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Abstract

High-spin states in ' Yb and '®Yb have been investigated using the '*Sn(*3Ca,xn) reaction
at a bombarding energy of 210 MeV. The level sequences of the two nuclei were established from
a large set of high-fold y-ray coincidence data detected in the EUROGAM spectrometer. The
experimentally observed upbends at high rotational frequency are discussed in terms of the cranked
shell model for protons both with and without pairing. An unpaired crossing involving interchange
of proton orbitals is tentatively identified. No evidence was found for hyperdeformation.

Keywords: NUCLEAR REACTIONS 12Sn(*8Ca, 5-4n) 167168 yh E =210 MeV; measured Ey, Iy,
yyy-coinc. 1718 Yb deduced levels, rotational bands, aligned angular momentum, i. Cranking model,
Nilsson, Woods—-Saxon

1. Introduction

It has been recognised for many years that rare-earth nuclei with atomic number
Z ~ 70 and neutron number N ~ 98 exhibit rather stable prolate-deformed shapes,
which are largely independent of spin and configuration [1]. Total routhian surface
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calculations [2,3] indicate that the nuclei in this region have a deep minimum in the
potential surface at 8 ~ 0.25 and ¥ ~ 0°. Only at the highest rotational frequencies
corresponding to a spin of 70-80%k does a second minimum appear corresponding to
hyperdeformation with 8, ~ 1.0, corresponding to a major to minor axis ratio of 3 : 1.
These nuclei, of which '971%Yb are good examples, are particularly favourable candi-
dates for the study of rotational properties at high angular momentum under conditions
of stable deformation by means of discrete line and continuum y-ray spectroscopy.

The nuclei 7Yb and 1%8Yb have been previously studied by Bacelar et al. [4]. More
recently Oliveira et al. [5] reported a further study of '%8Yb, in which nine high-spin
rotational bands were identified with the yrast band extended to /™ = 38*. It has been
argued [4,5] that the detailed properties of the decay sequences at the highest spins
observed are consistent with the loss of static neutron pairing correlations. However,
proton pairing correlations are expected to remain and hence second backbends due to
proton alignment may be expected.

An important aim of the experiment reported in this paper was to extend the level
schemes of both '%7Yb and '68Yb to higher rotational frequencies where alignment
associated with several proton configurations could be expected to occur. In addition, a
search for evidence of hyperdeformation was made.

"2. Experimental procedure and analysis

The high-spin states of 17Yb and '®Yb have been studied using the EUROGAM array
consisting of 45 large Ge detectors each surrounded by a BGO suppression shield [6].
The '¢71%8Yb nuclei were produced in excited states of high angular momentum by
means of the fusion-evaporation reaction '2*Sn(*3Ca,xn)!"2=*Yb. The **Ca beam was
provided by the tandem accelerator at the Nuclear Structure Facility, Daresbury Labo-
ratory. The bombarding energy of 210 MeV was chosen to optimise the formation of
68Yb at I ~ 65 and also to produce '97Yb with a large cross section through the 5n
channel. The !24Sn target consisted of two unbacked stacked foils each of thickness
0.5 mg-cm™2. Approximately 800 million coincidence events of suppressed fold > 3
were recorded in event-by-event mode.

Newly developed software has been used to construct three-dimensional matrices
from the data [7]. In the simplest kind of sort, all three-fold events, including those
unfolded from higher folds, were incremented into a three-dimensional matrix. More
complex sorts have also been performed in which only fold > 4 events were selected
and appropriate energy conditions were set during the sorting operation on one of the
y-ray parameters before incrementing the matrix. These techniques made it possible
to project very clean one-dimensional spectra after setting 2 or 3 gates on appropriate
transitions. Typical spectra for 1%¥Yb obtained by summing coincidence spectra derived
in this way are shown in Fig. 1.
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Fig. 1. Gated gamma-ray spectra for the (+,0) (band 1) and (—, 1), (band 2) decay sequences of 168yh
populated by the 2*Sn(*8Ca, 4n) reaction. The composite spectrum for each decay sequence is obtained
by summing individual spectra associated with a number of gates within each band. For the (4,0) band,
four-fold events were selected and gates were set at sort time on low-yrast transitions to produce a triples
cube. The spectrum shown was obtained by setting gates for the first parameter on transitions from states
between 24+ and 34% and for the second parameter on transitions corresponding to states between 10+ and
20+, For the (—, 1); band, the equivalent gate sets corresponded to states between 237 and 337, and to the
107 state in the yrast band, respectively.

3. Experimental results
3.1. Search for hyperdeformation in '¥Yb

The calculations of Werner and Dudek [3] predict the existence of a minimum in the
potential surface of '*Yb at 8, ~ 1.0 and y ~ 0°, corresponding to hyperdeformation
with a 3 : 1 axis ratio. This potential minimum is predicted to become yrast at I > 80F.

