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The spectroscopy of 17 Yb has been studied via '**Sm(!°0,31)>7 Yb fusion-evaporation reaction. The properties
of bands associated with the vij3/, orbital and vig, orbital in '*"Yb are analyzed in comparison with the
triaxial particle-rotor-model calculations. The characters of signature splitting for both positive-parity vi;3/, and
negative-parity vho); bands in '>"Yb and heavier odd-A Yb isotopes are discussed. The newly observed bands
1 and 2 in '¥7Yb are suggested to be the signature partners of the vy, band. A systematic study of the band
crossing frequencies associated with the i3/, neutron-pair and 4,;,, proton-pair alignments for the Yb isotopes,

as well as the Er and Hf isotopes, are made.
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I. INTRODUCTION

Signature-splitting and band-crossing phenomena have
been observed in many nuclei in the rare-earth region. Because
the magnitude of signature splitting and the frequency at which
band crossing occurs contain a wealth of nuclear structure
information, such as the nuclear shapes, pairing correlations,
and the changing behavior of configurations, they have long
been of great interest in nuclear structure physics and attracted
a lot of experimental and theoretical attention [1-14].

The present investigation is part of our program to study
the nuclear properties of the light Yb isotopes. For the light
Yb isotopes, it is well known that there is a shape transition
from sphericity near the closed shell (N = 82), through
y-unstable, to stable prolate-deformed shapes (N > 88).
Owing to the especial softness of nuclear potential-energy
surfaces in the transitional Yb nuclei, such shape transitions
also involve coexisting configurations of different shapes,
which can be easily changed by rotation and alignment. In
our previous paper [15], the structure evolutions induced by
the increase in angular momentum, as well as by the change in
neutron number, in the light even-A Yb isotopes have been
discussed. In Ref. [16], the structural characters of odd-A
157Yb nucleus provide evidence for shape coexistence of three
distinct shapes: prolate, triaxial, and oblate. In this paper, we
report the results of a continuing investigation of structure
behaviors in the 7Yb nucleus.

Because the transitional Yb nuclei have a susceptible shape,
small change in deformation will affect the filling sequence
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of the single-particle orbitals and pairing correlations of the
system. Thus, analyzing the characteristic signature splitting
and seeing how the signature splitting evolves in the Yb isotope
chain can bring valuable information regarding the underlying
nuclear structures of the transitional Yb nuclei. In addition, in
the light rare-earth region, the alignments of the viy32, vhy)2,
and mhy,, pairs were suggested to play important roles in
the band crossings. Their critical alignment frequencies were
found to be close to each other and the relatively small shifts in
alignment frequencies can replace one alignment with another.
This character sometimes makes it difficult to unambiguously
determine the cause of the alignments in these transitional
nuclei. To get a comprehensive and clear understanding of the
band crossing in this mass region, it is meaningful to make a
systematic investigation of the band crossing. Here, with the
new results of 1>7Yb, the systematic characters of signature
splitting and band crossing for the light odd-A Yb isotopes are
studied.

II. EXPERIMENT RESULTS

The experiment was performed at the HI-13 tandem facility
of the China Institute of Atomic Energy (CIAE). Detailed
experimental description can be found in Ref. [16]. The partial
level scheme with relative intensity of '37Yb is shown in
Fig. 1. The excitation energies, y -ray energies, y -ray transition
intensities, DCO ratios, and spin-parity assignments for the
157Yb nucleus are summarized in Table I. In general, stretched
quadrupole transitions are adopted if DCO ratios are larger
than 1.0, and stretched dipole transitions are assumed if DCO
ratios are less than 0.8. The newly observed bands 1, 2, and
3 in 7Yb have been reported in our previous paper [16]. In
Ref. [16], the low-lying part of band 3 in !>’ Yb was proposed
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FIG. 1. Partial level scheme of '>’Yb. Energies are in keV.

to have a prolate deformation, while the low-lying part of
band 4 was associated with a triaxial shape and bands 5 and 6
were suggested to have oblate deformations. The bands 3, 4,
5, and 6 have been discussed in terms of shape coexistence. At
that time, no spins and parities were assigned to the three
states in band 1. Here, the careful DCO analyses suggest
the stretched dipole natures for the 963.5- and 818.6-keV
transitions between band 1 and band 4, while the quadrupole
assignment is made for the 374.3-keV transition between band
1 and band 3. Thus, the levels at 2526.8 and 2968.5 keV
in band 1 are tentatively assigned spins and parities 23/2~
and 27/27, respectively. The characters of the 963.5- and
818.6-keV interband transitions are very similar to those of
the interband E1 transitions observed in the heavier odd-A Yb
isotopes [1-3,17-19] and will be further discussed in Sec. I'V.

III. STRUCTURES OF ROTATIONAL BANDS BASED
ON THE viy3;; AND vhg;; CONFIGURATIONS

For the light Yb isotopes outside the N = 82 major shell,
their excited states involve mainly neutrons occupying the f7,2,
hg2, and i3/, orbitals. According to the previous g-factor
measurement [20], the bandhead 13/27F of band 4 in '¥7Yb
was reported to have a quite pure vij3;» configuration,
while the bandhead 9/2~ of band 2 was assumed to have
the vhg,, configuration on the basis of good experimental
level systematics of N = 87 even-Z isotones [16]. Here, to
get a microscopic understanding of the band properties of
157Yb, particle-rotor-model (PRM) calculations [21] have been
performed to interpret the nature of these two bands. Detailed
description of the PRM can be found in Refs. [21-24]. In the
present calculations, the values of x and u in the Nilsson-type
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TABLE I. y-ray energies, excitation energies, relative y-ray intensities, and DCO ratios in > Yb.

