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The high spin structure of 2°!' T has been studied by y-ray spectroscopic method using the '**Pt(’Li,4n)*! Tl
reaction at 45 MeV beam energy. The level scheme of 2°'Tl has been considerably extended through the
observation of 31 new transitions. Several new band structures have been established. The 9/2~ oblate band has
been significantly extended beyond the particle alignment frequencies. The band structures and the other excited
states have been compared with the neighboring odd-A TI isotopes and with the even-even core nucleus 2°Hg.
The total Routhian surface calculations have been performed to study the deformation and shape changes as a

function of spin in this nucleus.
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I. INTRODUCTION

Thallium isotopes in the mass 190-200 region with only
one proton hole and a few neutron holes outside the 2°Pb
doubly magic (Z = 82 and N = 126) core are expected to
have spherical structure. On the other hand, they can also be
characterized by a single proton particle outside the Z = 80
deformed even-even core of corresponding Hg isotopes. This
has generated a great deal of interest in understanding the
underlying angular momentum coupling schemes and the
interplay of the valence particle with the collective degrees
of freedom of the core, below Z = 82 [1-3]. Variation of the
nuclear deformation as a function of angular momentum for the
chain of Tl isotopes makes them interesting candidates to test
the predictions of different theoretical models and their validity
at high spin and excitation. A variety of shapes and structures
have been observed in the odd-A Tl isotopic chain, ranging
from the strongly coupled weakly deformed oblate band
structure in 191:193:195.197.201T] [4_7] to the superdeformed
structure in neutron deficient '°1:193195T1 [8-10], and the
recently observed octupole core excitation in neutron-rich
205TI [11]. The deformation driving intruder proton /), and
i13)2 orbitals are mainly responsible for the collective band
structures in these nuclei. The heavier Tl isotopes, close
to 2%8Pb, are expected to have spherical structure at lower
excitation while the deformation may set in for higher spin
states. For odd-A TI isotopes the ground state spin is 1/2,
corresponding to the occupation of the s;/,, orbital below
the Z = 82 spherical core. The intruder mhg/, orbital above
the Z = 82 shell closure is accessible by the odd proton
in the case of oblate deformation. A rotational oblate band built
on the 9/27 isomeric level has been reported systematically
for all odd-mass Tl isotopes [12], with only a few members
of this band identified in 2°'T1 [13]. It would be interesting to
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investigate whether and how far the oblate deformation persists
at higher spin for the heavier T nuclei as the neutron number
approaches the closed shell of N = 126.

Prior to the present work, there were no high spin data
on 2°!'T1 from heavy-ion-induced reactions, mainly due to the
limited options for target-projectile combination available to
access the heavier isotopes of Tl. The previous study on 2°! Tl
used a deuteron-induced fusion reaction [13], and a few y rays
belonging to the higher spin members were only tentatively
placed, using one coaxial and two planer Ge(Li) detectors.
Due to a lesser degree of alignment in such a light-ion-induced
reaction, unambiguous spin-parity assignment was difficult
from angular distribution data for most of the higher excited
states observed in Ref. [13]. Rotational bands based on the
intruder mij3,, orbital have been observed in some of the
lighter odd-mass Tl nuclei [6,13] and recently in 19771 [14], but
not yet identified in heavier Tl isotopes. The aim of the present
work is to extend the yrast and non-yrast band structures
of 2°'TI to higher spin states with definite spin and parity
assignments.

II. EXPERIMENT AND ANALYSIS

The high spin states in 2! Tl have been populated by the
fusion-evaporation reaction '*®Pt(’Li,4n) at a beam energy of
45 MeV, obtained from the BARC-TIFR Pelletron LINAC
facility at Mumbai, India. A 1.3 mg/cm? thick '8Pt self-
supporting foil with 95.7% enrichment was used as a target. At
the beam energy of 45 MeV, 4n and 5n channels were found
to be the dominant fusion evaporation channels. However,
due to the weakly bound nature and various cluster structure
configurations of the 7Li beam, in addition to complete fusion,
incomplete fusion (i.e., the capture of one of the fragments
of the cluster by the target nuclei) channels also make a
significant contribution to the reaction process. The cross
sections for complete fusion and capture of various cluster
fragments were measured in a separate experiment [15]. The
Indian National Gamma Array (INGA), configured with 15
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FIG. 1. Coincidence spectra by gating on the 319 keV y transi-
tion. (a) The lower energy part and (b) the higher energy part of the
spectrum. The new peaks observed in the present work are marked
with “x”.