A search for evidence of a hyperdeformed rotational band has been made using data
of fold > 4 with events of fold > 5 unfolded. The approach used was based on the
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Fig. 2. Cross-diagonal cuts taken from a two-dimensional matrix (E. versus Eg) with AE = 32 keV for (a)
$(Ec + E4) =700-1000 keV and (b) 1 (E; + Eg) = 1000-1300 keV.

assumption that hyperdeformed bands will behave similarly to superdeformed bands in
exhibiting a rather constant dynamical moment of inertia Z¢» leading to a constant
energy difference between neighbouring y-ray transitions. Consider a four-fold event
specified by y-ray energies E;, E,, E3 and E,. Gating conditions were set on energy
differences of the form AF; = E, — Ey,, AE,; = E, — Ey, where a, b, ¢, d take all possible
values in the range 1-4. To specify a rotational band of approximately constant dynamic
moment of inertia T, it was required that AE, = AE,. When the gating conditions were
both met E; and E4 were used to increment a two-dimensional matrix. Ten matrices
were produced corresponding to different values of AE in the range 22 + 2 keV to
40 £ 2 keV by 2 keV steps.

A number of cross-diagonal cuts in the range 800 < %(Ec + E4) < 1500 keV were
taken for each matrix. Examples of these cuts corresponding to AE = 32 keV for
5(Ec + Eq) =700-1000 keV and }(E. + Eq) = 1000~1300 keV are shown in Fig. 2.
Although a ridge structure at multiples of (Ey — E.) = 60-65 keV, corresponding to
normal deformation (83, ~ 0.25), is clearly apparent for %(Ec + E4) = 700-1000 keV,
no concrete evidence for ridges in the range (Eq — E.) = 22-40 keV was found in



A. Fitzpatrick et al./Nuclear Physics A 582 (1995) 335-356 339

any cut. It is concluded that, within the approximation made for approximately constant
Z®, any population of hyperdeformed bands in this reaction is less than 1 part in 103
of the total intensity feeding that channel, providing the rotational cascade consists of
at least six transitions.

3.2. Level scheme of 1%8Yb

The level scheme of '®®Yb constructed from the data is shown in Fig. 3, with bands
1 to 9 labelled, where appropriate, by their signature o and parity 7 using the notation
(7, ). Table 1 summarises the relative intensities that were measured for transitions
identified in the decay scheme of '®8Yb. The spin and parity assignments shown in
Fig. 3 and Table 1 are in the main taken from the work of Bacelar et al. [4] (bands
1-5) and Oliveira et al. [S5] (bands 6 and 7). The present work corroborates the recent
findings of Oliveira et al. [5], with all nine bands independently observed, though most
now seen to higher spins. The (—,0) sequence (band 4) has been extended by five
transitions, with three additional transitions in band 1 and one further transition in bands
2, 6,7, 8 and 9. In making spin and parity assignments for the new levels, the y-rays
are assumed to be stretched E2 transitions since they are continuations of rotational
bands. The ordering of the transitions are based on coincidence relations and relative
intensities. '

The coincidence data suggests that band 6 feeds to the ground-state band in the
region of I™ = 20", though the linking transitions have not been found. However,
linking transitions for bands 8 and 9, which were left floating by Oliveira et al., have
been established. Both are found to decay to band 1. On the assumption that these
linking transitions are stretched dipoles, provisional spin assignments have been made.
For band 8 these assignments agree with those of Oliveira et al. [5], which were based
on relative intensities of high-spin transitions. However, in the case of band 9 the present
assignments are 27 lower than those given by Oliveira et al.

There is one difference between the level scheme presented here and that of Oliveira et
al., namely the ordering of the 1215 and 1234 keV transitions in band 2. The measured
intensities for this band (see Table 1 and Fig. 1) favour the 1215 keV transition to
be placed above the 1234 keV transition. This conclusion is also supported by detailed
gated spectra with gates set on individual high-energy transitions. It is therefore apparent
that an abrupt discontinuity occurs at this point in the (—, 1); (band 2) sequence. Weak
transitions for example at energies of 1153 and 1239 keV have been identified but it has
not proved possible to establish their positions in the decay scheme.

