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Spectroscopy of ' Yb: Structure evolution in the N = 85 isotones
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High-spin states in '>>Yb have been studied via the "**Sm('°0 ,51)* Yb reaction at a beam energy of 118 MeV.
One negative-parity and one positive-parity cascade built on the vf7,, and vi;3,, states, respectively, are established
for the first time. The structures observed in '>>Yb are compared with those in the neighboring N = 85 isotones and
with semiempirical shell-model (SESM) calculations. According to adiabatic and configuration-fixed constrained
triaxial covariant density functional theory (CDFT) calculations, a coexistence of prolate and oblate shapes is

predicted to exist in '>>Yb.

DOI: 10.1103/PhysRevC.94.024337

I. INTRODUCTION

The light Yb isotopes around A = 150, which are situated
in the transitional region between spherical and deformed
nuclei, exhibit varied structural characteristics. For the even-
even Yb isotopes, the low-lying excitations exhibit a clear
structural evolution with neutron number N. For instance,
with N decreasing from 88 to 84, 138Yb shows the behavior
of soft rotation [1]; °Yb undergoes an evolution from a
quasivibrational to quasirotational structure with increasing
spin [2,3]; and 1**Yb is interpreted in terms of the quasiparticle
coupling [4,5]. For the odd-A YD isotopes in this transitional
region, collective structures built on the f7,2, hoso, and i3/
neutron orbitals have been observed in >’Yb [6,7] and the
coexistence of different nuclear shapes has been revealed.
With fewer valence neutrons outside the N = 82 closed shell,
the structure information on >Yb is still scarce. Only one
negative-parity cascade built on the hg/, orbital has been
established in 'PYb [8]. The excitations built upon the
(vf7/2)7/2- ground state and the low-lying 13/2" state have
not yet been observed in ' Yb.
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One thing worth mentioning is that, due to the neutron
number of these transitional nuclei close to the octupole
driving number 88 [9], the octupole degree of freedom is
expected to play a role in their structures. Octupole 3~
states have been observed in the even-even nuclei around the
A ~ 150 mass region [10—15]. For the N = 85 isotones 14934,
51Dy, and '3Er, the low-lying positive-parity 13/2F states
have been described by a dominant i;3,, configuration and
a small mixing with the 3~ ® f7/, excitation [16-18]. Thus,
experimental investigations of the excitations built on the f7/,
ground state and the low-lying 13/2% state in '3Yb would
be very helpful for the systematic understanding of how the
structure evolves in this transitional region.

Here, we present the results of a new investigation of 13 Yb.
The new structures observed in '>Yb are discussed in terms
of comparison of systematics, and theoretical calculations
by semiempirical shell-model (SESM) and the adiabatic
and configuration-fixed constrained triaxial covariant density
functional theory (CDFT).

II. EXPERIMENT AND RESULTS

The present experiment was performed at the separated
sector cyclotron of iThemba LABS in South Africa. High-spin
states in "> Yb were populated by using the fusion-evaporation
reaction '**Sm('°0,51)!3 YD at a beam energy of 118 MeV.

©2016 American Physical Society
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FIG. 1. Coincident y-ray spectra gated on the (a) 815.1 keV and
(b) 688.1 keV transitions. The peaks marked with stars are known
contaminants from other nuclei, and the peaks marked with triangles
are not included in the partial level scheme of Fig. 2.

The target consisted of a 2.89 mg/cm? "“Sm metallic foil
with a 13.13 mg/cm? Pb backing. The in-beam y rays were
measured with the AFRODITE array [19], which consists of
eight Compton suppressed clover detectors at the time of the
experiment. The clover detectors have been arranged in two
rings at 90° (four clovers) and 135° (four clovers) with respect
to the beam direction. To select specific reaction channels, the
chessboard [20], comprising 24 CsI scintillators, was used in
the present experiment.
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A total of 1.03 x 10'° y-y coincident events were col-
lected, from which a symmetric matrix was built. The level
scheme analysis was performed by using the RADWARE
package [21]. The y-ray spectra gated on the 815.1 and
688.1 keV y-ray transitions in '>>Yb are shown in Fig. 1.
To determine the multipolarities of the y-ray transitions,
two asymmetric angular distributions from oriented states
(ADO) [22] matrices were constructed by using the y rays
detected at all angles (y axis) against those detected at 90° and
135° (x axis), respectively. The multipolarities of the emitted
y rays were analyzed by means of the ADO ratio, which was
defined as [/, (at 135°)]/[1, (at 90°)]. The typical ADO ratios
for stretched quadrupole and stretched pure dipole transitions
are found to be ~1.2 and ~0.8, respectively. The excitation
energies, y-ray energies, y-ray transition intensities, ADO
ratios, and spin-parity assignments for the >>Yb nucleus are
summarized in Table I. It is noted that a different normalization
has been used for the y rays belonging to the 7/2~
13/2% sequences than for those feeding the 9/2~ state, due
to the reason that some neighboring nuclei also have strong
transitions with ~666.0 keV.