PHYSICAL REVIEW C 87, 034325 (2013)

E, (keV)? E; (keV) Ef (keV) Int. (%) DCO ratio The y-ray gate for Assignment
DCO ratio (keV)
205.5 205.5 0.0 13.92) 0.82(4) 516.1 9/27) > 17/2~
251.3 5119.0 4867.7 0.8(1) 43/2T — 41/2*
288.9 494 4 205.5 2.3(2) 0.90(9) 490.8 11/27 — (9/27)
317.8 3690.1 3372.3 7.4(3) 0.59(3) 490.8 (33/27) — 31/2*
323.3 528.8 205.5 4.0(2) 0.84(9) 490.8 13/27 — (9/27)
372.8 5491.8 5119.0 4.9(4) 0.96(6) 490.8 45/27 — 43/2%
374.3 2901.1 2526.8 2.0(2) 1.05(43) 644.5 27/27 — (23/27)
387.2 2579.9 2192.7 8.6(2) 1.00(6) 490.8 27/2F — 23/2*
415.1 5119.0 4703.9 9.0(2) 1.00(5) 490.8 43/2T — 39/2%
430.0 2579.9 2149.9 11.93) 0.98(4) 490.8 27/2% — 25/2%
441.7 2968.5 2526.8 0.9(2) 27/27) = (23/27)
479.1 5970.9 5491.8 1.2(2)
490.8 1019.6 528.8 100 1.06(2) 494 .4 17/2F — 13/2%
494.4 494 4 0.0 88.7(4) 1.06(2) 543.7 11/2= - 7/2~
516.1 721.6 205.5 13.0(2) 1.09(5) 607.2 13/27) - (9/27)
521.3 4703.9 4182.6 5.5(1) 0.65(9) 490.8 39/2% — 37/2%
540.2 2192.7 1652.5 2.7(7)
540.4 3441.5 2901.1 8.0(6) 0.97(7) 615.4 31/20 — 27/2~
543.7 1563.3 1019.6 96.3(22) 1.04(1) 490.8 21/2% — 17/2*
549.7 3372.3 2822.6 3.0(1) 0.69(8) 543.7 31/27 — 29/2*
567.5 2901.1 2333.6 6.0(8) 0.95(7) 654.4 27/27 — 23/2~
569.4 1063.8 494 4 14.4(16) 1.08(5) 654.4 15/2= — 11/2~
569.9 4071.2 3501.3 5.6(6) 0.78(10) 490.8 35/27 — 33/2*
586.6 2149.9 1563.3 71.6(20) 1.02(2) 490.8 25/2%F — 21/2%
592.4 3983.1 3390.7 0.6(1) (33/27) = (29/27)
599.4 5742.3 5142.9 4.8(3) 1.03(6) 757.4 45/27) - (41/27)
607.2 1328.8 721.6 10.5(4) 0.94(5) 516.1 17/27) — (13/27)
615.4 1679.2 1063.8 12.3(10) 1.03(5) 654.4 19/2= — 15/2~
617.2 6359.5 5742.3 3.9(2) 0.96(9) 757.4 49/27) — (45/27)
623.3 5742.3 5119.0 0.9(1) (45/27) — 43/2*
624.1 5491.8 4867.7 6.5(4) 0.96(7) 490.8 45/2F — 41/2%
629.4 2192.7 1563.3 9.7(2) 0.83(10) 490.8 2327 — 21/2*
632.7 4703.9 4071.2 8.4(1) 0.98(6) 543.7 39/2% — 35/2%
632.9 1652.5 1019.6 3.5(1)
644.5 4086.0 3441.5 4.2(2) 1.08(7) 654.4 35/2- — 31/2~
648.4 3390.7 2742.3 1.9(2) 1.25(12) 607.2 (29/27) —» (25/27)
654.4 2333.6 1679.2 7.8(3) 1.03(7) 6154 23/27 — 19/2~
657.4 4840.0 4182.6 2.6(4)
669.7 1998.5 1328.8 6.0(4) 1.11(6) 607.2 21/27) > (17/27)
672.7 2822.6 2149.9 51.8(9) 0.93(2) 490.8 29/2% — 25/2%
678.7 3501.3 2822.6 38.5(8) 1.02(9) 490.8 33/27 — 29/2%
681.3 4182.6 3501.3 30.4(7) 1.10(11) 543.7 37/2% — 33/2%
685.1 4867.7 4182.6 22.6(4) 1.04(11) 543.7 41/2% — 37/2*
693.4 3661.9 2968.5 2.6(4)
695.4 5142.9 4447.5 6.1(5) 1.06(6) 757.4 41/27) - (37/27)
698.9 4071.2 3372.3 4.5(5) 1.02(7) 543.7 35/2 — 31/2*
713.6 4799.6 4086.0 2.0(8) (39/27) — 35/2~
722.4 7907.5 7185.1 1.2(1) (57/27) — (53/27)
729.4 2879.3 2149.9 2.6(1)
733.1 6986.8 6253.7 3.1(1) 1.07(12) 672.7 53/2T — 49/2*F
743.8 2742.3 1998.5 4.7(3) 0.95(7) 607.2 25/27) - (21/27)
751.2 2901.1 2149.9 1.3(1) 27/2 — 25/2*
757.4 4447.5 3690.1 7.4(2) 1.04(7) 543.7 (37/27) = (33/27)
761.9 6253.7 5491.8 5.8(2) 0.9909) 672.7 49/2F — 45/2%
792.4 3372.3 2579.9 18.0(3) 0.97(5) 543.7 31/2T — 27/2*
795.1 5662.8 4867.7 3.2(1)
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TABLE 1. (Continued).

