500 600 700 800 900
Energy(keV)

FIG. 3. y-ray coincidence spectra for Tl gated (a) on the
795 keV (19/2 — 15/27), (b) on the 226 keV [(23/2)” —
(21/27)], and (c) on the 535 keV [(13/2)T — 13/27] transition.
y-ray lines denoted by # in the 226 keV gate and A in the 535 keV
gate are those belonging to '**Hg and '’Hg from incomplete fusion
channels, respectively.

respectively. The level ordering as well as the spin and
parity assignments based on the 15/27 state are rather firmly
established because coincidence relations between cascade
and crossover transitions yielded a powerful tool to place y
lines within the band. Furthermore, the coincidence intensity
balance favors M 1 multipolarity for the A/ = 1 transitions, as
the low-energy y rays are highly converted.

Band 4 is newly observed and consists of four levels
with three irregular transitions of E2 nature. The 301 keV
gated coincidence spectrum displayed in Fig. 4(c) clearly
shows the all the three in-band transitions and 124, 203, and
327 keV transitions in band 3, but not seen in coincidence
with the other transitions in band 3. A gate on the 237 keV
transition [Fig. 4(b)] also reveals three transitions in band 4
notwithstanding weak intensities, but not in coincidence with
the 301 keV transition. It must be concluded that the 301 keV
dipole transitions parallel to the 237 keV transition and obtain
a 21/2 state at 2708 keV. Furthermore, this establishes the
presence of a connecting transition of 64 keV between the
2643 keV and the 2708 keV levels. However, it could not
be seen because it has high internal conversion coefficient
and it lies too close to the strong 65 keV x ray in the Pt
target. The spins of band 4 are assigned using the DCO ratios
measurements. However, band 4 is a structure observed for
the first time, and no similar structures have been seen in

1000
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200
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400

200

Energy(keV)

FIG. 4. y-ray coincidence spectra for Tl gated on the (a)
629 keV (15/2% — 13/27), (b) 237 keV (21/2F — 19/27), and (c)
301keV [(21/27) — 19/2™] transition. The insets in (a) and (b) show
an expanded region around 800 keV.
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FIG. 6. Experimental alignments for the negative-parity oblate
50 band structures in '*’TI, 'TI, and *°!'TI (based on 9/2-[505]
configuration) and the yrast bands in their respective Hg core nuclei.
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360 362 364 366 368 370 372 374
Energy(keV)

FIG. 5. y-ray coincidence spectra for '°Tl gated (a) on the
382 keV (9/2~ — 3/2%), (b) on the 702 keV (13/2~ — 9/27)
transition. The peak positions of the 365.5 keV and 366.7 keV y-ray
transitions are indicated with blue dash line.

any of the neighboring odd-mass Tl nuclei. Thus, possible
parity assignment is not permitted to follow the systematic
consideration. However, only tentatively, the parity of this band
is proposed as positive based on likely configuration presented
in the next section.

Besides the main decay path, two other sequences (5 and 6)
are weakly populated and both feed the positive-parity 15/2%
state. These transitions are clearly visible in the coincidence
spectrum gated on the 629 keV y ray in Fig. 4(a). Their order-
ing is based on the measured intensities. The spin assignments
are guided by DCO ratios, but no parity assignments have been
made.

IV. DISCUSSION

Preliminary configuration of the low spin band 1 in '*TI
was assigned as the 7 hg, orbital (9/27[505]) coupled to the
oblate ground state of the '?*Hg core, in analogy to the states
in neighboring odd-mass Tl nuclei above the 9/2~ isomer.
In the present extended level scheme, the energy spacings
along this band start to compress at spin around 19/27,
clearly reflecting an intersection with a band consisting of
three quasiparticles. To identify the active orbital involved, the
experimental alignments for the negative-parity oblate band
structures in the odd-mass 72! TI and the yrast bands in
their respective Hg core nuclei were plotted in Fig. 6. In the
even-even '“672%0T] [51-54] and the neighboring odd-mass
197.201T] [41,44], the i13> neutron pair undergoes a rotational
alignment at a close crossing frequency. It can be seen from
Fig. 6 that the gains in alignment in Tl is similar to the

and J; = 40.08* MeV 3.

lighter ' TI and its '*®Hg core. The observed band crossing
frequencies of ~0.30 MeV as well as the angular momentum
gain of ~10.5% for band 1 in Tl are in agreement with
v(i3 /2)2 excitations. On the other hand, the neutron i3/,
crossings occur much lower in frequency than the alternative
proton /1y, alignment, which is expected to occur at a much
higher rotational frequency of above 0.4 MeV [53,55-57]. It
can therefore be concluded that the observed part of the band
1 above the band crossing is assigned as the why,, ® vi123/2
configuration.