In the band 1 sequence there is a discontinuity in the roational sequence in the spin
region 38" to 40%. However, the ordering of the 1161 and 1169 keV transitions with
increasing energy is supported in agreement with the work of Oliveira et al. Similar
arguments apply to a discontinuity, observed in this work, at the top of band 4, where
the intensities are found to decrease monotonically with increasing y-ray energy.
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Table 1
Experimental summary for 1%¥Yb

Ey [keV]?® I, b Multi. IT—IT

Ex(Ii) [keV]

BAND 1I: (+,0) sequence

198.8 99.1+1.4 ¢ E2 4+ o+
298.7 100.0x1.6 E2 6T —4t
384.6 114%1.1 ¢ E2 8t —6+
4554 90.611.4 E2 10t —8+
510.6 1024+1.0¢ E2 12+—10*
552.8 109.0+1.1 © E2 14t—12%
584.7 534415 E2 16t —14t
613.9 44.6+1.3 E2 18t —16%
649.9 46.84+0.8 E2 20T —18*
699.9 25.5+£0.7 E2 22+ 20%
760.5 23.340.8 E2 24+ 22+
826.5 247408 ¢ E2 26+t 24+
893.0 142403 E2 28+ 26+
958.3 6.2+0.2 E2 30+t —28"
10204 8.0+0.2 ¢ E2 32+—30+
1079.1 2.54£0.3 E2 34+ =32+
1128.6 15402 E2 36+ —34t
1161 0.9+£0.2 E2 38t —36%
1169 0.7£0.2 E2 40t —38%
1195 0.54+0.2 E2 42+ 40"
1229 4 (E2) (44%7)y—42+
BAND 2: (—, —1); sequence
464.0 6.61+0.4 E2 15-—13—
511.0 1024+£1.0°¢ E2 17-—15-
552.8 109.0%1.1 ¢ E2 19——>17-
5753 24403 El 23— =22t
594.4 16.6+1.0 E2 217 —19—
631.8 72406 El 21~ =20t
643.9 20.54+0.8 E2 23721~
686.8 5.8+0.6 El 197 —18*
702.4 17.74+0.7 E2 2523~
7479 6.0+0.4 El 17-—16%
7672 13.840.8 E2 27 —25—
821.6 7.14+0.8 El 15~ —14%
836.3 12.74£0.8 E2 297277
907.4 10.64+0.4 E2 31— —29~
910.4 9.31+0.3 El 13- —12%
97172 5.0+0.4 E2 33— =31
1045.7 3.6£0.4 E2 357 =33~
1110.3 25404 E2 37735~
1169.7 1.940.4 E2 39737~
1234 0.940.2 E2 417 —39—
1215 0.7£0.2 E2 43~ —41—

1268 4 (B2) (457)—43”

285.8
584.5
969.1
1424.5
1935.1
1935.1
3072.6
3686.5
4336.4
5036.3
5796.8
6623.3
7516.3
8474.6
8474.6
10574.1
11702.7
12863.7
140327
15227.7
16456.7

3309.5
3820.5
43733
5611.6
4967.7
4967.7
5611.6
43733
6314.0
3820.5
7081.2
3309.5
7917.5
8824.9
2845.5
9802.1
10847.8
11958.1
13127.8
14351.8
15566.8
16834.8

341
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Table 1-— continued

Ey [keV]2 It Multi.  I7—IF  Ex(k) lkeV]
BAND 3: (+, 1) sequence
316 d E2 7t 5% 1617.8
384 114411 ¢ E2 T+ 5t 2002.1
441 3.14+0.2 E2 11t -9t 2443.1
488 40402 E2 13t =11+ 2931.1
517 3.240.2 E2 15t =13+ 3448.1
535 22402 E2 17+ —15t 3983.1
597 2.040.2 E2 19+ —17+ 4580.1
677 1.440.1 E2 21t —19+ 5257.1
754 1240.1 E2 23t 21t 6011.1
827 247408 © E2 25t 23t 6838.1
892 142403 ¢ E2 27t 25+ 7730.1
945 0.740.1 E2 29+ 27t 8675.1
995 4440.1 Ml 13+ 12+ 2931.1
1016 Ml 5t 4t 1301.8
1018} 3.640.1 Ml 11+—10% 2443.1
1033 Ml 7t 6t 1617.8
1033} 97402 Mi 9+ 8+ 2002.1
BAND 4: (—,0) sequence
258 2.340.8 E2 8§~ —6~ 2099.8
325.8 41+0.9 E2 10~ —8~ 2425.6
381.3 19 El 12-—11% 28242
398.6 15.040.9 E2 12-—10— 28242
423.7 3.44+0.2 El 10~ —9+ 24256
470.0 14.24:0.9 E2 14~ 12— 32942
482.2 f El §— 7+ 2099.8
532.6 12.440.9 E2 16-—14— 38268
540 d El 6~ —5t 1841.8
582.5 11.940.7 E2 18— —16— 44093
620.3 10.540.5 E2 20~ —18~ 5029.6
656.6 8.4+0.5 E2 22-—20"  5686.2
705.0 87.6+0.2 E2 24-22- 63912
764.0 71403 E2 26— —24— 71552
828.5 247408 ¢ E2 28— —26—  7983.7
896.0 ¢ E2 30~ —28~  8879.7
960.5 25402 E2 32307 98402
1020.0 8.0402 ¢ E2 34— 32" 10860.2
1070 1.640.3 E2 36——34— 119302
1092 0.840.3 E2 38— —361 130222
1115 07403 E2 40— —38— 141372
1131 d E2 42— —40" 152682
BAND 5: (—, 1)2 sequence
552.0 109.0£1.1 © E2 17~ =15~  4164.6
598.1 12.1%1.6 E2 19——17— 47627
638.4 9.341.0 E2 217—19~  5401.1
680.1 7.04+0.6 E2 23— 21— 60812
729.0 5.54£0.6 E2 25— 23~ 68102
789.8 49406 E2 27-—25"  7600.0
854.0 4.64+0.4 El 29— 27+ 8454.0
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Table 1 — continued