E, (keV)* E; (keV) Ef (keV) Int. (%) DCO ratio The y-ray gate for Assignment

DCO ratio (keV)

818.6 2968.5 2149.9 4.3(1) 0.61(29) 543.7 27/27) — 25/2*

825.6 7185.1 6359.5 1.8(1) (53/27) — (49/27)

963.5 2526.8 1563.3 3.2(1) 0.61(37) 543.7 (23/27) — 21/2*

1015.8 5198.4 4182.6 1.4(1)

2Uncertainties between 0.1 and 0.5 keV.

Hamiltonian are taken from Ref. [25]; i.e., k = 0.062 and
u = 0.43 for the main oscillator quantum number N = 5,
and « = 0.062 and p© = 0.34 for N = 6. The quadrupole
deformation parameter &, and the triaxiality parameter y
are adopted from the total Routhian surface (TRS) cal-
culations [26,27]; i.e., for the positive-parity vij3,; band,
g, = 0.161 and y = 21°, while for the negative-parity vhg,,
band, ¢, = 0.152 and y = 3°. The hexadecapole deformation
is neglected in the present PRM investigation. For all the
present calculations, an off-diagonal Coriolis attenuation
parameter & = 0.7 [23], as well as a variable moment of inertia,
JoI) = Jo/1 + bI(I + 1) [28], is used. The pairing factors
are taken according to Ref. [29].

For the axially deformed case, the orbitals are usually
denoted by the Nilsson quantum number Q"[Nn3A]. For
the triaxially deformed case, because €2 is not a good
quantum number, the number v is used to denote the single-
particle state according to the sequence of the energy. For
convenience, the Nilsson quantum number is also used to
denote approximately the single-particle state in the triaxially
deformed case. In Tables II and I11, nine positive-parity orbitals
near the neutron Fermi level at (g3, y) = (0.161,21°) and
nine negative-parity orbitals at (&, y) = (0.152, 3°) adopted
in the present triaxial PRM calculations are listed. These
orbitals are used to couple with the core in the calculations
for the positive-parity and negative-parity bands of '37Yb,
respectively. Their approximate Nilsson quantum numbers,
single-particle energies, and main components expanded in
the basis |N1j<2) are also shown. The neutron Fermi energy

An 18 50.46 MeV at (0.161,21°) and 50.47 MeV at (0.152, 3°),
respectively. From Tables II and III, one can see that the main
component for the positive-parity orbitals near the Fermi level
is viy3/2 1/2%[660], while for the negative-parity orbitals there
is a strong mixture of sg/ and f7,> subshells.

Using the triaxial PRM, the energy spectra of the positive-
parity vij3,, band (band 4) and the negative-parity vhg,, band
(band 2) in 7Yb are calculated and illustrated in Figs. 2(a)
and 2(b), respectively. As seen from Fig. 2, the triaxial PRM
calculations reproduce reasonably the energy spectra of the
vij3/ band and the vy, band of 157 Yb. The main components
of the wave functions for the state sequence at low-spin region
I =13/2,17/2,21/2,25/2,29/2,33/2, 37/2h in the vii3,,
band and I =9/2, 13/2, 17/2, 21/2, 25/2, 29/2, 33/2h in
the vhg;, band are listed in Table IV. For the vi;3,, band,
the orbital |5) (corresponding to 1/27[660]) is the dominant
component at the bandhead ()4 |CIX[* ~ 89.1%), which
agrees with the previous configuration assignment [20] very
well. As the nucleus rotates faster, the contribution from the
orbital |5) (1/27[660]) decreases gradually. For the vhg),
band, the orbital |5) (3/27[521]) is the dominant component
of the 9/2 sequence. Although the orbital |3) (1/27[530]) is
closer to the Fermi surface than the orbital |5) and also has
the vhg,, configuration as the dominant component, the PRM
calculations indicate that the decoupling effect of orbital |3) is
very strong owing to its main quantum number K = 1/2 and
the small triaxial deformation parameter y = 3°. This strong
decoupling effect will result in that the eigenstates of PRM with
orbital |3) as the main component are much higher in energy

TABLE II. The neutron positive-parity single-particle levels at &, = 0.161, y = 21° adopted for the present triaxial PRM calculations. The
approximate Nilsson quantum numbers, single-particle energies, and main components expanded in the basis |N/j<2) are shown. The neutron

Fermi energy A, is ~50.46 MeV.

