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Diverse collective excitations in "*Er up to high spin
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A spectroscopic investigation of the y decays from excited states in '*’Er has been performed to study the
changing structural properties exhibited as ultrahigh spins (I > 60) are approached. The nucleus of *Er was
populated by the reaction ''*Cd(*®Ca,5ny ) at a beam energy of 215 MeV, and the resulting y decays were studied
using the Gammasphere spectrometer. New rotational bands and extensions to existing sequences were observed,
which are discussed in terms of the cranked shell model, revealing a diverse range of quasiparticle configurations.
At spins around 507, there is evidence for a change from dominant prolate collective motion at the yrast line to
oblate non-collective structures via the mechanism of band termination. A possible strongly deformed triaxial
band occurs at these high spins, which indicates collectivity beyond 50%. The high-spin data are interpreted
within the framework of cranked Nilsson-Strutinsky calculations.

DOI: 10.1103/PhysRevC.84.054320

I. INTRODUCTION

The study of nuclear structure toward the extremes of
angular momentum has been at the forefront of y-ray
spectroscopy since its inception. Pushing to such extremes
tests theoretical models to their limits. The diverse nature of
collective motion in the rare-earth nuclei around A = 160 at
high spin makes this mass region an excellent testing ground
for such models that attempt to explain the deformed nuclear
shapes that they exhibit and their behavior in terms of the
underlying single-particle configurations. An example of this
diverse nature is the observation that collective rotational bands
appear to terminate at discrete states around spin 40% in nuclei
with N ~ 90 [1-11]. This has been interpreted as a dramatic
change in structure from a collective prolate shape to an oblate
single-particle shape via the mechanism of band termination
[12,13]. This phenomenon occurs when the spin vectors of
the available valence nucleons outside a closed-shell core,
in this case '¢°Gdsg,, become aligned in pure single-particle
configurations [13]. In the N =90 nucleus of '®Er, such
single-particle states are observed at /™ =40 [1] and
46" [2] in the yrast (lowest energy for a given spin) band and
at43~, 487, and 49~ [14] in the lowest-energy negative-parity
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sequences. Moreover, rotational sequences have recently been
identified that extend into the region of ultrahigh spin (> 60h)
[15] and represent a reemergence of collectivity beyond band
termination in '>8Er. Comparison with results from cranked
Nilsson-Strutinsky (CNS) calculations suggests that these
collective rotational sequences are based on triaxial strongly
deformed (TSD) shapes, although uncertainties persist as
to the exact value of the y deformation [16]. A number of
similar collective structures with characteristic high moments
of inertia have now been observed in several neighboring
nuclei [17-21].

The present paper reports on a detailed spectroscopic
investigation of 1*Er’s odd-neutron neighbor ' Ero; . Previous
experimental papers have identified a number of rotational
bands based on the odd neutron, which resides in a variety
of quasiparticle configurations [22-26], discussed within the
framework of the cranked shell model [27,28]. Evidence for
the onset of a transition from collective rotation to an oblate
single-particle shape in the yrast band at ~ 50 was discussed
in Refs. [24,26]. A further feature was observed at high
spin in the band based on the negative-parity ground-state
configuration [24], which has been interpreted as an unpaired
neutron-band crossing [29]. This is a crossing that occurs
in the absence of static neutron-pairing correlations. In the
present paper, new rotational bands have been observed in
159Er, and significant extensions to existing ones have been
made. These results are interpreted within the framework of the
cranked shell model. Also, a new band based on a y -vibrational
excitation is discussed. In addition, a terminating state at
I™ = 101/2% and evidence for terminating structures close
to the yrast states in various bands at spins around ~ 507 have

©2011 American Physical Society


http://dx.doi.org/10.1103/PhysRevC.84.054320

M. MUSTAFA et al.

been identified. CNS calculations have been performed to help
understand the underlying configurations of these high-spin
sequences. Good agreement between experiment and theory
is observed for the competition of the prolate-collective and
band-terminating sequences in the I = 30 — 50k region. The
present experiment has also identified a band with a high
moment of inertia, which is discussed in terms of a strongly
deformed triaxial structure [20]. The lifetimes of states within
similar structures in '5"!'33Er [16] indicate discrepancies
between the experimentally deduced and the predicted triaxial
shapes. The implications of this observation for ’Er are
discussed.

II. EXPERIMENTAL DETAILS

The experiment was performed by using the ATLAS
facility at Argonne National Laboratory. Excited states in °Er
were populated by using a 215-MeV beam of “8Ca, incident
upon enriched (98.7%) targets of ''®Cd, which induced
fusion-evaporation reactions. The target was composed of
two self-supporting ''®Cd foils with a total thickness of
1.3 mg/cm?. The y decays, which result from the reaction
products, were detected by using the Gammasphere y-ray
spectrometer [30,31]. A total of ~1.9 x 10° events were
collected when, at least, 7 of the 101 Compton-suppressed
high-purity germanium detectors fired in prompt coincidence.
The data were collected over a 5-day period. Unfolding
the events resulted in approximately 1.4 x 10'! triple and
3.5 x 10'° quadruple coincidence events. These were re-
played off-line into RadWare-format three-dimensional (Ei)
cubes [32] and four-dimensional (E)‘f) hypercubes [33] for
analysis.

One-dimensional spectra were also unfolded directly from
the data by using the technique discussed in Ref. [34]. They
were produced with multiple gates set on inband stretched
quadrupole (E2) transitions from I59Er up to fold five )
where the data were separated further into the corresponding
detectors in the rings of the Gammasphere at a fixed angle 9 to
the beam direction. Then, angle-specific spectra were analyzed
to obtain angular-intensity ratios and, based on the method of
directional correlations from oriented states [35], were used to
determine y-ray multipolarities. The ratio R of the intensity
of transitions at ~130°(50°) and 90° to the beam direction was
measured and was given by

_ 1,[6 ~ 130°(50°)]

1,16 ~ 90°] M

This ratio is approximately a factor of 2 larger for stretched
quadrupole (A1 = 2) and pure nonstretched dipole transitions
(A = 0) than for pure stretched dipole transitions (Al = 1).

III. RESULTS

The '5°Er-level scheme constructed from the present paper
is displayed in Figs. 1 and 2, whereas, a summary of the
measurements obtained is presented in Table L.
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A. The yrast band and Band 1

The lowest-energy band (labeled yrast in Figs. 1 and 2)
was previously observed up to ™ = (93/2%) by Deleplanque
et al. [24]. A parallel sequence was also observed at high-spin
branching out from the (85/2") yrast state. Both sequences
were extended further to (105/2%) and (101/2%), respectively,
by Kondev et al. [26], however, no explicit transition energies
were published. In the present paper, excited states up to
(105/2%) are observed, and new linking transitions have been
established between states in the yrast band and the parallel
sequence at high spins. Coincident y -ray spectra, which show
the high-energy part of the yrast band, are presented in Fig. 3.
The photopeaks observed in Fig. 3(a) correspond to all of the
transitions associated with the yrast band above the 53/2%
state; see the level scheme in Fig. 1. The y-ray spectra of
Figs. 3(b) and 3(c) were produced with a sum of triple gates
in coincidence with individual transitions from the parallel
sequence observed at this high energy and the yrast band,
respectively. The multipolarity of the 1342-, 1264-, and 1292-
keV linking transitions were measured and were found to be of
stretched quadrupole character (see Table I), which establishes
positive parity and positive signature (7, @) = (4, +1/2) for
the connected levels.

Previously, the unfavored signature partner of the yrast
structure with (4, —1/2), initially established by Simpson
et al. [22] and labeled band 1 in Fig. 1, was observed up
to the (43/27) state [24,26]. The present paper extends this
band up to a possible (91/2%) with the observation of 14 new
transitions associated with its decay. The spectrum of Fig. 4(a)
was produced from a sum of triple gates and shows all of
the transitions observed in band 1 above the 31/2% excited
state. This spectrum demonstrates the presence of the 1008-
and 1269-keV parallel transitions at the highest spins in this
band.

B. Bands 2 and 3

Previously, the band labeled band 2 in Fig. 1 was established
up to the (97/27) state by Deleplanque et al. [24]. Extensions
were observed up to a further (105/27) state [26], but no
explicit transition energies were published. In the present
paper, this sequence has been seen up to the (105/27) state
with the observation of the 1292- and 1188-keV transitions.
The y-ray spectra presented in Figs. 4(b) and 4(c) display
the photopeaks that correspond to the y decays of the states
above 41/27 in coincidence with the 1209- and 1292-keV
transitions, respectively. Both spectra indicate the presence of
the 1188-keV photopeak with no clear candidate for the decay
of a higher-lying state.

Previously, the negative-parity band, band 3, had been
observed from (3/27) to (15/27) and from (27/27) to (83/27)
[24]. In the present paper, three new transitions have been
observed, which connect the high- and low-spin parts of this
band. In addition, the band has been extended up to (91/27),
and a parallel sequence, which originates from the 79/2~
state, is observed. In Fig. 5(a) a y-ray spectrum is presented,
which shows photopeaks that correspond to the transitions
that connect the low- and high-spin structures of band 3. The
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TABLE 1. Excitation energies E,, transition energies E,,, intensities I,,, angular intensity ratios R, and spin-parity assignments for the
transitions observed in "*°Er from the present paper. The y-ray energies are estimated to be accurate to 0.3 keV for the strong transitions
(I, > 10), which rise to £0.6 keV for the weaker transitions. The intensity measurements have been normalized to the 349.9-keV (21/27 —
17/2%) yrast transition with a value of 100. The bands are labeled in order of the scheme shown in Figs. 1 and 2 and excitation energy E, .