E, [keV]® IL,° Multi. Im—Ir Ex(L) [keV]
918.8 3.1+£04 E2 31— —29— 9372.8
980.7 3.640.6 E2 33- 31~ 10353.5

1035.2 6.340.4 ¢ E2 3533~ 11388.7

1063 d E1 21— —20% 5401.1

1076 d El 19— —18+ 4762.7

1092 32404 El 17— —16" 4164.6

1125 d El 15— —14% 3612.6

BAND 6
663 d E2 — —

729 9.940.3 E2 — —

783 5.640.2 E2 — —

842 32402 E2 — —

905 47402 E2 — —

965 2.940.1 E2 — —
1025 2240.1 E2 — —
1084 09402 E2 — —
BAND 7

447 d  (M1) (18)—18* 4133

450 d (M1) (20)—20" 4786

653 55414 (E2) (20)—(18) 4786

725 50404 (E2) (22)—(20) 5511

765 4 (E2) (24)—(22) 6272

796 7.040.9 (E2) (25M)—(23t) 7116

840 4 (E2) (28)—(26) 8006

890 d  (E2) (30)—(28) 8896

947 24402 (E2) (32)—(30) 9843
1012 1.440.2 (E2) (34)>(32) 10855
1060 25405 (E2) (18)—16" 4133
1081 1.240.2 (E2) (36)—(34) 11936
1099 2.840.4 (E2) (20)—187 4786
1144 06102 (E2) (38)—(36) 13080
1174 3.940.7 (E2) (22)—20* 5511
1205 4 (E2) (40)—(38) 14285
BAND 8

561 55415 (E2) (17t)—(15%) 4093

629 93414 (E2) (197)—>(17t) 4722

684 82414 (B2) (21T)—>(19%t) 5406

739 7.3+£1.2 (B2) (23H)—(21%) 6145

796 7.040.9 (E2) (257)—(23%) 6941

853 3.840.9 (E2) (Q7H)—(25t) 7794

906 24406 (E2) (297)—(27%) 8700
1019 d (M1  ANt—16t 4093
1034 63+04°¢  (MI1) (1917)—18% 4722
1044 d - (M1) (15F)—14% 3532
BAND 9

520 d (11)-—-10* 1945

570 10.5+1.1 (E2) (13)—=(11) 2515

616 94412 (E2) (15)—(13) 3131

669 7.1+1.0 (E2) (17)—(15) 3800

343
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Table 1—continued

Ey [keV]?® I,° Multi. IT—Ir Ex(L) [keV]
717 9.041.2 (E2) (19)—(17) 4517
773 6.1+1.2 (E2) (21)—(19) 5290
836 4 (E2) (23)—(21) 6126
902 54415 (E2)  (25)—>(23) 7028

? Gamma-ray transition energy obtained from coincidence data for the

12480 (*8Ca, 4n)'68Yb reaction at a beam energy of 210 MeV. Uncertainties
< 0.5 keV; for weak transitions and doublets, up to 1 keV.

® Gamma-ray intensities obtained from projected coincidence spectra for the
12480 (%8 Ca, 4n)'7Yb reaction normalised to the intensity of the 221.9 keV
121+ — %J“ transition in the (+,+3) sequence.

© Masked by another transition in '’ Yb.

d Value cannot be extracted due either to proximity of another transition or to
being weakly populated.

¢ Probably contaminated by nearby transition.

3.3. Level scheme of '7Yb

The (7,@) = (+,5),(+,~1) and (-, 1) decay sequences in '®’Yb have been
established to I™ = §+, %1-+ and %2_, respectively, in previous studies by Bacelar et
al. [4]. In the present investigation, these three strongly populated bands, which are
based on the [642]%+ and [523]3_ Nilsson orbitals, have been extended to I7 =
82—9+, 971+ and %_ sequences, respectively, as indicated in Fig. 4. Spin assignments for
the new states are based on the assumption of stretched E2 transitions, coincidence
relationships and relative intensities. Typical coincidence spectra for three rotational in
167Yb are shown in Fig. 5.