Compton suppressed clover high purity germanium (HPGe)
detectors, was used to detect the y rays in coincidence. In this
particular array configuration, the detectors were arranged in
six different angles with two detectors each at £40° and £65°
while four detectors were at 90° and three were at —23°.
The time stamped data were collected using a digital data
acquisition system with a sampling rate of 100 MHz. Further
details of this data acquisition system can be found in Ref. [16].
The coincidence events in which at least two clover detectors
have fired were selected for the analysis. The energy calibration
and efficiency of each detector were obtained with '3*Ba
and '5?Eu standard sources. The raw data were sorted using
the MultipARameter time-stamp based COincidence Search
(MARCOS) sorting program, developed at the Tata Institute of
Fundamental Research (TIFR), Mumbai, to generate the y-y
matrix and y-y-y cube, after gain-matching the energy of
each clover detector to 0.5 keV/channel and 2 kev/channel
respectively. A coincidence time window of 400 ns was
selected to generate the above matrix and the cube. Further,
various coincidence time windows from 50 ns to 1 us were set
to generate different y-y matrices to check for the presence of
any delayed component.

A representative coincidence spectrum corresponding to
a gate at 319 keV, obtained from the y-y matrix, is shown
in Fig. 1. Figures 2, 3, and 4 represent typical double-gated
spectra corresponding to different cascades of y rays, as
obtained from the y-y-y cube. To extract the coincidence
relationship between various y -transitions, the analysis of the
y-y matrix and y-y-y cube were carried out using RADWARE
[17] and INGASORT [18] analysis packages. The coincidence
spectrum shown in Fig. 1 corresponds to the gate on the lowest
transition of the 9/2~ band. Most of the new transitions can be
identified from this coincidence spectrum. The total gamma
spectrum was found to be of complex nature, due to the
contribution of both complete fusion and different incomplete
fusion channels, producing Tl and nearby nuclei having similar
y transitions. Therefore, for most of the cases, the coincidence
relationships were mainly obtained from the double-gated
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FIG. 2. Coincidence spectra corresponding to double gates of
(a) 319 and 443 keV, (b) 319 and 785 keV, (c) 319 and 1142 keV
pertaining to the two separate cascades of transitions in 2! TL

spectra generated from the y-y-y cube. The origin of various
transitions known from the previous experiment of particle-y
coincidence [15] was also used as a guide for assignments of
y rays to a particular nucleus.

The information on the multipolarity of the y rays was
obtained from the analysis of the ratio of directional correlation
from oriented states (DCO) [19], for which an asymmetric
y-y matrix, with x axis containing the data from the —23°
(61) detectors and y axis containing the data from the 90° (6,)
detectors, was generated. The DCO ratio of a transition (y;) is
then obtained from the ratio of its intensities at two angles 6,
and 6, gated by another transition (y,) of known multipolarity,
as per the following expression:

I, at 6,, gated by y, at 6;

(1)

R = .
beo I, at 0, gated by y» at 6,

For a pure stretched quadrupole or dipole transition, the
Rpco should be close to unity gated by a transition of

FoT- 2l 4
s T Xerays “| @ (a) Double Gate of 443 & 427
1x10 Y
L : o %
— * o
8107 .3
L % g ~
& Lo v &
T 410’ MJ gl 7 @
S Lo ] f
> 0 — L Lt b s ﬂmﬂN,JM’Lh b Ll
= 2 . 2
S 4ax10° | =% (b) Double Gate of 443 & 803
S] 8 Tl X-rays o
&) 2 Do
3x10 D ro 1S
r IO 0
2 o
2x107 [ *
L N
1N DA
1x10
0 D /i Wnllitovai 1L NTRWAR YN BN YY), TN l O edlen adien
0 100 200 300 400 500 600 700 800
Energy (keV)

FIG. 3. Coincidence spectra corresponding to double gates of (a)
443 and 427 keV, (b) 443 and 803 keV, corresponding to the transitions
in 201T1,
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FIG. 4. Coincidence spectra corresponding to double gates of 148
and 853 keV transitions in 2°' TI.

same multipolarity. For the gating transition of different
multipolarities, the Rpco value depends on the nature of the
gating transition. In the present analysis, the typical values
of Rpco for a dipole gate comes out to be ~ 1.0 for pure
dipole transitions and ~ 0.5 for pure quadrupole transitions.
For a quadrupole gate, the values are found to be ~ 2.0 and
~ 1.0 for pure dipole and quadrupole transitions, respectively.
These values are corroborated by the analysis of known E2
and M1 transitions in 2°' T1 and the transitions of neighboring
isotopes of T1, Hg, and Au, populated in the same reaction. For
example, the DCO ratios of the 659 keV (E2) and 132 keV
(M1) transitions in 2°°T] come out as 0.52(3)and 0.97(4),
respectively, when gated by the known dipole transition of
119 keV. From the 659 keV quadrupole gate, the DCO ratio of
the 119keV (M 1) y transition comes out as 2.1(4). On the other
hand, in the quadrupole gate of 368 keV gamma ray in 2*’Hg,
the Rpco value for the 579 keV quadrupole transition was
obtained as 1.18(1). The multipolarities of various transitions
in 2°!'T1 are obtained from the deduced DCO ratios either from
the known quadrupole gate of 652 keV or the gate of the other
deduced dipole or quadrupole transitions, as shown in Fig. 5.

