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Abstract. Excited states in 188Tl have been studied experimentally using the 157Gd(35Cl, 4n) reaction
at a beam energy of 170MeV. A rotational band built on the πh9/2 ⊗ νi13/2 configuration with oblate
deformation has been established for 188Tl. Based on the structure systematics of the oblate πh9/2⊗νi13/2
bands in the heavier odd-odd Tl nuclei, we have tentatively proposed spin values for the new band in
188Tl. The πh9/2⊗νi13/2 oblate band in 188Tl shows low-spin signature inversion, and it can be interpreted
qualitatively by the two-quasiparticle plus rotor model including a J-dependent p-n residual interaction.

PACS. 21.10.Re Collective levels – 23.20.-g Electromagnetic transitions – 23.20.Lv gamma transitions
and level energies – 27.70.+q 150 ≤ A ≤ 189

In our recent publication [1], the low-spin signature
inversion has been revealed for the πh9/2 ⊗ νi13/2 oblate

band in 190Tl by adopting the results from the α-γ de-
cay work for 194Bi [2]. It is the first experimental ob-
servation of low-spin signature inversion for a band as-
sociated with the oblate πh9/2 ⊗ νi13/2 configuration. In

this band, the αf
p-n = αf

p + αf
n = 1/2 + 1/2 = 1 fa-

vored signature branch lies higher in energy than the

αuf
p-n = αf

p + αuf
n = 1/2 − 1/2 = 0 unfavored signa-

ture branch at low and medium spins, and the signature
splitting tends to revert to the normal ordering at higher-
spin states. With great efforts for about two decades, the
low-spin signature inversion has been systematically ob-
served in deformed odd-odd nuclei throughout the chart
of nuclides [3–10], concerning the high-j πg9/2 ⊗ νg9/2,
πh11/2 ⊗ νh11/2, πh11/2 ⊗ νi13/2, πh9/2 ⊗ νi13/2, and
πi13/2⊗ νi13/2 configurations. Theoretically, the inversion
phenomenon has been interpreted by different models,
including the nuclear triaxiality, proton-neutron residual
interaction, and etc. [3,6,7,11–14]. Therefore, the exten-
sion of systematic occurrence of signature inversion bands
might be crucial for a deeper understanding of the low-
spin signature inversion phenomenon. Prior to this work,
an early in-beam work [15] reported a long-lived isomer

a e-mail: zxh@impcas.ac.cn

with an oblate configuration of πh9/2 ⊗ νi13/2 in
188Tl,

and two γ lines were suggested to be above the isomer.
The excited states in 188Tl were populated via the

157Gd(35Cl, 4n)188Tl reaction. The 35Cl beam was pro-
vided by the tandem accelerator at the Japan Atomic
Energy Research Institute (JAERI). The target was an
isotopically enriched 157Gd metallic foil of 2.0mg/cm2

thickness with a 6.5mg/cm2 Pb backing. A γ-ray detec-
tor array, GEMINI [16], comprising 13 HPGe’s with BGO
anti-Compton (AC) shields and 3 LOAX detectors be-
ing sensitive to low-energy γ-rays, was used. To obtain
information concerning transition multipolarities, the de-
tectors were divided into three groups of which the an-
gle positions (and detector number at that angle) were
90◦ (2), ±72◦ (6), ±35◦ (8) with respect to the beam axis.
The detectors were calibrated with 60Co, 133Ba, and 152Eu
standard sources; typical energy resolution was about 2.0–
2.8 keV at FWHM for the 1332.5 keV line. γ-γ-t and X-γ-t
coincidence measurements were performed at a beam en-
ergy of 170MeV. A total of about 270 × 106 coincidence
events were accumulated. After accurate gain matching,
these coincidence events were sorted into a 4k × 4k sym-
metric Eγ-Eγ matrix for off-line coincidence relationship
analysis. In order to extract information concerning γ-
ray anisotropies, the coincidence data were sorted into
two asymmetric matrices whose x-axis was the γ-ray en-
ergy deposited in the detectors at any angles and the y-
axis was the γ-ray energy deposited in the detectors at
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Fig. 1. (a) Part of the total projection spectrum, in which the
main products are indicated. (b) The γ-ray spectrum gated by
the Tl Kβ X-ray.
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Fig. 2. The γ-ray spectra gated by (a) the 272.5 keV transi-
tion, (b) the 724.5 keV transition. Asterisks indicate the con-
taminant γ-rays (mainly from 184Pt).