In addition, two new weak bands (4 and 5) not reported by Bacelar et al. have been
observed. Although no experimental spin or parity assignments have been made for
either of these bands, the modes of decay to the yrast band are consistent with negative
parity for both.

Table 2 summarises the intensities measured for transitions in this nucleus.

4. Discussion
4.1. Bands in '9Yb

Bacelar et al. [4] observed three bands in '97Yb which they identified as the two
components of a band based on the [642] %+ Nilsson orbital (bands 1 and 2) and the
positive signature component of the [523] —;-j_ orbital (band 3). In the present experiment
two further bands have been observed.

Experimental routhians have been constructed for the five bands observed in 167yh
and are shown in Fig. 6. It is seen that the routhians for bands 3 and 4 lie very close
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Table 2
Experimental summary for 67 Yb

E, [keV]?® I,P Multi.  IT—IT  Ex(l) [keV]

BAND 1: (+,+3) sequence

1275 64.1+1.2 B2 BTt 185.9
221.9 100.0::1.4 E2  27-8% 4078
3134 ¢ B2 ATLUT 0 ;a2
400.5 17575 8 B2 4% g
479.4 167.446.0 E2 27,37 16011
547.0 147.646.2 B2 2T.2Y 2y
602.8 145.846.6 B2 ZTLBY 27509
647.6 107.446.0 B2 47.¥7 33085
6923 82.8:5.6 B2 £7.4% 40008
742.6 62.4£5.4 B2 27,87 4833
803.2 51.745.3 B2 2787 5635
870.4 36.945.4 B2 ZLTL8Y 6504
939.2 22.6+1.0 B2 8787 7443
1006.8 15.420.9 B2 £T.8% g9
1070.5 9.740.9 B2 2°.8% o950
11253 45409 B2 27,97 0644
11643 27406 B2 2737 11809
1176.8 27406 B2 8YLTT 2985
11827 19406 B2 BY 8T 4167
12114 13+0.3 B2 2.8 5373
BAND 2: (+, —%) sequence
1442 48+1.0 Ml BB 330
204.4 92.042.9 B2 pr.uv 330.1
236.5 23.0+0.8 Ml 20T 6443
31422 ¢ g BYLUT O 6aa3
339.4 14.240.6 ML 2747 10606
4163 64.043.2 B2 22T 10606
4478 6.6:£0.3 Ml ZFLBT 15695
508.9 57.443.0 B2 272 15695
557.4 6.8+0.3 Ml 22 21585
589.0 58.9:42.8 B2 YT.ZY 21585
658.5 60.140.2 B2 ¥TL3T 28w
668.9 ¢ M1 BRLBY O 817
716.1 41.0%1.1 B2 2TLET 35y
7622 2084(08) E2 82T 4204
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Table 2 — continued

Ey [keV]® It Multi.  I7—I7  Ex(l) [keV]
799.4 127407 E2 4787 5093
8252 138207 E2 Y47 5018
838.8 12.3+0.6 B2 2TL8T 6756
8813 8.3+0.3 B2 2'.8T 76w
928.5 69404  E2 8727 gs66
972.0 43+06  E2 9787 9358

1023.0 35403 2 LF.97 0561

1077.5 2.6+0.6 E2  Bfont 11639

1123 B2 2'.DY e

1123} od B2 8T.1T 3885

1164.4 19406  E2 BT8T 15049

1224 08+02  E2 4T .¥T 1673

BAND 3: (—, +%) sequence
178.9 50.4:42.5 E2 273" 178.9
263.4 521425 B2 BT.g7 4423
316.6 17.140.9 El D707 um3
341.2 98.6:2.1 B2 U787 7835
409.1 102.5+3.0 B2 Z7-U7 0 11926
4534 102+0.5 El U7 LT 735
4639 93.5+32 B2 ZTA7 16566
501.8 96.4+3.2 B2 2737 21583
525.1 28.41.1 El  27.3% 26836
5253 85.5+43.1 B2 3727 26863
548.3 ¢ Bl ATLBY O g
553.4 68.8+3.2 B2 Z7-37 0 337
588.8 ¢ Bl 2TLZY 21583
595.9 ¢ Bl BTLBY 16566
600.7 59.843.3 B2 4737 383
658.0 46.1+2.0 B2 £7-47 4405
716.6 37.841.9 B2 27,857 s
7734 28.14+1.38 E2 387 595
832.1 232419 E2 I3 6816
895.6 c B 877 72
964.2 10.7£0.8 B2 $7-97 8674

