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Excited states in '*>Tm have been populated via the reaction '**Sm('°0, p4n)'>>Tm at a beam energy of 118
MeV. The ground-state band has been extended and a new side band of the ground-state band is identified. E-GOS
curves and potential energy surface calculations are employed to discuss the structure evolution of the ground-state
band. The newly observed side band in '*Tm is discussed based on the spin/energy systematics. In particular,
the phenomenon of seniority inversion is proposed in '>>Tm, and a systematic study of this phenomenon in the

A =~ 150 mass region is performed.
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I. INTRODUCTION

Excited states in the light rare-earth nuclei near A = 150
have exhibited a wealth of interesting physics, such as shape
coexistence [1-4], structure evolution [5—11], and seniority
inversion [12-15]. The properties of the low-lying states in
these nuclei were found to be sensitive to small changes in
neutron number N [16]. The previous studies of the N = 84
nucleus '>3*Tm have revealed that an interesting phenomenon
of the seniority inversion exists, and single-particle excitation
dominates the excitation spectra [13]. However, for the N =
88 nucleus ’’Tm, collective rotational excitation dominates
the low-lying excitation spectra, and band termination was
observed at high spin [17]. Therefore, the nucleus IS5Tm (N =
86) is a particularly good transitional nucleus located between
single-particle and collective structures, which is suitable to
investigate the structure evolution and seniority inversion.
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Prior to this work, the 11/2™ ground state and the 1/2%
isomer in ' Tm have been identified via the B decay of
155Yb [18]. The low-lying experimental excitation spectra of
133Tm were first reported in 1985 [19]. Two high-spin studies
of " Tm were also reported in 2006 and 2007, respectively
[20,21]. Although these two high-spin studies were in parallel,
there exist some differences between them. In this paper,
we report experimental results on the ground-state band of
155Tm, together with a newly observed side band and the
proposed seniority inverted state. The experimental procedure
is described in Sec. II. Results and discussion are presented in
Sec. III, and conclusions are given in Sec. I'V.

II. EXPERIMENTAL PROCEDURE

Excited states in 'Tm were populated via the
144Sm (10, p4n)'>>Tm fusion-evaporation reaction at a beam
energy of 118 MeV. The beam was delivered by the Separated
Sector Cyclotron (SSC) at iThemba LABS, South Africa. The
target was 2.89 mg/cm? thick with a backing of 13.13 mg/cm?
Pb. Deexcitation y rays were detected using the AFRODITE
array consisting of eight Compton-suppressed clover
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detectors [22]. Approximately 1.03 x 10'? y-y coincidence
events were collected during the experiment. Energy and
efficiency calibrations were performed with the standard
133Ba and !'>?Eu sources, which were mounted at the target
position.

In order to extract the coincidence relationships between y
rays and the multipolarities of the transitions, the coincidence
data were sorted off line into a symmetrized £, -E, matrix,
an E,-E,-E, cube and two asymmetric angular distribution
from oriented states (ADO) matrices. Two ADO matrices were
constructed using the y rays detected at all angles (y axis)
against those detected at 135° and 90° (x axis), respectively.
The experimental ADO ratio was calculated by Rapo(y) =
I, (at 135°)/1, (at 90°), where the y -ray intensities were deter-
mined in the coincidence spectra gated by the y transitions
(on the y axis) of any multipolarity. In the present geometry,
by examining the known y rays, the ADO ratios for stretched
quadrupole and stretched pure dipole transitions were found
to be about 1.2 and 0.8, respectively. The experimental results
of the 5n exit channel (‘3 Yb) from the present experiment has
been reported in Ref. [4].

III. RESULTS AND DISCUSSION

The partial level scheme of > Tm deduced from the present
work is shown in Fig. 1. y-ray energies, relative intensities,
spin-parity assignments and measured ADO ratios for transi-
tions shown in Fig. 1 are listed in Table I. The ground-state band
(labeled band 1) has been extended up to spin I = (47/27) by
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FIG. 1. Partial level scheme of '*>*Tm deduced from the present
work. Transition energies are given in keV, and the widths of the
arrows represent the relative intensities of the y transitions. The newly
observed transitions are indicated by asterisks and red lines.

TABLE 1. y-ray energies, relative intensities, spin-parity assign-
ments, and measured ADO ratios for transitions shown in Fig. 1.