[v) Q7 [Nn,A] &, (MeV) Main components in terms of |N1j2)

1) 1/27[411] 46.17 0.5844d3 ) — 0.470]4s2 §) — 0.363]4g7,2 5)
2) 7/27[404] 46.24 0.927|4g7/2 2) — 0.288]4d3 ), 2) — 0.164|4d55 1)
3) 1/2%[400] 47.49 0.5584d32 3) + 0.549]4s12 §) + 0.434[4d3), 1)
|4) 3/2+[402] 48.66 0.722|4d5 2 3) — 0.474]4s,2 §) — 0.352[4d3)2 1)
5) 1/2+[660] 51.49 0.762(6i13/2 3) +0.52316i13/2 3) + 0.2686i13/2 3)
16) 3/24[651] 52.23 0.738|6i13/2 3) — 0.420]6i13/2 3) — 0.380]6i13/> 5)
|7) 5/2+[642] 52.73 0.817|6i13/2 3) — 0.407|6i13/2 3) — 0.206/6g9/ 1)
|8) 7/2+[633] 53.31 0.932(6i13/2 2) — 0.243|6i13/2 3) — 0.166]6g52 2)
19) 9/2+[624] 54.10 0.969(6i13/2 2) — 0.150]4g0/> 3) — 0.148/6i13/> 3)
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TABLE III. The neutron negative-parity single-particle levels at &, = 0.152, y = 3° adopted for the present triaxial PRM calculations. The
approximate Nilsson quantum numbers, single-particle energies, and main components expanded in the basis |N/j2) are shown. The neutron

Fermi energy A, is ~50.47 MeV.

[v) Q7 [Nn,A] &, (MeV) Main components in terms of |N/j<2)

1) 11/27[505] 48.79 0.9998|5h11/2 5) — 0.018]5 f72 2) — 0.006|5%11/> 2)
12) 1/27[541] 49.72 0.758(5 f1/2 3) + 0.423|5p3/2 1) — 0.310[5ho )2 1)
13) 1/27[530] 50.34 0.77915ho)2 1) 4 0.322|5 f7/2 1) 4+ 0.319]5 fs2 3)

4) 3/27[532] 50.46 0.656|5 f7/2 3) + 0.507|5ho)2 3) — 0.334|5ho)2 3)
15) 3/27[521] 51.12 0.769|5h9/2 3) — 0.592|5 f7/2 3) + 0.1485 fs/2 3)
6) 5/27[523] 51.47 0.771|5hoj2 2) — 0.583]5 f72 2) 4 0.197|5 fs2 2)
[7) 5/27[512] 52.18 0.78315 f12 3) + 0.612|5ho 3 3) — 0.106|5k 112 3)
18) 7/27[514] 52.70 0.916|5hg/> 2) 4 0.387|5 f7/2 2) — 0.101|5k 112 1)
|9) 1/27[521] 52.97 0.535(5 fs2 3) + 0.498|5p1/2 3) — 0.454|5p3 2 1)

than those with orbital |5) as the main component. Thus, the
dominant component of the 9/2 sequence comes from orbital
|5). The present triaxial PRM calculations further support the
previous assignment [16] for the 9/2 sequence (band 2). As
the nucleus rotates faster, the dominant component from orbital
|5) decreases gradually, while the contribution from orbital |3)
increases gradually.

IV. SIGNATURE SPLITTING

For the positive-parity vij3,; bands in light Yb isotopes,
an interesting phenomenon is that the unfavored signature
partner of the viy3/, band is not observed in 57Yb (N = 87),
while both the signature partners of the vi 3/, bands have been
found in the heavier odd-A Yb (N > 89) isotopes [1,3,18,19].
Here, the experimental values of signature splitting for the
vi3/2 bands at fiw = 0.2 MeV, which is below the first band
crossing, as a function of neutron number for the light Yb

4 () ]

~
T

Energy (MeV)
N w - a (o)

o) S Y I Y I I I A A I i
4 8 12 16 20 24 28 4 6 8 10 12 14 16 18

Spin | (%)

FIG. 2. The energy spectra E(I) for (a) the positive-parity vi;3/,
band and (b) the negative-parity vhg, band in 'S’ Yb based on the PRM
calculations (open squares) in comparison with the experimental data
(solid circles). A variable moment of inertia is applied in the PRM
calculations with Jp = 11.2 MeV~'4? and b = 0.013 for the Viiz
band; Jp = 10.6 MeV~'72 and b = 0.013 for the vhg/s band.

isotopes are extracted and shown in Fig. 3. For a rotational
band, the experimental signature splitting Ae’ is defined as
the difference in energies at a given rotational frequency for
the pair of signature partners: Ae’ = EY — E?, where E® is
the Routhian energy of the rotational band and is defined as

® = E(I)—hwl,, where E(I) is the energy of the level
with spin/, hw = W I, =II+1)— K2, andK
represents the projection of angular momentum on the nuclear
symmetry axis.

