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Evolution of structure and shapes in '**Er to ultrahigh spin
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The level structure of '*8Er has been studied using the Gammasphere spectrometer via the ''*Cd(**Ca, 4n)
reaction at 215 MeV with both thin (self-supporting) and thick (backed) targets. The level scheme has been con-
siderably extended with more than 200 new transitions and six new rotational structures, including two strongly
coupled high-K bands. Configuration assignments for the new structures are based on their observed alignments,
B(M1)/B(E?2) ratios of reduced transition probabilities, excitation energies, and comparisons with neighboring
nuclei and theoretical calculations. With increasing angular momentum, this nucleus exhibits Coriolis-induced
alignments of both neutrons and protons before it then undergoes a rotation-induced transition from near-prolate
collective rotation to a noncollective oblate configuration. This transition occurs via the mechanism of band
termination around spin 457 in three rotational structures. Two distinct lifetime branches, consistent with the
crossing of a collective “fast” rotational structure by an energetically favored “slow” terminating sequence,
are confirmed for the positive-parity states, and similar behavior is established in the negative-parity states.
Weak-intensity, high-energy transitions are observed to feed into the terminating states. At the highest spins,
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three collective bands with high dynamic moments of inertia and large quadrupole moments were identified.

These bands are interpreted as triaxial strongly deformed structures and mark a return to collectivity at ultrahigh

spin.

DOI: 10.1103/PhysRevC.107.054305

I. INTRODUCTION

Heavy rare-earth nuclei around mass 160 are predicted
to accommodate the highest values of angular momentum,
or spin, prior to fission [1], and hence this region of the
nuclear chart has traditionally been one of the most favored
domains for studying high-spin discrete energy levels in the
atomic nucleus [2]. The excitement generated by many fas-
cinating discoveries in this region has played a major role in
advancing the development of more sensitive y-ray detector
systems. The discoveries in '"®Er have benefited greatly from
the evolution of detector systems through the decades. As a
result, the nucleus '>®Er has been used as a classic example in
many textbooks, for example Refs. [3—11], due to the variety
of phenomena that occur with increasing angular momentum
and excitation energy. In addition, several review articles have
featured '33Er, the most recent being Ref. [12]. This evolution
of structure with spin in '3Er is illustrated in Fig. 1.

As the angular momentum increases, this nucleus exhibits
Coriolis-induced alignments of both neutron and proton pairs
along the yrast line (see Fig. 2 for a sample spectrum and an
alignment plot). It was among the first examples in which
backbending was discovered [16,17] (I & 14), and was the
first nucleus where the second (I =~ 28) and third (I ~ 38)
discontinuities along the yrast line were identified [18,19]. At
spins 40-50 7 the yrast line is crossed by a very different struc-
ture, where the '>®Er nucleus undergoes a dramatic transition
from near-prolate collective rotation to noncollective oblate
configurations [20-24]. This transition ultimately leads to fa-
vored, fully aligned band-termination configurations [25-27].
In '8Er, three such terminating states have been observed at
I = 46", 487, and 49~ [23]. Band termination reveals the
underlying finite-particle basis of nuclear angular-momentum
generation [7,8].

It took several decades, and more sensitive detector sys-
tems, to reveal the structures at higher spin beyond band
termination in "®Er. The first was the identification of high-
energy transitions populating the terminating states. These
were established in 7Er [28,29] in the same experiments
reported here, and interpreted as Z = 64 core breaking ex-
citations. Similar transitions feeding the terminating states
in '8Er were initially reported in Ref. [24,30]. These tran-
sitions only increased the observed spin up by 1/ or 2h.
The major advance in pushing to the highest spins was the
observation of two rotational structures in '>3Er (as well as
two in '57Er), with high dynamic moments of inertia that
extended up to spin ~65/ bypassing the band terminating
states [15,30], marking a dramatic return to collectivity. The
complementary thick-target experiment confirmed that these
collective bands possess large transition quadrupole moments
[31]. They have been interpreted as triaxial strongly de-
formed (TSD) structures based on a comparison of transition

quadrupole moments (Q;) between experiment and theory
[31], and long standing predictions that such heavy nuclei
will possess nonaxial shapes on their path towards fission
[25,26]. A third band with similar character was subsequently
discovered [32].

A comprehensive level scheme of '*8Er with six new ro-
tational structures, including two strongly coupled high-K
bands, and new excited states feeding into the band termi-
nating states, are presented. Configuration assignments are
proposed for the new structures based on their observed
alignments, B(M1)/B(E2) ratios, excitation energies, and
comparisons with neighboring nuclei and theoretical calcu-
lations. This work complements the previous publications of
I58Er for the “ultrahigh-spin” TSD bands [15,31,32].

II. EXPERIMENT AND DATA ANALYSIS

High-spin structures in '*®Er were studied in two exper-
iments using the Gammasphere spectrometer [33,34]. The
first was performed at Lawrence Berkeley National Labora-
tory and the second at Argonne National Laboratory, with
Gammasphere consisting of 102 and 101 escape-suppressed
high-purity germanium (HPGe) detectors, respectively. In the
first experiment, a 215 MeV “®Ca beam was delivered by
the 88-inch Cyclotron and bombarded two stacked thin self-
supporting foils of '*Cd, of total thickness 1.1 mg/cm?. A
total of 1.2 x 10° events were recorded, each one containing
at least seven escape-suppressed coincident y rays (fold >
7). In the second experiment, a “8Ca beam of the same en-
ergy was delivered by the ATLAS facility and bombarded a
1 mg/cm? '%Cd target backed by a 13 mg/cm? 7 Au layer.
A 0.07 mg/cm? 2’ Al layer between the Cd and Au was used
to prevent the migration of the target material into the backing.
A total of 9.9 x 10° events were accumulated, each one con-
taining at least four coincident y rays (fold > 4). In the offline
analyses the raw data were first sorted into a BLUE database
[35], from which both cubes (three-dimensional arrays) and
hypercubes (four-dimensional arrays) were created. The sub-
sequent analyses were performed with the RADWARE software
package [36,37], using its in-built background subtraction,
to construct the level scheme based on y-ray coincidence
relationships and relative intensities.

One-dimensional spectra at individual detector angles
were also generated directly from the BLUE database of the
thin-target experiment with multiple gates set on known
in-band stretched quadrupole (E2) transitions. Then,
angle-specific spectra were analyzed to obtain angular-
intensity ratios and, based on the method of directional
correlations from oriented states [38—40], to determine y -ray
multipolarities. The detectors used for the angular intensity
ratios were grouped into two sets, consisting of several rings
in which the spectra are added together. One set contained
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FIG. 1. The evolution of nuclear structure in '**Er as a function
of spin and excitation energy. The inset illustrates the changing shape
of 1Er with increasing spin within the standard (e, y) deformation
plane. Excitation energies are plotted relative to a deformed rotating
liquid drop reference [13]; see also [14]. This figure is adapted and
updated from Ref. [15].

detectors at rings around 6 = 35°/145° with respect to the
beam direction, and the other set consisted of detectors
at rings around 6 = 90°. Angular intensity ratios, R, of a
transition were calculated as

o (0 =35°/145)
L6 =90°)

ey

R was normalized to 1.0 for known stretched quadrupole
(E?2) transitions. This then gives a value of ~0.6 for a pure
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FIG. 2. Sample coincidence y-ray spectrum from the thick target
data for the yrast band in *®Er. Inset: experimental alignment, i,,
as a function of the rotational frequency, /iw, for the yrast band.
The observed neutron and proton alignments are marked in both the
spectrum and the alignment plot. The dramatic change in structure
towards band termination above 387 is evident in the spectrum.

stretched dipole transition. Similar high-fold angular-intensity
analyses have been previously published for "°Er [41] and
I57Er [29], where the data were also obtained from the present
experiments. In these latter cases, y*-gated spectra proved
optimal for the measurements.

III. RESULTS

The level scheme of '3Er is presented in Figs. 3-5. Spin
and parity (/™) assignments have been either adopted from
Refs. [20,23,42,43], wherever applicable, or determined based
on the measured R values. If an R measurement was not
possible, a tentative spin and parity assignment for a state was
made based on logical assumptions, and the corresponding
I™ label in the level scheme is shown in parentheses. The
properties of the y-ray transitions observed are given in the
Appendix, Table IV, where they are ordered into specific
bands. Overall, more than 200 transitions have been added to
the level scheme, involving six new bands (bands 5, 7, 8, 9,
12, and 13), compared with previous publications. The three
ultrahigh spin collective bands have been observed in '*3Er
[15,31,32], and are included in Fig. 6. These bands have not
been directly connected to the low-spin structures. However,
the strongest band (TSD band 1) feeds into the yrast states at
~25h and extends to ~657/; see Ref. [15].

A. Band 1

As shown in the partial level scheme in Fig. 3, band 1 is the
ground-state band with parity and signature (7 = 4, o = 0).
Previous studies established this sequence up to the 28 level
[42]. In the present work all the states up to 28" are confirmed,
including the presence of the triplet 651, 654, and 648 keV y
rays.

The tentative 307 — 287 transition of 939 keV, mentioned
in [42], is not seen in the present data. Rather, it has been re-
vealed that, above the 28 level, band 1 splits into two distinct
branches. The more energetically favored branch consists of
five (tentatively six) new transitions that extend the sequence
up to 387, possibly (401). The less favored branch above the
287 level, labeled 1a in Fig. 3, comprises three (possibly four)
new transitions, which reach up to (34™), possibly (36™). Two
new transitions, 834 and 1048 keV, are observed, connecting
the two branches. Five new transitions have been observed to
link band 1 with band 2, with energies of 1097, 1136, 1165,
1201, and 1270 keV.

R measurements were only possible for the transitions be-
low the 28" level in band 1 and confirm the Al =2 (E2)
character of these transitions (see the Appendix). Note that
the R value for the lowest spin transitions are less than 1.0 due
to dealignment of the spin vectors [44,45].

A coincidence y-ray spectrum representative of this band
is presented in Fig. 7. This spectrum was obtained by
summing up many combinations of gates, each with the re-
quirement that there were three transitions in the band. Gate
files (lists of gates) were used to create separate coincidence
gated spectra for each y ray in the list, which were then
combined to generate the final spectrum. Specifically, two
lists of y rays were created, namely a and b. List a consisted
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FIG. 3. Partial level scheme of '3Er showing bands 1 to 4 and 10 to 13 below spin 40%. Energies are given in keV, tentative transitions
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FIG. 4. Partial level scheme of '**Er showing bands 5 to 9 and the low lying states in band 1. Connections to states in bands 2, 3, and 4 are
indicated. The decay from band 9 via the 351 and 435 transitions are shown in Fig. 3. The same labeling convention as in Fig. 3 is employed.

of the 651, 654, 697, 769, 840, and 914 keV y rays and
list b included the 943, 1014, and 1066 keV y rays. Then a
triple-coincidence gate between any two (non identical) mem-
bers of list @ with one from list b was placed on the thick-target
hypercube data.
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and 49~ are indicated by thickened lines. The same labeling convention as in Fig. 3 is employed, with additional labels, 2a, 3a, and 4a, to

distinguish the terminating sequences; see discussion.

established favored terminating state at 46 [21,23]. This
branch, labeled 2a in Fig. 5, is established from 30" to 46%.
In Refs. [23,24], some suggestions were made for possible
transitions feeding into this special terminating state at 46%.
In the present work, five (tentatively ten) feeding transitions
above the 461 terminating state have been identified. These
feeding transitions are included in the partial level scheme
in Fig. 5 and in the Appendix. A new 1652 keV transition
is found to decay into the lower 447 yrast state. The feeding
transitions to the 46" terminating state are extremely weak,
accounting only for approximately 20% (40% if the tentative
feeding transitions are included) of the intensity decaying via
the 971 keV (467 — 447) transition. The 971 keV transition

has an intensity of ~1.5% of the 192 keV (2% — 07) tran-
sition. Due to this, R measurements were not feasible for the
transitions above band termination and thus assignments of
multipolarities could not be made. However, R values for the
transitions below band termination have been measured for
the first time, which confirms the spin and parity value of
the special 46 terminating state. In addition, a transition of
energy 938 keV, which decays from the 47~ state in band 3a
to the 46 terminating state of band 2, has been observed.
Figure 8 is a representative spectrum for band 2 from the
thin-target data. This spectrum was obtained by summing up
many combinations of gates requiring two transitions in the
band. A list of gates was made, consisting of the 805, 845,
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FIG. 6. The three collective TSD bands, TSD band 1, TSD band
2, and TSD band 3, which extend to ultrahigh spin, taken from
Refs. [15,31,32]. Note that the spin values are rather speculative
and are based on the feeding pattern of TSD band 1 to the yrast
states [15]; see Sec. IV E. The suggested bandhead spins are /; ~ 23,
I, = 35, and I; ~ 36 for TSD band 1, TSD band 2, and TSD band 3,
respectively.