Band E, (keV) E, (keV) I, R Multipolarity Iia 17
Yrast
4357 208.5 > 100 0.71(1) E2 17/2% 13/2%
785.6 349.9 100 0.86(3) E2 21/2* 17/2%
1250.4 464.8 97.6(3.5) 0.84(3) E2 25/2* 21/2F
1806.5 556.1 71.5(2.2) 0.88(4) E2 29/2% 25/2%
2432.6 626.1 63.6(1.9) 0.98(3) E2 33/2% 29/2%
3108.5 675.9 44.0(1.3) 0.91(3) E2 37/2* 33/2F
38174 708.9 33.5(1.0) 0.95(4) E2 41/2% 37/2%
4556.0 738.7 25.6(8) 0.88(3) E2 45/2% 41/2%
5336.2 780.2 18.7(6) 0.99(4) E2 49/2* 45/2*
6166.7 830.4 13.7(4) 0.90(4) E2 53/2% 49/2%
7041.9 875.2 10.7(3) 0.92(4) E2 57/2* 53/2%
7946.5 904.5 7.2(2) 0.99(4) E2 61/2* 57/2F
8871.5 925.0 5.3(2) 1.01(5) E2 65/2* 61/2%
9826.2 954.7 4.2(1) 1.11(6) E2 69/2* 65/2*
10 822.5 996.3 3.0(1) 0.94(6) E2 73/2* 69/2F
11 866.8 1044.3 2.3(1) 0.88(5) E2 77/2% 73/2%
12963.3 1096.4 1.7(1) 0.98(6) E2 81/2* 77/2%
14 116.7 1153.4 1.41(4) 1.04(8) E2 85/2% 81/2F
15348.6 1231.9 0.75(2) 1.01(7) E2 89/2F 85/2%
15458.8 1342.2 0.17(2) 1.06(21) E2 89/2* 85/2*
16 624.1 1275.7 0.41(2) 1.14(12) E2 93/2* 89/2F
16 612.6 1154.0 0.22(7) 1.04(18) E2 93/2* 89/2%
1263.3 0.17(2) 0.91(18) E2 93/2* 89/2%
17677.4 1053.7 0.21(3) (97/2%) 93/2*
1064.4 0.12(3) 97/2%) 93/2%
17916.4 1292.0 0.12(3) 1.09(24) E2 97/2* 93/2*
1304.0 0.08(2) 1.12(12) E2 97/2* 93/2*
18 618.6 941.2 0.14(3) (101/2%) (97/2%)
(19 193) (1277) (101/2%) 97/2%
(20 520) (1327) (105/2%) (101/2%)
Band 1
1 — Yrast 363.7 136.4 0.33(2) 0.46(4) M1/E2 11/2* 13/2%
591.3 227.4 0.60(2) 0.81(5) E2 15/2* 11/2*
1 — Yrast 364.4 1.52(4) 0.62(4) M1/E2 15/2% 13/2%
1 — Yrast 155.6 1.04(4) 0.62(4) M1/E2 15/2* 17/2%
961.7 370.6 6.0(1) 0.82(4) E2 19/2* 15/2%
1 — Yrast 525.8 2.67(8) 0.63(5) M1/E2 19/2% 17/2%
1 — Yrast 176.2 0.83(3) 0.48(4) M1/E2 19/2% 21/2%
1447.5 485.8 12.2(3) 0.84(3) E2 23/2% 19/2%
1 — Yrast 661.7 1.87(5) 0.69(3) M1/E2 23/2% 21/2%
1 — Yrast 197.2 1.04(3) 0.41(3) M1/E2 23/2* 25/2%
2025.8 578.3 15.2(3) 0.98(2) E2 27/2% 23/2%
2675.7 649.8 4.6(1) 0.93(3) E2 31/2* 27/2%
1 — Yrast 869.0 0.17(1) 31/2* 29/2*
3380.1 704.3 3.8(1) 1.00(5) E2 35/2% 31/2*
4127.8 747.1 3.23(5) 1.01(5) E2 39/2* 35/2*
4902.6 774.8 1.98(3) 0.93(4) E2 43/2* 39/2*
5656.6 754.0 0.78(3) 0.85(11) E2 47/2% 43/2%
1 — Yrast 1101.5 47/2% 45/2%
6448.7 792.1 0.65(3) 0.91(5) E2 51/2* 47/2%
7295.0 846.3 0.42(3) 0.82(3) E2 55/2* 51/2%
8166.2 871.2 0.92(7) E2 59/2* 55/2%
9037.3 871.0 0.92(7) E2 63/2* 59/2%
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TABLE 1. (Continued.)