As shown in Fig. 3, the two signatures of the vij3/, bands
in these odd-A Yb isotopes show considerable splitting at
low rotational frequency and the magnitude of the signature
splitting decreases while the neutron number increases. For

TABLE IV. The main components expanded in the strong cou-
pling basis |/ M Kv) (denoted as |Kv) for short) for selected states
in the positive-parity vi;3,; band and negative-parity vhy, band. The
parameters in the calculations are the same as that in Fig. 2.

I Main components in terms of |Kv)

>
+

0.754|15) +0.513|3 5
0.760|% 5) +0.513|2 5

+0.244|25) +0.224|2 6
+0.235[35) +0.225[2 6

+

5 ) )
7 ) )
ar 0.777|% 5) +0.497|3 5) + 0.243|2 6) + 0.191| 5)
%* 0.795|% 5) +0.445|3 5) + 0.288|3 6) — 0.157| 6)
Y 0.767|3 5) + 0.356(3 6) + 0.321]3 5) — 0.2153 6)
B 0.670]1 5) + 0.404|2 6) — 0.264|1 6) — 0.248| 5)
ur 0.575]% 5) + 0.422|2 6) — 0.317|3 5) — 0.292|4 6)
N 0.732|3 5) — 0.527|3 6) — 0.337|3 7) — 0.227|1 8)
= 0.708|3 5) — 0.501|3 6) — 0.368|2 7) — 0.254|1 8)
i 0.6943 5) — 0.479|3 6) — 0.369]2 7) — 0.251|1 8)
a- 0.680|3 5) — 0.458|3 6) — 0.357|3 7) — 0.306|1 3)
- 0.665|2 5) — 0.436|2 6) — 0.360| 4 3) — 0.340/3 7)
z- 0.648|3 5) — 0.416|3 6) — 0.408|1 3) — 0.321]2 7)
2o 0.630]3 5) — 0.449|1 3) — 0.396]2 6) — 0.303|2 7)
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FIG. 3. Experimental (solid circles) and calculated (open circles)
signature splitting (Ae’) for the positive-parity vii3/, bands at iw =
0.2 MeV in the odd-A Yb isotopes. The data for the heavier Yb
isotopes come from Ref. [18] (***Yb), Ref. [30] (*'Yb), Ref. [3]
('83Yb), and Ref. [30] ({3 YD).

the bands built on the high-j vi;3,, Nilsson orbitals, it is
known that the magnitude of signature splitting reflects an
admixture of the £ = 1/2 orbital of 713/, shell in the wave
function owing to the Coriolis interaction. According to the
previous g-factor measurement [20] and the present PRM
calculations, for the positive-parity orbitals, the neutron Fermi
energy for 1>7Yb nucleus is near the Q = 1/2 substate of the
vi13,2 shell and the dominant components of the low-spin states
of vij3/, band in 157Yb come from orbital |5) (corresponding
to 1/2%[660]). Thus, the magnitude of signature splitting of
vij3/2 band in °7Yb should be relatively large compared to
the neighboring heavier Yb isotopes. The systematic features
of signature splitting in vi3,, bands of light Yb isotopes can
be explained by the shift of the Fermi surface away from the
1/27[660] Nilsson orbital with increasing neutron number.
In Fig. 3, the calculated signature splitting Ae’ using
the PRM for the vij3,, bands of the Yb isotopes are also
plotted and compared with the experimental data. The overall
agreement between the experimental data and theoretical
results is good. However, as shown in Fig. 3, except the '3Yb
and 'Yb nuclei, the magnitude of the signature splitting
for the vij3/,; bands in the lighter transitional Yb isotopes is
systematically underpredicted and the discrepancies between
the calculated and experimental Ae’ increase with decreasing
neutron number. Because the PRM assumes the nucleus has a
rigid deformation, while in fact a y-soft shape is predicted
and the shape softness increases with decreasing neutron
number for the lighter Yb isotopes, the small difference may
be attributable to the influence of shape softness. According
to the trend of the experimental signature splitting along
with the neutron number and the theoretical calculations, the
unfavored signature sequence of the vijz;; band in 157y
will have an excitation energy above the favored signature
sequence as big as 600-800 keV at iw = 0.2 MeV. Such a
large signature splitting may explain why the corresponding

PHYSICAL REVIEW C 87, 034325 (2013)
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FIG. 4. Frequency dependence of the experimental (dashed lines)
and theoretical (solid lines) signature splitting Ae’ for the positive-
parity vi3/; bands of the '3716-165Y isotopes.

unfavored signature partner sequence of the vi3/, band is not
observed in the present study of 7 Yb nucleus.

In addition, as shown in Fig. 4, theoretical Ae’ for the
positive-parity vij3;> band of '37Yb is predicted to decrease
with increasing rotation frequency, while both the experimen-
tal and the theoretical Ae’ for the heavier Yb isotopes such as
163Yb and 'Yb are found to increase with increasing rotation
frequency. Shastry et al. [6] have ascribed this feature observed
in the heavier Yb isotopes to the depression of the o = 1/2
Routhian of the = 1/2 i3/, neutron orbital in energy with
increasing the rotational frequency, which causes the compo-
nent of & = 1/2 i3/, neutron orbital to mix into the lowest
a = 1/2 positive-parity state and consequently produces the
observed increase in signature splitting at large iw. According
to the present PRM calculations, as the nucleus rotates faster,
the components of wave functions from the orbital 1/2*[660]
increase for the vij3/, bands of 183Yp and 19°Yb nuclei, while
the components in the '37Yb nucleus will decrease gradually,
as shown in Table IV. The trends of the wave functions of
the viy3/, bands in 183Yp and 95YD are consistent with the
explanation by Shastry et al. [6]. Athigher rotational frequency
above the band crossing, the PRM calculations cannot well
reproduce the observed signature splitting in the positve-parity
vii3,2 bands of 183Yp and 195YD, because the self-consistent
explanation of signature splitting above the band crossing is
beyond the physical picture of one quasineutron coupled with
a triaxially deformed core in the PRM.