Interestingly, as indicated by the alignment features from
Fig. 6, one can see that '**TI behaves more like the neighboring
lighter 1977 than the heavier 2°! T1. In the case of heavier 22! T1,
7 hoy» band has alower alignment gain. This indicates an abrupt
change in the structure of the 9/2~ band in odd-mass TI iso-
topes as the neutron number increases. An alternative neutron
f5,2 alignment cannot provide such large angular momentum;
while more protons into the A9, shell is suppressed by the large
energy gap around Z = 80. Das Gupta et al. [41] describe the
lower alignment as possibly being due to the partial alignment
of 713/ neutron pair. Furthermore, the total Routhian surface
(TRS) calculations in their work show that as the rotational
frequency increases, the deformation gradually decreases and
there is no minimum at the oblate shape and the deformation
is close to 8, = 0 above iw = 0.36 MeV in 20171, Therefore,
the observation of the abnormal alignment gain in 2°' T1 could
be attributed to this shape or deformation change. In addition,
the Tl isotopes alignment evolution trend seems to be different
from the seen in their Hg cores, which well follow systematics.
This indicates that the odd nucleon in 2°! Tl itself may greatly
affect the structure of the 2°Hg core.

In the present work, the strongly populated 13/27 state at
1985 keV may be a candidate for the 773/, state. Correspond-
ing bands built upon this configuration have been observed
in 183719371 [12-16,25,44,60]. However, the 13/2 state pre-
viously assigned positive parity in '*>T1 has been revised as
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FIG. 7. Level energy systematics of the 13/2" states in odd TI
and Bi isotopes as a function of neutron number. The encircled one
corresponds to that in °TI from the present work. The trigonal one
corresponds to the suggested 13/2% state in 7Tl by H. Pai et al.
[44,59].

negative parity through linear polarization measurements in
very recent work [42]. In the heavier TI isotopes, however,
scarcity of the observation of y transitions feeding the 13/2*
state makes it difficult to assign whether the 13/27[606]
configuration to the structure was more rotational-like behavior
or more single-particle character. For '*°Tl, the positive-parity
branch (structure 2) based on the 13/2" state does not appear
to be collective in nature.

In a recent work [58], systematic studies of odd-mass
neighboring Bi (Z = 83) nuclei show that sudden elevating
of the 13/2% level energies occurs as the neutron number
increases (shown in Fig. 7), which has been attributed to
the interaction of the i3/, proton with decreasing number of
neutron holes. As can be easily seen in Fig. 7, the increase
of the 713/, level energies is especially apparent for the A =
191 — 199 (N = 108 — 116) Bi isotopes. As approaching to
the neutron N = 126 shell closure, this effect is less profound
and the excitation energy of the ij3/, state is observed to
increase tends to saturate, suggesting near-spherical shapes for
the heavier isotopes. The same investigation for the Tl isotopes
is also shown in this figure for comparison. Apparently, the
evolution of the energy of this state is very similar in T1 and Bi
isotopes, which suggests that the above argument in Ref. [58]
is also valid in neighboring odd-mass TI isotopes. It should
be noted that the suggested 13/27 level by Pai et al. [44,59]
(the trigonal sign in Fig. 7) does not follow the expected trend
after addition the probable 13/2% state in '*>T1[60]. Therefore,
we arbitrarily assumed the second 13/2% states at 1953 keV
in Tl as a candidate for the mi 1372 state. The systematic
behavior of the 13/2% levels supports the assumption that the
1985 keV level, tentatively assigned in the present work, is the
proton 7[606]13 /27 intruder state. Notice, however, the decay
path of the 13/27 state in '°°TI (a strong E1 transition feeding
the 13/27 state of hg/, band) is quite different from the cases
in the lighter T1 isotopes, where a strong E 1 transition feeding
the 11/27 state of hg;» band was observed.
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FIG. 8. Systematics of the excitation energy in the negative-parity

yrast states and the positive-parity three-qp yrast states in odd-mass
195-199
Tl

