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Multiple valence-space and core-excited band terminations in Ho and Er isotopes
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High-spin structures of holmium (Z = 67) and erbium (Z = 68) isotopes are presented near mass 160, a region
where collective and single-particle modes of excitation compete in the generation of angular momentum at the
highest experimentally attainable spins in atomic nuclei. The level schemes of the '3%!5715%Ho isotopes have
been significantly extended, reaching spins in the 40/ to 55/ range, through multiple experiments utilizing the
Gammasphere spectrometer. In particular, several new noncollective band-terminating states are reported for
these nuclei. The nature of these states, including both valence-space terminations and core-excited oblate-
configurations, is discussed in terms of proton particle-hole (p-h) excitations across the semimagic Z = 64
shell closure. Cranked-Nilsson—Strutinsky (CNS) calculations have been used to interpret the nature of these
noncollective states. The corresponding terminating states in '>*'>°Er are also included, providing a systematic
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description of band termination in this mass region. In addition, three weak rotational structures have been
assigned to "Ho at the highest spins. These collective bands are proposed to be based on a triaxial strongly
deformed nuclear shape, involving neutron p-h excitations across the N = 82 shell gap.

DOI: 10.1103/393p-ghvk

I. INTRODUCTION

The study of high-spin states in atomic nuclei elucidates
the competing mechanisms generating angular momentum in
such finite mesoscopic systems. Both collective and single-
particle degrees of freedom contribute to the building of
angular momentum and the manifestation of different intrin-
sic shapes [1]. In this regard, results are presented here for
so-called band-terminating states in the region around '3*Er,
the nucleus that serves as the original textbook example of
this phenomenon in heavy rare-earth nuclei (see Refs. [1,2]
and references therein). This paper presents new high-spin
experimental results for the 1*157-13Ho isotopes at high spin,
including the establishment of new terminating states. The
results are interpreted through comparison with theoretical
calculations based on the cranked Nilsson-Strutinsky (CNS)
formalism [3]. The relevant physical phenomena are summa-
rized below.

A. Band termination

Band termination occurs when the nucleus evolves, with
increasing spin, from collective rotational behavior to spe-
cific noncollective states. In the standard case, this evolution
is from a prolate to an oblate shape. In these noncollective
levels, the angular momentum is generated totally by single-
particle, aligned configurations. The terminating spin I, can
be calculated by summing the spins of the maximally aligned
protons and neutrons within a single-particle configuration.
Effectively, all valence nucleons outside quantum shell clo-
sures align their angular momenta to provide these relatively
pure states, which are now experimentally accessible with
current-day highly sensitive gamma-ray spectrometers. Such
valence-space terminations, approaching 507, are well estab-
lished in 15615715819 2 4-6] and neighboring Ho nuclei
such as '>>13"Ho [7,8].

B. Higher-spin excitations

Progressing to spins higher than those achievable by
valence-space terminations requires particle-hole (p-h) exci-
tations across major shell closures. In the '37138Er isotopes,
several weak, high-energy transitions (1.5-2.5 MeV) feed-
ing the established band-termination states reflect the larger
energy needed for these particle-hole excitations [2,9,10].
Secondary core-excited termination was previously estab-
lished in both '>Ho and ""°Er at 47 above the valence-space
terminations, and was interpreted as Ip-lh proton excita-
tions across the Z = 64 shell gap [7]. Guided by simple
expectations of available single-particle configurations, and
backed by CNS calculations, several new band-termination
states have been established in '3%!5Ho, involving both
valence-space and core-excited terminations. Furthermore,

higher-order proton p-h excitations (e.g., 2p-2h, 3p-3h, etc.)
can form collective structures with I, values beyond 507,
which can bypass the favored valence-space terminations at
~45/. Evidence for such structures is presented here for the
156.157Ho isotopes.

C. Triaxial structure and structural competition

High moment-of-inertia sequences have been observed in
5THo. These are interpreted as triaxial strongly deformed
(TSD) structures, analogous to those observed in 57,158 g
[11,12]. The existence of these TSD bands, which require
both proton p-h excitations across the Z = 64 shell gap in
addition to neutron p-h excitations across the N = 82 shell
closure, highlights the intense competition between collective
and single-particle modes in the A &~ 160 mass region, demon-
strating the rich structural evolution under extreme angular
momentum.

II. EXPERIMENTAL DETAILS AND ANALYSIS

This work reports on results obtained from three sepa-
rate experiments using the y-ray spectrometer Gammasphere
[13,14]. The experiments were performed at the Argonne
National Laboratory (ANL) and Lawrence Berkeley National
Laboratory (LBNL) using average beam intensities of 2 to 3
particle nanoamperes.