858, 875, 906, 959, 1017, and 1058 keV y rays. This list
of gates was double-gated with the 1030 keV (44T — 42%)
transition. The huge drop in intensity of y rays above the 46™
terminating state is evident in this spectrum.

The inset of Fig. 8 has been magnified in the scale of counts
with the emphasis of the y rays in the range of 1300-2000 keV
feeding into the 46™ terminating state. This was obtained by
summing up many combinations of gates on the thin-target
data. Two lists of gates were created: one which included
the 473, 566, 658, 740, 845, and 1058 keV y rays and the
other comprising the 971, 1030, and 1280 keV y rays. A
double-coincidence gate is set between these lists. The ten
transitions feeding 46 are presented in Fig. 8. The transitions
placed as firm (1381, 1455, 1566, 1602, 1848, and 1994 keV)
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FIG. 7. Summed spectrum representative of band 1 in "*®Er (in
coincidence with three of the transitions in this band; see text for
details) from the thick-target experiment. The energies of the new
transitions are highlighted in red, and previously published ones are
in black. Tentative transitions are given within parentheses.

in Fig. 5 and in the Appendix are those that were also seen in
the thick-target data. The tentative transitions at 1542, 1658,
1750, and 1898 keV are probably additional feeding transi-
tions, but further data will be required to confirm this.

The unfavored part of band 2 has been extended up to
the (48%) state. However, the tentative 1274 keV y ray
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2 2000 7= : ‘
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1500 ®° 3 . ]
20000 H w© B & 288 o i
8 © S 1000 \giaﬁ§g
[t} Q ® ,
5 5 o -
°°/ 500
0 15000 | |~ i
e o (%)
= 2l FS 0
> o ) ? A ,
Q (24 ": 1400 1600 1800 2000
© 10000 | g‘? 1280 Energy (keV) |
1058
5000 5 i
8
[te)
* *8 M
| 1
0 |7J ) LJ, ] A 1 A 1 . 1 \ ] \ |
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Energy (keV)

FIG. 8. High-energy part of the summed spectra representative
of band 2 in "®Er (in coincidence with two of the transitions in this
band; see text for details) from the thin-target cube. The huge drop in
intensity of y rays above the 46" terminating state is evident (the 971
keV transition is the 46° — 44% decay). The 1300-2000 keV energy
range in which the weak feeding transitions are lying is marked in a
thick red line. See text for details. Inset: the high-energy region of
another double-gated, summed coincidence spectrum (see text for
details), shown in a magnified scale to highlight the very weak, high-
energy transitions feeding into the 46" terminating state. Asterisks
are used to denote contaminants. The labeling convention used in
Fig. 7 is adopted.
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FIG. 9. High-energy part of the summed spectra representative
of band 3 in "**Er (in coincidence with two of the transitions in this
band; see text for details) from the thin-target cube. Similar to band
2, the huge drop in intensity of y rays above the 49~ terminating
state is evident (the 808 keV transition is the 49~ — 47~ decay).
The 1100-1800 keV energy range in which the 1319 keV weak
feeding transition is lying is marked in a thick red line. Inset: the
same spectrum shown in a magnified scale for the energy range of
1000-1800 keV, in order to highlight the very weak, high-energy
transition feeding into the 49~ terminating state. The labeling con-
vention used in Fig. 7 is adopted.

(50" — 48%) suggested in Ref. [23] cannot be confirmed in
the present work. A new transition of 983 keV from the 40"
to the 387 state has been identified.

C. Band 3

Band3isa(wr = —, o = 1) sequence previously observed,
by Simpson et al. [23], up to the 49~ terminating state. In a
similar manner to band 2, this band clearly demonstrates an
abrupt change from a regular rotational cascade at low spin to
an irregular one above the 41~ level, where the band splits into
two branches. The lower energy branch from 41~ is labeled
3ain Fig. 5. One weak transition at 1319 keV was observed to
feed the 49~ terminating state. It has an intensity of 20% of the
808 keV (49~ — 477) transition, which is ~0.5% of the 192
keV (2T — 07) transition. This transition was also seen in the
thick-target data. An R measurement could not be performed
due to limited statistics and, as a result, the multipolarity of
the 1319 keV y ray could not be determined. This transition
is from a state at 20 122 keV, which also populates the 48~
state of band 4a via the tentative 1993.3 keV transition. It
is possible that this state could be a core-excited I = 50~
state (see Sec. IVD), and is tentatively assigned as (507),
in Fig. 5 and the Appendix. R measurements were obtained
for the transitions below the 49~ band termination state. In
addition, two new decays, of energies 159 and 359 keV, have
been placed in the level scheme connecting the 9~ level at the
bottom of band 3 to bands 1 and 6, respectively (see Fig. 3).

A representative spectrum for band 3 from the thin-target
data is shown in Fig. 9. This spectrum displays a similar
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FIG. 10. High-energy part of the summed spectrum representa-
tive of band 4 in "*®Er (in coincidence with two of the transitions
in this band; see text for details) from the thin-target cube. Similar to
band 2, the huge drop in intensity of y rays above the 48~ terminating
state is evident (the 764 keV transition is the 48~ — 46~ decay). The
1200-2100 keV energy range in which the weak feeding transitions
are lying is marked in a thick red line. Inset: the high-energy parts
of another double-gated, summed coincidence spectrum (see text
for details), shown in a magnified scale to highlight the very weak,
high-energy transitions feeding into the 48~ terminating state. The
labeling convention used in Fig. 7 is adopted.

behavior to that of band 2, that is, there is a huge drop in inten-
sity of y rays above the 49~ terminating state. This spectrum
was obtained by summing up many combinations of gates,
each with the requirement that there were two transitions in
the band. One list of gates was made including all the inband
transitions from 300 to 1073 keV in band 3. This list was
then double-gated with the 1330 keV (45~ — 437) transition.
Above the 1073 keV y ray the spectrum is relatively flat, a
behavior similar to that observed in the spectrum of band 2
(Fig. 8).

D. Band 4

Band 4 is the (m = —, o = 0) cascade previously observed
up to the 48~ terminating state [23]. This band splits into two
branches at 40~. The lower energy branch is labeled 4a in
Fig. 5. Establishing the structure of this band above spin 20
was difficult, due to its complicated interaction at spins around
187 and 307 with band 9, discussed below. Despite this fact,
four (tentatively ten) new high-energy transitions feeding into
the 48~ terminating state have been found. The four firmly
placed ones with energies of 1236, 1460, 1477, and 2081
keV, are included in the partial level scheme in Fig. 5 and
the Appendix. The tentative y rays of energy 1529, 1594,
1613, 1637, 1649, and 1993 keV (see Fig. 10) are probably
additional feeding transitions but it will require further data to
confirm this. These feeding transitions to the terminating state
in band 4 are of weak intensity, similar to that observed in
bands 2 and 3. The 764 keV (48~ — 467) transition is mea-
sured to be approximately 0.45% of the 192 keV 2T — 0%)
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transition, and the high-energy transitions above the 48~ ter-
minating state account only for ~36% (tentatively 61%) of
the 764 keV transition. R measurements for these very weak
transitions were not possible, and thus, spin-parity assign-
ments to their associated levels are not given. However, the R
value measured for the transitions below the 48~ terminating
state, confirmed the previous spin assignments suggested in
Ref. [23].

Figure 10 is a representative spectrum of the high-energy
region for band 4 obtained by summing many combinations
of gates, each with the requirement that there were two tran-
sitions in the band. Two gate file lists were created: one
comprising the 192-523 keV y rays in the yrast band and
the 840, 236-1026 keV y rays in band 4, and the other list
consisted of the 1009, 1010, and 1163 keV y rays in band
4. A double-coincidence gate between these lists was set on
the thin-target cube to produce Fig. 10. The inset of Fig. 10
is a double coincidence spectrum from the thin-target data in
the region between 1200 and 2200 keV to show the feeding
transitions into the 48~ terminating state. This spectrum
results from a double coincidence between two lists one com-
prising all the in-band y rays from 236-764 keV of band 4
and the other the 236, 385, 1009, 1010, 1026, and 1163 keV
y rays. The same procedure as in the case of band 2 has been
employed to assign them in the level scheme.

The less energetically favored branch of band 4 has been
extended to (447) in the present work. The two new y rays of
1209 and 1272 keV can be seen in the inset of Fig. 10. The
inset also shows the 1473 keV y ray, which is placed as the
44~ — 427 transition in Fig. 5. Three new transitions with
the energies of 319, 408, and 484 keV, connecting the low-spin
region of band 4 with band 3, have been identified (see Fig. 3).
In addition, two new transitions of 839 and 886 keV connect
band 4 with band 9 at spin ~287. Since R measurements were
possible for band 9 (see relevant discussion below), the 839
and 886 keV y rays have been assigned to be Al =2 (E2)
transitions. Finally, a new transition of 306 keV at the bottom
of band 4 has been observed. It appears to be in coincidence
with the new 1057 keV y ray, which feeds into the 61 level of
the yrast band (see Fig. 3).

E. Bands 5, 6, and 7

Band 5 is new sequence of 11 transitions that feeds into
both signatures of band 9. The spins and parity assigned to
the levels of band 5 are all considered tentative due to the lack
of intensity ratio R information. A representative spectrum for
band 5, shown in Fig. 11, has been obtained by summing up
the triple gates of c, ¢, and the 743 keV y ray (the transition
from the (227) state) set on the thick-target hypercube, ex-
cluding self-coincidences. The list ¢ consists of the 567, 642,
692, 727, 774, and 833 keV y rays in band 5.

Band 6, previously identified in Ref. [43] to (157), has
been extended by four transitions to (237); see Fig. 12. R
information could not be obtained for this band and, thus, the
spins and parities of the two lowest-energy states have been
taken from Ref. [43]. The higher-spin transitions are assumed
to be stretched E2s.
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FIG. 11. Sample spectrum from the thick-target data for band
5 in '8Er (in coincidence with two of the transitions in this band
and the 743 keV decay y ray; see text for details). The labeling
convention used in Fig. 7 is adopted.

Band 7 is another new sequence that decays to bands 3
and 4 and at its highest spin is fed from band 9; see Fig. 4.
The two linking transitions of 252 and 262 keV have been
suggested to be of Al = 1 character, based on extracted R
values. This confirms the 20~ nature of the top level of band
7, since the spins and parity of band 9 were assigned with
confidence. However, the spins and parities assigned to the
other levels of band 7 remain tentative. The close proximity in
energy of band 7 with band 9 at spin 20 can be see in Fig. 24
in Sec. IV. A representative spectrum for band 7 is displayed
in Fig. 13. This spectrum is a double coincidence with the 786
and 499 keV y rays from the thick-target cube.

F. Band 8

Band 8 is a new strongly coupled band that extends from
(15%) to (40"). R measurements were possible for a few
transitions confirming the nature of some of the intraband E2
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FIG. 12. Sample spectrum from the thick-target data for band 6
in 138Er, selected to show the new transitions. Sum of two triple gates,
one on the 608, 602, and 623, the other on the 608, 602, and 663 keV
y rays. The labeling convention used in Fig. 7 is adopted.
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FIG. 13. Sample spectrum from the thick-target data for band 7
in 8Er (in coincidence with the 786 and 499 keV transitions). The
labeling convention used in Fig. 7 is adopted.

and interband dipole decays. However, since the decay-out
transitions at the bottom of this band have not been estab-
lished, spins and parities are tentative. Tentative transitions of
1389 and 1669 keV are observed populating the 187 level of
band 2. There is also evidence for a tentative 999 keV y ray
feeding into the 20" level of band 2 (see Fig. 4). Addition-
ally, two y rays of 269 and 299 keV have been observed in
coincidence with band 8. However, these two y rays are not
in coincidence with the 279 and 288 keV dipoles of band 8§,
but their sum is equal to 567 keV. Thus, they are placed in
the level scheme adjacent to band 8, as shown in Fig. 4. A
spectrum representative of band 8, presented in Fig. 14, has
been obtained by setting a double-coincidence gate between
the 311 and the 329 keV y rays in the thick-target cube. A
magnification (times 2) above 900 keV has been applied to
illustrate the high-energy transitions in this band.
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FIG. 14. Sample spectrum from the thick-target data for band 8
in "®Er (in coincidence with the 311 and the 329 keV transitions
in this band). In order to highlight the high-energy weak transitions
in this band, the portion of the spectrum above 900 keV has been
magnified (times 2) and an inset of the same spectrum for the 900—
1800 keV energy range is presented. The labeling convention used in
Fig. 7 is adopted.