The new band 3 is built above the 15/2% state. It decays
strongly toward band 1, and also toward the 13/2; levels.
This band has relatively high excitation energy (2080 keV)
and spin, and thus is probably built on a three-quasiparticle
(three-qp) configuration. A suitable configuration involving
single-particle orbitals close to the Fermi level is mwhg,» ®
vi132j (where j = psja, f5/2,p1/2). This suggestion agrees
well with the systematics, because in its neighboring odd-mass
193-197.201T1 [7,41,42,44] and their Hg cores configurations
involving vij3,pj excitations were assigned to the lowest-
energy bands involving two quasineutron excitations with
negative parity. However, the three-gp band in '°’TI has been
modified to be of negative parity in Ref. [44], in contradiction
to positive-parity assignment in a previous report [7].

From Fig. 8, one can see that the negative-parity yrast
band is always more yrast than the positive parity three-qp
whyy & vii3)2 j bandin the lighter odd-mass 195’197Tlisot0pes,
which is different in the case of '*°Tl. Negative-parity band
1 in "TI loses its yrast-band character between spins of
19/2 < I < 23/2. In the above discussion, 19/27 state has
been mentioned as the start of rotational alignment of an
i13/2 neutron pair. It was argued in Refs. [52,54] that it is
more economical to rearrange one i3, neutron hole to a
(P32, P1/2, f5,2) orbital than excite an i3/, neutron pair when
approaching the closure of i3, for N =120, and hence
positive-parity band based on who/, ® vii3/2j configuration
decay path will be more favored to the ground-state band up
to higher spins in °*T1. The effect of the N = 120 subshell
closure was also observed in 198Hg (N = 118) core, and
more remarkable in heavier 2’Hg (N = 120), as expected.
In addition, due to this effect of the shell closure, an additional
i13,2 neutron pair alignment above spin 157 in corresponding
vii3/2j band in 198'ZOOHg core was observed resulting in a
higher excitation energy than lighter even-even Hg isotopes
[54], which is also expected in '°Tl with N = 118 in the
future experiment. However, for 2°! T1, the level scheme is very
complex and do not well followed the level systematics because
of the preceding discussed sudden structure change.

Band 4 has a sequence of successive E2 transitions, which
decays into the three-qp mwho/» ® viy3,2j band 3. Such a level
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sequence for high spin states is a rather unique observation in
heavy Tlisotopes. Here, we present a tentative interpretation of
its structure. It seems from the level structure that the presence
of only one signature indicates alow-K structure nature and the
irregular spacing of the excitation energy levels is characteristic
of oblate shape. Thus, we propose that this sequence is
associated with the £/, (1/27[550]) proton orbital at oblate
deformation. The (21/2%), (25/27) ... states observed in this
band cloud be interpreted as the coupling of an A1/, proton
to the 57, 7~ ... states in the '"®Hg core. The corresponding
three-qp states with /™ = 25/2% have also been observed
in the heavier 201-203.205T] isotopes [41,61,62]. However, no
well-developed rotational band structure is observed in either
of the nuclei.

The spins of bands 5 and 6 remain tentative and are not
well developed. Therefore, characterization of these bands
at this moment would be rather premature. However, the
similarities in the values of excitation energy and spin with
band 3 indicate that they are of similar configuration. In
the neighboring odd-mass /Tl [44], two three-quasiparticle
bands have been interpreted as hg» or i13/, coupling the its Hg
cores configurations involving viy3,,j excitations. Therefore,
it appears that the bands 5 and 6 may be generated with g,
or i3/, coupling the similar %8Hg core configuration.

A. CNSB calculations

Two coupled bands 1 and 3 will be discussed within
the framework of the cranked Nilsson-Strutinsky-Bogoliubov
(CNSB) model [63,64] with pairing correlation included.
In this approach, the total energy after the particle number
projection, is minimized not only in deformation space but
also in a mesh of the pairing parameters, Fermi energy X, and
paring gap A. Excellent agreement between the theoretical and
the observed results in the low-spin regime has been reported
for some of the nuclei [63,65-67]. Thus, one may expect that
similar calculations for the low and intermediate states in '*°T1
may provide a good description of the observed structures in
this nucleus.