A. Gammasphere at ANL

High-spin structures in '>>13%157-158Ho were studied at
ANL using Gammasphere equipped with 101 Compton-
suppressed HPGe detectors [13,14]. A 3’Cl beam of energy
180 MeV was used to bombard two stacked thin self-
supporting foils of '2*Sn, of combined thickness 1.1 mg/cm?.
This reaction produced holmium isotopes through the
12451 (37Cl, xn) "' *Ho reaction. A total of 10'° events was
collected, where each one contained at least five Compton-
suppressed y rays. Approximately 10'! quadruple-coincident
y-ray events (y*) were unfolded from the raw data for
analysis. The results for > Ho have previously been published
in Ref. [7].

High-spin states in 'Er were obtained from another
experiment at ANL. This nucleus was populated via the
16Cd(*8Ca, 5n) reaction using a 215-MeV **Ca beam and
studied with Gammasphere with 101 detectors. The tar-
get comprised two self-supporting !'°Cd foils with a total
thickness of 1.1 mg/cm?. A total of 1.9 x 10° events was
accumulated, where each one contained at least seven
Compton-suppressed y rays. These data have been published
in Ref. [6] but, in the present work, a minor correction is made
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to the excitation energy of the state 6/ below the valence-
space terminating level.

B. Gammasphere at LBNL

High-spin structures in '>*Ho were also studied at LBNL
using the ''“Cd(*®Ca, p3n) reaction at a beam energy of
215 MeV and Gammasphere with 102 detectors, in the same
configuration as at ANL. The target consisted of two stacked,
thin, self-supporting ''*Cd foils of 1.1 mg/cm? combined
thickness. A total of 1.2 x 10° events was accumulated,
where each one contained at least seven coincident Compton-
suppressed y rays.

C. Off-line analysis

The data from each experiment were studied separately
off-line through high-fold coincidence analysis techniques by
generating y> (cube) and y* (hypercube) events for analysis
with the Radware software package [15,16]. Level schemes
were constructed based on y-ray coincidence relationships
and relative intensities. The ordering of transitions based on
relative intensities is particularly useful at the highest spins,
where the level energies no longer follow simple /(I + 1)
quantum-rotor behavior in the band-termination region. In the
present work, the built-in background subtraction [17] in Rad-
ware was modified to incorporate the background-subtraction
technique of Ref. [18]. Spectra were generated by using dou-
ble y? and triple ¥ coincidences created from combinations
of single gates and/or lists of transitions in a gate-list [15] to
improve statistics. Self-coincidences are excluded.

To determine y-ray multipolarities, angle-specific spectra
were analyzed to obtain angular-intensity ratios based on
the method of directional correlations from oriented states
[19,20]. For "°Ho [21], 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 detectors in rings around 6 = 35° or 145° with
respect to the beam direction, and the other consisted of de-
tectors around # = 90°. Simultaneous triple () coincidence
requirements were applied to the data and the remaining
y rays projected into the angle-specific spectra. Angular-
intensity ratios, R, of a transition were then calculated as

R— L,(0 =35° or 145°).
L,(6 =90°)
The R values were normalized to 1.0 for known stretched-

quadrupole (E2) transitions, and this then gives a value of
~0.65 for pure stretched dipoles.

ey

III. EXPERIMENTAL RESULTS

In the following sections, the experimental results are pre-
sented successively for the %17 138Ho (Z = 67) isotopes and
then for '’Er (Z = 68). The results focus on the high-spin
behavior of these nuclei. Detailed properties of the y-ray
transitions assigned to each isotope are presented in the
Appendixes. These include level and transition energies,
relative intensities, angular-intensity ratios, and spin-parity
assignments.

A. High-spin states in 1**Ho

The initial analysis of the data for the doubly odd **Ho nu-
cleus, including angular-distribution and angular-correlation
measurements, can be found in Ref. [21]; the present work
expands upon these results. Partial level schemes of '>*Ho are
presented in Figs. 1 and 2. The bands in '"*Ho have not been
connected to the 4~ ground state [23], so an additional energy
y is indicated in Fig. 1, as defined in Ref. [24]. The level
scheme generally confirms and updates the previously pub-
lished work of Ref. [22]. The band labeling is adopted from
Ref. [24] where eight rotational structures were identified.

Figure 1 displays the strongly populated, negative-parity
band 1, together with another high-intensity positive-parity
sideband (band 2). In addition, sequences of irregular levels
are labeled as band 9. Figure 2 shows band 1 together with two
other negative-parity sidebands (bands 3 and 5). New levels
and transitions are labeled in red, while candidate noncollec-
tive oblate states are highlighted in blue.