G. Band 9

Band 9 is another new strongly coupled band observed
in 8Er. A total of over 55 transitions associated with band
9 have been observed. Relative to band 8, band 9 is more
intense, see the Appendix. Part of band 9 was reported in
Refs. [42]; however, at that time it was not possible to place
this band into the level scheme of '*3Er. The present data
established the two sequences of band 9 up to an excitation
energy of (12802) keV (odd spin) and 8570 keV (even spin).
R measurements have been performed for the strong intraband
dipole transitions. Many cross transitions connecting band 9 to
bands 1, 2,4, 7, 10, and 11 have been observed, which enabled
us to assign definite spins and parities to band 9. This was
made possible by the excellent energy resolution and statistics
of the thick target data. As seen in Fig. 4, the highest states in
the two signatures of band 9 are 28~ and 35, possibly (377).

At the top of band 9, an 830 keV transition links this band
(the even-spin sequence) to band 4 (see Fig. 4). This transition
was found to have a R value of 0.97 &+ 0.08, supporting its
assignment of a Al = 2 quadrupole (E2) transition. Since the
26~ level in band 4, where this 830 keV transition feeds into,
has a known negative parity, negative parity has been assigned
to band 9. The available information of other transitions link-
ing band 9 to other bands in '*3Er, displayed in Figs. 3 and 4,
is consistent with this assignment.

A representative spectrum for band 9 is presented in
Fig. 15(a), where the complex nature of this structure may be
recognized. This spectrum was obtained by setting a double-
coincidence gate between the 229 and the 248 keV y rays
of band 9 in the thick-target data. Figure 15(b) is a double-
coincidence gate between the 248 and the 1427 keV y rays
that shows transitions in the band above 18~.

H. Bands 10 and 11

Band 10 and 11, see Fig. 3, are based on the previously es-
tablished states that are reported in [43,46], and these gamma
coincidences are confirmed. However, recent spectroscopy of
these low-spin structures [47] has revised the assignment of
some of the states to establish sequences based on the excited
K™ =07 state and the even and odd spin members of the
K™ = 27 gamma vibration. The 0", 2%, and 47 states in band
10 were previously observed by Aguer et al. [46], and this
sequence has been established up to 10. Band 10 is fed at low
spin by decays from band 9 and at (10") from states in bands 2
and 3. A spectrum for band 10 that displays these connections
and the 1065 keV transition from the 4™ state to the yrast 2+
state is presented in Fig. 16. The odd-spin sequence in band
11 was established to (97) in [43]. This band is fed by decays
from band 9 at low spin and from band 4 at (97). Extensions
of these bands to higher spin in Ref. [47] are not reported here.

I. Bands 12 and 13

Band 12 is a new sequence of five (seven) transitions that
feeds into band 2. Due to the low intensity and the lack
of R information, the spin and parity assigned to the levels
of band 12 are tentative. The high-energy linking transitions
that feed band 2 probably have E'1 character; therefore, the
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FIG. 15. Sample spectra from the thick target data for band 9 in
18Er. (a) Spectrum in coincidence with the 229 and 248 keV y rays
in this band. (b) Spectrum in coincidence with the 248 keV transition
in this band and the 1427 keV that connects this band to band 2. The

labeling convention used in Fig. 7 is adopted.

highest observed spin for band 12 is (337), possibly (377).
A spectrum for band 12 is shown in Fig. 17, and has been
obtained by setting a triple gate on two lists and the 1090 keV
(the transition from the (237) state). One list is the yrast band
up to the 227 state and the other is made up of transitions in
band 12 to the (357) state.

Band 13 is another new band with four (tentatively five)
transitions from (207) to (307) that decays via a 755 keV
transition to band 4 at 18~. R measurements could not be per-
formed for this band, therefore the spin and parity assignments
are tentative. A spectrum representative of band 13 is shown
in Fig. 18, which has been obtained by setting a triple gate on
the 755 keV, a list comprising the 730, 800, 857, and 914 keV
y rays in band 13, and a list comprising the 236, 385, 519,
629 and 709 y rays in band 4.

J. Collective bands at spins beyond band termination

Three rotational band structures displaying high dynamic
moments of inertia were observed in '*®Er [15,30-32], and are
labeled TSD band 1, TSD band 2, and TSD band 3 in Fig. 6.
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FIG. 16. Spectrum in coincidence with the 331 and 429 keV
transitions in band 10 from the thick-target data.

3% 158Er Band 12
3000 |- -
[se}
43, 8
2500 |- S ol 7
192 o © ®
= v 9
(%] 0 ©
£2000
>
[e]
O 1500
1000 -
2
500 3
o WA "
200 400 600 800 1000
Energy (keV)

FIG. 17. Sample spectrum from the thick-target data for band 12
in '8Er (in coincidence with the 1090 keV decay, yrast band tran-
sitions and transitions in band 12; see text for details). The labeling
convention used in Fig. 7 is adopted.
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FIG. 18. Sample spectrum from the thick-target data for band
13 in "®Er (a triple gate between the 755 keV decay, transitions in
band 13 and transitions in band 4; see text for details). The labeling
convention used in Fig. 7 is adopted.
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FIG. 19. Multicoincidence y-ray spectra for the three TSD struc-
tures. These spectra were adapted from [15,31,32]. TSD band 1
(a) and TSD band 2 (b) are from the thin-target data and TSD band
3 (c) is from the thick-target data. The insets for (b) and (c), both
from the thin-target data, display the low energy region of the spectra
confirming that TSD band 2 and TSD band 3 are in 'Er. The decay
profile of TSD band 1 into the "*®Er yrast states can be found in
Ref. [15].

Representative spectra for these bands are shown in Fig. 19.
TSD band 1 (a) and TSD band 2 (b) are from the thin-target
data and TSD band 3 (c) is from the thick-target data. The y-
ray energies are listed in the Appendix, Table V. An analysis
of the intensity profile of TSD band 1, in comparison to the
observed feeding intensities into the known normal deformed
yrast states, allowed an estimation of possible spin values in
TSD band 1 (and thus subsequently TSD band 2 and TSD
band 3), with the suggestion that it tentatively extends up to
spin ~65h [15]. All three bands have very low intensities,
with TSD band 1 being ~10™* of the intensity of the yrast
2t — 07 transition. TSD band 2 is 23 times lower in inten-
sity than TSD band 1 and TSD band 3 a factor of 10 lower.
The insets for Figs. 19(b) and 19(c), both from the thin-target
data, display the low energy region of the spectra confirming
that TSD band 2 and TSD band 3 are in '33Er. In spite of their

TABLE 1. Quasiparticle-labeling scheme for 'Er based on the
predominant Nilsson components at /iw = 0 MeV and their parity
and signature (77, o). Adapted from [52].

Label (, ), Nilsson orbital
Quasineutrons A (+, +1/2), [651]3/2
B (4, —1/2), [651]3/2
C (+,+1/2), [660]1/2
D (+,—1/2), [660]1/2
E (=, +1/2), [52315/2
F (=, —1/2) [523]5/2
G (=, —1/2), [521]3/2
H (=, +1/2) [52113/2
X (=, —1/2)3 [505]11/2
Y (—, +1/2)3 [505]11/2
Quasiprotons A, (—,—1/2), [523]7/2
B, (—,+1/2) [523]7/2
C, (=, —1/2), [532]5/2
D, (=, +1/2) [53215/2
E, (+,—1/2) [404]7/2
F, (+, +1/2) [404]7/2
G, (+,+1/2), [402]5/2
H, (+,—1/2), [402]5/2
I, (+, —1/2)3 [41111/2
Jp (+,+1/2)3 [411]1/2
X, (=, +1/2)4 [541]1/2

extremely low intensities, an analysis of fractional Doppler
shifts, F'(t), was conducted for the three collective bands at
ultrahigh spin in ""®Er. Their transition quadrupole moments
were experimentally determined to be TSD band 1: 11.74_'8:;
eb; TSD band 2: 11.17]3 eb; and TSD band 3: 9.67 eb (see
Refs. [12,31,32] for further details).

IV. DISCUSSION

The behavior with increasing angular momentum (up
to ~40h) can be understood in terms of rotational align-
ments of quasiparticle pairs in a prolate-deformed collectively
rotating nucleus. Observation of neutron and proton align-
ments in 8Er was in fact helpful for placing the cranked
shell model [48-50] on a firm footing, see for example
Refs. [12,42,43,51]. A brief summary of observed alignments
of bands 1, 2, 3, and 4 is given since this is helpful to
understand the alignment behavior, and thus quasiparticle
configuration, of the two new strongly coupled structures,
bands 8 and 9, as well as the other new rotational sequences.
The discussion will then focus on the behavior at higher spins
of bands 2, 3, and 4, as they approach band termination.

A. Collective rotational structures at spins
below band termination

The quasiparticle labeling scheme adopted in the present
work is given in Table I. Figure 20(a) shows a plot of the
experimental alignment i, [49], as a function of rotational
frequency %w for bands 1, 2, 3, and 4. In order to perform
comparisons between the alignment behavior seen in different
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FIG. 20. (a) Experimental alignment (i,) as a function of the ro-
tational frequency (fiw) for bands 1-4 in '*®Er. The band with the B,
configuration in '>"Ho, used as the reference, is plotted as a thin black
dotted line. The structures are labeled according to their quasiparticle
configurations at low spin. The band crossings are labeled at the ap-
proximately corresponding rotational frequencies. (b) Experimental
alignment (i,) as a function of the rotational frequency (/iw) for bands
1-7, 10, 11 (odd spin), 12—13 in '*®Er. Bands 3, 4 and the yrast band
are shown as thin lines. The approximate rotational frequency of the
various band crossings is indicated.

isotopes, it is important to adopt an appropriate rotational
reference to be subtracted. A rotational reference with Harris
parameters [53] Jo = 32 MeV~!5? and J; = 34 MeV35*
was used. This choice of the Harris parameters gives a
constant alignment for the (—, +1/2) three-quasiparticle con-
figuration (B,AB) in the odd-proton neighboring nucleus
STHo [illustrated by a dotted line in Fig. 20(a)]. The reference
is convenient when comparing the high-spin alignment prop-
erties in the same and neighboring nuclei, since the second
and third neutron i3/, crossings BC and AD, as well as the
first and second A/, proton alignments A,B, and B,C,, are
blocked for this configuration. An additional i, = 1.6/ offset
was added to the alignment to ensure that band 1 (ground-state

E, E, 4(def) [MeV]

20 30 40
Spin | [7]

S
(0] 4
2 1
S
°
T m  Band 10
L 0+
I v Band 11 even
w v Band 11 odd
O Band 12
-1 = Band 13
0 10 20 30 40

Spin | [#A]

FIG. 21. Experimental excitation energy, minus a deformed ro-
tating liquid drop reference [13,14], plotted as a function of spin for
(a) bands 1-7 and (b) bands 1, 2, 10-13 in '*®Er, including the even
and odd spin sequences of band 11.

band) has on average approximately zero alignment at low
rotational frequencies (the first four transitions).

Band 1 is the zero-quasiparticle (0-qp) sequence, which is
yrast until the alignment of the first pair of 13/, quasineutrons
(AB). At higher spins, / > 12, band 2 becomes the yrast se-
quence (see Fig. 21). As displayed in Fig. 20, the AB crossing
occurs at fiw ~ 0.28 MeV and has a gain of alignment Ai, ~
10%. This increase is the same as seen in the B), structure in the
neighboring odd-proton isotone '*’Ho [54,55]. The portion of
band 1 above the 127" level is the continuation of the 0-gp se-
quence. The band gains significant alignment, which is greater
than the two quasineutron configuration AB (band 2) above
hiw =~ 0.35 MeV. This has been interpreted as consecutive
second and third band crossings of ij3,, quasineutrons (BC
and AD) [43,56-59].

The next lowest two-quasineutron configurations in "®Er
are formed by one quasineutron occupying the A orbital
(lowest energy, positive parity), and the other quasineutron
occupying the next lowest in energy, negative-parity orbitals,
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E or F. In this way, the AE and AF configurations, which
have negative parity and signatures of 1 and 0, were assigned
to bands 3 and 4, respectively (see Fig. 21). The first observed
alignment in bands 3 and 4, at /iw =~ 0.36 and ~0.35 MeV,
respectively, has been interpreted as a BC crossing [51], as
displayed in Fig. 20.