Band E, (keV) E, (keV) I, R Multipolarity ITia I
9925.6 888.3 0.16(2) (67/2%) 63/2*
10 847.1 921.5 0.09(2) 0.93(20) E2 (71/2%) (67/2%)
11815.8 968.7 0.07(2) 0.83(6) E2 (75/2%) (71/2%)
12 849.6 1033.8 0.06(1) 0.96(7) E2 (79/2%) (75/2%)
13954.5 1105.0 0.04(1) (83/2%) (79/2%)
151164 1161.9 0.03(1) (87/2%) (83/2%)
16 124.8 1008.5 0.01(1) (91/2%) (87/2%)
16 385.4 1269.0 0.01(1) 91/2%) (87/2%)
Band 2
259.0 198.8 0.8(1) E2%P 9/2~ 5/27
2—-3 114.0 0.19(2) 0.45(5) M1/E2 9/2~ 7/27
574.0 3151 2.33(4) 0.91(3) E2 13/27 9/2~
23 143.6 0.79(1) 0.61(10) (M1/E2) 13/27 11/2~
989.3 415.3 4.194) 0.82(3) E2 17/2~ 13/2~
2—3 156.4 0.31(1) 0.44(9) M1/E2 17/2~ 15/2~
1478.3 489.0 6.13(4) 0.83(3) E2 21/27 17/2~
2011.0 532.8 9.45(6) 0.87(3) E2 25/2~ 21/2~
2473.2 462.4 4.09(2) 0.83(2) E2 29/2~ 25/27
2—1 448.0 7.51(4) 0.43(3) E1l 29/27 27/2*
2 — Yrast 666.6 2.00(3) 0.90(20) (ED) 29/2~ 29/2%
24 386.0 4.54(3) 0.93(4) E2 29/2~ 25/27
2909.4 436.2 15.2(3) 0.87(3) E2 33/27 29/27
3436.1 526.7 14.7(3) 0.96(3) E2 37/27 33/2°
4061.6 625.5 14.1(3) 0.98(3) E2 41/2 37/2
4782.4 720.8 12.2(2) 0.97(3) E2 45/27 41/2~
5583.2 800.8 9.7(2) 0.95(4) E2 49/2~ 45/2~
6434.2 851.0 6.9(2) 0.96(4) E2 53/27 49/2~
7292.1 857.8 4.92(9) 1.00(5) E2 57/27 53/27
8158.7 866.7 3.30(6) 1.01(6) E2 61/2~ 57/2
9070.8 912.1 2.49(6) 0.93(3) E2 65/2~ 61/2~
10045.3 974.4 1.74(4) 0.93(4) E2 69/27 65/2~
11 089.6 1044.4 1.28(3) 0.93(4) E2 73/27 69/2
12199.4 1109.8 (77/27) 73/27
13 326.1 1126.7 0.65(2) 0.89(9) E2 (81/27) (77/27)
14 435.6 1109.8 (85/27) (81/27)
15538.7 1103.1 0.31(2) 0.98(20) E2 (89/27) (85/27)
16 683.5 1144.9 0.19(2) 0.93(9) E2 (93/27) (89/27)
17 892.2 1208.6 0.14(1) 0.97(17) E2 97/27) (93/27)
19 184.0 1291.9 0.06(1) (101/27) 97/27)
20372.1 1188.1 0.02(1) (105/27) (101/27)
Band 3
1452 145.2 0.52(7) 0.80(4) E2 7/2° 3/2°
429.8 284.5 0.57(2) 0.82(5) E2 11727 7/27
32 170.3 0.19(2) 0.40(7) M1/E2 11/27 9/2~
833.0 403.2 0.15(2) E2° 15/2~ 11/2~
32 260.2 0.11(2) 15/2~ 13/27
1323.6 490.0 0.05(1) (19/27) 15/2~
1849.2 524.7 0.03(2) (23/27) (19/27)
2259.8 410.4 0.03(2) 27/27 (23/27)
3 — Yrast 1009.4 1.38(6) 0.53(7) E1l 27/27 25/2%
2661.6 401.9 1.8(1) 1.00(7) E2 31/27 27/27
3 — Yrast 855.4 7.1(2) 0.65(3) El 31/27 29/2*
3146.2 484.9 7.5(2) 0.97(5) E2 35/2 31/2°
3 — Yrast 713.5 5.6(2) 0.44(6) E1l 35/27 33/2*
3733.9 587.8 10.2(2) 0.93(7) E2 39/27 35/27
4421.2 687.3 7.3(2) 0.92(4) E2 43/2~ 39/2~
5193.5 772.3 7.2(2) 0.98(4) E2 47/27 43/27
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TABLE 1. (Continued.)
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Band E, (keV) E, (keV) I, R Multipolarity Il If .
6026.9 833.3 5.6(1) 0.93(7) E2 51/2~ 47/2~
6883.5 856.6 3.7(1) E2° 55/2~ 51/2~
7753.9 870.4 2.7(1) 0.97(5) E2 59/2~ 55/2~
8665.4 911.4 1.74(5) 0.98(5) E2 63/2~ 59/2~
9633.7 968.3 1.18(3) 1.01(6) E2 67/2~ 63/2~
10 661.4 1027.7 0.82(2) 0.91(9) E2 71/2~ 67/2~
11 748.0 1086.7 0.55(2) 0.9109) E2 75/2~ 71/2
12 895.1 1147.1 0.44(2) 0.92(10) E2 79/2~ 75/2~
14 104.0 1208.9 0.22(2) 0.97(11) E2 83/2~ 79/2~
14 117.3 1222.2 0.08(2) (83/27) 79/2~
15 336.3 1232.4 0.07(2) (87/27) 83/2~
153425 1225.1 0.03(1) 87/27) (83/27)
(16 633) (1297) 91/27) 87/27)
Band 4
4 -1 2087.2 640.1 4.9009) 0.65(2) E1l 25/2~ 23/2*
2550.8 463.8 0.76(5) 0.81(20) E2 29/2~ 25/2~
42 539.7 4.6(1) 0.99(4) E2 29/2~ 25/2~
4 — Yrast 745.1 0.59(3) 29/2~ 29/2*
3097.8 546.9 3.7(1) 0.94(5) E2 33/2~ 29/2~
42 625.4 1.1(1) 0.78(3) E2 33/2~ 29/2~
3694.1 596.3 4.11(6) 0.85(7) E2 37/2~ 33/2°
4351.7 657.7 3.51(5) 0.97(4) E2 41/2~ 37/2
5073.4 721.6 2.78(6) 0.91(3) E2 45/2~ 41/2~
5849.8 776.4 2.16(4) 1.14(6) E2 49/2~ 45/2~
6669.1 819.3 1.66(4) 0.96(6) E2 53/2~ 49/2~
7534.8 865.7 1.28(3) 0.92(7) E2 57/2~ 53/2~
8440.6 905.8 0.83(3) 0.98(7) E2 61/2~ 57/2~
9358.4 917.8 0.58(3) 0.89(7) E2 65/2~ 61/2-
10 307.6 949.2 0.45(2) 1.02(8) E2 69/2~ 65/2~
11 302.6 995.1 0.39(2) 0.97(8) E2 73/2~ 69/2~
12 348.9 1046.2 0.25(2) 0.98(21) E2 77/2~ 73/2~
13421.6 1072.7 0.09(2) 81/27) 77/2~
(13 460) (1111) (81/27) 77/2
(14 561) (1140) (85/27) 81/27)
Band 5
52 2665.0 654.0 1.26(3) 0.96(6) E2 29/2~ 25/2~
3235.1 570.0 1.43(2) 0.91(3) E2 33/2~ 29/2-
3852.2 617.1 1.28(3) 0.84(3) E2 37/2~ 33/2~
4515.5 663.4 0.91(2) 0.97(6) E2 41/2~ 37/2
5235.2 719.7 0.84(3) 0.96(6) E2 45/2~ 41/2~
6006.4 771.2 0.67(2) 0.93(9) E2 49/2~ 45/2~
6802.6 796.2 0.36(2) 0.92(8) E2 53/2~ 49/2~
7636.2 833.6 0.21(2) 1.00(10) E2 57/2~ 53/2~
8530.6 894.4 0.15(2) 0.76(9) E2 61/2~ 57/2~
9483.7 953.1 0.07(3) (65/27) 61/2-
10 464.8 981.2 0.04(2) (69/27) (65/27)
(11 499) (1035) (73/27) (69/27)
y band
y —> 1 1090.8 (499) (17/2%) 15/2%
1451.0 360.2 0.27(5) 21/2+ (17/2%)
y — Yrast 1015.0 0.40(4) 0.86(10) E2 21/2* 17/2%
y — Yrast 666.0 0.09(2) 21/2+ 21/2*
y —> 1 490.2 0.08(2) 21/2+ 19/2%
1889.9 438.1 0.85(4) 1.12(13) E2 25/2%F 21/2%
y — Yrast 1104.3 0.80(8) 25/2+ 21/2*
y — Yrast (639) 25/2% 25/2%F
2386.0 496.7 1.26(3) 1.06(9) E2 29/2% 25/2*
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TABLE 1. (Continued.)
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Band E, (keV) E, (keV) I, R Multipolarity I I
y — Yrast 1135.0 0.97(6) 1.10(14) E2 29/2% 21/2*
2935.1 548.8 1.29(2) 0.98(13) E2 33/2% 29/2%
y — Yrast 1128.2 0.67(4) 0.81(9) E2 33/2% 29/2%
3544.9 609.6 1.84(5) 0.91(9) E2 37/2* 33/2%
¥y — Yrast 1112.3 0.86(5) 0.86(8) E2 37/2* 33/2%
4226.5 681.4 1.42(4) 0.98(15) E2 41/2% 37/2*
y — Yrast 1118.8 0.58(4) 0.86(12) E2 41/2% 37/2*
4984.5 758.0 1.55(5) 0.85(12) E2 45/2% 41/2%
y — Yrast 1167.3 0.73(2) 0.97(10) E2 45/2% 41/2%
5790.5 806.0 1.28(4) 0.86(13) E2 49/2% 45/2%
y — Yrast 1233.1 0.33(4) 1.16(16) E2 45/2% 41/2%
6612.6 822.0 0.78(4) 0.97(10) E2 53/2% 49/2%
7473.0 860.5 0.54(3) 0.99(13) E2 57/2% 53/2*
8397.9 923.3 0.43(3) 0.87(22) E2 61/2% 572
y — Yrast 1357.3 0.03(1) 61/2+ 57/2*
9386.3 988.4 0.23(2) (65/2%) 61/2*
10 397.1 1010.8 0.11(2) (69/2%) (65/2%)
11392.8 995.7 0.08(2) (73/2%) (69/2%)
12434.8 1041.9 0.07(2) (77/2%) (73/2%)
Band 6
6 — Yrast 2230.0 1794.2 0.06(2) (19/27) 17/2*
6 — Yrast 1444.4 0.02(1) (19/27) 21/2*
6—7 2389.5 99.0 0.06(2) 23/27 (21/27)
2681.6 292.1 E2rmb 27/2° 23/27
6—7 162.0 1.66(5) 0.55(20) M1/E2 27/27 25/27
3097.2 4154 0.62(3) 0.88(10) E2 31/27 27/2~
6—7 222.4 1.66(5) 0.57(10) M1/E2 31/27 29/2-
3618.5 521.7 2.05(6) 0.94(6) E2 35/27 31/27
6—7 272.5 2.9909) 0.58(2) M1/E2 35/2~ 33/2°
4224.0 605.8 2.35(9) 0.91(10) E2 39/27 35/27
6—7 312.1 2.40(7) 0.57(2) M1/E2 39/27 37/27
4891.1 667.7 2.09(6) 0.91(4) E2 43/2 39/27
6—7 340.4 1.87(6) 0.62(3) M1/E2 43/27 41/2~
5599.5 707.9 1.92(6) 0.94(4) E2 47/2~ 4372~
6—17 357.6 1.42(4) 0.44(6) M1/E2 47/2~ 45/2~
6332.4 733.3 1.47(4) 0.95(5) E2 51/27 4772~
6—7 369.8 1.43(4) 0.59(6) M1/E2 51/27 49/2~
7097.7 765.4 1.19(4) 0.89(6) E2 55/27 51/2~
6—7 387.5 1.21(4) 0.64(8) M1/E2 55/27 53/27
7912.5 814.7 0.96(3) 1.08(8) E2 59/27 55/27
6—7 414.3 0.72(3) 0.64(7) M1/E2 59/2~ 57/2~
8789.0 876.9 0.81(3) 0.96(7) E2 63/2° 59/2~
6—7 4453 0.67(3) 0.65(8) M1/E2 63/27 61/2~
9732.7 943.4 0.63(2) 0.86(5) E2 67/2~ 63/2
6—17 479.5 0.34(2) 0.47(6) M1/E2 67/2° 65/2~
107427 1010.6 0.48(2) 0.92(8) E2 71/27 67/27
6—17 5103 0.24(2) 0.55(8) M1/E2 71/2° 69/2~
11815.4 1072.4 0.41(4) 0.91(11) E2 75/27 71/27
6—7 540.8 0.17(2) (M1/E2) 75/27 73/27
12 940.1 1124.8 0.32(2) 0.90(12) E2 79/2 75/2
14 136.6 1196.5 0.07(2) (83/27) 79/2~
(15 340) (1203) (87/27) (83/27)
(16 558) (1218) 91/27) (87/27)
Band 7
7 — Yrast 1713.5 928.6 0.27(5) 0.56(12) Elor M1 23/20 21/2%
7—6 2290.3 59 (21/27) (19/27)
7—6 2519.5 130.4 0.17(1) 0.48(6) M1/E2 25/27 23/27
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Band E, (keV) E, (keV) I, R Multipolarity I If .
7 — Yrast 1270.6 1.09(3) 0.80(14) El 25/27 25/2*
7—1 1072.2 0.17(2) E1° 25/2~ 23/2%
7—2 10414 0.38(2) E2° 25/2~ 21/2~
806.8 0.38(2) 0.45(7) Elor Ml 25/27 23/2)
2874.8 356.9 E2° 29/2~ 25/2~
7—6 193.4 2.12(3) 0.65(4) M1/E2 29/2~ 27/2~
3345.8 471.4 0.97(2) 0.92(5) E2 33/27 29/27
7—6 248.5 3.3(1) 0.58(4) M1/E2 33/2° 31/27
3911.8 566.1 1.97(6) 0.85(6) E2 37/2 33/2
7—6 293.0 2.97(9) 0.60(4) M1/E2 37/27 35/27
4550.7 639.4 2.06(6) 0.90(4) E2 41/2~ 37/27
7—6 326.6 2.00(6) 0.61(4) M1/E2 41/2~ 39/2
5242.0 690.7 1.99(6) 1.00(6) E2 45/27 41/27
7—6 350.9 1.44(5) 0.61(6) M1/E2 45/2~ 4372~
5962.6 721.0 1.55(4) 0.95(4) E2 49/2~ 45/2
7—6 363.1 1.50(5) 0.62(6) M1/E2 49/2~ 47/27
6710.0 747.7 1.25(4) 0.93(6) E2 53/2~ 49/2~
7—6 377.3 1.23(4) 0.58(4) M1/E2 53/2~ 51/2~
7498.3 788.4 1.03(3) 0.84(6) E2 57/27 53/27
7—6 400.6 0.90(3) 0.55(4) M1/E2 57/2 55/2~
8343.4 845.0 0.98(3) 0.88(6) E2 61/2~ 57/27
7—6 430.7 0.69(3) 0.62(8) M1/E2 61/2~ 59/27
9253.4 910.0 0.74(2) 0.9509) E2 65/2 61/2~
7—6 464.6 65/2~ 63/2°
102312 977.9 0.60(2) 0.91(11) E2 69/2~ 65/2~
7—6 497.7 0.40(2) 0.64(10) M1/E2 69/2~ 67/2~
112747 1044.3 0.31(3) 0.86(12) E2 73/27 69/2~
7—6 5314 0.21(2) 73/27 71/27
12 384.2 1109.5 0.22(2) 0.87(13) E2 77/2~ 73/27
13 528.5 11443 0.07(2) (81/27) 77/2~
13 550.5 1166.3 0.06(2) (81/27) 77/2~
14 737.1 1208.6 0.06(2) (85/27) (81/27)
14 754.7 1204.2 0.05(2) (85/27) (81/27)
(16 107) (1352) (89/27) (85/27)
Band 8
8—9 3987.5 241.0 0.05(1) 0.64(30) (M1/E2) (33/2%) (31/2%)
4450.9 463.0 0.09(1) (37/2%) (33/2%)
8—9 203.0 0.10(1) 0.57(14) M1/E2 (37/2%) (35/2%)
8—6 832.6 0.22(2) 0.46(7) Elor M1 37/2%) 35/27
4891.9 441.4 0.27(6) 0.81(21) E2 (41/2%) (37/2%)
8—9 225.8 0.49(1) 0.48(4) M1/E2 (41/2%) (39/2%)
5402.7 5111 0.65(2) (45/2%) (41/2%)
8—9 265.6 0.93(2) 0.64(4) M1/E2 (45/2%) (43/2%)
6014.3 611.6 0.53(2) 0.83(6) E2 (49/2%) (45/2%)
8§—-9 318.3 0.89(3) 0.62(6) M1/E2 (49/2%) 47/2%)
6724.8 710.4 0.54(2) 1.02(6) E2 (53/2™) (49/2%)
8—9 367.4 0.74(2) 0.43(6) M1/E2 (53/2%) (51/2%)
7530.0 805.5 0.47(2) 1.03(10) E2 (57/2%) (53/2%)
8—9 414.3 0.46(2) 0.58(6) M1/E2 (57/2%) (55/2%)
8421.2 890.9 0.39(2) 0.84(7) E2 (61/2%) (57/2%)
8§—-9 455.8 0.38(2) (61/2%) (59/2%)
9385.8 964.3 0.21(1) 0.98(19) E2 (65/2%) (61/2%)
8—9 490.8 0.11(1) (65/2%) (63/2%)
10391.2 1005.4 0.09(1) (69/2%) (65/2%)
11 405.8 1014.6 0.06(1) (73/2%) (69/2%)
Band 9
4248.1 501.0 0.03(1) (35/2%) (31/2%)
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TABLE 1. (Continued.)