±35◦ and 90◦, respectively. By gating on the x-axis with
suitable γ-rays, two spectra measured at ±35◦ and 90◦

angle positions were obtained. After correcting for the
overall detection efficiency of the detectors at each of the
two angles and normalizing the two spectra with respect
to each other, γ-ray anisotropy (RADO(γ)) was deduced
from the intensity ratio in the two spectra. Typical γ-ray
anisotropies for the known γ-rays observed in this exper-
iment were 1.3 for stretched quadrupole transitions and
0.7 for stretched pure dipole transitions. Therefore, we as-
signed the stretched quadrupole transition and stretched
dipole transition to the γ-rays of 188Tl with anisotropies
around 1.3 and 0.7, respectively.

Assignments of the observed γ-rays to 188Tl were based
on the coincidences with the known γ-rays with energies
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Fig. 3. Level scheme of 188Tl deduced from the present work.
The widths of the arrows indicate the relative transition inten-
sities. Tentatively assigned spins are given in parentheses.
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Fig. 4. Systematics of the level structure in the odd-odd
188–200Tl nuclei.

of 272.7 and 301.7 keV [15]. Because of severe competition
from fission and many competing evaporation channels
open in the present reaction, the γ-ray spectra in this ex-
periment were very complex. As shown in fig. 1(a), the
γ-rays from the Coulomb excitation of the target domi-
nate the total projection spectrum; 187Tl, 188Tl and 188Hg
were most strongly populated. The assignments were fur-
ther confirmed by the Tl Kβ X-ray coincident informa-
tion shown in fig. 1(b). A gated spectrum was produced
for each of the γ-rays assigned to 188Tl. Typical coinci-
dence spectra are presented in fig. 2. Based on the analy-
sis of the γ-γ coincidence relationships, a level scheme for
188Tl is proposed and shown in fig. 3. The order of tran-
sitions in the level scheme is fixed firmly with the help of
inter-band transitions. Figure 4 compares the level spac-
ings of the new band observed in 188Tl with those of the
πh9/2⊗νi13/2 oblate bands in the heavier odd-odd Tl iso-
topes [1,17]. Considering the similarity between the bands
observed in odd-odd Tl nuclei, it seems to be reasonable
to assign a spin value of 10 for the lowest level shown in
fig. 3. If we adopted spin assignments for the bands in
odd-odd 188–200Tl as suggested in fig. 4, the systematic
of the level structure in the odd-odd Tl nuclei is very re-
markable, i.e., the ∆I = 2 energy spacings and the energy
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Table 1. γ-ray transition energies, spin and parity assignments, γ-ray intensities, branching ratios, extracted B(M1)/B(E2)
ratios, and γ-ray anisotropies in 188Tl.

Eγ (keV) a Jπi → Jπf
b Iγ

c λ d B(M1)/B(E2) e RADO

272.5 (11)− → (10)− 100 0.74(7)

301.9 (12)− → (11)− 32 0.72(10)

574.7 (12)− → (10)− 12 0.40(13) 3.0(90) 1.0(20)

371.6 (13)− → (12)− 19 0.73(12)

673.3 (13)− → (11)− 11 0.58(15) 2.58(80) 1.14(16)

339.8 (14)− → (13)− 12 0.71(15)

711.6 (14)− → (12)− 15 1.25(20) 2.16(94) 1.26(18)
386.8 5
726.3 6
292.3 ≤3
680.1 7
248.0 (13)→ (12) 23 0.56(17)
315.3 13
228.8 4
374.8 (14)→ (13) 8 0.59(20)

451.3 (12)→ (11)− 51 1.12(11)

724.5 (12)→ (10)− 38 1.34(9)

a
Uncertainties between 0.1 and 0.5 keV.

b
See text for details about the spin and parity assignments.

c
Uncertainties between 10 and 30%. Normalized to the 272.5 keV transition.

d
Branching ratio: Tγ(I→I−2)/Tγ(I→I−1), Tγ(I→I−2) and Tγ(I→I−1) are the relative γ intensities of the E2 and M1 transitions depopulating

the level I, respectively.
e

Extracted from the branching ratios assuming δ = −0.4.

staggering between the odd- and even-spin members vary
very smoothly from A = 188 to 200. Spins for the other
levels shown in fig. 3 were proposed from the measured
γ-ray anisotropy results.
For the ∆I = 1 negative-parity rotational band shown

in fig. 3, the branching ratio, which is defined as

λ =
Tγ(I → I − 2)

Tγ(I → I − 1)
(1)

was extracted for strong transitions. Here, Tγ(I → I − 2)
and Tγ(I → I − 1) are the γ-ray intensities of the ∆I = 2
and ∆I = 1 transitions, respectively. These intensities
were measured in a summed coincidence spectrum gated
by the transitions above the state of interest. The branch-
ing ratio was used to extract the reduced transition prob-
ability ratio, which is defined as [18]