The spectroscopy of >Yb has been previously studied
via the '2Pd(*®Ni ,4pn)'>>Yb reaction by Ding et al. [8]. In
that work, a low-lying negative-parity sequence up to spin
(21/27) at 1912.8 keV was established above the 9/2~ state,
which feeds the 7/27 ground state through the 168.7-keV
line. The partial level scheme of >Yb deduced from the
present work is shown in Fig. 2. It was constructed from
the y-y coincidence relationships, intensity balances, and
ADO analyses. The present analysis confirms the low-lying
negative-parity levels above the 9/2~ state found in Ref. [§]
and extends this sequence to the 33 /27 state at 3740.8 ke V with
the observation of three new y -ray transitions of 856.0, 751.5,

TABLE 1. y-ray energies, excitation energies, relative y-ray intensities, and ADO ratios in '>>Yb.

E, (keV)* E; (keV) E; (keV) Int. (%) ADO ratio Assignment
168.7 168.7 0.0 37.7(6) 0.97(2) 9/27) —> 7/2~
173.4 839.4 666.0 98.2(54)° 0.76(1) (13/27) — (11/27)
220.5 3740.8 3520.3 32.5(6) 1.29(2) (33/27) = (29/27)
242.2 2768.8 2526.6 16.6(3) 0.95(2) (25/27) — (23/27)
317.8 983.8 666.0 (13/27) — (11/27)
320.0 1912.8 1592.8 70.3(6) 1.38(2) 21/27) = (17/27)
349.0 1527.5 1178.5 71.5(25)° 0.86(2) 17/2%) — (15/27)
366.2 4549.6 41834 15.9(2) 0.79(1) (37/27) —> (35/27)
414.3 1592.8 1178.5 (17/27) - (15/27)
442.6 41834 3740.8 20.8(4) 0.68(8) (35/27) = (33/27)
460.7 2494 4 2033.7 68.3(28)° 1.36(7) (25/27) — (21/2%)
506.2 2033.7 1527.5 70.0(10)° 1.07(3) 21/2%) — (17/2%)
512.5 1178.5 666.0 75.4(26)° (15/27) — (11/27)
609.0 1592.8 983.8 80.2(14) 1.29(3) (17/27) — (13/27)
613.8 2526.6 1912.8 18.3(7) 0.67(2) 23/27) — (21/27)
666.0 666.0 0.0 178.8(54)° 1.28(3) 11/27) - (7/27)
688.1 1527.5 839.4 100° 1.24(7) 17/2%) — (13/2%)
751.5 3520.3 2768.8 35.2(7) 1.30(3) (29/27) — (25/27)
815.1 983.8 168.7 100 1.35(3) (13/27) - (9/27)
856.0 2768.8 1912.8 46.3(5) 1.01(3) (25/27) — (21/27)

2Uncertainties between 0.2 and 0.5 keV.
"Normalized to 688.1 keV transition.
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FIG. 2. Partial level scheme of '>>Yb. New levels are indicated
by red lines.

and 220.5 keV, as shown in Fig. 1. The ADO ratio analyses
suggest that the 751.5- and 220.5-keV y-ray transitions have
quadrupole characters. The ADO value of 856.0-keV transition
is 1.01, considering that its side bypass 613.8-keV transition
following the 242.2-keV transition was found to have relatively
pure dipole character, so the 856.0-keV transition is the most
likely to also have the quadrupole character and the side bypass
242.2-keV transition has the M 1/E?2 character based on their
coincidence relationships, intensity balances, and ADO values.
The 366.2-keV transition observed in Ref. [8] and a new
442.6-keV transition are found to have dipole natures and
placed above the 3740.8 keV level.

A new negative-parity sequence, built on the 7/2~ ground
state, is observed in the present work. The observation of
317.8- and 414.3-keV y rays further confirms the placements
of these levels. The ADO ratio analyses suggest that the 666.0-
keV transition has quadrupole character. The y-ray decay of
512.5 keV for which the ADO value could not be extracted is
also assumed to be a stretched E2 transition. A new state with
a spin-parity 13/2" is placed at 839.4 keV in Yb with the
observation of a 173.4-keV transition linking it to the 11/27
state at 666.0 keV. The present ADO analyses suggest a dipole
nature for the 173.4-keV transition. Three new transitions of
688.1, 506.2, and 460.7 keV are found to be in coincidence
with the 173.4- and 666.0-keV transitions and are placed above
the 839.4 keV level. According to the ADO values obtained in
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the current work, quadrupole assignments are made for these
three transitions.