1033.0 69403 B2 27587 9706

1098.8 44403 B2 3797 1080
11576 27403 B2 Z7B7 0 11958
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Table 2 — continued

Ey [keV]® I,° Multi.  IT—IT  Ex(J;) [keV]
1179 12403 B2 BTL87 14349
1189 07403 E2 B8 15538
1212.8 1.940.3 E2 BT 13170
1219 0.9+0.4 B2 $T-87 6757
BAND 4: (—, —%) sequence
464 1.740.4 (B2) ¥7-T7 2359
523 9.7+0.5 (B2) 2737 2882
578 22403 (E2) ¥ %7 3460
618 20403 (E2) %£7-%¥° 4078
656 1.64+0.4 (B2) 4747 414
710 21404 (E2) 3747 5444
733 (El) $72% 288
758 (E1)  A72% ;359
773 3.840.4 (B2) $7-37 1895
713 (E) Z7L3Y e
840 2.040.4 (E2) ¥ -3 7057
908 13404 (E2) 8727 7965
973 0.8+0.4 (E2) 787 38938
1035 (E2) Z7-97 9973
1080 04402 (E2) 2737 11053
BAND 5
243 EH 4737 301
306 9.0+0.3 (B2) ¥ 47 607
380 10.440.3 (E2) 2787 987
421 (E)  BTL% 607
445 15.6:£0.4 (E2) 2727 1432
501 15.840.5 (B2) F7-27 1933
548 13.320.5 (E2) 3¥7-Z7 2481
579 (E1) Lo 987
590 11.440.5 (E2) $7-347  30m
630 9.8+0.4 (E2) 2737 3701
670 7.5+0.4 (B2) #7227 a3
712 43403 (E)  274% um
723 5.0+0.4 (E2) 47427 5094
783 4.840.4 (E2) 3747 5877
813 5.7+0.4 (El) Z7-Z% 1933
848 41404 (B2) 2737 6725

347
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Table 2 — continued

Ey [keV]® 1P Muli.  [7—If  Ex(E) [keV]
881 39404 (El) AT 2F g
913 2504 (E2) ¥ -3 7638
924 25404 (El) ¥73T 30m
974 15£04 (E2) 8§ 527 s612
1024 12404 (E2) $£7 87 9636
1076 10£04 (E2) 3787 10712

2 Gamma-ray transition energy obtained from coincidence data for the
12480 (*8Ca, 5n)!197Yb reaction at a beam energy of 210 MeV. Uncertainties
< 0.5 keV; for weak transitions and doublets, up to 1 keV.

b Gamma-ray intensities obtained from projected coincidence spectra for the

12480 (48Ca, 5n)'97Yb reaction normalised to the intensity of the 221.9 keV

+ + o
% — % transition in the (+,+%) sequence.

¢ Masked by another transition in 68Yb,

4 Value cannot be extracted due either to proximity of another transition or to
being weakly populated.

¢ Probably contaminated by nearby transition.

together at low rotational frequencies, below and just above the first backbend. This
suggests that the two bands are signature partners with only small signature splitting,
although the splitting gradually increases at higher rotational frequencies. Consequently
band 4 is assigned as the (—, —%) sequence based on the [523] g_ orbital.

The fact that band 5 decays to the (+, %) band, presumably by E1 transitions, suggests
a negative-parity assignment with [521]3 or [521]4  as the most likely band head
configuration.

4.2. Low rotational frequency band crossings in 97158y

For the discussion which follows, involving the cranked shell model, the now standard
notation of referring to the four lowest even-parity and four lowest odd-parity neutron
Nilsson orbitals as A, B, C, D and E, F, G, H, respectively, is used [8]. The odd- and
even-parity proton orbitals will be denoted by a-d and e-f, respectively.

The experimental alignments as a function of rotational frequency are shown in Figs. 7
and 8 for selected bands in '®7Yb and '%8Yb, respectively. In preparing these alignments
a Harris reference [9] with Zp = 36h*MeV~! and Z; = 317*MeV~> was used. In
the case of '97Yb the even-parity bands (1 and 2) are associated with quasineutron
configurations A and B at low rotational frequencies and, as expected since the AB
crossing is blocked, exhibit BC and AD crossing frequencies, respectively, at the first
backbend. The crossing frequencies for the three odd-parity bands (3, 4 and 5) are
lower and are consistent with an AB crossing.

For '%Yb the yrast band exhibits an upbend at iw = 0.26 MeV with an alignment
gain of approximately 9h, which is consistent with the cranked shell-model predictions.
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Fig. 4. The level scheme of ' Yb deduced from this work.