At higher rotational frequencies, hw =~ 0.43 MeV, the
alignment of the first pair of /;,, quasiprotons (A,B,) occurs
(see Fig. 20) with an expected gain in alignment of about 67
in bands 1, 2, 3, and 4. At this point, the configuration of
band 2 changes from AB to ABA,B),, while for bands 1, 3,
and 4 the 4-qp configurations evolve to 6-qp configurations
(BCAD — BCADA_,B, for band 1, AEBC — AEBCA,B,
for band 3, and AFBC — AFBCA,B, for band 4). The
experimental evidence for the interpretation of the A,B,, rota-
tional alignment is that similar anomalies occur in all the yrast
and non-yrast rotational bands of neighboring even-proton nu-
clei, but not in the yrast bands of the neighboring odd-proton
nuclei (such as '*’Ho [54,55]), where this alignment is Pauli
blocked. Additional confirmation comes from the fact that the
A,B, alignment is observed in non-yrast rotational bands in
odd-proton nuclei, for example '’Ho [54,55].

At low rotational frequency bands 5, 6, and 7 have an
alignment consistent with a two-quasiparticle structure, see
Fig. 20(b). These bands gain an alignment at a frequency close
to the BC crossing as observed in bands 3 and 4. The next three
most favored two-quasineutron configurations after AE (band
3) and AF (band 4) are AG, AH, and BE. Band 5 is interpreted
as the AG (—, 0) configuration and is observed through the BC
crossing established at /iw = 0.36 MeV, closely following the
behavior of band 3 and 4. Band 6 is tentatively assigned as the
AH (—, 1) configuration. Band 6 lies at a relatively low energy
compared with its signature partner band 5; see Fig. 21. This
is opposite to the expectation from the cranked shell model,
however, as noted in [43], this band may interact witha K = 0
octupole-vibrational band at low spins, which would lower its
energy. Similar bands are observed in neighboring nuclei (e.g.,
[52,59]). Band 6 smoothly gains alignment [see Fig. 20(b)],
which could be evidence for the BC crossing. Band 7 (—, 0)
is tentatively interpreted as the next two-quasineutron config-
uration BE. Its interaction with band 9 near I = 20 means
that it is not seen to high enough spin to observe the BC
crossing.

B. Strongly coupled structures

Bands 8 and 9 are strongly coupled structures consisting
of interleaved, energetically degenerate, rotational sequences
connected by interlinking M1/E2 Al = 1 dipole transitions.
Such structures arise when there is a significant contribution
of single-particle angular momentum aligned along the intrin-
sic nuclear deformation axis (z axis), which is perpendicular
to the rotational x axis. This occurs for nucleons at the Fermi
surface that reside in Nilsson states with large 2 values, i.e.,
states near the top of a major oscillator shell. The overall
nuclear spin vector 7, and hence its associated magnetic dipole
moment vector, are tilted away from the rotational x axis
leading to enhanced M 1 emission.

For erbium (Z = 68) isotopes, available high-Q2 proton
states correspond to [404]7/2 and [402]5/2 Nilsson orbitals
(the E,/F, and G,/H, states of Table I). Also for N = 90 the
high-€2 neutron orbital [505]11/2 (the X/Y states of Table I)
is near the Fermi surface (e.g., [60]). Hence, there is the possi-
bility of observing both proton and neutron strongly coupled
bands in *®Er.

Strongly coupled bands have been systematically observed
in neighboring even-A and odd-A erbium isotopes, and in
several cases multiple bands are seen. These bands have been
associated with both proton and neutron high-K configura-
tions (e.g., [61]). In particular, strongly coupled bands built
on an /™ =7~ two-quasiproton state, namely [523]7/2 ®
[404]7/2 or A,(E,/F;), are well established in several nuclei
in the ¢gEr, 70Yb, and 7,Hf region with neutron numbers
between 90 and 96, e.g,. [62]. Band 9 in I58Er is therefore
an obvious candidate for this proton configuration as it has
all the characteristics expected (i.e., alignment properties,
B(M1)/B(E2) values), see below. In addition, neighboring
odd-N 7Er [63] and ""YEr [64,65] exhibit related bands based
on this A,E,/F, high-K structure coupled to the odd neutron
in the A orbital (i13/2).

One way to easily distinguish between high-K proton
and neutron strongly coupled configurations is to extract
BM1;1 — I —1)/B(E2;1 — I — 2) ratios of reduced tran-
sition probabilities and to compare them with theoretical
expectations. The experimental ratios are simply related to the
intensity branching ratios of interband dipole (Al = 1) and in-
traband quadrupole (Al = 2) y rays depopulating a particular
state. The best way to obtain reliable intensity branching ratios
is to set coincident gates above the level of interest and then
measure the relative intensities of the competing dipole and
quadrupole transitions depopulating that level. The theoretical
estimates used are based on the semiclassical geometrical
model of Donau and Frauendorf [66,67] along with Nilsson
single-particle g factors [68].

The high-2 states are relatively pure and these g-factors
approach the spherical shell-model values. It is found that
high-K proton configurations are predicted to yield much
larger (5-10 times) B(M1)/B(E2) values than neutron con-
figurations and, when compared with the experimental values,
imply that the two strongly coupled bands in 'S3Er are
indeed both built on high-K proton excitations. The ex-
perimental B(M1)/B(E2) values for bands 8 and 9 are
shown in Fig. 22 where they are compared with various
theoretical high-K proton configurations. Some experimental
B(M1)/B(E2) values are missing in this figure because of
the difficulty of extracting meaningful y-ray intensities due to
contamination.

The systematics in the region and alignment properties, see
below, suggest that band 9 is the negative-parity A,(E,/F})
two-quasiproton configuration, involving the [404]7/2 Nils-
son state, at low spin, which then evolves into the four-
quasiparticle A ,(E,/F,)AB configuration following the rota-
tional alignment of i;3/, neutrons. These are the calculated
configurations labeled 5 and 6 in Fig. 22(b). The I" = K™ =
7~ state at 2402 keV is taken to be the bandhead of band 9. Al-
though there is a lower state with I = 6~ at 2132 keV, its low
excitation energy and the unusually large B(M1)/B(E2) value
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FIG. 22. Measured B(M1)/B(E?2) ratios of reduced transition
probabilities as a function of spin for bands 8 (top panel) and 9
(bottom panel) in *®Er. Open (filled) symbols denote the signatures
a =0 (1). The configurations for the theoretical calculations are
given in the boxes.

for I = 8 suggest this 6~ state is not part of the same config-
uration. Band 9 could also be the A,(G,/H,) configuration
at low spin based on the B(M1)/B(E2) values and align-
ment properties. However, at higher spin the A,(E,/F,)AB
configuration is the best overall fit to the data and there-
fore band 9 is assigned to be the A,(E,/F,) — A,(E,/F,)AB
configuration.

Band 8 exhibits relatively large B(M1)/B(E2) val-
ues of ~4(uy/eb)*> above spin 25%. These values are
larger than those systematically observed in this region.
Four-quasiparticle strongly coupled bands, based on the
positive-parity A,(E,/F,)AE mixed proton-neutron configu-
ration have been established in '°°Er [61] and '**Er [69].
In the latter case the bandhead is isomeric with a lifetime
of 100 ns. Calculations for the corresponding configura-
tion in '38Er are included in Fig. 22(a) labeled 4. Although
these calculations match the values extracted for spins below
I = 24, the experimental numbers are significantly larger at
higher spin values. Indeed, at high spin the behavior of band
8 is best described by the positive-parity four-quasiparticle
(E,/F,)(G,/H,)AB configuration, labeled 2 in Fig. 22(b),

which involves both [404]7/2 and [402]5/2 high-K proton
orbitals coupled to rotational aligned ij3,> neutrons. In this
particular configuration, the proton spin is essentially all
aligned along the intrinsic nuclear deformation axis, while
the neutron spin is aligned with the perpendicular rotation
axis. This arrangement naturally leads to enhanced M1 y-ray
emission.

The proton assignment to the two '>®Er strongly cou-
pled bands is consistent with detailed theoretical discussion
of quasiproton configurations (excitation energies, deforma-
tions, alignments, and band crossing properties) calculated by
Bengtsson in Ref. [70], where the existence of such bands had
been theoretically predicted. Moreover, the proton structure of
the bands can also be confirmed by comparing their rotational
properties to neighboring odd-Z '*’Ho [55]. Figure 23(a)
shows the alignment as a function of rotational frequency
for the bands compared with the yrast states in bands 1 and
2, while Figs. 23(b) and 23(c) show the bands compared
with one-quasiproton bands in '>’Ho. Figure 24(a) shows the
excitation energy with respect to a deformed rotating liquid
drop reference for the strongly coupled bands compared with
the yrast states in bands 1 and 2. Figure 24(b) shows the
excitation energy with respect to a deformed rotating liquid
drop reference for the yrast states of bands 1 and 2 with the
(—, 0) even spin states in the negative-parity bands 4, 7, 9, and
13. The close interaction with band 9 and 7 at spins 12 and
20 and between band 4 and 13 at spin 20 is clearly evident
explaining the decays between these bands, see Figs. 3, 4, and
24(b).

In Fig. 23(c), band 9 follows a very similar trajectory with
the B, sequence in '“’Ho. This is consistent with a proton
configuration at low rotational frequency. Considering the
small signature splitting (< 20 keV) between the two partner
sequences of band 9 (see Fig. 24), this band is based on the
configurations A,E, and A,F,. This configuration assignment
is consistent with the fact that the initial aligned spin of band 9
is almost identical to the sum of those of the A, sequence and
the E, or F, sequence in '*"Ho [see Fig. 23(c)]. Furthermore,
band 9 in *®Er displays an alignment pattern similar to the
A, sequence in 57Ho. As seen in Figs. 20 and 23(c), both the
A, and B, sequences in STHo encounter the AB quasineutron
crossing at fiw &~ 0.27 MeV. At higher rotational frequencies,
an alignment of the first pair of quasiprotons (A,B,) is ex-
pected, as observed in the yrast band (band 2) in '*%Er at
hw =~ 0.43 MeV. However, this alignment is blocked in band
9 which already contains the A, quasiproton, but the next
alignment of the second and third quasiprotons B, and C, is
observed at hiw ~ 0.47 MeV. It should be noted that at these
high rotational frequencies the orbital X,,, originating from the
hg/2[541]1/2, is low in energy and may be involved in this
alignment.

Band 8 in ""®Er exhibits a gradual gain in alignment over a
large frequency range 0.20 < hw < 0.55 MeV; see Fig. 23(a).
Similar behavior is seen in the corresponding bands of '*’Ho,
shown in Fig. 23(b), and has also been observed in the neigh-
boring even-even nuclei °Dy and Dy, where it has been
interpreted as the rotational alignment of the A,B,, quasipro-
tons with a large interaction strength; see Refs. [59,71]. If this
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FIG. 23. Experimental alignments (i,) as a function of the rota-
tional frequency (/iw) for the two strongly coupled bands observed in
158Er; band 8 and band 9. (a) Comparison of bands 8 and 9 with the
yrast states in bands 1 and 2. In (b) and (c) the related configurations
in '*"Ho are plotted. The structures are labeled according to their
quasiparticle configurations at low spins. The approximate rotational
frequency of the various band crossings is indicated. Open (filled)
symbols denote the signatures o = +1/2 (—1/2) or 0 (1). See text
for details.
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FIG. 24. Experimental excitation energy, minus a deformed ro-
tating liquid drop reference, plotted as a function of spin for (a) bands
8 and 9 in "*®Er and (b) the even spin states in band 9 and bands 4, 7,
and 13 in *®Er. Bands are labeled by the parity and signature (7, o).
Bands 1 and 2 are displayed as a reference.

interpretation is adopted for band 8 of '*3Er, it represents a
very smooth and gradual upbend centered at /iw ~ 0.42 MeV
with a total gain in alignment of ~6/.

The dynamic moment of inertia of band 8, J @ ~
60-70 MeV/ K%, is larger than that of band 9, which has a
value of ~45-50 MeV/A*. This is shown in Fig. 25 which
compares the moments of inertia in several bands in '>3Er
together with selected structures in other nuclei. The higher
value of the 7@ in band 8, which is close to the triaxial
superdeformed band in '®*Lu [74,75], is caused by the grad-
ual A,B, alignment. Band 9, where the A,B,, alignment is
blocked, has a J® value more typical of lower-deformed
structures.