III. DISCUSSION

The new level scheme obtained in the present study for
155y, together with that known previously for neighboring
nuclei, allows a systematic discussion of the low-lying intrinsic
states of the even-Z isotones. The systematics of the excitation
energies associated with the neutron f7/2, hos, and i3/
intrinsic states in the N = 85 and 87 isotones are plotted in
Figs. 3(a) and 3(b), respectively. It can be seen in Fig. 3(b)
that in the N = 87 isotones with the increase of proton
number, both the excitation energies associated with the vhg»
and viy3,; intrinsic states decrease gradually. The underlying
reason for this gradual decrease has been discussed in Ref. [7].
In this mass region, the strong attractive interaction between
spin-orbit partner orbitals whii, and vhg,, as well as the
relatively weaker attractive interaction between the why
and vij3/, configurations will result in the onset of nuclear
deformation [26]. With the increase of proton number, the
increased occupation of 7w &1 /> orbitals will gradually enhance
the overall attractive proton-neutron interaction and lower the
energies of the vhg/, and viy3,, orbitals.

Forthe N = 85 isotones, the excitation energies of the vig,
orbital follow the same trend as N = 87 isotones, as shown
in Fig. 3(a). However, the excitation energies of 13/2% state
in the N = 85 isotones are different from those in the N =
87 isotones. It remains almost constant with the increase of
proton number until '**Er. In Refs. [16-18,27], the low-lying
13/27 states in '*°Gd, '*' Dy, and '>*Er were interpreted to be
a dominant viy3,, configuration together with a small mixing
from the 3~ ® f7,, excitation.

In Figs. 3(c) and 3(d), the available excitation energies of
the octupole 3~ states in the neighboring even-even N = 84
and 86 isotones are plotted [10-15], respectively. Until now,
low-lying 3~ states in three isotones of N =84 (*¥Gd,
159Dy, and '*2Er) and two of N = 86 ('°°Gd and '>*Dy) have
been observed. It can be seen that their excitation energies
increase with proton number. Therefore, the mixture of the
vii3/; intrinsic state and the 3~ ® f7,» excitation would result
in almost constant excitation energies of the 13/2" states in
499Gd, 'Dy, and 'Er. By contrast, the excitation energy
of the 13/27" state in '3 Yb decreases significantly compared
with that of the neighboring isotone **Er and is similar to the
decrease pattern of the 13/27" states in the N = 87 isotones.
This indicates that the 13/2% state in '*>Yb may have a
purer vii3,; configuration than those in the light neighboring
N = 85 isotones and that the contribution to the 13/27 state
originating from the octupole 3~ state coupled to the odd
particle in the f7/, orbital is small above proton number
Z = 68. It is consistent with the lack of evidence for 3~
states in 1>*13Yb at present. So far, the low-lying 13/27 state
in 'SHf has not yet been observed. Whether its excitation
energy follows the systematics of the even-Z N = 87 isotones
is an interesting question.

The nuclear shape of the transitional Yb isotopes is soft and
influenced by the nature of the intrinsic orbitals. To investigate
the polarization effects of the neutron f7,,, ho, and i3/,
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FIG. 3. Systematics of known excitations associated with the (a) vf7/2, vhe/», and vij3,, states, in the N = 85 even-Z isotones; (b) vf7/2,
vho,y, and viy3), intrinsic states in the N = 87 even-Z isotones; (c) 3~ excitations in the N = 84 even-even isotones; (d) 3~ excitations in the
N = 86 even-even isotones. Data are taken from Refs. [7,10-18,23-25] and the present work.

orbitals on the nuclear shape, adiabatic and configuration-
fixed constrained triaxial CDFT calculations [28-31] with
the newly proposed point-coupling energy density functional
PC-PK1 [32] have been performed. The calculated potential-
energy surface (PES) in the 8-y plane (0° < y < 60°) for
155Yb is shown in Fig. 4. All energies are normalized with
respect to the binding energy of the absolute minimum, and
the energy separation between contour lines is 0.2 MeV. It

0.0 0.1 0.2 03 04

p

FIG. 4. The potential-energy surface in the §-y plane (0° < y <
60°) for YD calculated by constrained triaxial CDFT with a newly
proposed point-coupling energy density functional PC-PK1. The
energy separation between each contour line is 0.2 MeV.

can be seen that the ground state of >Yb is oblate with
B = 0.15. Around the minimum, the PES exhibits a relatively
soft character along the direction of y. The configuration of
the ground state in 155vh is predicted to be vf;,,, which is
consistent with the previous assignment for the 7/2~ ground
state. According to the configuration-fixed constrained CDFT
calculations, the (vhgy)9/- state is prolate with 8 = 0.14,
while the (vij3/2)13/2+ state is oblate with 8 = 0.16. Thus,
a coexistence of different shapes is predicted to exist in the
transitional '>>Yb nucleus.