B(M1; I → I − 1)

B(E2; I → I − 2)
= 0.697

[Eγ(I → I − 2)]5

[Eγ(I → I − 1)]3

×
1

λ

1

1 + δ2

(

µ2
N

e2b2

)

, (2)

where δ is the E2/M1 mixing ratio for the ∆I = 1 transi-
tions, and Eγ(I → I−1) and Eγ(I → I−2) are the∆I = 1
and ∆I = 2 transition energies in units of MeV, respec-
tively. The mixing ratios δ ≈ −0.4 have been reported for
the oblate πh9/2 ⊗ νi13/2 band in

196Tl [19]. Considering
the similar band structure in these Tl isotopes, a constant
value δ ≈ −0.4 was assumed in the present analysis. The
relative intensities for some uncontaminated γ-rays could

be measured in the total projection spectrum. Most of the
relative intensities were extracted from the spectra gated
on the bottom transitions in the band. For some weak γ-
rays, only upper limits are given. The relative intensities
are corrected with the detection efficiencies. The γ-ray en-
ergies, spin and parity assignments, relative γ-ray intensi-
ties, branching ratios λ, extracted B(M1)/B(E2) values,
and anisotropies (RADO(γ)) are collected in table 1.
The B(M1)/B(E2) ratios for a band based on multi-

quasiparticle excitation have been proven to be quite use-
ful in characterizing the specific orbitals involved. Infor-
mation concerning the configuration assignment for the
band in 188Tl can be obtained by comparing theoretical
B(M1)/B(E2) values with experimental ones. The ex-
perimental B(M1)/B(E2) ratios have been deduced ac-
cording to the eq. (2). Theoretical B(M1)/B(E2) val-
ues were calculated according to ref. [1]. The calculated
B(M1)/B(E2) ratios are compared with experimental
ones in fig. 5 under the assumption of oblate πh9/2⊗νi13/2
configuration (γ = −60◦) for the band in 188Tl. We used
the same parameters as those listed in ref. [1] in the calcu-
lations. As shown in fig. 5, the calculations reproduced well
the experimental results. Therefore, the band observed
in 188Tl likely has the πh9/2 ⊗ νi13/2 configuration with
oblate deformation.
An interesting phenomenon concerning the oblate

band in 188Tl is the distinctive energy staggering between
the odd- and even-spin members (see fig. 3), indicating
an apparent energy signature splitting. If we adopted the
configuration and spin-parity assignments proposed in the
present work, this staggering reveals that the signature
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splitting in the πh9/2⊗νi13/2 band is inverted at low spins;

the expected αf
p-n = αf

p +αf
n = 1/2+1/2 = 1 favored sig-

nature branch (odd-spin sequence) lies higher in energy

than the αuf
p-n = αuf

p + αf
n = 1/2− 1/2 = 0 unfavored sig-

nature branch (even-spin sequence). Figure 6 presents plot
of the signature splitting for the πh9/2⊗νi13/2 oblate band

in 188Tl, defined as S(I) = E(I)− [E(I+1)−E(I−1)]/2.
As shown in fig. 6, the signature inversion at low-spin
regime is distinct. The signature inversion could be inter-
preted by the residual proton-neutron (p-n) interaction,
which attributed the staggering to a J-dependence of the

p-n residual interaction (
→

J being the total intrinsic an-

gular momentum
→

J=
→

jp +
→

jn) proposed by Kreiner [17].
If a strong repulsive matrix element of the p-n residual
interaction acts in the maximally aligned intrinsic state
J = jp+ jn = 11, above the 10

− state a further alignment
of the proton and neutron intrinsic spins is energetically
more costly and the system prefers to increase its total
angular momentum at the expense of collective energy.
As a consequence of this, the amplitude of the J = 11
component in the wave functions for the 11− and higher
states is drastically reduced and meanwhile the role of

the J = 10 component becomes dominant [17]. This leads
to the energetically favored states with angular momenta
I = R + J = R + 10 = even and to the unfavored states
being I − 1 = R + 10 − 1 = odd (R = even is the collec-
tive angular momentum). Therefore, signature inversion
occurs at low spins for this band.
A side cascade, as shown in fig. 3, was observed in

188Tl. However, it is very difficult to associate the exper-
imentally observed states with specific configurations due
to the lack of definite spin and parity assignments to these
levels.

This work was supported by the National Natural Sciences
Foundation of China (Grant No. 10475097, 10375077 and
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