Finally, dipole transitions are observed from band 4 (AF)
to band 3 (AE), allowing experimental B(M1)/B(E?2) ratios
to be measured for these bands and compared with theory.
Experimental values of 20.02 (y/eb)? are found, which are
an order of magnitude smaller than those of bands 8 and 9; see
Fig. 22. However, these lower values are consistent with our
predictions, using the semiclassical geometric model [66,67],
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FIG. 25. The dynamic moment of inertia 7 as a function of
rotational frequency for the three TSD bands in '®Er. The lowest
energy superdeformed band in 3Dy [72,73], the lowest energy
triaxial strongly deformed band in 'Lu [74,75] and '®°Er [76], and
the strongly coupled bands 8 (—, 1) and 9 (—, 1) in 'S3Er are plotted.

for the expected [651]3/2 ® [523]5/2 two-quasineutron con-
figuration for these negative-parity bands.

C. Other bands

Band 10 is based on excited 0F, 2*, and 47 states iden-
tified by Aguer et al., [46], where they were interpreted as
the K™ = 0" B-vibrational band. Similar bands are observed
in many nuclei in this region (e.g., **Gd [77] and '*°Er
[78]). However, the interpretation of these bands has been
questioned [77,79]. Indeed, the recent work of Dinoko et al.,
[47] interprets band 10 as a “pairing isomer” or states form-
ing a second vacuum [77,80] and thus based on an excited
K™ = 07 state. This band would be expected to undergo the
AB quasineutron alignment as observed in the yrast states
[see Fig. 20(b)] and in neighboring nuclei (e.g., 6B 178)).

However, it is not observed to high enough spin to confirm
this expectation.

Band 11 is interpreted as comprising the even and odd
spin members of the K™ = 2; y-vibrational band [46]. This
assignment is consistent with the fact that these two sequences
are close in excitation energy, as shown in Fig. 21(b). Band 10
and 11 have been extended to higher spin by Dinoko et al.
[47], who present a detailed discussion of their structure.

The alignment plot for the new bands 12 and 13 are plotted
in Fig. 20(b) and their excitation energy with respect to a de-
formed rotating liquid drop reference is plotted in Fig. 21(b).
Band 12 is only observed at frequencies >0.36 MeV and
has large values of aligned spin 12-14 4. Since the A,B,
alignment appears to be missing in band 12, it is tentatively
suggested to be the four-quasiparticle structure (two quasineu-
trons and two quasiprotons), 1,A ,AB, in the range of observed
frequencies.

Band 13 has an alignment close to that of band 1 after its
continuation beyond the AB crossing, where it is interpreted
as the four-quasineutron configuration BCAD; see Table II.
Band 13 could also be a four-quasineutron configuration and
is tentatively assigned to be BEAD. Its excitation energy lies
slightly higher than band 1 (see Fig. 24), which is consistent
with cranking calculations; see for example in [43], where the
C orbital lies at higher energy than the E orbital.

D. Band termination

At high spin in bands 2, 3, and 4, parallel structures are
observed, labeled in Fig. 5 as bands 2a, 3a, and 4a, respec-
tively. These latter structures become yrast at the highest
spins. This feature has been interpreted as a crossing of
near-prolate collective rotational structures by energetically
favored, weakly collective sequences, which terminate into
a noncollective oblate shape; see Refs. [7,8,12,20,21,23-27].
These references have gone into extensive detail with regard
to the highly favored band-terminating states, at I = 46T,
487, and 497, together with their interpretation in terms of
fully aligned configurations involving the four valence protons
and eight neutrons outside the '“°Gd core. These terminating
states correspond to valence-space configurations. States at

TABLE II. A summary of the assignments to the bands in '*Er including proposed quasiparticle configurations. See Table I for
quasiparticle labeling scheme and associated predominant Nilsson components.

Band no. (Parity, Signature) Configuration

Band 1 (+,0) 0 — BCAD — BCAD ® A,B,

Band 2 (+,0) AB — AB®A,B,

Band 3 (- 1) AE — AEBC — AEBC ® A,B,

Band 4 (—,0) AF — AFBC — AFBC @ A,B,

Band 5 (—=,0) (AG)

Band 6 (- 1) (AH)

Band 7 (—,0) (BE)

Band 8 (+,0/1) E,G,/F,G, - E,G,/F,G, ® AB— E,G,/F,G, ® AB® A,B,
Band 9 (-, 1/0) A,E,/AF, — A,E,/A,F, ® AB — A,E,/A,F, ® ABQ® B,C,
Band 10 (+,0) y vibration

Bandl1 (+,1) y vibration

Band 12 (+,0) (I,ApAB)

Band 13 (—=,0) (BEAD)
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FIG. 26. Calculated excitation energy, minus a deformed rotating liquid-drop reference, plotted as a function of spin for (a) the predicted
positive-parity states and (b) the predicted negative-parity in '**Er. Full lines represent positive parity and dashed line negative parity. Closed
symbols denote even spin, open symbols odd spin. Aligned oblate states are encircled. Configurations are labeled as described in the text, i.e.,
with the number of £;,/, protons and i3/, neutrons [p;;n3]. Configurations with a constraint on the number of (ds;,g7,,) proton holes and
(81/2d3/2) protons in the Nos. = 4 shell are indicated. The corresponding experimental energies are plotted for (c) bands 2 and 2a, and (d) bands
3, 3a, 4, and 4a. The transitions feeding the band-terminating states at 46%, 48~, and 49~ are included in (c¢) and (d) assuming they have dipole

(AI = 1) or quadrupole (Al = 2) multipolarity.

higher spin can only be generated by particle-hole excitations
across the Z = 64 or N = 82 shell gaps, leading to core-
excited configurations.

For the states feeding the I™ = 461, 48—, and 49~ termi-
nating states, it is appropriate to consider proton particle-hole
excitations across the Z = 64 shell gap. For instance, protons
may be promoted from the ds/>g7,> subshells below Z = 64
into the fyy/2 or 51/2d3,> subshells above Z = 64, as discussed
in Refs. [28,29,41,81,82]. New calculations are presented
here, based on the cranked Nilsson-Strutinsky (CNS) method
[70], with an updated set of Nilsson parameters. The methods
introduced in Ref. [13] have also been employed, making it
possible to compare experiment and theory on an absolute
scale. Furthermore, for some configurations, these calcula-
tions introduce a constraint on the number of (ds/»g7,2) proton
holes and the number of (s;/,d3,,) protons in the Nos. = 4
shell. In the calculations, the configurations are labeled rel-
ative to a "*°Gd (Z =64, N = 82) closed core, i.c.,

7 (h12)P (hopa f12)P2 (i132)™
< V(Noge =) (hy12) " (132)",

specifying the number of particles and holes in orbitals out-
side the core. The configurations are given in the shorthand
notation

[P1(p2p3); (ninz)n3],

where the numbers in parentheses are only given when they
are different from zero. Note that the number of Nys. = 4 pro-
tons and the number of (h92, h11/2) neutrons are not labeled
for simplicity unless they are constrained in the calculations.
The results are displayed in Fig. 26, where it can be
seen that there is a good correspondence for those states
that stand out as low lying in the experimental data at
407, 46T, 437,487, and 49~. The measured 42~ state in band
4a is slightly favored, which is consistent with a calculated
aligned state, in a similar fashion to the 40" and 43~ states
in bands 2a and 3a, respectively. The calculations presented
in Fig. 26(a) also predict a favored aligned 417" state with
a similar configuration to the aligned 40" state, but with
the six (hos2, f7/2) neutrons coupled to I = 13 instead of
I = 12. However, the (4, 1) states in Fig. 26(a) have not
been observed. The calculations also predict that, beyond the
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favored terminations, no configuration stands out as par-
ticularly favored and that a large number of possible
configurations compete [28].

Band 2 is assigned as the [6;2] configuration, with
the proton configuration most naturally understood as
n(d5/2g7/2)’2(h11 /2)6 with a maximum spin of I, =
6+ 18 =24, which leads to I,,x =54 when combined
with the (i13/2)% (ho/2f7/2)® neutron configuration. The
n(d5/2g7/2)’3(h11/2)6(s1/2)1 configuration is essentially de-
generate with the former for / & 50 and even slightly favored
at higher spins. This configuration has I,,x = 28 and thus
Inax = 58 for the full [6; 2] Configuration. This configuration
is plotted in Fig. 26(a) and, for simplicity, the terminating state
at In,x = 54 is shown. The experimental continuation of band
2, after its crossing with band 2a, appears to drop in energy
for I > 42 [see Fig. 26(c)], which suggests that it undergoes
a band crossing. However, the drop in energy observed at
spin I > 42 is not seen in the [6; 2] configurations. A possible
interpretation is the configuration 7 (h; /2)4 with one proton
excited from the (ds;287,2) to the (s1/2d3/») orbital. This is
plotted in Fig. 26(a) and is the favored configuration up to
I = 50. Several other calculated configurations also lie close
in energy, for instance the 7 (hy12)°v(i13/2)° configuration.
These other configurations are not plotted on the figure for
simplicity. However, it seems unlikely that such a transition
from a ﬂ(h]l/z)()\)(im/z)z to 7T(h11/2)5\}(i13/2)3 conﬁguration
would lead to such a smooth transition as observed.

The calculations for negative parity follow closely the
situation for positive parity. Bands 3 and 4 are the [6;3]
configuration. The 7 (ds)287/2) > (s12)" [6;3] configuration,
plotted in Fig. 26(b), has an I,,,x = 60, 61. The configurations
7 (ds /2g7/2)’2(51 /2d3/2)0 [6; 3] follow closely this configura-
tion but have an I, = 56, 57, and these states are indicated
in Fig. 26(b). For both negative-parity bands there is also
an indication of a drop in energy at ~42h; see Fig. 26(d).
Similarly to the [6;2] configuration, this is not predicted in
the [6; 3] configurations. An explanation for the drop in energy
could be the [4; 3] configuration with one proton excited from
the (d5/2g7/2) to the (S1/2d3/2) orbital. The 7 (h; ]/z)sv(i]3/2)2
configuration is calculated at a similar energy.

Several high-energy, low-intensity transitions feeding the
terminating states at 461, 487, and 49~ have been identified.
Some of these feeding transitions were previously suggested
in Refs. [24,30]. Multipolarity assignments were not possible
for these transitions. However, similar behavior is expected in
I38E; as established in "’Er, where some of the transitions
that feed the terminating states were measured to be either
stretched dipole or stretched quadrupole in character [28,29].
The high-energy transitions feeding the band-terminating
states at 46, 48—, and 49~ in '8 Er are included in Figs. 26(c)
and 26(d). They are drawn assuming both dipole (Al = 1) and
quadrupole (Al = 2) character. Comparing with the calcula-
tions, it appears that the lower-energy feeders are more likely
to be dipoles and the higher-energy feeders quadrupoles. A
mixture of dipole and quadrupole feeders, as observed in
157Er, is therefore likely.

The 1993 keV feeder of band 4a and the 1319 keV feeder
of band 3a appear to connect to a level at an excitation en-
ergy of 20122 keV (see Fig. 5). This level could be a 50~

core-excited state that feeds band 4a via an E2 transition
(1993 keV) and band 3a via an M1 transition (1319 keV).
The experimental intensity branching ratio for these decays
implies a B(M1)/B(E?2) ratio in excess of 30 (uN/eb)2 (see
Fig. 22 for context). This extremely large value can only occur
for a severely hindered non-collective E?2 transition from the
new 507 state into the oblate 48~ terminating state.

Another finding, consistent with the features seen in band
2 and 2a at high spin, was the observation in Ref. [21] of
“fast” (band 2 continuation) and “slow” (band 2a) branches
feeding the 38" state; see Fig. 5. This is understood as the
crossing of a near-prolate collective rotational structure by an
energetically favored, weakly collective sequence that termi-
nates into a noncollective oblate shape. This was deduced by
comparing the spectra coincident with the 1058 keV transition
in band 2, in both thin self-supporting target data, where the
excited nuclei decay in flight, and thick target data, where the
excited nuclei decay after stopping in the Au backing. A clear
difference was observed with the 1202 and 1209 keV in the
continuation of band 2 not being observed in the thick target
data unlike the band 2a transitions of 827, 1280, 1030, and 971
keV which remained, see Fig. 1 of Ref. [21]. The “missing”
1202 and 1209 keV transitions were explained as being due to
the fact that they are being emitted during the slowing down
(~0.5 ps) process within the Au backing and thus constitute
a “fast” branch being smeared out by Doppler shifts as the
nucleus slows down and the variety of detector angles relative
to the recoil direction. For the band 2a transitions to have good
energy resolution they must constitute a “slow” branch having
been emitted after an interval of > 2 ps [21]. These lifetime
estimates included feeding times as well as the state lifetimes.