Compared to the relative pure intruder vi 3, configuration,
the characters of signature splitting in bands built on the
nonintruder vho, orbitals in the Yb isotopes are complicated
because of the strong mixing of the vhg,, configuration with
other configurations, especially the component of the v f7/»
orbital. Although both the signature partners of the vhg),
bands have been found in the heavier odd-A Yb (N > 89)
isotopes, the low-lying parts of the unfavored vhg,, bands are
all incomplete in these isotopes and several low-spin states of
the unfavored structures are not experimentally observed. A
common feature of these unfavored signature partners of the
vhg» bands in the odd-A Yb isotopes [1-3,17-19], as well as

034325-6



SPECTROSCOPY OF '37Yb AND STRUCTURE ...

PHYSICAL REVIEW C 87, 034325 (2013)

1 @ o1y | ® ]

ok —O—(--1/2) |

N 4 4

2T 150 161 T
L Yb + Yb

-3} 7,=16 h* MeV" T 9,= 18 h* MeV" .

> 4l 7,=105 1" MeV® 1 7,=907* Mev* 1

2 [+ttt : : : —

- L (@) (d)

O o} o + i
A1tk 41 4
2T 163 T 165 7

L Yb 1+ Yb ]
-3t j,=23 7" MeV"' T 7,=27.8 1* MeV" :
4l 7 =907 Mev?® 1 7,=90 7" MeV® 1

00 01 02 03 04 0500 01 02 03 04 05
ho (MeV)

FIG. 5. Experimental Routhians ¢’ extracted for the negative-parity vho, bands in (a)Yb, (b)!*1Yb, (c)!®*Yb, and (d)'®Yb isotopes.

the neighboring odd-A Er isotopes [31-33], is the observed
E1 transitions between the vhg,, band and the vij3/, band.
Compared to the expectation for single-particle transitions,
these E1 transitions are found to be strongly enhanced.
Hamamoto et al. [34,35] have systematically analyzed the E'1
transitions in the odd-A rare-earth nuclei and found that the
calculated B(E'1) values using the quadrupole deformation and
the original E1 transition operator are too small to be detected
in competition with rotational E?2 transitions. According to
their analyses, both the strength and the pattern of the E'1
transitions can be successfully interpreted in terms of the
coupling to the octupole vibrational degrees of freedom. Since
the octupole bands have already been found in many even-even
Yb isotopes such as 1383yp [36], '99YDb [1,37], 92Yb [38],
164y [5], and 1%0YD [5], the observed E 1 transitions between
bands 1 and 4 in '37Yb indicate that the octupole vibration may
also play an important role in the structure of 17 Yb. In addition,
these observed E1 transitions in ’Yb are very similar
to the enhanced E1 transitions in the heavier Yb isotopes
which connect the (7, @) = (—, —1/2) vhg,, band and the
(+, +1/2) viy3,2 band [1-3,17-19]. This striking similarity
indicates that bands 1 and 2 in '>Yb may form the signature
partners of the hg/, band. Owing to the enhanced interband
E1 transitions dominating the intraband E?2 transitions in the
unfavored negative-parity vhg,, band in 157Yb, the low-spin
part of the unfavored signature partner of vhg/, band cannot
be significantly populated. Consequently, the weak intraband
E?2 transition cascade in the low-spin region is difficult to be
experimentally observed.

Because the low-spin parts of unfavored signature partners
of vhg/; bands are not fully established in the light Yb isotopes,

the experimental values of signature splitting for the vhg/,
bands at low iiw cannot been extracted. As shown in Fig. 5, a
small positive signature splitting is observed at large values of
h for all the light odd- A Yb isotopes except the '3 Yb nucleus,
where a small negative splitting is observed at large iw, but
a small positive splitting is observed at low hw. Although the
character of the 1/27[530] Nilsson orbit of the hg/, shell,
which is the nearest 2 = 1/2 orbit to the Fermi surface for
the vho,, bands in the light Yb isotopes, can account for the
small experimental values of signature splitting in the light
Yb isotopes, the unique feature of signature splitting observed
in '9Yb cannot be successfully explained by the cranked-
shell-model (CSM) calculations [39], which predict a positive
signature splitting for all the light Yb isotopes. In Ref. [3],
Kownacki et al. have suggested this change in the sign of the
signature splitting between low- and high-spin portions of the
vhy > band in 1 Yb may be caused by a relatively small change
in quadrupole deformation for these configurations before and
after the alignment of the pair of i;3/> neutrons. According to
our TRS calculations, the quadrupole deformation &, of '3Yb
will change from 0.226 to 0.223 before and after a pair of
i13,2 neutron alignment, while the hexadecapole deformation
&4 changes from —0.006 to 0.001 and the y value remains
constant during the same alignment process. The effect of
hexadecapole deformation on the signature splitting has been
discussed by Nyberg et al. [40]. They found that the change
in the absolute value of hexadecapole deformation will alter
the magnitude of signature splitting a lot. Thus, for '3Yb
nucleus, both the changes of quadrupole and hexadecapole
deformations may affect the change in the sign of the signature
splitting together. To get better understanding of the underlying
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mechanism of the change in the sign, more theoretical and
systematic studies are needed.