0.0

The odd-parity bands 4 and 5 have a slightly delayed crossing frequency consistent
with the BC crossing. These two bands are therefore identified with the quasineutron
configurations AF and AE below the backbend and AFBC and AEBC above. However,
band 2, labelled (—, 1), presents a problem since it lies lower in excitation than bands
4 and 5. Analogous bands have been observed in several other N = 98 nuclei including
170y [1] and 12y [11]. In the latter two nuclei the band is observed to somewhat
lower spin than in '8Yb and it is readily seen that these sequences exhibit the AB
crossing with the full alignment gain observed in the corresponding yrast band. In a
recent paper Espino et al. [11] propose that the analogous band in 7?W is associated
with an octupole vibration at low rotational frequencies. The relatively low-energy cross-
band transitions to members of the yrast sequences, seen in these nuclei, is consistent
with this explanation. In the case of '98Yb the cross-band E1 transitions are observed
from states with spins in the range 13~ < I” < 23~ within the (—, 1); band. However,
it is difficult to see how the behaviour of this band in '%®Yb at high spins can be
reconciled with a vibrational interpretation, since it becomes yrast. Espino et al. [11]
have tentatively suggested that the band in !">W could involve quasiproton excitation at
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Fig. 5. Gated gamma-ray spectra for the (+, —-%), (+, %) and (—, %) decay sequences of 7 Yb populated
by the 12*Sn(*Ca, 5n) reaction. The composite spectrum for each decay sequence is derived from summing
individual spectra associated with a number of gamma-ray pairs within each band.

higher spins. This would imply a quasiparticle configuration of the form acAB above
the first backbend.

4.3. High rotational frequency band crossings in 19718y

The cranked shell-model calculations of Bengtsson et al. [10] for protons, using a
Nilsson potential, indicate that alignment associated with (hy; /2)2 should occur at hw ~
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Fig. 6. Experimental routhians for rotational bands in '67Yb as a function of rotational frequency, A, relative
to a reference with moment of inertia parameters Ty = 36A2MeV—! and 7; = 31A*MeV—3.

0.45 MeV, analogous to the second backbends seen in many N = 90-94 nuclei [8,13-
16] in this frequency range. The calculations indicate that this alignment in '%¥Yb is
associated with a strong interaction and should be observed as a gradual upbend. It is
apparent from Fig. 8 that there is a gradual gain in alignment in the frequency range
0.4 < hw < 0.5 MeV for bands 1, 4 and 5, while the behaviour of the (—, 1); band
(band 2) is qualitatively different. It is tempting to associate the gain in alignment for the
three bands with the h;;/, quasiproton crossing. The rather constant alignment for band
2 in this frequency range can be readily understood in terms of the proposed quasiproton
configuration since the hy;/, (ab) quasiproton crossing will be blocked. The rather slow
gain in alignment apparently seen for the three bands could be consistent with a strongly
interacting hyy/, quasiproton crossing. It should be noted that the exact shapes of the
alignment curve are highly reference dependent but the qualitative difference between
the (—,1); band and the other three should be largely independent of the reference
chosen.

However, the alignment plots for '¢7Yb, shown in Fig. 7, cast some doubt on this
interpretation. They have been prepared with the same Harris reference as for 18Yb but
for two bands they appear to show an approximately constant alignment in the frequency
range 0.4 < ho < 0.5 MeV, analogous to the (—, 1); band in '®3Yb. Both these bands
in 197Yb are associated with quasineutrons (one quasineutron below the first backbend
and three quasineutrons above) and should therefore not have the hy;/, ab quasiproton
crossing blocked.
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Fig. 7. Aligned angular momentum i for rotational bands in 67 Yb as a function of rotational frequency, hw,
relative to a reference with moment of inertia parameters Zoy = 3652MeV ™! and Z; = 31%*MeV —3. The AB,
BC and AD crossing frequencies predicted by the cranked shell model, using a Nilsson potential [9], are
indicated.

It is seen from Figs. 7 and 8 that strong upbends in the frequency range 0.55 <
he < 0.60 MeV are observed in several bands for both '®7Yb and '%8Yb, which are
qualitatively very similar in the two nuclei. Thus these upbends appear to be a general
feature of Yb nuclei in this mass region, strongly suggesting that the phenomenon is
associated with protons. The discontinuity observed in the (—,1); band (band 2) of
158Yb will be deferred for later discussion since it has a very different form to the other
upbends.