Band E, (keV) E, (keV) I, R Multipolarity ITial I
9—-38 261.3 0.07(1) (35/2%) (33/2%)
4666.0 418.0 0.17(1) (39/2%) (35/2%)
9—38 215.0 0.31(2) 0.59(10) M1/E2 (39/2%) (37/2%)
9—17 (754) (39/2%) 37/27
5136.9 470.7 0.54(5) 0.86(12) E2 (43/2%) (39/2%)
9—38 245.0 0.72(2) 0.45(13) M1/E2 (43/2%) (41/2%)
5696.0 558.9 0.76(1) 0.85(12) E2 47/2%) (43/2%)
9—38 2933 1.07(2) 0.57(12) M1/E2 47/2%) (45/2%)
6357.2 661.5 0.67(1) 0.90(12) E2 (51/2%) 47/2%)
9—-38 342.9 0.81(3) 0.65(12) M1/E2 (51/2%) (49/2%)
7115.6 758.7 0.54(2) 0.87(10) E2 (55/2%) (51/2%)
9—38 390.8 0.64(2) 0.48(15) M1/E2 (55/2%) (53/2%)
7965.5 849.7 0.55(2) 0.85(13) E2 (59/2%) (55/2%)
9—38 435.6 0.43(2) (59/2%) (57/2%)
8895.2 930.0 0.34(1) 0.85(13) E2 (63/2%) (59/2%)
9—38 474.0 0.22(1) (63/2%) (61/2%)
9878.9 983.8 0.31(1) 0.85(16) E2 (67/2%) (63/2%)
9—38 492.9 0.08(1) (67/2%) (65/2%)
10871.2 992.3 0.11(1) (71/2%) (67/2%)
11893.9 1022.7 0.07(1) (75/2%) (71/2%)
12 962.5 1068.6 0.06(1) (79/2%) (75/2%)
Band 10
10 — Yrast 6364.7 1027.6 0.10(2) (51/27) 49/2%
7170.2 804.7 0.10(1) 55/2~ (51/27)
103 1143.3 0.13(1) 0.94(16) E2 55/27 51/27
10 — Yrast 1004.9 0.13(1) 55/27 53/2*
8053.6 883.7 0.24(1) 0.99(10) E2 59/2~ 55/2~
103 1169.7 0.04(1) 59/27 55/27
8998.4 944.8 0.39(1) 0.93(7) E2 63/27 59/2
10 002.4 1004.0 0.38(1) 0.85(8) E2 67/2~ 63/2~
110434 1041.0 0.31(1) (71/27) 67/27
12.097.7 1054.3 0.30(1) (75/27) (71/27)
13 183.0 1085.3 0.12(1) (79/27) (75/27)
14 329.7 1146.7 0.07(1) (83/27) (79/27)
15 540.8 1211.1 0.07(1) (87/27) (83/27)
16 839.8 1299.0 0.04(1) 91/27) (87/27)
(18 175) (1335) 95/27) 91/27)

2Taken from Ref. [23].
bTaken from Ref. [24].

spectra of Figs. 6(a) and 6(b) provide the high-energy part of
this band. They were produced with a sum of triple gates set
on the transitions in band 3, in coincidence with gates at 1209
and 1222 keV, Figs. 6(a) and 6(b), respectively. Photopeaks
are observed at 1232 and (1297) keV in coincidence with
the 1209-keV transition and 1225 keV for the 1222-keV
transition, which establishes a parallel sequence above the
79/2~ state. The spectra also indicate a dramatic drop in
photopeak intensity above this state.

C. Bands 4, 5, and 10

Previously, band 4 was observed up to a possible (77/27)
state [24], and it has been extended by one transition in
the present paper with two tentative transitions, which are
observed at higher spins. A y-ray spectrum of the high-energy
part of this band is presented in Fig. 7(a).

Previously, band 5 was observed up to a41/2~ state [24]. It
was linked to band 2 via a connecting stretched E2 transition of
energy 570 keV. In the present paper, a transition of energy 654
keV has been found to be the connecting transition that links
these two bands with the 570-keV transition, which is part of
band 5. In addition, band 5 has been extended by six transitions
(and one tentative transition), which takes it up to a possible
(73/27) state. These new transitions can be seen in the y-ray
spectrum of Fig. 5(b) where the full band is presented. The
multipolarity of the 654-keV linking transition was measured
and was found to be of a stretched quadrupole character (see
Table I), which confirms the previous assignment of negative
parity for band 5.