The parities of most of the excited states could be assigned
from the polarization measurement by exploiting the close
configuration of the four Ge crystals in the clover Ge detector.
The information regarding the type (electric or magnetic) of
the transitions is obtained from the integrated polarization di-
rectional correlation (IPDCO) asymmetry parameter following
the prescription of Refs. [20,21]. This was deduced from the
parallel and perpendicular scattering components of a y ray
incident on a clover detector. The detectors placed at 90° in
the INGA array were used for this. The IPDCO asymmetry
parameter is defined as,

a(Ey)NJ_ — N”

, 2
Cl(EV)NJ_‘FN” ( )

Appco =
where N and N are the number of counts corresponding to
the parallel and perpendicular Compton scattered components
of a y ray in the planes parallel and perpendicular to the
reaction plane, respectively. a(E,) is the correction factor
due to any geometrical asymmetry of the detector array or
asymmetry in the response of the four crystals of a clover
Ge detector. This factor is defined as a(E,) = N; /N and
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FIG. 5. DCO ratios of various transitions in 2°' Tl obtained with
different dipole or quadrupole gates as indicated. The dotted lines at
0.5, 1.0, and 2.0 correspond to the values for a quadrupole transition
in a pure dipole gate, for a transition of same multipolarity as the
gated transition, and for a dipole transition in a pure quadrupole gate,
respectively, and are shown to guide the eye.

can be obtained using scattered components of y rays from
an unpolarized source, which should be close to unity. For
the present setup, this correction factor (a,,) was obtained as
1.037(37) from the fitting of its variation as a function of y -ray
energy, using '33Ba and 'S?Eu radioactive sources, as shown
in Fig. 6. In order to extract the parallel and perpendicular
scattered components of a transition, two asymmetric E, -
E, matrices corresponding to parallel and perpendicular
segments of the clover detectors at 90° along one axis and
the coincident y rays from the other detectors along another
axis were constructed. From the projected spectra of the
above matrices, the number of perpendicular (N ) and parallel
(N)) scatterers for a given y ray could be obtained. Using
the fitted parameter a,,, the Appco for most of the y rays
in 2!'T] have been determined. A positive value of Appco
means that the transition is electric whereas a negative value
confirms a magnetic transition. Again, the nature of the known
transitions in 2OOTL199’200Hg, and 8199 Au nuclei, which
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FIG. 6. The asymmetry correction factor a(E, ) as a function of
y-ray energies from standard sources.
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FIG. 7. IPDCO ratios of various transitions in 2°! TI obtained in
the present work. The dotted line indicated at Appco = 0 is drawn
to show the electric and magnetic transitions at positive and negative
sides of this value respectively.

were also produced in our experiment, could be reproduced
from the deduced Aippco, to check the consistency of our
polarization analysis. The Appco analysis for T, using the
same detector array setup, produced in a different reaction
has been reported earlier [22]. The deduced Appco values for
various transitions in 2°!'T] are shown in Fig. 7.

III. RESULTS

The energies and intensities of the observed y rays from
the present work, which are placed in the level scheme of
20171, have been tabulated along with other relevant quantities
in Table 1. Figure 8 represents the proposed level scheme of
2017, above the 9/2~ isomer, obtained from the present work.
The present level scheme indicates a significant extension of
the main band built on the 9/2~ isomeric level compared to
earlier work [13], as well as the observation of several other
cascade of transitions to higher spins. The construction of
the level scheme of 2°! T1 is based on coincidence relations of
identified transitions, intensity balance, DCO, and polarization
measurement. A total of 31 new transitions in 2°!T] have
been identified and most of them are placed in the level
scheme, which are marked with asterisks in Fig. 8. The relative
intensities of the y rays have been deduced from both the
total projection of the y-y matrix and the gated spectra after
correcting for the detector efficiencies.

Several new side branches and bandlike sequences have
been established from the present work other than the extension
of the band built on the 9/2~ isomer. Moreover, the 167, 427,
469, 750, and 785 keV transitions, which were tentatively
assigned in the previous work [13], have been confirmed from
the present measurements. Figures 2(a), 2(b), and 2(c) show
the spectra corresponding to double gates of 319 and 443 keV,
319 and 785 keV and 319 and 1142 keV, respectively. From
these spectra, it is clear that a separate set of transitions, leading
to sequence B, are connected to the main band by the 785 keV
transition at the 1963 keV (15/27) level. The 785 keV y ray
was found to be an E'1 type transition from the DCO ratio and
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IPDCO analysis, making the spin-parity of 2748 keV level
17/2%. The spin-parities of all the states above 2748 keV were
assigned from the deduced DCO ratios and Aippco values
based on the 785 keV gate. The Appco values for the 264 and
309 keV transitions were obtained from the sum gate of 319,
391, 652, 724, 785, and 1142 keV transitions. The Appco of
the 423 keV y ray comes out as positive, deduced from the
sum gate of 785 and 1142 keV to avoid the contribution of the
427 keV transition. That, together with the quadrupole nature
of this transition obtained from the DCO ratio, makes it an
E?2 transition. The Appco values for the 258 and 567 keV y
rays could not be obtained due to the lack of statistics, but the
DCO ratio of the 258 keV transition could be deduced and is
attributed as a mixed, M1 + E2 transition. Since the 567 keV
is a crossover transition of mixed 258 and 309 keV transitions,
it is considered to be an E?2 transition.