The present data confirm the work in Ref. [21], and extends
it to higher spin in band 2. The same effect is also established
in the negative-parity states of bands 3 and 4. Figure 27(a) is
the equivalent of Fig. 1 in Ref. [21] showing a coincidence
spectrum with the 1058 keV decay from the 38 state in band
2. However, in order to produce as “clean” a spectrum as
possible, the 1058 keV transition is in coincidence with all
combinations of two lower spin transitions from 473 to 1017
keV in band 2; see Fig. 3. The “red” spectrum is from the
thin target data and the “blue” spectrum from the thick target
data. As initially observed in Ref. [21], there is a significant
reduction in the intensity of the 1202 and 1209 keV transitions
in the thick target data. However, in contrast, these transitions,
albeit diminished, are still present indicating that while these
transitions are “faster” than the band 2a transitions, these
states must also have a “slow” feeding component. These tran-
sitions are however still present, albeit diminished, indicating
that, while they are “faster” than the band 2a transitions, the
terminating states must also have a “slow” feeding compo-
nent. The reduction in intensity includes the 1141 keV and
possibly 1151 keV transitions that extend band 2 to 46™; see
Fig. 5.

Figure 27 shows the corresponding overlapping thin target
(red) and thick target (blue) spectra in coincidence with (b)
the 1073 keV decay from the 41~ state in band 3 and (c) the
1026 keV decay from the 40~ state in band 4. In order to
produce a clean spectrum, these transitions are in coincidence
with all combinations of two lower spin transitions from 300
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FIG. 27. Overlapping spectra from the thin-target (red) and
thick-target (blue) datasets for (a) coincidences between all com-
binations of two lower spin transitions from 473 to 1017 keV, and
the 1058 keV transition in band 2, (b) coincidences between all
combinations of two lower spin transitions from 300 to 1020 keV,
and the 1073 keV transition in band 3, and (c) coincidences between
all combinations of two lower spin transitions from 236 to 985 keV,
and the 1026 keV transition in band 4; see Fig. 5 and text for details.
The 1058, 1073, and 1026 keV y rays are indicated. Transitions in
the “slow” feeding branches are labeled with an asterisk .

to 1020 keV in band 3 and from 236 to 985 keV in band 4,
respectively; see Fig. 5. The continuation of band 3 (the 1177,
1248, and 1210 keV transitions) and band 4 (the 1272 and
1209 keV transitions), show significantly reduced intensities
compared with the transitions in bands 3a and 4a, respectively.
This is consistent with “fast” and “slow” sequences in the
collective and terminating branches, as observed in band 2.
A summary of the “fast” and “slow” transitions in the band
termination region is given in Table III.

E. Collective bands beyond band termination

Three weakly populated rotational structures, with high
dynamic moments of inertia (Fig. 25) and large quadrupole
moments have been observed, see Sec. III J and Figs. 5 and
6. Similar bands have now been established in neighboring
nuclei ("7Er [15], % 1%°Er [76]). The feeding profile of the
strongest band in I38Er [15], TSD band 1, suggested that it
extends over a spin range of ~ 23-65 i, marking a return

TABLE III. Summary of the “fast” and “slow” y-ray transitions,
above 38% in band 2, 41~ in band 3, and 40~ in band 4; see text and
Fig. 27.

Band E, (keV) Lifetime Band E, (keV) Lifetime
2a — 2 827 slow 3a— 3 985 slow
2a 1280 slow 3a 1330 slow
2a 1030 slow 3a 988 slow
2a 971 slow 3a 808 slow
2 1202 fast 3 1177 fast
2 1209 fast 3 1248 fast
2 1141 fast 3 1210 fast
2 1151 fast

4a— 4 1009 slow

4a 1163 slow

4a 1010 slow

4a 764 slow

4 1272 fast

4 1209 fast

to collectivity up into the so-called “ultrahigh-spin regime”
towards ~707.

It was proposed [15] that these bands correspond to
triaxial strongly deformed (TSD) structures, based on the
predictions of early cranking calculations of Bengtsson and
Ragnarsson [25] and Dudek and Nazarewicz [26]. The tran-
sition quadrupole moments of the observed ultrahigh-spin
sequences in °"!8Er were measured confirming that they
were all associated with strongly deformed shapes [31,32];
see the Appendix, Table V. These experimental measurements
helped to trigger further theoretical studies of '3*Er, for exam-
ple, Refs. [83-86].

The dynamic moments of inertia 7® for the three bands
in 8Er are included in Fig. 25, where they are compared
with other high-spin rotational structures. These bands include
the lowest-energy superdeformed band in '3°Dy, the lowest-
energy triaxial strongly deformed band in '*Lu [74,75] and
160Er [76], and the normal deformed bands 8 (—, 1) and 9
(—, 1) in '38Er. All bands in '*3Er show a gradually decreas-
ing behavior with rotational frequency. This is similar to the
lowest-energy superdeformed band in 32Dy [72,73]. The sim-
ilarities and differences between the variety of nuclear shapes
and configurations can be seen in this figure.

The specific nature and deformation of the proposed
“TSD” bands in this region is not straightforward and more
theoretical studies, along with new experimental information,
are required. Indeed, the theoretical investigation of Ref. [87]
challenges previous interpretations and suggests that in the Lu
isotopes the deformation of the TSD bands may not be very
different from that of the normal-deformation bands.

Calculated potential-energy surfaces are shown in Fig. 28
for '"*Er at I = 497,597, 69", and 79~ where triaxial min-
ima are labeled as TSD1, TSD2, and TSD3. Mean lifetime
measurements have been performed for the proposed TSD
bands in '37-!38Er [31,32] in order to distinguish between these
triaxial shapes. While the results are consistent with enhanced
quadrupole deformation, it was not possible to conclusively
define the triaxial minimum. Indeed, the large experimental
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FIG. 28. Potential energy surface plots for I* = 49~,59~, 69~ and 79~ in '**Er. The triaxial minima discussed in [31,32] in comparing to
the Q, values are labeled TSD1, TSD2, and TSD3. The yrast and superdeformed (SD) minima are also indicated. The contour line separation

is 0.25 MeV.

value of QO led to the conclusion that they could either be
assigned to a negative-y deformation, &, ~ 0.35, y =~ —20°
(T SD2), or to a larger deformation with positive y, &, ~ 0.43,
y A 25°(TSD3) [31,32].

The deformed positive-y minimum (7°SD3) is well pro-
nounced at high spin where experimentally the bands would
be populated in the reaction. The same triaxial minima are
also predicted in the calculations for '"°Er [41] and '®°Er
[76]. Indeed, in '*°Er the equivalent 7SD3 minimum is clearly
preferred at the highest spins [76]. In addition, the TSD bands
in '°Er have a 7 similar to the bands in '3®Er; see Fig. 25.
Experimentally the positive-y minimum is the most probable
for these bands, but the negative-y minimum cannot be com-
pletely ruled out.

The present CNS calculations suggest that, in addition to
proton particle-hole excitations, neutron particle-hole excita-
tions are also needed to build the high-spin TSD structures.
For negative-y deformation, where the single-particle Routhi-
ans are published as Fig. 7 in Ref. [76], there is a large Z = 66
gap at low frequencies. However, for frequencies /iw = 0.7
MeV, both the lowest (f7/2/h9,2) and i13, orbitals come down
in energy leading to a gap for Z = 68 at iw =~ 0.8 MeV. For
the configuration with the orbitals below this gap filled, the
dominating j-shells relative to Z = 64 core can be identified.

With the labeling as specified in Sec. IV D, it is denoted by
6(11). For neutrons there is a small gap for N =91 in a
large frequency interval, with the configuration (22)5. Favored
configurations for N = 90 are then formed by making a hole
in one of the five orbitals below N = 91 and combining them
with the proton configuration of the Z = 68 gap. In these
calculations, the lowest energy configuration is [6(11); (22)4],
where the hole is made in the N,z = 6 orbital. This configu-
ration with odd spin is thus the favored assignment for TSD
band 1 within the &, ~ 0.35, y &~ —20° minimum. The TSD
band 2 might then be assigned to the odd spin configuration
with the hole in the (ho 2, f7/2) orbitals instead, [6(11); (22)5].
The predicted configurations have spins consistent with the
values in Fig. 6 and [15].

For the positive-y shape, TSD3, with ¢, ~ 0.43, y & 25°,
the configurations involve the same orbitals as for negative
y except that for neutrons there is the possibility of pop-
ulating the Nosc = 6 11,2, go/2 orbitals, in addition to the
Nosc =7 jis,2 intruder orbital. Thus a typical feature of these
larger deformation triaxial configurations is the presence of
four Nyc = 4 neutron holes and one neutron excited to the
Nosc = 7 shell.

An issue with the comparison with experiment in the 7SD3
minimum is that the calculations require the spin values to be
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increased by 3—4 i with an associated increase in excitation
energy compared with the tentative assignments made by Paul
et al. [15], shown in Fig. 6. This increase in spin is the same
conclusion as that presented in Ref. [86], where the authors
prefer to assign the w62v7" configuration to be associated with
the minimum at &, ~ 0.43, y =~ 10-15°. They noted that “If
the theoretical spin assignments ...turned out to be correct,
the experimental band 1 in "*Er would be the highest-spin
structure ever observed. The current study stresses the need
for more precise measurements of Q, and reliable estimates of
spins in these bands.” Observing such high spin states is then
not so far from the fission limit expected for a nucleus of this
mass.

The calculations for positive and negative y deformation
have suggestions for the nature of TSD band 3. However,
there are hints from the coincidence data that the lower-energy
transitions of TSD band 1 are present, implying TSD band 3
decays into TSD band 1. Unfortunately, these observations are
not reproducible with sufficient confidence to establish this
connection. However, this possibility, together with the fact
that the dynamic moments of inertia of TSD band 3 and TSD
band 1 are so similar (see Fig. 25 and Ref. [32]), would be
consistent with TSD band 3 being a wobbling excitation based
on TSD band 1, as observed in '*Lu [74].

V. SUMMARY AND CONCLUSIONS

High-spin experiments using the Gammasphere spectrom-
eter, with both thin (self-supporting) and thick (backed)
targets, have been performed in order to study the level struc-
ture of '>Er. More than 200 new transitions and six new
rotational bands have been observed. Angular-intensity ratio
information has been used for spin and parity assignments.
Two strongly coupled rotational bands have been identi-
fied as two-quasiproton excitations, based on their measured
B(M1)/B(E?2) ratios of reduced transition probabilities, along
with the observed characteristic neutron and proton alignment
properties and comparisons with neighboring nuclei. The
high-spin states near band termination have been discussed
using cranked Nilsson-Strutinsky calculations. Assignments
are made for the terminating structures and continuing col-
lective sequences including the non-collective oblate states at
40%, 42—, 437, 461, 48—, and 49~. Two lifetime branches
in the positive parity states above 38", consistent with the
crossing of a near-prolate collective “fast” rotational structure
by an energetically favored weakly collective “slow” structure
that terminates in a non-collective oblate shape are confirmed,
and the fast branch is extended to higher spin. Two lifetime
branches are also established in the negative-parity states
above 40~ and 41~. The fully aligned band-terminating states
at 46T, 487, and 49~ are fed by many weak transitions in
the energy range 1200-2100 keV. These feeding transitions
originate mainly from weakly deformed configurations in-
volving core-breaking proton particle-hole excitations across
the Z = 64 semimagic shell gap, as observed in the neighbor-
ing nuclei, for example '*°Er and '37Er. At higher spin values,
three collective rotational structures, which are most probably

associated with triaxial strongly deformed shapes, have been
established. These sequences extend up to spin ~65-70 7,
adding to the wide variety of nuclear structure phenomena
observed in this rare-earth nucleus. The observation of these
sequences raises multiple questions pointing to the need for
further experimental investigations, in particular, to firmly
establish their spins and excitation energies. In addition, it
would be interesting to observe further sequences in each of
the predicted TSD minima and, even in the superdeformed
minimum, in order to completely explore the full spectrum
of shape coexistence expected in °®Er at the highest possible
spins. These questions, and many others may be answered by
the next generation 47 y-ray tracking spectrometers GRETA
[88] and AGATA [89].

Data access statement: Data supporting this paper are in-
cluded in the Appendix.
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APPENDIX: EXPERIMENTAL RESULTS

The experimental results are presented in the Appendix,
Tables IV and V.