In a previous paper by Deleplanque et al. [24], three
tentative transitions, with energies of 1053, 1005, and 941
keV, were observed in coincidence. They were thought to be
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FIG. 1. Partial-level scheme for °Er constructed from the present paper; see Fig. 2 for the remainder of the scheme. Transition energies and
the excitation energy of the band heads are given to the nearest keV. The width of the arrows represents the relative intensity of the transitions
with the unshaded regions attributed to internal conversion. Spin assignments and excitation energy of the band labeled TSD 1 are based on
comparisons with results from CNS calculations; see text as well as Ref. [20].
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FIG. 2. Partial-level scheme for '*°Er constructed from the present paper for the strongly coupled bands; see Fig. 1 for the remainder of the
scheme. Transition energies and the excitation energy of the band heads are given to the nearest keV. The width of the arrows represents the
relative intensity of the transitions with the unshaded regions attributed to internal conversion.

linked to the main-level scheme through the 81/27 yrast state.
In the present paper, these transitions have been found to be
part of a new rotational sequence, band 10, which extends from
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(51/27) up to a probable (95/27) state. Photopeaks associated
with the transitions observed in this band are present in the
y-ray spectrum of Fig. 7(b). Four linking transitions have also
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FIG. 3. Background-subtracted y -ray spectra from the E‘y‘ hyper-
cube produced with (a) a sum of triple gates set on the yrast band,
(b) a sum of triple gates set on the 830-1153(1154)-keV transitions
in coincidence with the 1342-keV transition, and (c) a sum of triple
gates set on the 830-1232-keV transitions (excluding the 1153- to
1154-keV transitions) in coincidence with the 1276-keV transition.

been observed, connecting this band to band 3 and the yrast
band. From the angular-intensity ratio measurement (Table
I), the multipolarity of the 1143-keV transition was extracted
and was found to be of stretched quadrupole nature, which
suggested negative parity for this band.

TABLE II. Quasiparticle labeling scheme for '°Er based on the
predominant Nilsson components at iw = 0 MeV and their parity
and signature (77, o). Note that the vho,, and f7/, orbitals are highly
mixed.

Label (7, o), Nilsson orbital at

ho = 0MeV

Quasineutrons A (+,+1/2), i132[65113/2
B (+,—=1/2), i132[651]3/2

C (+,+1/2), i13/2[660]1/2

D (+, —=1/2), i13/2[660]1/2

E (=, +1/2) f2,2[521]3/2

F (=, —1/2), f1252113/2

G (—,+1/2), ho/»[52315/2

H (=, —1/2), ho/»[523]5/2

Quasiprotons A, (—,—1/2) hi12[523]7/2
B, (=, +1/2), h112[523]7/2

c, (=, —1/2), ho/p[541]1/2

D, (=, +1/2), hopa[541]1/2

E, (+, =1/2) 872404172

F, (+, +1/2), 812[404]7/2

PHYSICAL REVIEW C 84, 054320 (2011)

1000 g (a)
500 8 g 2
- s Y
0 MMW
500 (b)
(V)]
g 8
o 8 o
o =
0 ! rofthed
(e 0] ~
500 B % s T ©
N8BS B 2 B gf
Ol L. NG JJM .LHL ﬂh. i l P Wl e 1A
700 800 900 1000 1100 1200 1300

Energy (keV)

FIG. 4. Background-subtracted y -ray spectra from the £ ; hyper-
cube produced with (a) a sum of triple gates set on band 1 above the
47/27" state to the (87/2") state and a sum of triple gates set on band 2
up to the (93/27) state in coincidence with (b) the 1209-keV transition
and (c) the 1292-keV transition. Photopeaks that correspond to linking
transitions are labeled with triangles, and photopeaks within the yrast
band are labeled with diamonds.

D. The y band

A new band, labeled the y band in Fig. 2, has been observed
in the current paper. It consists of 15 intraband transitions
and is connected to the yrast band through a series of high-
energy (>1 MeV) y decays. The multipolarity of seven of
these connecting transitions was measured and was found to
be consistent with them and to be of stretched quadrupole
character, which assigned this band to be of positive parity
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FIG. 5. Background-subtracted y-ray spectra from the E; hyper-
cube produced with (a) a sum of triple gates set on transitions in band
3 to display the low- and high-spin parts of this sequence and (b)
a sum of triple gates set on band 5. Photopeaks that correspond to
linking transitions are labeled with triangles, photopeaks within the
yrast band are labeled with diamonds, and photopeaks labeled with
crosses correspond to transitions within band 2.
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FIG. 6. Background-subtracted y-ray spectra from the E ‘y‘ hyper-
cube produced with a sum of triple gates set on band 3 from the
decay of the 39/2~ state to the 79/2~ state in coincidence with (a)
the 1209-keV transitions and (b) the 1222-keV transition. Photopeaks
that correspond to linking transitions are labeled with triangles.

with signature (41/2). A sum spectrum of triple gates on the
low-spin states of this band is presented in Fig. 8(a). Two
linking transitions are also identified in this spectrum, which
connects the y band to band 1, as well as a transition of energy
666 keV, which connects the 21/2% state in the y band to
the yrast state with the same spin and parity. The spectrum
presented in Fig. 8(b) highlights the high-spin transitions in
this band.

E. The strongly-coupled bands

Previously, bands 6 and 7 in Fig. 2 were observed in
Refs. [24,25]. The present paper confirms these structures and
extends band 6 by two tentative transitions and establishes a
new sequence of transitions in parallel with band 7 at high
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FIG. 7. Background-subtracted y -ray spectra from the E ‘y‘ hyper-
cube produced with a sum of triple gates set on (a) band 4, from the
decay of the 33/2 state to the 57/2 state, in coincidence with the
1046-keV transition, and (b) band 10, from the decay of the 59/2~
state to the (91/27) state. Photopeaks that correspond to linking
transitions are labeled with triangles, photopeaks that correspond
to transitions within the yrast band are labeled with diamonds, and
photopeaks labeled with asterisks correspond to transitions within
band 3.
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FIG. 8. Background-subtracted y -ray spectra from the E‘y‘ hyper-
cube for the y band, produced with a sum of triple gates set on (a)
the 438-, 497-, 549-, and 610-keV transitions and (b) the transitions
that correspond to the decay of the 21/2" state to the 61/27 state.
Photopeaks that correspond to linking transitions are labeled with
triangles, photopeaks that correspond to transitions within the yrast
band are labeled with diamonds, and the photopeak labeled with an
asterisk corresponds to a transition within band 1.

spins. A y-ray spectrum representative of bands 6 and 7 is
presented in Fig. 9, where each panel corresponds to a different
energy range. This spectrum confirms the linking transitions
that connect bands 6 and 7 to the yrast band and bands 1 and 2,
as well as the linking transitions with energies 807 and 929 keV,
which infer an excited state at 1713 keV. Angular-intensity
ratio measurements for these two transitions were extracted to
determine the spin and parity of this level. Both transitions
were found to be of a stretched dipole character, which
established a spin of 23/2 for this state, although the parity
remained undetermined, see the following discussion for a
possible positive-parity assignment. Figures 10(a) and 10(b)
provide y-ray spectra that were produced with a sum of triple
gates set on the interband transitions between bands 6 and 7
and the intraband transitions from each band. These spectra
demonstrate the presence of the highest-spin states in these
two bands.

Previously, bands 8 and 9 in Fig. 2 were reported by
Simpson et al. [25] but were not connected to the main
level scheme. In the present paper, a linking transition, which
connects band 8 to band 6 has been established. In addition,
extensions were possible for both bands 8 and 9. A y-ray
spectrum, which shows the 833-keV linking transition is
presented in Fig. 11(a). The low-spin sequences of bands 6
and 7 are present in this spectrum, which confirms that band 6
is linked to band 8 through the 35/2~ state. The multipolarity
measurement for the 833-keV linking transition suggests that
it is of a stretched dipole nature; see Table I. Extensions to the
high-spin structure of band 9 can be seen in the y -ray spectrum
presented in Fig. 11(b). In total, three new transitions were
observed for band 9 at high spins, which extended this band to a
possible (79/21) state, and two new transitions were observed
for band 8, which extended it to a possible (73/2%) state.
Transitions associated with the low-spin structures of bands 8
and 9 were also observed in the present paper, extending them
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FIG. 9. Background-subtracted y-ray spectrum from the Ef,
hypercube for bands 6 and 7 produced with a sum of triple gates
set on the interband transitions. (a) shows the energy range between
100 and 700 keV, (b) shows the energy range between 700 and 1300
keV, and (c) shows the energy range between 1300 and 1900 keV.
Photopeaks that correspond to linking transitions are labeled with
triangles, photopeaks that correspond to transitions within the yrast
band are labeled with diamonds, photopeaks labeled with asterisks
correspond to transitions within bands 1 and 2, and photopeaks
labeled with squares correspond to the interband transitions between
bands 6 and 7.

down to the (33/2%) and (31/2") states, respectively (see the
level scheme of Fig. 2 and Table I for details).