Two separate cascades of 309-258-120 keV and 264—
423 keV have been established on top of the 2748 keV level
on the basis of the coincidence relationship between these
cascades with the other lower lying transitions. The spin-parity
of the 3435 keV level is fixed from the deduced DCO ratio
and Appco of both 378 and 423 keV transitions. For the low
energy transitions of 96, 120, 158, and 176 keV, the IPDCO
analysis was not possible due to low scattering probability, but
from their deduced DCO ratios they are found to be of mixed
multipolarity.

The 1572 keV (13/27) level of the main band is also fed by
an M1 transition of 1142 keV. The M 1 nature of the 1142 keV
transition is established from the DCO ratio obtained from the
652 keV quadrupole gate and Appco from the sum gate of
319 and 652 keV. Figure 2(c) shows a double-gated spectrum
corresponding to the 319-1142 keV cascade. The absence
of the 391 keV transition but the presence of the 333 keV
transition at this gate fixes the placement of 1142 keV transition
in the level scheme, connecting it to the main sequence (A) at
the 1572 keV level. It is also clear from the above spectrum
that the set of y rays above the 2748 keV level are also in
coincidence with the 1142 keV transition. This establishes the
presence of a connecting transition of 34 keV of E1 nature
between the 2748 keV and the 2714 keV levels which is
consistent with the theoretical Weisskopf estimate [23] of the
half-life (~ 5.14 ps) of the 2748 keV level. The low energy
threshold of the experimental setup did not allow this transition
to be observed in the present work.

Figure 3(a) and 3(b) show the spectra corresponding to the
double gates of 443 and 427 keV and of 443 and 803 keV
cascades, respectively. From these two spectra it is clear that
427 and 803 keV are parallel to each other, leading to the
sequences C and D, respectively, and are both connected to
the 9/2~ band through 443 keV y ray. The presence of the
427 keV line in the spectrum gated by 391 keV y ray and
also the presence of all the lower and higher lying lines in
the double-gated spectrum of the 391 and 427 keV y rays
indicates that the 2015 and 1963 keV levels are connected by
a small 52 keV transition. This connecting transition could
not be detected in our experiment due to its high conversion
probability and small detection efficiency at this y-ray energy.
The 443 keV y ray was found to be of quadrupole nature from
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TABLE L. The energy (E, ) and intensity () of the y rays placed in the level scheme of 2! TI along with the spin and parity of the initial
(J7") and the final (Jj}) states and the energy of the initial state (E;). The measured values of Rpco and Appco are also shown along with the
proposed multipolarity of the y rays.

E, E; J'— J_f L* Rpco(Err) Arppco(Err) Deduced
(keV) (keV) multipolarity
96.1(1) 3530.9 25/2 — 23/2+ 1.95(3) 0.61(6)° (M1+ E2)
119.8(2) 3434.8 23/2% — 21/2% 1.51(35) 0.96(14)° M1
157.5(1) 3864.6 29/2 — 27/2 7.62(71) 0.86(4)° M1+ E2
161.2(1) 3044.6 25/27 — 23/2~ 6.08(71) 1.30(4)¢ M1+ E2
166.9(1) 2182.2 19/2= - 17/2~ 7.53(69) 1.43(4)¢ M1+ E2
176.2(1) 3707.1 27/2 — 25/2 10.94(83) 0.85(4)° M1+ E2
211.8(2) 2883.4 23/27 — 23/2% 0.70(15) (E1)
225.5(1) 2898.0 25/2F — 23/2% 3.98(58) 1.42(7)¢ —0.05(10) M1+ E2
230.2(1) 2672.5 23/2% — 21/2~ 9.04(69) 1.30(4)¢ 0.072(56) E1l
258.0(1) 3315.0 21/2% — 19/2%F 2.4(12) 1.17(14)° M1+ E2
260.1(1) 2442.3 21/27 — 19/2~ 2.2(12) (M1)
263.7(1) 3011.9 19/2% — 17/2+ 7.24(66) 1.14(5)° —0.296(52) M1
308.8(9) 3057.0 19/2% — 17/2%F 5.61(55) 1.29(10)° —0.240(43) M1+ E2
319.0(1) 1238.6 11/2= —- 9/2~ 100.0(58) 1.56(4)° —0.060(25) M1+ E2
326.7(3) 3372.0 23/2% — 25/2~ 2.38(53) (E1)
333.4(1) 1572.0 13/2= - 11/2~ 75.3(35) 1.13(3)° —0.026(19) M1
377.9(1) 3434.8 23/2F — 19/2% 3.93(44) 0.46(4)° E2
386.8(1) 34314 27/2- — 25/2~ 4.65(26) (M1+ E2)
386.7(1) 3371.3 23/2F — 21/2*F 5.41(76) 1.03(4)¢ —0.088(50) M1
390.9(1) 1963.0 15/2= — 13/2~ 22.9(14) 1.48(4)° —0.016(28) M1+ E2
422.8(2) 3434.8 23/2t — 19/2* 4.19(78) 0.52(4)° 0.125(52) E2
426.8(1) 24423 21/2- — 17/2- 24.0(15) 1.06(2)¢ 0.143(23) E2
441.1(7) 2883.4 23/27 — 21/2~ 6.8(26) 1.92(7)¢ —0.059(29) M1
443.3(8) 2015.3 17/27 — 13/2~ 47.1(39) 1.01(3)¢ 0.077(30) E2
445.2(7) 2486.6 (17/2) — 15/2+ 6.28(72) 0.71(5)f