V. BAND CROSSING

The new results of '37Yb together with the already known
information on the neighboring Yb isotopes allow a systematic
comparison of the band crossings occurring in the Yb isotopes.
Here, the kinematic moments of inertia as a function of
rotational frequency for the positive-parity vij3,; bands and
negative-parity vhg,, bands of odd-A Yb isotopes are plotted
in Fig. 6.

Some systematic features can be observed in Fig. 6.
(1) The first band crossings in the positive-parity vii3,,
bands of '01:163.165Yh jsotopes occur around almost same
rotational frequencies, although these nuclei have different
quadrupole deformations. This feature is also observed in the
negative-parity vho,, bands of 10116316} jsotopes. Taking
into account the effect of blocking by the occupation of the
quasineutron vij3, configuration, the first band crossings
in the vij3, bands of '61193:165Yh have been ascribed to
the alignment of i;3,,(BC) neutron pair [1,3], while the
i13/2(AB) neutron-pair alignment is responsible for the first
band crossings in the vhg,, bands of 161,163,165y [1,3]. The
constant crossing frequency in 161:163:163Yb isotopes has been
explained in terms of the compensation between the decrease
in the neutron-pair gap and the decrease in the alignment of
the i3/ neutron pair with increasing neutron number [5].
(2) Both the first critical crossing frequencies of '*7Yb and
159Yb have a little shifts compared to those of the heavier
odd-A Yb isotopes. For the positive-parity vij3,» bands, the
upbend observed in '*°Yb has been ascribed to the nearly
simultaneous alignments of a pair of /1,>(ef) protons and a
pair of i13,,(BC) neutrons [17], while the upbend observed in
157Yb has been interpreted as simultaneous alignments of a pair
of hiy12(ef) protons and a pair of ig/>(E F') neutrons [16]. The
CSM calculations using the Woods-Saxon potential [41,42]
for 57Yb are presented in Fig. 7, where the deformation

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7
ho (MeV)

FIG. 6. (Color online) The kinematic moments of inertia as a
function of rotational frequency for (a) the positive-parity vi;3,, bands
and (b) the negative-parity vhg,, bands in odd-A Yb isotopes.

PHYSICAL REVIEW C 87, 034325 (2013)

(b) N2

0.0+ Quasiprotons N
///'\\~\ ./

7 RN
' N —
s -7
05 ' ' , PEalr
0.0 0.1 0.2 0.3 0.4 0.5

7 o (MeV)

FIG. 7. Cranked Woods-Saxon Routhian diagrams for (a)
quasineutrons and (b) quasiprotons in ’Yb using deformation
parameters, &, = 0.161, &4, = —0.037, and y = 21°. Solid lines cor-
respond to (7, a) = (4, +1/2), dotted lines (+,—1/2), dot-dashed
lines (—, +1/2), and dashed lines (—,—1/2).

parameters are derived from the TRS results. As shown in
Fig. 7, the CSM calculations well reproduce the experimental
values of 7Y for the critical frequencies and further confirm
the cause of the upbend observed in '¥7Yb. For the negative-
parity vhg/, bands, the first backbends in *7Yb and '*Yb
have been associated with the alignments of a pair of /1y 2(ef)
protons and a pair of i13/2(A B) neutrons, respectively [16,18].

The different patterns of band crossings between °-1Yb
and heavier 1193165y isotopes indicate that the inversion of
the order of crossing frequency occurs as the neutron number
decreases below N = 91. To straightforwardly illustrate the
evolution of the crossing frequencies for specific quasiparticle
in this mass region, the systematics of the i13/2(AB), 113/2(BC)
neutron and /1,,(ef’) proton crossing frequencies are plotted
as a function of neutron number for Yb isotopes, as well as
Er and Hf isotopes, in Fig. 8. The labeling convention for
quasiparticles is given in Table V. As shown in Fig. 8(e),
although the first band crossings in the negative-parity vhg
bands of odd-A Yb and the even-A Yb isotopes are associated
with the alignment of a same vi;32(AB) neutron pair, the
frequencies of the band crossings in the negative-parity vhg»
bands of odd-A Yb are a little lower than those in the yrast
sequences of even-A Yb isotopes. This feature is also observed
in the Er [Fig. 8(d)] and Hf [Fig. 8(f)] isotopes. Such a
systematic shift can be attributed to the reduced neutron-pair
correlations [3,5]. For the lighter Er, Yb, and Hf nuclei
(N < 90), the frequencies of the 13/, paired neutron crossings
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FIG. 8. Systematics of experimental crossing frequencies hw, for the first i;3,,(AB) neutron-pair (solid diamonds), second i;3,,(BC)
neutron-pair (solid squares), and the first /1;;2(ef) proton-pair (open circles) alignments in the Er [4,30-32,43-50], Yb [1-3,7,15,16,18,36],
and Hf [9,51-57] nuclei. The arrow indicates that only the lower limit can be deduced from the data. (a), (b), (c) The crossing frequencies of
vBC and mef pair alignments are derived from the positive-parity vi;3,; bands in odd-A nuclei; (d), (e), (f) the crossing frequencies of vAB
and ef pair alignments are derived from the negative-parity vhg,, bands in odd-A nuclei. For the even-even nuclei, all the crossing frequencies
are derived from the yrast bands except the 160Hf nucleus, where only the (77, ) = (—, 1) band exhibits the /;,,(ef) proton-pair alignment.