E, (keV) I, ' — I ADO ratio
178.4 12.6(0.9) 27/27 — 25/2° 0.99(0.17)
381.7 18.2(0.9) 25/27 — 23/2° 0.93(0.10)
535.6 100.0 15/2= — 11/27 1.15(0.06)
560.1 49.5(1.9) 27/27 — 23/2~ 1.21(0.09)
596.5 89.8(2.9) 19/2= — 15/2~ 1.13(0.07)
619.9 77.6(2.7) 23/27 = 19/2~ 1.18(0.07)
658.7 6.2(0.6) (21/27) = (17/27) 1.18(0.11)
679.7 8.2(0.7) (25/27) = (21/27) 1.35(0.14)
718.2 ~3 43/27 — 39/2~ 1.21(0.13)
718.7 ~11 31/27 — 27/2 1.22(0.12)
738.4 10.1(0.5) 35/27 — 31/2 1.19(0.13)
760.6 5.5(0.4) 39/27 — 35/2° 1.16(0.15)
826.0 <2.0 (47/27) — 43/2~

844.6 6.3(0.4) (17/27) - 15/2 0.98(0.10)
906.8 2.4(0.2) (21/27) = 19/2~ 0.99(0.14)
966.6 2.1(0.2) (25/27) — 23/2~ 0.82(0.09)

adding two new 718.2- and 826.0-keV transitions. Examples of
background-subtracted y-ray coincidence spectra are shown
in Fig. 2. Most of the transitions in band 1 can be clearly
seen from Figs. 2(a) and 2(b). The side band (labeled band 2),
consisting of two E?2 transitions, is a newly observed structure.
In addition, three new linking transitions between bands 1 and
2 are also identified. The transitions in band 2 are visible in
Fig. 2(b), together with the three linking transitions between
bands 1 and 2.
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FIG. 2. Examples of gated coincidence spectra: (a) Spectrum
double gated by the 619.9- and 718.7-keV transitions of band 1. (b)
Spectrum gated by the 535.6-keV transition. The peaks marked with
asterisks are transitions depopulating the multiparticle states of '>>Tm,
which are not included in Fig. 1. The contaminant peaks from '°Yb
have been marked with filled circles.
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FIG. 3. (a) E-GOS curves for the N =86 odd-A isotones,
(b) E-GOS curves for the Z = 69 odd-A isotopes. Data are taken
from Refs. [13,14,17,31-35] and the present work for '*>Tm.

It should be noted that, for the partial level scheme of
155Tm shown in Fig. 1, there exist two differences between
Ref. [20] and Ref. [21]. The first difference is the spin-parity
assignments of the level that depopulates via the 381.7-keV
transition, Ref. [20] assigned this level as I™ = 25/27, while
Ref. [21] suggested ™ = (23/27,27/27) for this level. The
present measured ADO ratios for the 381.7- and 178.4-keV
transitions are 0.93(0.10) and 0.99(0.17), respectively. These
indicate that both of the two transitions are of mixed M1/E2
character. Therefore, the level that depopulates via the 381.7-
keV transition has been assigned ™ = 25/2~, which is con-
sistent with the corresponding assignment of Ref. [20]. The
other difference is that the energies of the transition, which
feeds the 31/27 state are 730 keV [20] and 739 keV [21],
respectively. As seen in Fig. 2(a), the 738.4-keV transition
is clearly visible, while the 730-keV transition is not visible.
Therefore, the energy of the transition, which feeds the 31/2~
state is 738.4 ke V.

A. Band 1

The energy spacings of the low-lying states of band 1 are
almost equal, and are similar to those of the neighboring
N =86 even-even "*Er [23] and '°Yb [24] nuclei. The
low-lying states of these two nuclei have been suggested to
show vibrational character. As shown in Fig. 1, the energy
spacings gradually increase above the 27/2~ state, implying
the possible character of a rotor. In this regard, band 1 in '>Tm
could have a transition from quasivibrational to quasirotational
structure with increasing spin.

To highlight the character of band 1, we employ the E-GOS
(E, over spin) prescription [25]. This prescription has been
widely used to distinguish vibrational and rotational modes as
a function of spin in the even-even transitional nuclei [25-30].
For the odd-A nuclei, a weak-coupling approximation was

used, and the E-GOS ratio was assumed to be R = E(II%;Z)
where [ is the level spin and j is the spin of the band head [26].