469.4(2) 2041.4 15/2% — 13/2~ 11.02(84) 1.80(67)° 0.126(70) E1l
504.4(1) 3935.8 29/2 — 27/2~ 6.5(10) 2.01(1)¢ M1/E1
532.8(1) 3431.4 27/27 — 25/2%F 4.92(46) 1.85(8)¢ 0.032(27) E1l
543.2(4) 2985.3 21/2% — 21/2~ 1.40(41) E1l
566.8(3) 3315.0 21/2% — 17/2* 4.22(50) 0.43(8)° E2
579.1(1) 3951.0 (25/2%) — 23/2* 4.83(45) 0.68(4)° (M1+ E2)
652.2(5) 1572.0 13/2= > 9/2~ 32.9(24) 0.53(4)¢ 0.117(24) E2
700.9(3) 2883.4 23/27 — 19/2~ 1.77(59) 1.09(12)¢ E2
724.3(1) 1963.0 15/2= - 11/2~ 20.2(17) 0.54(2)° 0.062(32) E2
749.5(1) 1988.1 13/27 — 11/2~ 5.15(46) 1.41(18)f —0.071(52) M1
785.2(6) 2748.2 17/2% — 15/2~ 27.0(15) 2.10(8)¢ 0.017(21) El
803.1(1) 2985.3 21/2% — 19/2~ 12.91(95) 1.90(16)¢ 0.066(25) E1l
1141.8(1) 2713.8 15/2= — 13/2~ 11.98(81) 2.13(13)° —0.032(25) M1

“Relativey -ray intensities are estimated from prompt spectra and normalized to 100 for the total intensity of 319.0 keV y rays.
"From the 785.2 keV (E1) DCO gate.

‘From the 443.3 keV (E2) DCO gate.

4From the 803.1 keV (E1) DCO gate.

¢From the 652.2 keV (E£2) DCO gate.

fFrom the 319.0 keV (M1 + E2) DCO gate.

£From the 724.3 keV (E2) DCO gate.

its measured DCO ratio, obtained using a quadrupole gate of
652 keV, and the positive Appco confirms it to be an E2
transition. The 443 keV y ray was tentatively assigned as a
mixed transition of (M1 4 E2) type by Slocombe et al. [13].
It may be noted that there is a transition of energy 441 keV
decaying from the 2883 keV level in the same band but is
assigned as a mixed M1 + E2 transition. Therefore, to avoid

the possibility of contamination, the Appco of the 443 keV
y is obtained from the gate of 803 keV. On the other hand,
the DCO ratio and Appco of 441 keV are obtained from the
gate of 443 keV only, to avoid any contamination of 443 and
445 keV transitions. The presence of 161, 226, 230, 441, 504,
533, and 543 keV y rays only in coincidence with the 427 keV
and not with 803 keV is evident from the spectra of double
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FIG. 8. Level scheme of °!' Tl above 9/2 isomeric level, as obtained from the present work. New transitions are marked with “*”.

gates shown in Figs. 3(a) and 3(b). The 167 and 579 keV
gamma rays, on the other hand, are in coincidence only with
the 803 keV y ray. This establishes the two separate cascade
of y rays connecting 427 and 803 keV.

The DCO ratio of the 803 keV y ray is obtained from the
gate of the known quadrupole transition of 652 keV, and along
with the positive Appco confirms it as an E'1 transition. The
387 keV transition has a double placement in the level scheme,
one in band A and the other in band D [see Figs. 3(a) and 3(b)].
The DCO and Appco of the 387 keV transition, placed in band
D, were obtained from the gate of 803 keV, which excludes
any contribution of 387 keV transition of band A and turns
out to be an M1 transition. The DCO ratio and Appco of
the 387 keV of band A could not be obtained independently,
as it is not in coincidence with any other strong transition,
excluding the contribution of 387 keV of band D. Therefore,
the spin-parity of the 3431 keV level of band A is fixed from the
deduced multipolarity of the connecting transition of 533 keV
to band C. The intensities of the two components of 387 keV
belonging to bands A and D have been obtained from the gated
spectrum of 161 and 803 keV transitions respectively with
appropriate normalization. DCO ratios of the 161 and 167 keV
transitions indicate that they are of mixed multipolarity and
are considered to be M1 + E2 type. Polarization asymmetry
cannot be obtained for 260, 327, 504, 543, 579, and 701 keV
due to their poor statistics, but DCO ratios of the 504, 579, and
701 keV transitions attribute them as M1/E1, (M1 + E2),
and E2, respectively.