With three neutrons outside the N = 82 closed shell, the
low-lying excitations of transitional '>>Yb might exhibit a
pattern of multiparticle levels formed by coupling the odd
nucleon to the even-even core excitations. Indeed, in the
N = 85 isotones *Er, " 1Dy, and '"*Gd, such a pattern of
multiparticle levels has been revealed [16—18]. In Fig. 5, the
excited states built on different orbitals in 1*>Yb are compared
with the positive-parity yrast states in the corresponding
N =84 *Yb core. The positive-parity yrast structure of
the '3*Yb core has been described by using the v( f12)?
configuration for levels from 0" to 6 [33]. Here, the similarity
of excitation energies between **Yb and 'Yb suggests that
the excited structure of '>>Yb can also be well explained in
terms of multiparticle excitation.

To further illustrate the excitation pattern of '>Yb, semiem-
pirical shell-model (SESM) calculations are also performed.
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The SESM is usually applied to nuclei close to the major
closed shell where multiparticle excitations dominate. In this
approach, level energies of multiparticle-hole configurations
are calculated by using nuclear ground-state masses, single-
particle energies, and two-particle interactions obtained from
experimental data in the neighboring nuclei. The detailed
description of SESM can be found in Ref. [34] and references
therein. In the present calculations, *Yb was chosen as
the core. The calculations were performed in the model
space v(hos, f72, i13/2) and two-body interactions were
taken into account. The single particle energies and the
two-body interactions were extracted from the neighboring
nuclei *Yb [5], P2Er [18], °2Er [35], and the present work.

Taking the 13/2~ state in 'Yb as an example, its main
configuration is vhg,» ® 134yp(21), and its excitation energy
is calculated as

E("Yb;13/27 5 vhop, @ 27)
= E(™'Yb2M) + E("YD:9/27; vhy o)
+ S+ A(vhy ® 27)
=994.3 keV, )]

where E is the corresponding level energy and A is the two-
body interaction. The A can be extracted from the neighboring
nuclei as follows:

A(hy), ® 2%) = E(*°Er; 13/27; vhojy ® 27) — E("?Er; 27)
— E("Er;9/2 5 vhopn) — S’ )

In this case, the binding-energy terms S and S are equal
to zero. The SESM-calculated energy levels for '3Yb are
compared with the experimental levels in Fig. 5. As seen
in Fig. 5, the SESM calculations excellently reproduce the
experimental excitation energies of level sequence A, and
reasonably reproduce those of level sequences B and C.
The good agreement between the SESM calculations and
experimental data further confirm that multiparticle excitations
dominate the low-lying levels in '>Yb. With increasing
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systematics of excited states in '**13°Yb.

spin, the SESM calculations overestimate the experimental
excitation energy of the states in sequences B and C. As
shown in the formula (1), the calculated level energies of
135Yb depend on the characters of the excited states of
154YDb core which are sensitive to its shape. Since the '>*Yb
core was predicted to have moderately prolate [36] which is
similar to the prolate shape of (vhg/3)e/2- state of 155Yp but
different from the oblate shapes of (vf7,2)7/2- and (vij3/2)13/2+
states, the shape effect may be the underlying reason for
the good agreement obtained for the level sequence A, and
overestimation for level sequences B and C.

IV. SUMMARY

With the '°0 beam provided by iThemba LABS, high-spin
states of > Yb have been studied via the '**Sm('°0,51)'Yb
fusion-evaporation reaction. A previously known cascade built
on the vhg, orbital is extended up to the higher spin state
33/27. One negative-parity and one positive-parity cascade
built on the vf7,, and vi3,, states, respectively, have been
identified for the first time. The structural characters observed
in 3Yb are studied in comparison with similar structures in
the neighboring N = 84-87 isotones and SESM calculations.
It is proposed that the low-lying 13/2% states in '>>Yb have
a purer i3/, configuration than those in the light N = 85
isotones and that the multiparticle excitation provides a good
description of the low-lying excited states in '3Yb. The
adiabatic and configuration-fixed constrained triaxial CDFT
calculations indicate that the (vf7,2)7/2- ground state and the
(vig3/2)13/2+ state of 155Yb have a similar oblate shape with
y ~ 60°, while the (vhg/2)9/>- state has a prolate shape with
y ~ 0°. Based on these, a shape coexistence is suggested to
occur in the nucleus '3 Yb.
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