Figure 3 shows the systematic comparison of E-GOS curves
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FIG. 4. Potential energy surfaces of '>>Tm as a function of the
quadrupole deformation &, and the triaxial deformation y at fiw =
0.0 MeV for the quasiparticle configuration (a) why,, (b) Thiip ®
vf72h9/2. The distance between the contour lines is 100 keV.

for the odd-A isotopes of Tm and odd-A N = 86 isotones. As
shown in Fig. 3(a), the E-GOS curves of available data in the
odd-A, N = 86 isotones are very similar, which indicates that
the level structures in these isotones are almost independent
of the proton number. In contrast to Fig. 3(a), the E-GOS
curves for the Tm isotopes in Fig. 3(b) exhibit the different
systematic features. Previous studies suggested that '>*Tm
[13] and '37-15°Tm [17,34] own single-particle and rotational
characters, respectively. As can be seen in Fig. 3(b), for the
low-lying region, the R values of '>>Tm are situated between
153Tm and 7'*Tm. As the spin increases, the R values of
155Tm are very close to '*”'Tm. Hence, the evolution from
quasivibrational to quasirotational modes in the band 1 of
5STm is proposed based on the systematic comparison of
E-GOS curves.

To get further insight into the property of the ground-state
band, the potential energy surface calculations [36,37] have
been performed. It is based on the hybrid potential combining
a spherical Woods-Saxon potential with a deformed Nilsson
potential [37]. Pairing has been taken into account by using
values of A, =1.16 MeV, A, = 0.97 MeV. The calculated
potential energy surfaces for the one-quasiparticle why
configuration and the three-quasiparticle A1 2V f7,2h9,> con-
figuration involving neutron excitations, are illustrated as a
function of the deformation parameters (&,, y) in Figs. 4(a)
and 4(b), respectively. The 7 h1;, configuration represents the
ground state in 155Tm, and the fully aligned mwhyi2vf7/2h9/2
configuration corresponds to the yrast 27/2~ state in '>>Tm
based on weak coupling of the unpaired /1, proton to the
yrast 87 state (v f7,2h9/2 configuration) in I54Er [38]. As shown
in Fig. 4, the energy minima for why1,; and why1,2vf7,2h9)2
configurations appear at A(e; = 0.08, y = 0°) and B(e, =
0.10, y = 0°), respectively. Figure 4(a) shows that the ground-
state shape of '>>Tm is rather soft, inducing the formation of
a vibrational structure, which is consistent with the low-lying
vibrational spectra observed in the present experiment. Com-
pared with Fig. 4(a), the quadrupole deformation ¢, of energy
minimum exhibited in Fig. 4(b) becomes larger. In addition, the
potential energy surface of the wh12vf7/2h9/> configuration
becomes stiffer compared to that of the 7/, configuration.
This indicates that the shape of '>>Tm is slightly stabilized
when an f7,, neutron is excited to the hg/ orbital, which is
consistent with the experimental excitation spectra above the
yrast27/27 state. Thus, the present calculations further support
the interpretation of the evolution from quasivibrational to
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FIG. 5. Comparison of levels in bands 1 and 2 of '*>Tm with those
in the heavier odd-A Tmisotopes. The levels in bands 1 and 2 of *Tm
are denoted by the solid lines and red dotted lines, respectively. The
corresponding levels in the heavier odd-A Tm isotopes are connected
to guide the eye. Data are taken from Refs. [17,34,39] and the present
work for *>Tm.

quasirotational structure for the ground-state band in '>>Tm,
and this evolution can be ascribed to neutron excitation.

B. Newly identified side band

Band 2 is a newly identified side band. Similar structures
have been observed in the heavier odd-A Tm isotopes. To
understand the possible excitation mechanism of this band,
a systematic comparison of bands 1 and 2 with those corre-
sponding states in the odd-A Tm isotopes was made in Fig. 5.
As shown in Fig. 5, the excitation energies of the states exhibit
a good systematic feature from >Tm to '®'Tm. The similar
structure in '7~!1®'Tm has been assigned as signature o = %
decay sequence based on the /1y, state. Therefore, band 2 in
155Tm may be associated with o = % sequence of the why; ),
state based on the systematics.