It may be noted that, other than the transitions tabulated
in Table I, a few y lines, viz., 102, 116, 148, and 853 keV,
have also been observed in coincidence with all the transitions
in 2°I'T1 placed in the level scheme. This can clearly be seen
from the spectrum shown in Fig. 4, which is generated from the
double gate of 148 and 853 keV y rays. This spectrum suggests

that the above y rays must belong to 2! T1. The fact that all the
y rays belonging to the bands A, B, and D are observed in the
spectrum of Fig. 4, including the lower lying transitions of 724,
652, 319, and 333 keV, indicates that the above-mentioned
unplaced transitions must be decaying to bands A, B, and
D. The intensities of these transitions also support this fact.
However, we have not observed a common higher energy level
from which the bands A, B, and D are populated. Therefore,
it is possible that this higher lying unobserved level is very
close to all of the highest observed levels in different bands
and connected to those bands by low energy, highly converted
transitions. We did not get any evidence of such transitions
connecting the three bands at the top because of not having the
facility to detect low energy transitions or conversion electrons
in our setup. Therefore, we constrain ourselves to place 102,
116, 148 and 853 KeV y rays in the level scheme presented in
Fig. 8. A more specific experiment with the aim to detect low
energy transitions and conversion electrons would be required
to resolve this issue.

IV. DISCUSSION

The proton and the neutron Fermi levels in 2°' Tl lie just
below the Z =82 and N = 126 spherical shell closures,
respectively. The shell model orbitals 3sy, and 2d3,, are
available for the odd proton, and the hg/, orbital (from above
the Z = 82 magic gap) intrudes around the proton Fermi level,
mostly for the deformed TI1 nuclei. For neutrons, the available
orbitals are 2 f5/2, 3p3/2, and the unique parity high-; orbital
li13/2. Low lying states in heavier odd-A Tl nuclei mostly
originate due to the occupation of odd protons in the 3sy,,
or 2d3,, orbitals as well as in the 1k, orbital for medium
excitation energy.
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FIG. 9. (Color online) Energy systematic of the 9/27, 13/27,
17/2%, and 25/2% states in odd-A thalium isotopes.

Apart from these levels a low-lying 9/27 isomer has been
reported in all the neutron deficient odd-A isotopes of TI [6].
Rotational band structures based on this isomer have also been
observed in the odd- A Tl isotopes in mass 180 and 190 regions.
These were interpreted as oblate bands based on the [505]9/2~
Nilsson orbital originating from the intruder 7 9 state. States
in odd- A Tl isotopes are often described by the coupling of the
odd proton in the 512, d3/2, and hg,, orbitals with the states in
the neighboring even-even Hg core. Low-lying excited states
in 2°'T1 corresponding to the above single-particle states have
been observed in an earlier study [13]. In the neighboring
even-even nucleus 2°°Hg, apart from the zero-quasiparticle
ground state band, a band structure built on a 5~ state having
the configuration of v( p;/12 Qi 131/2) [24] has been reported.

The 13/2 level at 1988 keV and the 17/27 level at 2748 keV
in 2°'TI are proposed to be due to the coupling of the ds)
and hy, orbitals, respectively, with the above 5~ core state in
200fg

The systematics of the excitation energies of these single-
and multi-quasiparticle states in odd-A TI isotopes is shown
in Fig. 9. It can be seen from this figure that the trend of
increasing energy of the 9/27, 13/27, and 17/2% states with
increase in neutron number continues up to 2°!'Tl It can
also be seen that the newly observed levels in 2°'Tl in the
present work nicely follow the systematic trend, supporting
the proposed configuration. The gradual increase in energies
of the multi-quasiparticle states is attributed to the increase
in the single-particle energies, as shown for the 9/27 level in
the same figure. This increase in the excitation energy for the
9/27 level can be interpreted from the fact that, as the neutron
number increases towards the N = 126 shell closure, the
deformation tends to decrease and the hg, state becomes less
and less accessible for the heavier Tl isotopes. For even higher
neutron number this state is expected to become non-yrast
and may not be observed. Indeed, the 9/27 state has not been
observed in 2°TI [13]. In '*2°'T] nuclei, the band structures
built on the 9/2~ state were not well developed [13,25]. They
were known only up to 15/27 in °! TI [13] and up to 19/2" in
1991 [25]. In contrast, the rotational band based on the 9/2~
isomer is known up to 29/27 in the neighboring '’ T1 [7,14].