Table IV lists excitation energies E,, transition energies £,
relative intensities I;el', angular intensity ratio R, multipolarity,
and spin-parity assignments for the transitions observed in
158Er. The multipolarity is indicated where an R value was
measured in this work. Spin and parity assignments are taken
from this work and [20] and references therein. The y-ray en-
ergies are estimated to be accurate to 0.3 keV for the strong
transitions (I;e“ > 10), rising to +1.0 keV for the weaker
transitions. The intensity measurements have been normalized
to the 192.2 keV (27 — 07) yrast transition with a value of
100. Errors on the intensities are estimated to be 5% of the
quoted values for strong transitions (I]rfl‘ > 10) and 10% for
the weaker transitions. Quantities in parentheses are tentative.

Table V lists measured transition quadrupole moments
along with y-ray energies (keV) in the TSD bands in '*Er,
Refs. [12,15,31,32]. The y-ray energies are estimated to be
accurate to 1.0 keV.

054305-22



EVOLUTION OF STRUCTURE AND SHAPES IN ... PHYSICAL REVIEW C 107, 054305 (2023)

TABLE IV. Experimental properties for bands 1-13.

E, (keV) E, (keV) It R Multipolarity ITn — 14 Band
Band 1

192.2 192.2 100.0 0.55(4) E2 2t -0t 1
527.2 335.0 100.0 0.72(4) E2 4t — 2* 1
970.2 443.0 96.0 0.86(4) E2 6t — 47 1
1493.1 522.9 94.0 0.97(4) E2 8t — 6F 1
1852.4 882.2 <10 — 6F — 1
2027.0 1056.9 2.8 (77) - 6* Level (77) — 1
2072.0 578.9 82.0 0.96(4) E2 107 — 8* 1
2680.1 608.1 66.0 0.94(4) E2 12t - 10" 1
3373.1 492.9 0.6 14t — 127 12
3373.1 693.0 8.0 1.07(7) E2 147 — 12* 1
4024.2 651.1 5.0 1.03(5) E2 167 — 14* 1
4677.8 653.5 3.5 18t — 16" 1
5325.6 647.8 3.1 1.01(6) E2 20" — 18+ 1
5325.6 1097.1 0.6 20" — 18* 12
6022.5 696.9 2.6 1.03(8) E2 22t — 20* 1
6022.5 1135.5 0.3 22t — 20% 1—2
6791.8 769.3 2.8 0.97(6) E2 24t — 22% 1
6791.8 1165.1 0.3 24+ — 22% 12
7632.1 840.3 2.6 0.97(8) E2 26T — 24% 1
7632.1 1200.9 0.2 260 — 24% 12
8545.6 913.5 22 1.00(13) E2 28t — 26% 1
8545.6 1269.5 0.1 28t — 26% 1—2
9530.4 984.8 0.9 (30%) — 28* 1
10381.9 834.4 0.1 (32%) — (30%) 1—la
10381.9 851.5 0.4 (32%) - (30M) 1
11325.1 943.2 0.45 (347) — (32%) 1
12338.8 1013.7 0.55 (36%) — (34M) 1
13404.4 1065.6 0.4 (38%) — (36M) 1
(14534.9) (1130.5) 0.1 (40%) — (38%) 1
Band la

9547.2 1001.6 0.7 (30%) — 28* la—1
10577.8 1030.5 0.3 (32%) - (30™) la
10577.8 1047.6 0.2 (32%) - (30M) la—1
11670.3 1092.5 0.2 (34%) — (32%) la
(12799.1) (1128.9) 0.1 (367) — (34T) la
Band 2

2880.4 200.3 1.95 12+ — 12% 21
2880.4 393.7 0.8 12t — (10%) 2—10
2880.4 808.3 5.7 12t — 10" 2—1
3189.7 309.3 3.6 0.95(6) E2 147 — 12 2
3189.7 509.6 57.0 0.85(11) E2 14t — 127 2—>1
3662.2 472.5 50.0 0.92(4) E2 167 — 14* 2
4228.3 566.1 46.0 0.92(4) E2 18t — 16" 2
4886.6 658.3 40.0 0.97(4) E2 20" — 18* 2
5626.8 740.2 35.1 0.94(4) E2 22t — 20% 2
6431.7 804.9 313 0.93(4) E2 24t — 22% 2
7276.6 844.9 245 0.92(4) E2 267 — 24% 2
8134.8 858.2 22.2 1.02(4) E2 28T — 26 2
9009.6 874.8 18.0 0.97(4) E2 30" — 28% 2
9915.2 905.6 14.1 0.93(4) E2 32t — 30% 2
10873.9 958.7 13.5 0.95(4) E2 34t — 32+ 2
11890.6 1016.7 8.7 0.98(4) E2 367 — 34% 2
12948.7 1058.1 7.6 1.00(5) E2 38t — 36t 2
14151.1 983.1 0.5 40" — 38 2—2a
14151.1 1202.4 2.0 0.98(8) E2 40" — 38 2
15360.4 1209.3 1.0 1.01(12) E2 42 — 407" 2
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TABLE 1V. (Continued.)

E, (keV) E, (keV) It R Multipolarity I — 150 Band
16501.7 1141.3 0.7 44+ — 427 2
17652.3 1150.6 0.3 46T — 447 2
(18862.8) (1210.5) 0.1 1.01(13) E2 (48%) — 467 2
Band 2a

9472.7 1338.2 0.8 30T —28% 2a—2
10280.1 807.4 2.0 32t — 30" 2a
10280.1 1270.5 0.8 32T — 30" 2a—2
11214.8 934.7 1.0 34T —32% 2a
11214.8 1299.5 0.5 34T — 32+ 2a—2
12230.5 1015.7 1.8 36T — 34% 2a
12230.5 1357.2 0.3 36T — 34 2a—2
13167.9 937.4 1.0 38T — 361 2a
13167.9 1276.9 1.0 38T — 36 2a—2
13775.9 608.0 3.0 40" — 38 2a
13775.9 827.2 4.0 1.08(5) E2 40" — 38 2a—2
15056.0 1280.1 3.2 0.97(6) E2 42+ — 407" 2a
16086.3 1030.3 1.8 1.03(7) E2 44+ — 42 2a
17057.2 970.9 1.55 1.01(14) E2 46T — 447 2a
17738.7 1652.4 0.07 — 44t 2a
18438.4 1381.2 0.08 — 46 2a
18511.9 1454.7 0.08 — 46F 2a
(18599.3) (1542.1) <0.08 — 46t 2a
18622.7 1565.5 0.08 — 46% 2a
18659.3 1602.1 0.07 — 46F 2a
(18714.7) (1657.5) <0.08 — 46t 2a
(18807.5) (1750.3) <0.08 — 46% 2a
18905.2 1848.0 0.07 — 46F 2a
(18955.7) (1898.5) <0.08 — 46t 2a
19051.3 1994.1 0.07 — 46 2a
Band 3

2431.0 159.3 0.3 9" —9 36
2431.0 359.1 0.7 9~ — 10" 31
2431.0 413.1 2.4 0.62(5) E1l 9= — (8% 3—10
2431.0 579.1 1.7 0.57(5) El 97 — 3>
2431.0 937.9 11.5 0.57(5) E1l 9~ — 8+ 31
2730.9 244.5 0.7 117 — (10™) 3—10
2730.9 299.9 9.7 0.89(4) E2 11m =9 3
2730.9 659.5 4.5 0.64(5) E1l 11~ — 10" 31
31545 423.6 13.8 0.92(4) E2 137 =11~ 3
3154.5 474.4 0.8 137 — 12 31
3695.1 540.6 12.3 0.98(4) E2 15— 13~ 3
4329.1 634.0 11.6 1.01(4) E2 17— — 15~ 3
5021.5 692.4 11.5 0.96(4) E2 197 = 17 3
5738.7 7172 9.2 1.04(4) E2 21— 19~ 3
6476.3 737.6 8.4 1.02(4) E2 237 = 21- 3
7249.7 7734 7.0 1.02(4) E2 257 =23~ 3
8069.7 820.0 6.0 0.98(4) E2 27" — 25~ 3
8933.0 863.3 5.0 1.03(4) E2 297 - 27° 3
9819.4 886.4 4.2 0.98(4) E2 317 =29~ 3
10715.9 896.5 4.1 0.98(4) E2 337 —=31° 3
11635.9 920.0 33 1.05(5) E2 357 =33~ 3
12599.2 963.3 3.2 0.96(5) E2 377 =35~ 3
13618.9 1019.7 2.8 1.05(6) E2 39" = 37" 3
14691.8 1072.9 2.0 1.08(7) E2 41~ — 39~ 3
15868.4 1176.6 0.75 1.17(11) E2 437 =41~ 3
17116.8 1248.4 0.2 45~ — 43~ 3
17116.8 1439.5 0.1 45~ — 43~ 3—3a
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TABLE 1V. (Continued.)

E, (keV) E, (keV) e R Multipolarity I — 15 Band
18326.9 1210.1 0.1 47" — 45~ 3
Band 3a

15040.9 1422.0 <0.1 (417) — 39~ 3a—>3
15676.8 (635.9) 437 — (417) 3a
15676.8 985.0 0.85 0.98(7) E2 437 =41~ 3a—>3
17006.9 1137.8 0.25 457 — 43~ 3a—>3
17006.9 1330.1 0.4 0.98(23) E2 457 — 43~ 3a
17994.8 937.6 <0.1 477 — 467" 3a— 2a
17994.8 987.9 0.5 0.98(7) E2 477 — 457 3a
18803.1 808.3 0.5 0.95(13) E2 49- — 47~ 3a
20122.3 1319.2 0.1 (507) — 49~ 3a
Band 4

23334 306.4 0.3 8 —(77) 4 — Level (77)
23334 420.6 2.2 8~ — (7)) 4—11
23334 480.9 0.4 8 — 4 —
23334 840.3 34 8~ — 8" 4—1
2569.8 138.6 0.45 100 =9~ 43
2569.8 236.4 7.0 0.91(6) E2 10— 8~ 4
2569.8 297.4 0.45 100 -9~ 46
2569.8 497.4 1.8 10~ — 10* 41
2569.8 115.5 1.0 100 - (9%) 4—11
2954.9 223.7 0.9 127 —> 11~ 4—-3
2954.9 385.1 8.2 0.98(6) E2 12— 10~ 4
3474.1 3193 0.2 14= — 13~ 43
3474.1 519.2 8.7 1.03(6) E2 14= — 12~ 4
4102.9 407.6 0.1 16~ — 15~ 43
4102.9 628.8 7.8 0.99(6) E2 16~ — 14~ 4
4812.3 483.6 0.2 18~ = 17~ 4—3
4812.3 709.4 72 1.02(6) E2 18~ — 16~ 4
5538.1 725.8 7.0 1.02(5) E2 200 — 18~ 4
6219.9 681.8 42 1.02(8) E2 227 =20~ 4
6947.8 727.9 3.0 1.03(5) E2 24~ — 227 4
7740.3 792.5 2.9 0.95(8) E2 260 — 24~ 4
8601.2 8394 0.85 28~ — 26~ 4—-9
8601.2 860.9 1.1 0.98(13) E2 28~ — 26~ 4
9456.3 855.1 0.9 1.03(15) E2 300 —> 28~ 4
9456.3 885.6 3.0 1.04(13) E2 300 — 28~ 4—-9
10337.7 881.4 4.4 0.91(9) E2 327 =30~ 4
11235.7 898.0 2.5 0.96(9) E2 34- > 327 4
12174.0 938.3 2.4 0.89(7) E2 360 — 34~ 4
13159.2 985.2 1.9 1.01(9) E2 38~ =36~ 4
14184.7 1025.5 L5 0.95(5) E2 40~ — 38~ 4
15457.1 1272.4 0.5 427 — 40~ 4
16665.7 1208.6 0.2 44- — 42~ 4
16665.7 1472.5 0.1 44- — 42~ 4 — 4a
Band 4a

15194.0 1009.3 0.9 0.94(9) E2 427 — 40~ 4a — 4
16356.8 1162.8 0.6 0.94(23) E2 44- — 42~ 4a
17366.5 1009.7 0.5 0.94(9) E2 46~ — 44~ 4a
18130.4 763.9 0.45 48~ — 46~ 4a
19366.8 1236.4 0.05 — 48~ 4a
19590.1 1459.7 0.05 — 48~ 4a
19607.7 1477.3 0.05 — 48~ 4a
(19659.3) (1528.9) <0.03 — 48~ 4a
(19724.5) (1594.1) <0.03 — 48~ 4a
(19743.6) (1613.2) <0.03 — 48~ 4a
(19767.1) (1636.7) <0.03 — 48~ 4a
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TABLE 1V. (Continued.)