A third strongly-coupled structure was observed and tenta-
tively was suggested to be associated with >°Er in Ref. [25].
In this previous paper, the band was interpreted as based
on the vhyi; [505]11/2 band head from alignment and the
B(M1)/B(E2) ratio arguments. This band head is isomeric,
and the present data cannot confirm the assignment to '>°Er,
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FIG. 10. Background-subtracted y-ray spectra from the E;‘, hy-
percube for bands 6 and 7 produced with a sum of triple gates set on
the interband transitions from 130 to 327 keV and (a) the 1072-, 1125-,
and 1196-keV transitions from band 6 and (b) the 1109-keV transition
from band 7. Photopeaks that correspond to linking transitions are
labeled with triangles.
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FIG. 11. Background-subtracted y-ray spectra from the E‘y‘ hy-
percube for bands 8 and 9. (a) was produced with a triple gate set on
the 249- and 272-keV transitions from the decay of bands 6 and 7
and the 215-keV transitions from band 9, and (b) was produced by
a sum of triple gates set on all of the interband transitions between
bands 8 and 9 in coincidence with the 984-keV transition of band
9. Photopeaks that correspond to linking transitions are labeled with
triangles, photopeaks that correspond to transitions within the yrast
band are labeled with diamonds, photopeaks labeled with asterisks
in (b) correspond to the interband transitions between bands 8 and 9,
and photopeaks labeled with squares in (b) correspond to transitions
from bands 6 and 7.

therefore, this band has not been included in the present-level
scheme. It is noted that the energies of this band at low
spin [25] are similar to those in the same structure observed in
19TEr [36,37].

IV. DISCUSSION

The odd-N nucleus of '3JEre; has 13 nucleons outside of
the doubly magic 'édegz core. Its Fermi level lies near the
bottom of the N, = 6 neutron shell. The occupation of the
neutron i3/, high-j low-$ orbitals drives the nuclear shape
toward prolate deformation, which gives rise to dominant
collective rotational structures. The level schemes of Figs. 1
and 2, constructed from the present paper, provides a diverse
range of rotational bands. To determine their underlying
configurations, Woods-Saxon cranked shell-model (CSM)
calculations [38,39] have been performed for 1%Er. The
resulting quasiparticle trajectories for the neutrons and protons
are presented in Figs. 12(a) and 12(b), respectively. Table II
provides the usual labeling scheme for the orbitals involved in
the following discussion.

In addition, to help identify the characteristics of the exper-
imentally observed bands in '3°Fr, aligned angular momentum
(or alignment) [40] as a function of rotational frequency and the
excitation energy relative to that of a rotating liquid drop (based
on the Lublin-Strasbourg model [41,42]) as a function of spin,
are plotted in Figs. 13, 15, 16, and 17. In the aligned angular
momentum plots, a natural reference [43] was subtracted.
This is based on Harris parameters [44,45] extracted from
variable moments of inertia fits to the favored ground-state
structure (band 2) with values of Jp = 20.4h%> MeV~! and
Ji = 57.7h* MeV .
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FIG. 12. (Color online) The results of the CSM calculations for
159Er (a) neutrons and (b) protons. The deformation parameters used
were 8, = 0.235, B4 = 0.046,and y = 0.0° and with pair gaps A, =
1.00 MeV and A, = 1.13 MeV. The quasiparticle labeling is given
in Table II. Solid lines (red) show levels with parity and signature
(7, @) = (+, +1/2); dotted lines (red) show (4, —1/2) levels; dashed
lines (blue) show (—, —1/2) levels; dot-dashed lines (blue) show
(—, +1/2) levels.

The most probable quasiparticle configurations, based on
the following discussion, for all of the bands, are summarized
in Table III.

A. Positive-parity bands: The yrast band, band 1,
and the y band

Previously, the behavior of the yrast band was discussed
[22-24] as based on the odd neutron, which occupied the
favored signature (+,+1/2) of the i3/, Nilsson orbital
[651]3/2, labeled A in Table II and Fig. 12(a). An initial
alignment for this band of ~6h, from Fig 13(a), reflects its
one-quasi-particle nature. With the odd neutron in this active

TABLE III. A summary of the quasiparticle configurations
proposed for the bands observed in '*Er.

Band Quasiparticle configurations

Yrast A— ABC - ABC®A,B,

1 B - BAD - BAD® A,B, and EF and/or CD
y band Yy®A—->yQ®ABC - y®ABC®A,B,

2 E — EAB — EAB® A,B,

3 F —- FAB - FAB®A,B,

4 GAB — GABEF ® A, B,

5 EBC - EBC®A,B,

6 and 7 AQA,E,(F,) > ABC® A,E,(F,)

8and9 EAB® A,E,(F,) - EAB ® A,E,(F,)B,C, and A,D,
10 (HABEF) — (HABEF ® A,B,)
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FIG. 13. (Color online) (a) The aligned angular momentum
(alignment) as a function of rotational frequency for the yrast band
and its high-spin parallel sequence labeled (4, +1/2),, band 1 and
branching above (87/2"), labeled (+, —1/2),, and the y band.
(b) Energy relative to a rotating liquid drop as a function of spin
for these bands.

orbital, the first (i3 /2)2 neutron alignment AB, predicted
to occur at iiw ~ 0.24 MeV, is blocked. Instead, this band
undergoes the second (i3 /2)2 neutron alignment BC at
hw ~ 0.36 MeV followed by the first (hy; /2)2 proton align-
ment, the A, B, crossing, athw ~ 0.45 MeV.

Band 1 has been established as the unfavored signature
partner of the yrast structure (4, —1/2) [22], with the odd
neutron occupying the B orbital of Table II and Fig. 12(a).
The alignment and energy of this band, Fig. 13, show it to
have a lower initial alignment than the yrast band and to lie
higher in energy. The present paper has pushed this band from
the 43/2" state up to high spin (91/27%), and the alignment plot
in Fig. 13(a) establishes two gains in alignment at i ~ 0.38
and hw ~ 0.44 MeV. The first gain is interpreted as the third
(i13 /2)2 neutron alignment A D, and the second is interpreted
as the A, B, crossing.

The new band observed in the present paper, labeled the y
band in Fig. 2, is at a higher-excitation energy but has the same
parity and signature as the yrast band. A possible interpretation
for this sequence is that it is based on a vibrational excitation
coupled to the 713/, neutron yrast band. The systematics for the
first few states of the bands based on y-vibrational excitations
in the erbium isotopes with N = 88 through to N = 94 are
presented in Fig. 14. The energy of the corresponding yrast
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FIG. 14. (Color online) Systematics for the 2+, 3%, 47, 5% and
6% states of the bands based on y-vibrational excitations for '°Er
[46], Er [3], 8Er [22], “°Er, '%°FEr [47], and '©2Er [48]. Also
included are the values for the yrast 2+ and 4% states. The energies
and spins of the bands observed in the odd-A isotopes are given
relative to the lowest-lying state of the yrast band with 13/2%.

2% and 47 states are also presented in this figure. For the odd-
A erbium isotopes, the energies and spins have been plotted
relative to the yrast 13/2% state. The level energies for the
y band in ""°Er exhibit good agreement with the systematics
for the corresponding states identified in these neighboring
isotopes and, therefore, may be interpreted as based on the
y-vibrational excitation at low spins. At higher spins, the plots
of Fig. 13 show a more complex nature for this band. Two gains
in alignment are observed with increasing angular frequency at
hw ~ 0.40 and ~0.50 MeV, which are interpreted as delayed
BC and A, B, crossings, respectively. The nature of the upturn
in alignment between fiw ~ 0.20 MeV and ~0.35 is unclear.

Also plotted in Fig. 14 are the energies of the 31 and 57 odd-
spin y-vibrational states observed in the even-even isotopes.
A possible candidate for the corresponding state in '>°Er is
the 23 /2 state (plotted in Fig. 14), which is associated with
the decay out of band 7 in Fig. 1. This state is also plotted in
the energy plot of Fig. 13(b) as an open diamond.

B. Negative-parity bands: Bands 2, 3, 4, 5, and 10

Previously, bands 2 and 3 were interpreted as based on
the [521]3/2 Nilsson orbital with (—, +1/2) and (—, —1/2)
[22,24], the E and F configurations, respectively. With the
addition of the new transitions observed in the present paper
for band 3 between the 15/27 and 27/2~ states, both signature
partners are observed to undergo the AB crossing at hiw ~
0.24 MeV; see Fig. 15(a). At higher angular frequency, how ~
0.42 MeV, both bands experience the first (i /2)2 proton
alignment A, B, [24].

Previously, band 4 was discussed in terms of the next
higher-lying negative-parity positive-signature configuration
G [24]. Its initial alignment, from the plot of Fig. 15(a), of
~8hathw ~ 0.24 MeV suggests the configuration G A B. This
band then appears to experience a gradual gain in alignment
with increasing angular frequency. A more distinct gain in
alignment occurs at iw ~ 0.45 MeV, which is most likely the
A, B, crossing. After this crossing, its alignment is ~ 27 higher
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FIG. 15. (Color online) The aligned angular momentum (align-
ment) as a function of rotational frequency for band 2 with (a) band 3
and its high-spin parallel sequence labeled (—, —1/2), and (b) bands
4 and 10.

than that of bands 2 and 3 (based on the E and F configurations
at low frequency, respectively). A possible reason for this may
lie with the (f7/2/ ho /2)2 E F crossing, which occurs at roughly
the same rotational frequency as the A, B, crossing.