Spin (h)

FIG. 10. Excitation energy as a function of spin for the bands A
and B in 2°!'T1 and for the negative parity band in 2°Hg.

In the present work the band structure built on the 9/2~ isomer
in 2I'TI (band A in Fig. 8) has been extended up to the 29/2
state. Apart from this 9/27 band, a band-like structure (band B)
has also been observed in the present work built on the 17/2%
three-quasiparticle state. The excited state corresponding to
the why;/, excitation has been observed in some of the odd-A
thalium isotopes. The state at 1414 keV with tentative spin
of (11/2), observed by Slocombe eral. [13] (not shown in
the present level scheme), may correspond to the why;, state
in 2!'TI. The corresponding three-quasiparticle state with a
configuration of nhl_ll/z ® v( pl_/l2 Qi 1_31/2) would be a state with
J™ =25/2" and has been observed in the heavier isotopes
203.205T] as an isomeric state [26,27]. A (25/2%) state has been
observed in the present work at 3951 keV. The systematics
of the excitation energy of this state is shown in Fig. 9.
The systematic trends suggest that this state in °'Tl may
correspond to the above configuration.

The plots of excitation energy as a function of spin for bands
A and B in ?°!'T] are shown in Fig. 10 along with the negative
parity (5~ band) band in the neighboring even-even core
nucleus ?*°Hg. Three different slopes observed in this figure for
band A in 2°' Tl clearly indicate three different configurations
for this band at high spins. There is a remarkable similarity in
these plots between band A in 2°! Tl and the 5~ band in *°Hg
above a spin of about 8%, indicating the similar nature of the
two bands at and above this spin. The band crossing in this
band in 2°!' Tl will be discussed in the subsequent paragraphs.
It can also be seen from Fig. 10 that band B in 2°!TI lies
about 800 keV above the 5~ band in 2*°Hg (for the lower lying
levels) which is close to the excitation energy of the 7w ho,, state
in 2°'T1. This supports our assumption of the configuration
Thojy @ v(p3h ® irs),)s for band B in ' T,

It can also be seen from Fig. 10 that the positive parity band
B seems to cross the 9/2~ negative parity band in 2°! Tl at a spin
value of about / > 14.5h. Similar behavior has been reported
in the lighter Tl isotope, '?>T1[28], in which the positive parity
band beyond the above spin becomes yrast. In comparison with
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FIG. 11. (Color online) Alignment plot for the mhg;; bands in
odd-A Tl isotopes. The same for the ground band in 2®Hg is also
shown. The level energies of kg, bands of '**17Tl and *®Hg are
taken from Refs. [7,24,28] respectively.

the noncollective prolate structure in the neighboring '*'Hg
nucleus [29,30], the positive parity states in '°3T1 at high spin
were interpreted as single-particle states with the possibility
of a noncollective prolate structure. In the case of 2°!TI, the
positive parity states just begin to show similar behavior with
a crossing point at exactly the same spin. Therefore, there is
an indication of the appearance of a noncollective structure in
201T] similar to the ones observed in the lighter nuclei '>TI
and '"'Hg. However, it is important to know the higher spin
states in the positive parity band, which could not be observed
in the present work, to draw a definite conclusion

The band crossing phenomena can be better visualized
in the plot of aligned angular momentum, i,, which is the
projection of particle angular momentum onto the rotation
axis. The plot of i, as a function of rotational frequency is
shown in Fig. 11 for the 7 &9/, bands in odd- A thalium isotopes
along with that of the ground state band of the even-even >*’Hg.
This figure shows that the first band crossing for the mho),
band (band A) in 2°!'TI occurs at a rotational frequency of
hw ~ 0.27 MeV. The gain in alignment after the first crossing
is about 7h. The crossing frequency and the gain in alignment
in 21'T1 are similar to those in the lighter isotopes of thalium as
shown in this figure. The band crossings in the lighter thalium
isotopes are attributed to the alignment of a pair of neutrons
in the i3/, orbital. This seems to be the case for 20171 also. Tt
may be noted that the gain in alignment for the ground state
band in the neighboring even-even core nucleus 2°°Hg (which
is also interpreted as the alignment of a pair of neutrons in the
i13/2 orbital) is much higher at the first band crossing. Less
gain in the aligned angular momentum for the odd-Z Tl nuclei
indicates partial alignment in these nuclei.

The similarities in the alignment gain and frequencies
show that the collective rotational nature of the 9/27 state
for the neutron-deficient thalium isotopes still persists for
20171, for neutron number N = 120. After the band crossing,
however, the levels become somewhat irregular and hence
more spherical in nature. It can be seen from Fig. 11 that

PHYSICAL REVIEW C 88, 044328 (2013)

another band crossing at aboutZiw ~ 0.33 MeV seems to occur
with a smaller gain in alignment, indicating the alignment of
a pair of neutrons in fs5,; and p3/, orbitals.