E, (keV) E, (keV) e R Multipolarity I — IF 0 Band
(19779.2) (1648.8) <0.03 — 48~ 4a
(20123.7) (1993.3) <0.03 (507) — 48~ 4a
20211.0 2080.6 0.03 — 48~ 4a
Band 5

2888.2 333.6 0.1 8) — &) 59
3004.6 450.0 0.1 ©O) — @) 59
3004.6 220.0 0.1 ©O)—= ©O) 5-9
3205.0 200.1 0.5 (107) — (97) 5-9
3205.0 316.8 0.5 (107) — (87) 5
3205.6 421.1 0.5 (107) — (9) 5-9
3676.7 471.7 0.5 (127) — (107) 5-9
4244.0 567.3 0.6 (147) — (127) 5
4886.0 642.0 0.35 (167) — (147) 5
5578.0 692.0 0.25 (187) — (167) 5
6305 727.0 0.2 (207) — (187) 5
7048.2 743.2 0.1 (227) — (207) 5
7822.2 774.0 <0.1 247) — (227) 5
8655.5 833.0 <0.1 (267) — (247) 5
9553.6 898.4 <0.1 (287) — (267) 5
10506.0 952.4 <0.1 307) — (287) 5
Band 6

2272.4 779.3 2.6 9- — 8" 6—1
2760.1 487.4 1.0 11- -9 6
2760.1 687.9 2.4 11~ — 10" 6—1
3303.7 543.6 L.5 (137) = 11~ 6
3303.7 623.2 1.1 (137) — 12+ 6—1
3906.0 602.3 L5 (157) — (137) 6
4569.4 663.4 1.4 (177) — (157) 6
5293.6 724.2 0.8 (197) - (177) 6
6063.5 769.9 0.3 @217) — (197) 6
6869.0 805.5 0.1 (237) — (217) 6
Band 7

3516.5 362.0 (127) - 13~ 7—3
3516.5 786.2 (127) —» 11~ 7—3
4015.1 498.6 (147) — (127) 7
4015.1 1060.5 (147) —» 12~ 7—4
4556.9 541.8 (167) — (147) 7
4556.9 1083.1 (167) — 14~ 7—4
5159.8 602.9 (187) — (167) 7
5819.7 252.4 0.66(9) M1/E2 20— 19~ 7—9
5819.7 659.9 200 — (187) 7
Band 8

(4602.8) (15%) 8
(4889.6) 286.8 (167) — (15™) 8
(5122.2) 232.6 1.0 (17t) — (16™) 8
(5122.2) 519.4 (17%) - (15%) 8
(5362.9) 241.6 0.15 (18%) — (17) 8
(5362.9) 474.1 (18%) — (16™) 8
(5617.5) 254.5 0.6 (19%) — (18%) 8
(5617.5) 495.4 0.25 (19%) - (177) 8
(5617.5) (1389.4) 0.15 (19%) — 18* 8§—>2
(5885.7) 269.2 0.1 (20%) — (197) Level (20%) — 8
(5885.7) (999.1) (20%) — 20" Level (20%) — 2
(5896.8) 279.3 0.2 (20%) — (19%) 8
(5896.8) 533.9 0.2 (207) — (18™) 8
(5896.8) (1668.5) 0.05 (20%) — 18 8—2
(6184.3) 288.6 0.5 (21%) — (20™) 8
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TABLE 1V. (Continued.)

E, (keV) E, (keV) It R Multipolarity I — 150 Band
(6184.3) 298.9 0.1 (217)— (207) 8 — Level (20™)
(6184.3) 567.4 217 — (197) 8
(6496.2) 310.8 0.6 0.60(15) M1/E2 (227)— (211) 8
(6496.2) 5994 0.5 (22%)— (20™) 8
(6824.0) 329.1 0.9 (237)— (22%) 8
(6824.0) 639.7 0.8 (231 —(217) 8
(7170.8) 345.6 1.5 0.64(8) MI1/E2 (241)— (23") 8
(7170.8) 674.7 1.0 (24%)— (22%) 8
(7530.8) 361.8 1.2 0.48(13) M1/E2 (257)— (247) 8
(7530.8) 707.3 0.9 (257)—(23%) 8
(7908.6) 376.5 0.95 (267)— (25T) 8
(7908.6) 738.2 0.8 (267)— (247) 8
(8298.1) 391.6 0.9 (271)— (26T) 8
(8298.1) 767.8 0.7 (27— (25T) 8
(8704.8) 405.5 0.8 (28%t) = (271) 8
(8704.8) 797.0 0.7 (28%)— (26™) 8
(9123.6) 420.6 0.8 (297) — (28T) 8
(9123.6) 825.5 0.8 29+)— (27%) 8
(9555.1) 430.1 0.6 (30%) — (291) 8
(9555.1) 850.9 0.6 (30%) — (28™) 8
(9997.7) 443.1 (317)— (307) 8
(9997.7) 874.1 0.8 GB1t)— (297) 8
(10451.0) 452.0 0.45 (32%)— (317) 8
(10451.0) 895.9 0.5 (32%)— (30™) 8
(10925.2) 475.9 (33")—(32%) 8
(10925.2) 927.3 0.5 (33")— (317) 8
(11406.4) (480.4) (341)— (33") 8
(11406.4) 956.4 0.5 (34+)— (32%) 8
(11910.6) 985.0 0.55 (357)— (337) 8
(12420.9) 1015.1 0.4 (367)— (347) 8
(12952.0) 1041.2 0.6 (37)— (35%) 8
(13488.3) 1067.1 0.45 (38")— (36™) 8
(14037.5) (1085.2) 0.1 (39")— (377) 8
(14608.8) (1121.1) 0.1 (40%)— (38") 8
Band 9

1614.5 571.1 37)—>3* 9—11
1614.5 794.6 37)—>2* 9—11
2050.2 435.4 67H)—=@M) 9
2050.2 611.5 57)—>5* 9—11
2050.2 865.4 57)—> @) 9—11
2131.8 1161.6 6~ — 6% 9—1
2401.5 351.3 7~ —(57) 9
2401.5 269.5 0.63(6) M1/E2 7~ —6- 9
2401.5 1430.9 7" — 6% 9—1
2554.6 153.1 0.8 8 =7 9
2554.6 422.0 1.7 8 =6 9
2784.0 229.4 0.4 0.69(6) M1/E2 9™ =8~ 9
2784.0 3824 3.9 9" =17 9
2984.1 200.0 1.1 0.72(12) M1/E2 100 =9 9
2984.1 429.5 2.5 100 — 8~ 9
3256.3 2724 0.63(6) M1/E2 117 - 10~ 9
3256.3 472.4 11" —=9- 9
3541.5 285.4 0.6 0.62(5) MI1/E2 127 =11~ 9
3541.5 557.4 2.5 12— 10~ 9
3833.7 2922 0.62(5) M1/E2 137 — 12 9
3833.7 5714 137 =11~ 9
4142.9 309.4 2.5 14~ — 13~ 9
4142.9 601.4 2.8 14~ — 12 9

054305-27



J. SIMPSON et al. PHYSICAL REVIEW C 107, 054305 (2023)

TABLE 1V. (Continued.)

E, (keV) E, (keV) et R Multipolarity I — IF 0 Band
4461.1 317.7 2.9 15~ — 14~ 9
4461.1 627.4 3.0 157 — 13~ 9
4787.4 325.8 2.0 16~ — 15~ 9
4787.4 644.5 3.0 16— 14~ 9
5089.5 302.4 17~ = 16~ 9
5089.5 628.4 17— 15 9
5089.5 1427.4 17~ — 16" 92
5337.8 248.0 10.0 0.61(6) M1/E2 18~ = 17~ 9
5337.8 550.4 6.9 18~ — 16~ 9
5531.7 718.6 (207) — 18~ Level (207) — 4
5567.9 230.4 0.69(6) M1/E2 197 — 18~ 9
5567.9 478.4 19~ - 17~ 9
5811.2 243.2 0.62 0.56(7) MI1/E2 200 — 19 9
5811.2 473.4 200 — 18~ 9
5811.2 651.4 200 — (187) 9—17
6081.5 262.1 0.60(6) M1/E2 217 =20~ 97
6081.5 271.2 0.63(6) M1/E2 217 =20~ 9
6081.5 513.6 1.28 21— 19~ 9
6372.4 290.6 0.62(5) M1/E2 227 =21~ 9
6372.4 5525 227 — 20~ 917
6372.4 561.2 227 — 20~ 9
6372.4 841.5 227 — (207) 9 — Level (207)
6685.0 313.1 0.60(5) M1/E2 237 =227 9
6685.0 603.5 237 —=21° 9
7023.6 338.0 3.0 247 — 23° 9
7023.6 651.2 1.18 24~ — 227 9
7378.6 355.9 2.5 0.62(5) M1/E2 257 — 24~ 9
7378.6 693.6 3.15 257 — 23~ 9
7761.2 382.0 2.37 0.67(6) M1/E2 260 — 25~ 9
7761.2 737.6 3.35 26 — 24~ 9
8155.0 394.3 2.1 0.64(6) M1/E2 277 — 26~ 9
8155.0 776.4 3.15 27" — 25~ 9
8570.0 413.8 2.35 0.70(6) M1/E2 28~ — 27~ 9
8570.0 808.8 1.6 287 — 26~ 9
8570.0 830.4 28~ — 26~ 9—4
9009.2 854.2 2.8 297 —27- 9
9009.2 440.4 2.8 297 — 28~ 9
9935.7 926.5 317) - 29~ 9
10920.7 985.0 (337) — (317) 9
11884.6 963.9 (357) = (337) 9
(12801.7) (917.1) 377) = (357) 9
Band 10

806.4 ot 10
990.0 183.6 2t -0t 10
1257.6 268.2 4t 2t 10
1257.6 1065.4 4t 2t 101
1589.3 331.1 0.1 (6%) — 4+ 10
1589.2 404.8 0.4 61— 4h) 10 —» 11
1589.2 1062.4 1.0 (6%) — 4+ 101
1589.2 618.6 2.0 (6*) — 6" 101
2018.6 429.4 1.0 @t — (6%) 10
2018.6 1047.7 1.0 8%t) » 6" 10— 1
2487.0 468.4 0.6 (107)— (8") 10
2487.0 414.4 0.8 (107) — 10" 10— 1
Band 11

820.3 820.3 0.2 2t — 0t 11 -1
820.3 628.5 0.2 2t 2t 11 -1
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TABLE 1V. (Continued.)

E, (keV) E, (keV) I;el' R Multipolarity L = IEa Band
1043.4 851.2 0.5 3t -2t 11 -1
1184.4 363.7 0.2 4t) =2t 11
1184.4 657.2 0.2 (4t) — 4t 11 —1
1438.7 3953 0.5 5t —3* 11
1438.7 910.9 0.3 5t >4+ 11 -1
1913.0 4743 0.3 (7t) =5t 11
1913.0 942.8 0.3 (7t) - 6* 11 -1
2454.5 541.5 0.3 9%) -7 11
Band 12

67182 1089.9 0.9 (237) — 22+ 12—2
7448.6 729.5 0.8 257) — (237) 12
7448.6 1014.8 (257) —24% 122
8242.1 792.3 0.5 277) — (257) 12
8242.1 962.9 277) —26* 122
9099.5 856.3 0.5 (297) — 277) 12
10014.9 915.7 0.3 317 — (29) 12
10971.3 955.7 0.2 (337) — (317) 12
(11889.8) (918.1) 0.1 (357) — (337) 12
(12873.1) (983.3) 0.1 377) = (357) 12
Band 13

5567.4 755.1 1.0 (207) — 18~ 134
6297.4 730.0 0.8 (227) — (207) 13
7097.0 799.6 0.6 (247) —» (227) 13
7954.3 857.3 0.5 (267) — (247) 13
8868.3 914.0 0.3 (287) — (267) 13
(9778.3) (910.0) 0.1 (307) — (287) 13

TABLE V. y-ray energies E, (keV) and average transition quadrupole moments Q, [31,32] for the TSD bands.

TSD band 1: Q; = 11.7%)7 eb TSD band 2: Q, = 11.17}7 eb TSD band 3: Q, =9.6*}] eb
E, (keV) E, (keV) E, (keV)
7243 960.2 942.2
766.6 1007.4 986.3
802.3 1045.9 1035.1
841.7 1083.6 1083.7
875.0 1124.4 1133.0
901.5 1167.8 1182.4
932.6 1213.2 1231.5
972.7 1260.9 1281.8
1017.6 1309.2 1335.7
1064.3 1362.6 1393.5
1110.1 1419.7 1455.6
1156.3 1482.4 1515.4
1204.9

1255.9

1310.2

1369.0

1430.2

1492.7

1560.1

1624.3

1698.0
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