The negative-parity positive-signature nature of band 5
suggests that it is associated with either the next higher-lying
configuration above G or that it corresponds to a continuation
of the E configuration beyond the AB crossing. The latter
interpretation was speculated in Ref. [24]. With the addition
of the new transitions observed in the present paper, the
alignment characteristics lend weight to this assignment, with
the initial alignment that suggests a smooth continuation of the
E configuration, which possibly undergoes a second (i3 /2)2
neutron alignment (BC) at iw ~ 0.27 MeV and the proton
A, B, alignment at hw ~ 0.38 MeV; see Fig. 16(a).

In the present paper, a new band with negative parity
and negative signature has been observed, band 10. This
assignment would suggest that band 10 is the signature partner
of either band 4 or band 5. The alignment and energy plots
of Figs. 15(a) and 15(b) do not give a clear indication as to
which interpretation is most likely. However, band 4 lies at a
lower excitation energy than band 5, and therefore, band 10
may be its unfavored signature partner. The initial alignment
of band 10 of ~ 15k suggests that it is based on, at least,
a three- or five-quasi-particle configuration. The alignment
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FIG. 16. (Color online) (a) The aligned angular momentum
(alignment) as a function of rotational frequency for bands 2 and
5. (b) Energy relative to a rotating liquid drop as a function of spin
for bands 2, 3 [with its high-spin parallel sequence (—, —1/2),],4, 5,
and 10.

gain at iw ~ 0.52 MeV may also be attributed to a further
two-quasi-particle excitation. If band 10 is interpreted as the
unfavored signature partner of band 4, then its initial alignment
may be attributed to the HABEF configuration, which then
undergoes a delayed A, B, crossing at iw ~ 0.52 MeV. The
latter crossing may also be an unpaired band crossing that
involves a pair of neutrons as discussed in Sec. IV D. However,
in the absence of the low-spin structure of this band, these
assignments remain speculative.

C. Strongly-coupled structures

The strongly-coupled signature-partner bands observed
in PEr were discussed previously in terms of multiquasi-
particle excitations that involved the mhy,2[523]7/2 and
787/2[404]7/2 configurations coupled to the odd neutron
[25]. Branching ratios were measured, and ratios of reduced
transition probabilities B(M1)/B(E2) were deduced, which
strengthened the proposed assignments.

Bands 6 and 7 (labeled band 1 in the previous paper of
Ref. [25]) were interpreted at low rotational frequency as
the A® A,E,(F,) configurations. The gain in alignment at
how ~ 0.34 MeV, see Fig. 17(a), then was attributed to the BC
crossing. In the present paper, the strongly-coupled sequence,
bands 6 and 7, has been extended up to higher spins, and
an additional sequence has been observed in parallel with
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band 7. With the extensions to band 6, a gain in alignment
is observed atiw ~ 0.59 MeV. At a similar frequency in band
7, the alignment becomes somewhat erratic, and the parallel
sequence is observed. The second and third proton alignments,
the B,C, and A, D, crossings, respectively, are predicted to
occur around this angular frequency, see Fig. 12, and may be
the cause of these observations.

Previously, the second strongly-coupled structure, bands 8
and 9, was discussed in terms of the A, E,(F,) configuration
coupled to the odd neutron that resides in the E orbital and,
therefore, by assigning positive parity to the band [25] (labeled
band 2 in this previous paper). The spin assignments deduced
for these bands suggested that an initial configuration of
EAB ® A,E,(F,) was appropriate for the alignment. From
the present paper, the addition of the observed connecting
transition and its measured dipole nature helps to confirm the
previously deduced spin assignments. The band-head spins for
bands 8 and 9 are assigned (33/2%) and (31/2"), respectively,
in agreement with Ref. [25]. The newly observed extensions
at low spins for these bands also help to confirm the previous
configuration assignment with a sharp gain in alignment in
the plot of Fig. 17(a) at hw ~ 0.22 MeV, which suggests the
presence of the AB crossing. The extensions at high spin
show gains in alignment for both bands at iw ~ 0.48 MeV;
see Fig. 17(a). As with bands 6 and 7, the A, B, crossing is
expected to be blocked in bands 8 and 9 caused by the presence
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FIG. 17. (Color online) (a) The aligned angular momentum
(alignment) as a function of rotational frequency for the strongly
coupled bands. (b) Energy relative to a rotating liquid drop as a
function of spin for these bands. See text for further details.
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FIG. 18. (Color online) Calculated energy as a function of the
shape of the nuclear potential. The potential is specified by using the
quadrupole deformation parameter ¢, and the triaxiality parameter
y. The energy surfaces are drawn for the (+, +1/2)7 (h11,2)*v(i132)?
configuration of '>°Er at spins 85/2, 89/2, 97/2, 101/2, 105/2, and
109/2. Contour lines are separated by 0.25 MeV, and the y plane is
marked at 15° intervals. Dark regions represent low energy.

of a proton in the A, orbital. Therefore, these alignment gains
could be attributed to the B,C, and A,D, crossings. The
crossings appear lower in angular frequency than predicted by
the CSM calculations, Fig. 12(b), which may be an indication
that these configurations have different deformations. It is
interesting to note that the unpaired band crossings, attributed
to the specific neutron i3/, single-particle exchanges in band
2, see discussion in Sec. IV D, may well be expected in these
strongly coupled bands since they are based on the same
neutron configuration.

D. Band termination, oblate structures, and
unpaired band crossings

At the highest spins in the yrast band, a parallel y-decay
sequence is observed from a second [™ = 89/27 state and is
labeled (4, +1/2), in Fig. 13. This sequence quickly becomes
yrast, see Fig. 13(b), and extends up to the (101/2%) state. In
Ref. [26], it was suggested that the structure of the 89/2%
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and (101/2%) states, in this decay sequence, is similar to the
favored oblate configurations at 40* and 46% in '33Er [12].

To understand the behavior of '>Er at the highest angular
momenta observed, calculations have been performed using
the unpaired CNS model [42,49,50]. In this formalism,
configurations are specified by the total number of particles
in the open j shells (or valence shells) contrary to the CSM
formalism where only aligned particles are listed. In the CNS
formalism, some of the measured yrast (+, +1/2) states are
interpreted as being built with four 4;;/, proton orbitals and
three i3> neutron orbitals occupied outside the '¢¢Gds, core.
Potential energy surfaces for this configuration are presented in
Fig. 18. This n(h11/2)4v(i13/2)3 configuration starts out with a
near-prolate shape (y = 0°), and, as shown in Fig. 18, it s still
collective at 85/2% but with y ~ 35°. At higher spins, well-
defined minima with y = 60° (noncollective oblate) are pre-
dicted to occur at 89/2%, 101/2%, and 109/2%. The y = 60°
minimum at 101/2* corresponds to a terminating state, which
is constructed from full alignment of the spin vectors in the va-
lence configuration [7(h11/2)*l16+[V(i13/2)* (hoy2 f7/2)Tgo 2+
This is similar to the configuration for the fully aligned 46™
state in neighboring '8Er but with the extra odd neutron
that resides in the next available 13/, orbital for Er [26].
Similarly, the 89/2% state with y = 60° is constructed with
one spin vector of the hgs f7,> neutrons antialigned. The fully
aligned 101/27 state is illustrated in a sloping Fermi surface
diagram in Fig. 19. By starting from this state, an arrow
illustrates how the 89/27 state is formed when one neutron is
moved within the hg 5 f7/, orbitals from anm = 5/2 state to an
m = —7/2 state. Similarly, a (4+, —1/2) 91/27 state is formed
when the neutron is moved from the m = 5/2 state; see Fig. 19.

The energies for the configurations calculated in the yrast
region above spin 304 are presented with the experimental
data in Fig. 20. The positive- and negative-parity states are
shown in the left and right panels, respectively. The (4, +1/2),
sequence (89/2-101/2) with the aligned states at 89/27
and (101/27%) is described well by the n(h11/2)4v(i13/2)3
configuration, which is illustrated in Fig. 18. The (4, +1/2)
yrast states for I < 89/2 are interpreted as being built on
a configuration with two additional %/, protons, namely,
7 (h11,2)°v(i13/2)°. The difference in the slopes of the ex-
perimental and calculated E — Eyq curves for spin values
I ~ 30-40 may be explained from pairing correlations that
are not included in the calculations.

It is possible to build higher-spin states than 101/2% within
the constraints of the 7 (h; /2)4v(i 13 /2)3 configuration. This is
achieved by promoting a proton from the ds;> g7/, orbitals to
the d3/,51, orbitals, which forms a new rotational band that
terminates at 109/2". The formation of this 109/2" state is
also illustrated in Fig. 19, i.e., by starting from the aligned
101/27 state, a proton is moved within the Nos. = 4 orbitals
from an m = —5/2 state below the Z = 64 gap to the m =
3/2 state above the gap. This terminating state has yet to be
observed experimentally. However, the higher-spin states in
the continuation of the yrast band above 89/2% might be built
with this configuration; see Fig. 20(b).