are observed to increase with decreasing neutron number.
Murzel et al. [9] have interpreted this behavior in terms of
the position of the Fermi level. Because the Fermi level lies
below the i3/, multiplet for these lighter nuclei, it needs more
energy to excite a pair of quasiparticles into these states.

In contrast, the rotational frequency at which the &y 2(ef)
proton pair aligns is observed to decrease with decreasing
neutron number. The general trend of crossing frequency as
a function of neutron number is consistent with the trend of
the quadrupole deformation &; for these nuclei. Therefore, the

TABLE V. Convention for the quasiparticle labeling.

Label Parity and signature Main shell model
(, a) component

Quasineutrons

A (+, +1/2), i13/2

B (+, —=1/2), 132

c (+, +1/2), 132

E (=, +1/2), ho

F (=, —1/2) hoj
Quasiprotons

e (=, +1/2), hii2

f (= —1/2) hii2

systematic behavior of crossing frequencies for the /1,2 (ef)
proton-pair alignment has been assumed to be predominantly
attributable to the effect of quadrupole deformation, which is
also supported by the CSM calculations [58]. For the positive-
parity vij3;, bands of Yb isotopes, the different trends of the
crossing frequencies for the i3/,(BC) neutron-pair alignment
and the hjjpo(ef) proton-pair alignment cause these two
crossings to occur at the same place N = 89. This phenomenon
is also observed in the Er isotopes. For the negative-parity
vhos» bands, owing to the lower crossing frequency of the
i132(AB) neutron-pair alignment, the overlapping of these
i13/2(AB) neutron-pair and hy1,2(ef) proton-pair alignments
occurs around N ~ 87.

It has been suggested that a pair of 13/, neutron alignment
might be responsible for the observed first backbend in 'S8 Hf
[51]. According to the systematic trend of crossing frequencies
for the Hf isotopes shown in Fig. 8(f), the order of the i13/2(A B)
neutron-pair and /11 > (ef’) proton-pair alignments may already
reverse at N = 86. Our TRS calculations also show that the
alignment of an /1112 (ef') proton pair is responsible for the first
backbend in 'S8Hf. Thus, based on the empirical systematics
and TRS calculations, we believe that the first band crossing
observed in 'S8Hf involves a pair of aligning %/, protons.
The i3/, neutron-pair alignment will occur at a little higher
rotational frequency.
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VI. SUMMARY

The high-spin states in '37Yb have been populated via
144Sm('°0,3n)>7Yb fusion-evaporation reaction and the re-
sulting level scheme for '37Yb is presented. The structures
of rotational bands built on the intruder i;3,, orbital and
nonintruder hg/, orbital are studied within the framework of
a triaxial PRM. Theoretical calculations further support the
previous configuration assignments for these bands. Compared
to the relative pure i3/, subshell components in the positive-
parity band, there is a strong mixture of /9, and f7,, subshells
for the negative-parity band. As the nucleus rotates faster, the
main component of both positive-parity and negative-parity
bands are found to decrease gradually.

The isotopic dependence and frequency dependence
of signature splitting in the positive-parity vij3,; bands of
odd-A YD isotopes are studied. According to the trend of
the experimental signature splitting along with the neutron
number and the theoretical calculations, the reason why the
unfavored signature partner of the vii3,, band is not observed
in 17Yb can be ascribed to a very large signature splitting. For
the signature splitting in the negative-parity vhg/, bands of
odd-A YD isotopes, the situation is a little more complicated.
Owing to the enhanced interband E1 transitions in odd-A
Yb isotopes, the low-spin parts of the unfavored signature
partners of vhe,, bands are difficult to be experimentally

PHYSICAL REVIEW C 87, 034325 (2013)

observed. The characters of the signature splitting observed in
163Yb can be qualitatively explained by the effect of changes
in quadrupole and hexadecapole deformations. Based on the
systematic comparison with the similar patterns observed in
the heavier odd-A Yb isotopes, bands 1 and 2 in '37Yb may
form the signature partners of the vhg,, band.

With the new results of the '37Yb nucleus and already
known information on the neighboring nuclei, we make a sys-
tematic summary of the band crossing frequencies associated
with the i3/, neutron-pair and %/, proton-pair alignments
for the Yb isotopes, as well as the Er and Hf isotopes. Their
main features are discussed and the mechanisms behind the
trends of the crossing frequencies are analyzed. Based on the
systematics and TRS calculations, we reinterpret the cause of
first band crossing observed in *Hf nucleus.
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