Possible explanations of these upbends will now be considered. The upbends involv-
ing a large gain in alignment (> 5k) are not consistent with the predictions of the
Nilsson potential version of the cranked shell model since the observed crossings occur
at too high a rotational frequency and are associated with a relatively weak interac-
tion. According to this model there are no other available crossings, since the (hy s,
hg/») is blocked by the earlier ab crossing and an (i[3/2)2 alignment would occur at
a much higher rotational frequency. The results of cranked shell-model calculations
for quasiprotons in '®®Yb using the Woods-Saxon code of Cwiok et al. [17], with
B2 =0.27, B4 = —0.001 and a model-dependent reduction in the pairing gap parameter
with increasing rotational frequency, which are shown in Fig. 9, point to a possible
explanation. It is seen from Fig. 9 that the ab (hy, /2)2 and bc (hyy2, hg/2) crossings
occur at almost the same frequency (0.5 MeV) in this model. This is primarily because
the Woods—Saxon potential lowers the excitation of the hg/2[541]13  relative to the
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Fig. 8. Aligned angular momentum i for rotational bands in '%8'Yb as a function of rotational frequency, hew,
relative reference with moment of inertia parameters Zy = 36/2MeV~—! and 7) = 31A*MeV 3.
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Fig. 10. Unpaired cranked shell-model calculations for 16719 Yb with 8, = 0.27 and B4 = —0.001. Solid and
dotted curves denote (7, @) = (4, %) and (+, —%) calculated configurations, and dashed and dot-dashed

curves denote (7,a) = (—, %) and (—, —%) calculated configurations, respectively.

predictions of the Nilsson potential. Fig. 9 suggests that the bc (hyy/2, hg/2) crossing
will be dominant and can satisfactorily explain the relatively weak interaction associated
with the experimentally observed upbends. This necessarily implies that the gradual
gains in alignment of bands in '%8Yb, discussed earlier, cannot be associated with the
ab crossing. Thus the bc crossing appears to at least qualitatively fit the facts, although
most of the observed upbends occur at a somewhat higher frequency than is predicted.

It has already been noted that the (—, 1) band in 8Yb behaves somewhat differently
from other bands in the region of the upbends at frequencies in the range 0.55 < hw <
0.60 MeV. The discontinuity seen in Fig. 8 is characteristic of a band crossing, involving
the interchange of a particle between two different orbitals rather than a gain in alignment
associated with creation of quasiparticles. If the suggestion, made earlier, that this band
is associated with proton excitation, is correct, the static proton pairing correlations will
be largely quenched in the same way that neutron pairing is reduced at high rotational
frequencies [4,5]. In these circumstances it is appropriate to regard the crossings as due
to the interchange of particles between unpaired orbitals. Unpaired cranked shell-model
results for both neutrons and protons obtained from the Woods-Saxon code, using the
same deformation parameters as previously, have been performed. The calculations for
neutrons indicate that there are no crossings of neutron orbits in the region of the Fermi
level at relevant rotational frequencies. The results for protons are shown in Fig. 10; in
this diagram the Fermi energy for '67:198Yb is at a rotational energy of approximately
—5.0 MeV. It is seen that there are two possible candidates for proton unpaired crossings,
one involving an interchange between the hy; /2[523]%_ and h9/2[541]%— orbitals at

approximately fiw = 0.5 MeV and the other an interchange between the [411]%_ and
113 /2[660]51_ orbitals at approximately fiw = 0.6 MeV. However, in the case of the
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(—,1); band of '8Yb the hy/,[541]4  orbital will already be occupied as a result of a
particle-hole excitation. Under these circumstances the crossing will be associated with
an interchange between the [411] %_ and i(3/,{660] %— orbitals. The observation that
the frequency of the upbend for the (—,1); band is higher than for the other bands
in 167.168yh provides support for this interpretation. While unpaired crossings involving
neutron orbitals have been observed previously in light Er isotopes [ 18], this is the first
reported example of an unpaired proton crossing at normal deformation.

5. Conclusions

Upbends have been observed at rotational frequencies in the range 0.55 < fiw < 0.60
MeV which are associated with proton alignment. It appears probable that hg/,[541] %_
protons are involved in these discontinuities. It is argued that the (—, 1); band in '¥Yb
is associated with quasiproton excitation at intermediate rotational frequencies, although
it is by no means clear why this mode of excitation is unique to N = 98 nuclei. The
discontinuity observed in this band at a rotational frequency hw ~ 0.6 MeV is believed
to be an example of an unpaired proton crossing involving the i3/, orbital.

It may be possible in the future to get a fuller insight to unpaired proton crossings by
studying the discrete line spectra of other N = 98 nuclei as a function of atomic number.
The crossing frequencies in an unpaired system depend strongly on the details of the
nuclear structure. Favourable candidates for such an investigation are '"°Hf and '7!Ta.
17172 is a particularly interesting case since it has a band based on an 7ri;3/,[660]3 ™
configuration [19]. It is hoped that a comparison of the behaviour of this band with
others in !"'Ta will make it possible to uniquely identify the 7i;3/, unpaired crossing
since it should be blocked in this configuration.
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