The (+, —1/2) states (band 1) branch at (87/2%); see
Figs. 1 and 20(a). The lowest-energy branch appears to be
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similar to that observed in the yrast band, which suggests that
the lowest-energy (91/2%) state is the aligned configuration
[7r (h112)* 16+ [V(i13/2) (ho 2 f1/2)%159 2+ . This configuration is
illustrated in the sloping Fermi surface diagram, Fig. 19.
The observation of this state supports the prediction [14]
that an aligned state should be observed in the neighboring
nucleus of '8Er at 417, This state, with the configuration
[ (h112)* 16+ [V(i13/2)*(hoy2 f1/2)%Tos+, is yet to be observed
experimentally.

For negative parity at high spin, configurations with an
odd number of /1, protons and i13,, neutrons are favored in
the calculations; see Fig. 20(e). For signature « = 1/2, these
configurations also give a possible explanation for crossings
observed in band 2. A problem, however, is that the signature
o = —1/2 branch, not shown in Fig. 20(e), is calculated
to lie ~150 keV lower in energy in the I =40-50 spin
range. Although these configurations are lowest in energy,
they are not assigned to the observed bands 2 and 3. This
is because these bands are interpreted, at intermediate spin
values in the paired regime, as having negative parity for the
neutrons, according to the above discussion of their alignment
properties and comparison with the CSM. Therefore, band 2
is assigned to configurations with an even number of both
hi1/2 protons and i3/, neutrons, which are also shown in
Fig. 20(e). The crossing observed at I =~ 40 is understood as
arising between bands based on configurations with two and
four i13/, neutrons [which are labeled [6(1),2] and [6(1),4],
respectively, in Fig. 20(e)]. Indeed, the observation of an
isolated band crossing at this frequency in the experimental
data led Riley et al. [29] to interpret this as an unpaired
band crossing. This crossing was described as an exchange
of occupation at the crossing of a pair of high-j (i13,2)
neutrons. The scenario of such a crossing, which occurs
independently of pairing, is thus supported by the present CNS
calculations.

The unpaired band crossing in band 2 occurs at a frequency
hw ~ 0.55 MeV. The simple single-particle model, outlined in
Ref. [29], predicted a similar crossing in band 3 but at a higher
rotational frequency. The new high-spin transitions in band
3 indicate a branching in the sequence at 79/2~ with hiw ~
0.60 MeV; see Fig. 1, which may indicate a crossing. The
additional (83/27), (87/27) states have very similar energies
to corresponding states in band 3, as presented in Fig. 1 and
Table I. The CNS calculations also predict a delayed crossing
between configurations with two and four i3/, neutrons in this
o = —1/2 branch but at a spin value, which roughly coincides
with the highest observed spin in band 3. This suggests that
band 3 needs to be observed for higher-spin values to test these
predictions.

At the highest-spin values in band 2, another discontinuity
is observed experimentally. This correlates well with the
calculated crossing between configurations with six and four
hi1/2 protons; see Fig. 20(e). Then, this would suggest that
the highest-spin state of band 2 (105/27) corresponds to
the full spin alignment in the valence space configuration
[ (h112) 16+ [V(i13/2)* (hos2 f1/2)° 1732~ In the calculations,
the relative energies are off by approximately 500 keV, but
this is not unexpected for configurations that differ by a
two-particle two-hole excitation.
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FIG. 19. (Color online) Sloping Fermi surface diagrams for
protons and neutrons at the deformation specified in the figure, which
is typical for the terminating configurations in '’Er. The orbitals
are labeled by subshells, but some of these subshells are strongly
mixed so that, for example, the neutron /g, f7/, or the proton g7,,ds >
orbitals are treated as one entity. In the fully aligned proton 167
state and neutron 69/2% state, all orbitals below the sloping Fermi
surfaces drawn by thick lines are occupied. Then, how favored lower
spin-aligned states can be formed if one neutron is moved to an
antialigned orbital and how higher spin favored states are formed
when one proton is excited across the Z = 64 gap are indicated by
arrows. With the present A = 150 parameters [51], the m = +1/2
and m = £3/2 states of the proton £/, subshell and those labeled
ds are very close to degenerate. Therefore, the d3/, states are drawn
at a somewhat higher energy to make the figure easier to read.

The interpretation, at high spins, of the positive-parity
yrast band and band 1 with the aligned states at 89/2, 91/2,
and 101/2, together with the negative-parity band 2, appear
successful. Indeed, the difference in energy between the 89,/2F
and 101/27 states experimentally is 3.16 MeV, whereas, the
calculations give 2.96 MeV. At such high spins and excitation
energies, this agreement, to within a few hundred keV, is
satisfactory. The energy difference between experiment and
theory for the analogous states in '®Er, namely, the 40* and
467 states, was discussed previously in Ref. [52].

An interesting observation is that the energy difference be-
tween the states in the yrast band and band 1 is approximately
0.5 MeV in the high-spin range, whereas, these bands are
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FIG. 20. (Color online) Experimental and calculated energies
relative to a rotating liquid drop as a function of spin for the
near-yrast bands above 307. (a) and (b) are positive-parity states. (d)
and (e) are negative-parity states. The energy difference between the
experimental states and the associated calculated states assigned by
theory is presented in (c) and (f) for the positive- and negative-parity
states, respectively. The calculated configurations are labeled in the
standard way by the number of 5y, protons and i3, neutrons
but, in addition, by the number of ds;,s,,, protons in parentheses.
Positive-parity states are connected by solid lines, and negative-parity
states are connected by broken lines. Solid symbols correspond to
(¢ = +1/2), and open symbols correspond to (¢ = —1/2). Aligned
states are marked with large open circles. Suggested band crossings
are indicated by thin dashed lines. Note that the differences in panel
(f) are obtained when the negative-parity bands 2 and 3 are compared
with configurations that are calculated a few hundred keV above yrast;
see text for details.

close to degenerate in the unpaired CNS calculations. The
reason for this signature doubling, which is not observed in the
experiment, is that these configurations with an even number
of hy1/, protons have one d3,,51,2 proton (as seen from the
configuration labels in Fig. 20) and, thus, one or three holes in
the g7,2ds), orbitals below the Z = 64 gap. At prolate shape,
they are the [404]7/2 and [402]5/2 Nilsson orbitals, which
are both close to signature degenerate; see, e.g., Fig. 3 of
Ref. [13]. From the general experience of pairing correlations
in the ground state, both these configurations can be described
as having a broken pair, and it might then be assumed that they
have similar pairing energies. To investigate this, preliminary
calculations, which include pairing, have been performed
according to the formalism presented in Ref. [53], i.e., with
particle-number projection and minimization of the energy
not only in the shape degrees of freedom, but also in the
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pairing gap A and Fermi energy A. The outcome is that, in
general agreement with the experiment, the configuration with
the same number of protons in both signatures is favored by
approximately 0.5 MeV compared with the configuration with
two odd protons, which have the signature « = —1/2. Thus,
it appears that, in this high-spin region, the combination of
an o = —1/2 proton of d3/,5,, character with an oo = +1/2
proton of g7/2ds/> character has a lower pairing energy than
the combination where the signatures are the same. Since, at
zero rotation, this would not be the case, this demonstrates
the different mixtures of the wave functions in the high-spin
region.

E. Triaxial bands

Beyond the terminating states at ~ 40k in 37-133Er, collec-
tive bands with high moments of inertia have been observed
[15]. Bands with similar characteristics were observed in the
present experiment for 'Er and '®°Er [20]. These bands
have been compared with CNS calculations and have been
interpreted as TSD structures [20] ¢, ~ 0.37 and y ~ £20°.
The possible TSD band associated with '3°Er is labeled TSD 1
in Fig. 1 and has been assigned tentative spin values based on
comparisons with CNS calculations [20]. Lifetime measure-
ments on the bands in >71>8Er [16] confirm that these bands
are indeed strongly deformed. However, the experimentally
extracted Q; values do not agree with the calculated favored
triaxial minimum, which has positive y deformation. In fact, a
more deformed positive-y or a negative-y deformation gives
better agreement. These recent experimental results highlight
a challenge for the understanding of the triaxial degree of
freedom and suggest that other theoretical approaches may
need to be explored [16]. Indeed, tilted cranking models
suggest that the rotational axis can lie between the intermediate
and the short principal axes. Thus, a rotational band may
be associated with a mixing of the positive- and negative-y
minima, and recent calculations by Shi er al. [54] discuss this
issue and the structures responsible for the reemergence of
collectivity at such high-spin values (I = 50-607).

V. CONCLUSIONS

A detailed spectroscopic investigation of '>°Er has been per-
formed to understand the structural changes that occur with in-
creasing angular momentum and excitation energy. The paper
has revealed new rotational bands and extensions to existing
ones, which are based on specific quasiparticle configurations
discussed within the framework of the CSM. In addition, one
new band may be based on the y-vibrational structure coupled
to the i3/, yrast band. At the highest spins observed, ~ 507,
there is strong evidence for yrast and near-yrast terminating
sequences, which signify a change in structure from collective
prolate to single-particle oblate shapes. Indeed, the favored
positive-parity states at 89/2%, 91/2%, and (101/2%) and
the negative-parity (105/27) state, are interpreted as the
fully aligned terminating states from comparisons with CNS
calculations. The unpaired band crossing at icw = 0.55 MeV
in band 2, identified previously, is confirmed in the CNS
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calculations. A band with a high moment of inertia was also
observed and was interpreted as a strongly deformed triaxial
structure, although the exact nature of the y deformation
remains to be understood.
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