The present CNSB calculation were carried out in a
quadrupole and hexadecapole deformation mesh (&7, y, €4)
with the standard « and u parameters [68]. Total energies
are calculated as the sum of the rotating liquid-drop energy
(E,;4) and the shell energy using the Strutinsky method. The
Lublin-Strasbourg drop (LSD) [69] model has been used
for calculating the macroscopic energy, with the rigid-body
moments of inertia calculated with a radius parameter of ry =
1.16 fm and a diffuseness of @ = 0.6 fm. The total energy has
been minimized at each spin in a deformation space spanned
by the parameters ¢, y, &4.

The experimental and theoretical energies relative to a ro-
tating liquid drop (rld) reference for the positive- and negative-
parity bands in '’ Tl are plotted as a function of spin in Fig. 9.
It is seen that the experimental data are generally reproduced,
including the experimentally observed band crossing at spin
~21/27 in band 1. Selected examples of potential energy
surfaces (PESs) for some states in the positive- and negative-
parity yrast band are shown in Fig. 10. The calculations for the
negative-parity bands with the configuration (—,%+1/2)(4,0)
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FIG. 9. The experimental and CNSB rotating energies in ' T1.
The theoretical bands are labeled by the combination of parity and
signature of protons and neutrons (77 ,,a,)(7T, ;).

and the positive-parity bands with the configuration (—, &
1/2)(—,1) both show a minimum in the PESs at &, ~ 0.14 and
y ~ —60°, indicating oblate shapes. Therefore, the rotational
bands observed in Tl based on these configurations could
provide a basis with oblate deformation, the same as that
in the other lighter odd-mass Tl isotopes. There are several
noncollective minima in the PESs with fewer particles excited,
which are predicted to be more favored. However, no such
states have been observed in the present experiment. The
reason for this may lie in the fact that it is much easier to identify
smooth collective structures that are close to the yrast line
at high-spins where population occurs in fusion-evaporation
reactions. For the spin /™ = 17/27 three competitive minima
are present in the PES [shown in Fig. 10(a)] corresponding to
collective oblate configuration (¢, ~ 0.15,y = —58°), aligned
oblate noncollective configuration (g, ~ 0.14, y = 60°), and
slightly triaxial configuration (e, ~ 0.11, y = 10°), respec-
tively. The oblate noncollective and slightly triaxial states are
208 and 149 keV higher than the collective oblate state in
the calculations, respectively. These states are also seen in the
experimental level scheme and are 59 and 21 keV higher than
that 17/2 state.

The remaining question is in regard to the presence of
chiral candidates, which have been suggested in '°>!%3194T]
[34,37,42], and also in the neighboring '*®T1 [23]. However, the
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FIG. 10. Calculated potential energy surfaces for (a) I* = 17/2~
state of the (—,1/2)(+,0) configuration; (b) I™ = 15/27 state of the
(—,1/2)(—,1) configuration. The contour line separation is 0.2 MeV.

present CNSB calculations do not yield a triaxial nuclear shape
above band crossing spin in '°T1, and thus cannot support the
presence of a chiral geometry in the angular momentum space.
Furthermore, no observing signature splitting in the negative
yrast band in '*°T1 agrees with this opinion.

V. SUMMARY

The present work has resulted in the placement of some 44
new y rays and 33 new levels in the level scheme of '*°TI. The
strongly coupled rotational band built upon the 9/2~ isomer
state has been extended beyond the particle alignment spins
up to (33/27). Another strongly coupled band built on the
coupling of a hg/, proton to the 5~ band of 1%¥Hg core was
established up to the 27/2". Further, a possible decoupled
positive-parity band originating from the coupling of a low-K
hi1/2 to the same core 5~ band was proposed. The (13/2%)
state at the excitation energy of 1985 keV has been proposed
to originate from the occupation of the mij3,, 13 /2+[606]
orbital based on the systematic of the energy of this state in the
odd-mass T1 and neighboring Bi isotopes. The band structures
are compared with the band structures in the other odd-mass
Tl isotopes and also with their Hg cores. It has been observed
that the remarkable similarity in the level structure of '*°TI
behaves more like the lighter neighboring odd-mass Tl isotopes
than the heavier Tl isotopes. Two collective rotational coupled
bands 1 and 3 are discussed within the framework of the
cranked Nilsson-Strutinsky-Bogoliubov (CNSB) model with
pairing correlation included. The excited energies and the band
crossing in these bands are generally successful in providing
a basis with oblate shape. Apparently, more experimental data
is required on this and neighboring nuclei to help in making
firmer configuration assignments and to understand fully the
interaction between these competing structures and angular
momentum mechanisms.
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