In the case of *Hg, it was observed by Andreas et al.
[24] that the 5~ band (AE) is more yrast than the positive
parity two-quasiparticle (AB) band which is the extension of
the ground state band after the alignment of two neutrons in
the iy3, orbital. This AB band decays more strongly to the
AE band than to the ground band. It was argued that it is
economical to rearrange one i13,, neutron hole to a p3/, state
due to the closure of i3/, for N = 120, and hence there is
more overlap between the AB band and the AE band [24].
Therefore, the AB band decays to the AE band by a strong
E1 transition. In the case of 2°!Tl, the 17/2* state in band B
decays to the 15/27 state, just around the band crossing region
in band A, by a strong E1 transition. Also the 9/2~ band
becomes weaker after the alignment of two neutrons in the
i13/2 orbital, as in the case of the ground band in *’Hg. These
observations suggest that the above argument in Ref. [24] is
valid in the case of the odd-AN = 120 isotone 2°' Tl also. The
presence of the negative parity orbitals (p3;, and f5,,) above
the closed i3> positive parity orbital for the neutrons explains
the occurrence of several E1 transitions in the level scheme of
20171 observed in the present work, from the states at moderate
excitation energy where three and five quasiparticle states are
expected.

V. TRS CALCULATIONS

In order to study the deformation in 2°!'TI, the total
Routhian surface (TRS) calculations are performed by the
Strutinsky shell correction method using a deformed Woods-
Saxon potential with BCS pairing for the calculation of the
single-particle shell energies [31,32]. The universal parameter
set was used for the calculations. The Routhian energies
were calculated in (B8, y, B4) deformation mesh points with
minimization on fB4. The procedure of such calculations has
been outlined in Ref. [33]. The Routhian surfaces are plotted
in the conventional B,-y plane. The TRSs are calculated for
different values of rotational frequencies 7w and for different
configurations. At each frequency, the spin can be projected.
The TRSs calculated for the negative parity hg/, configuration
are shown in Fig. 12 foriw = 0.16,0.31, and 0.36 MeV. These
values of rotational frequencies correspond to the situation
before and after the alignments in the A9/, band.

It can be seen that a minimum in the TRS is obtained at
an oblate deformation with 8, = 0.10 for hw = 0.16 MeV,
i.e., for the low-lying states below any particle alignment.
The calculations for the lighter odd-A isotopes !93197:199T]
show somewhat larger deformation of 8, = 0.15 for the same
configuration. Therefore, the deformation decreases with the
increase in neutron number for the Tl isotopes, as expected, and
as has been reflected in the increase in the excitation energy
of the hg,, state in the TI isotopes as a function of neutron
number (see Fig. 9). It can also be seen that, as the rotational
frequency increases, the deformation gradually decreases and
the TRS forhw = 0.36 MeV [Fig. 12(a)] shows that there is no
minimum at the oblate shape and the deformation is close to
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FIG. 12. (Color online) Total Routhian surface (TRS) calcula-
tions for band A in 2°' Tl for rotational frequency fiw = (a) 0.36 MeV,
(b) 0.31 MeV, and (c) 0.16 MeV.

B2 ~ 0. Therefore, the single-particle-like structure observed
at higher excitation energy in the level scheme of 2°'TI is
consistent with the TRS calculations.
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VI. CONCLUSION

High spin states in 2°!' TI have been populated by using the
fusion evaporation reaction '*8Pt("Li,4n) at a beam energy
of 45 MeV and studied by y-ray coincidence spectroscopic
techniques using the INGA setup of 15 clover HPGe detectors.
The level scheme of 2°! T1 has been extended considerably up to
an excitation energy of ~ 3.9 MeV and spin of 29/2% through
the observation of 31 new transitions. The spin and parity
assignments were done by DCO and IPDCO measurements.
High spin states in 2°!Tl have been compared with other TI
isotopes and also with the core nucleus 2*°Hg. The observation
of a rotation-like structure for the hg/, band suggests that
the deformed structure still persists in the Tl isotopes for
neutron number N = 120. It was shown that the experimental
observations are consistent with the total Routhian surface
(TRS) calculations which predict oblate deformed shape for
the low lying states in the /9, configuration with 8, = 0.10,
and the deformation gradually decreases with the increase
in rotational frequency. The calculations also show that the
deformation in 2°'TI is less than that in the lighter isotopes.
Apart from the hg/, band, other states resulting from the
coupling of the low-lying odd-proton states with the two-
neutron state (57) in the 2°’Hg core have also been identified
in the present work. The excitation energies of these states are
found to be consistent with the systematic of the odd- A thalium
isotopes. An indication of the appearance of noncollective
positive parity states being yrast above spin / > 29/2h, similar
to 'TI, has been observed for 2°'Tl in the present work.
However, higher spin states in the positive parity band need to
be explored in this nucleus for confirmation.
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