C. Yrast 27/27 to 25/2~ energy anomaly

A particular interesting aspect in the present work is the
existence of the yrast 27/27 to 25/2~ energy anomaly in the
N = 86 nucleus '>Tm. In general, the number of unpaired
nucleons increases monotonically towards higher excitation
energy along the yrast line. If this rule is violated, energy
anomaly occurs. This phenomenon has been observed in the
N = 84 isotones 'Ho, '%3Tm, and '*°Lu, which is called
seniority (the number of unpaired nucleons) inversion [12—15].

Inthe next step we focus on the yrast25/2~ and 27/2~ states
in >Tm. Based on the comparison with neighboring nuclei
and weak coupling, the yrast 25/2~ and 27/2~ states in >>Tm
can be interpreted as the nh?l/zvﬁ/zhg/z and why12vf72h9)2
configurations, respectively. Based on these configurations, the
seniority quantum numbers of the 25/2~ and 27/2 states are
5 and 3, respectively. As shown in Fig. 1, the 25/27 state
lies lower in energy than the 27/27 state, thereby the en-
ergy anomaly occurs in 155Tm. For the (nhfl 2V f1/2h9/2)25)2-
state, the three protons respectively occupy the m = +11/2,
+9/2 and —11/2 substates, thus the (7w h11/2vh92)1+ coupling
becomes dominant [12,13]. This attractive (7why/2vhe/2)1+
interaction lowers the (J'rh%1 12V f7/2h9/2)252- state with respect
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FIG. 6. Systematics for the energy differences between the yrast
27/2 and 25/2 states in the N = 84 and N = 86 odd-A isotones.
Data are taken from Refs. [12—-15,31,32] and the present work.

to the (;why1/2vf7/2h9/2)27/2- state, leading to the yrast 27/27
to 25/27 energy anomaly.

To better understand the character of the energy anomaly
in this region, a systematic study of yrast 27/27 to 25/2~
energy anomaly is performed. It is worth mentioning that
the energy anomaly probably exists in '>’Lu based on the
experimental excitation spectra [14], for the completeness of
systematics, the corresponding data of '>’Lu [14] and '>*Ho
[31] are also included. Systematics for the energy differences
between the yrast 27/27 and 25/27 states in the N = 84 and
N = 86 odd-A isotones are shown in Fig. 6. The inversion
energies (E27/2— — E25/2—) of the N =84 and N = 86 iso-
tones gradually increase by ~200 keV as the proton number
increases, which implies that the (7whi12vhes )i+ attractive
interaction increases by ~200 keV when one more pair of
protons occupy the 7hyy/, orbital. In contrast, as the neutron
number increases from 84 to 86, the inversion energies of Ho,
Tm, and Lu isotopes all decrease by ~200 keV, indicating that
the (whi12vhe))1+ attractive interaction decreases by ~200
keV when one more pair of neutrons occupy the vf7,, orbital.
Furthermore, it should be noted that the lines corresponding to
the N = 84 and N = 86 odd-A isotones are almost in parallel
in Fig. 6, indicating that the (7t 411 /2vho/2)1+ interaction for the
N = 84and N = 86isotones increases by similar amplitude as
the proton number increases, which further supports the yrast
27/2~ to 25/2~ energy anomaly in N = 86 nucleus ' Tm.

Based on the systematic trend shown in Fig. 6, the energy
anomaly is expected to occur in '"!3°Ta, and the inversion
energies of Ta (Z = 73) isotopes should be larger. Further
experimental investigations are highly encouraged to be per-
formed to confirm this hypothesis.

IV. CONCLUSION

Excited states in '>Tm have been investigated by in-
beam spectroscopy using the '**Sm('°0, p4n)'>Tm fusion-
evaporation reaction at a beam energy of 118 MeV. The
ground-state band has been extended by adding two new
transitions and one side band is established for the first time.
The systematic comparisons of the E-GOS curves indicate that
an evolution from quasivibrational to quasirotational structure
for the ground-state band occurs. The calculated potential
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energy surfaces suggest that the neutron excitation induces the
vibration-rotation evolution. Based on systematics, the newly
identified band 2 may be associated with o = % sequence
based on the A/, state. A seniority inversion is proposed
to exist in '>>Tm and a systematic study of this phenomenon
in the A = 150 mass region is performed, reflecting that
the (why12vhesp)1+ strong attractive interaction plays an es-
sential role in the phenomenon of the seniority inversion.
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