Relative spin-parity (/™) values have been measured for
many transitions from the angular-correlation measurements.
Howeyver, since the absolute values are not known, all 1™
quantum numbers are shown in parentheses.

Several other (lower-spin) bands [22] observed in '**Ho
will be addressed in a forthcoming publication to complete
the analysis of this nucleus from the present data.

1. Bands 1 and 2

Bands 1 and 2 (see Fig. 1) represent strongly coupled
(interleaved signature-partner) bands, which were previously
observed by Cullen et al. [22]. Band 1 represents the yrast
structure at low spin and was established up to I = (367 ) and
(357) in the even-spin and odd-spin sequences, respectively
[22]. The present work confirms this and extends the even-
spin branch (band 1a) to (447) and the odd-spin one (band
1b) to (397). Representative spectra for bands 1a and 1b are
shown in Figs. 3(a) and 3(b), respectively; all spectra shown
in this work have been binned at 1 keV per channel. Figure 3
clearly shows the extensions of both the even and odd-spin
signature-partners of band 1, and that the even-spin partner,
band 1a, becomes more dominant at the highest spins.

Band 2 was previously established up to (36") and (377)
in the even and odd-spin sequences [22]. This band is now
extended in the even-spin branch (band 2a) to (46™) and the
odd-spin one (band 2b) to (397). An additional 1115-keV
transition, assumed to be of stretched E2 character, is also
observed to feed the (357) state.

2. Band 9

Band 9 is a sequence newly identified in this work. It com-
prises irregular structures, typical in a noncollective regime,
and feeds into band 2 from spin 38 to 30. Representative
spectra to highlight these new transitions in band 9 are in
Fig. 4(a), for even spin, and Fig. 4(b) for odd spin. It can
be seen that there is a particularly low-lying (417) state in
band 9b, which is strongly yrast at this spin. Many high-
energy transitions (*~1-2 MeV) have been established feeding
this especially low-lying state, as evident in the inset of
Fig. 4(b).
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3. Bands 3, 5, and 6

Band 3 represents another strongly coupled band with in-
terleaved signature partners. It was originally established in
Ref. [22] and assigned as a positive-parity structure based
on a vij3n ® mwgy, configuration. However, in the current
work, this band is reassigned to a negative-parity structure
and its spin increased by 1%4. Band 3 has numerous weak-
linking transitions into band 1. Previously, many stretched
and nonstretched E1 transitions were proposed for these
links. Instead, these transitions are reassigned to be Al =1
(M1/E2) and Al = 2 (E2) transitions. Our crucial high-fold
angular-correlation measurement 0.67(5) for the 607-keV y
ray, linking bands 3 and 1, implies AI = 1 character (M1/E?2)
for this transition (14~ — 137). This precludes either a Al =
2 (stretched E2) or a AI = 0 (nonstretched E 1) character for
this transition. Hence, it establishes the new relative spin-
parity between bands 1 and 3, confirming that they both
appear to be negative-parity sequences.

Band 6 feeding into band 3 at the (287) level is a newly
identified irregular structure. The angular-correlation mea-
surements for band 3, band 6, and the connecting 855-keV
transition are consistent with the assignments up to (367) in
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FIG. 4. High-energy part of triple-gated y* coincidence spec-
tra for (a) bands 2a and 9a, and (b) bands 2b and 9b in '*°Ho,
respectively. The spectrum in panel (a) was generated with the re-
quirement [/1-/1-/1; list /1 includes in-band transitions from 649
(24t — 227)to 878 keV (30T — 28*) in band 2a, and those from
1095 (32F — 30™) to 966 keV (40" — 38™) in band 9a. The spec-
trum in panel (b) was generated with the requirement /2-/2-666 keV
(417 — 39%); list I2 includes in-band transitions from 692 (257 —
23%) t0 964 keV (33" — 317) in band 2b, the 846 (35" — 33%) to
892 keV (39" — 37") ones in band 9b, and the 965 keV (18" —
177) transition. Newly identified transitions are indicated in red.

band 6. Representative spectra for bands 3 and 6 are provided
in Fig. 5. The new transitions in Fig. 5(b) at 846, 958, and 938
keV extend band 3b to (397).

Band 6 also decays to a new, strongly coupled structure,
band 5. The transitions in band 5b from 695 (25~ — 237) to
988 keV (37~ — 357) were observed previously by Cullen
et al. [22] and this sequence was assigned as a decoupled
band. No spin-parity assignments were made in Ref. [22].
In this work, band 5b is extended and established to be the
odd-spin partner of a strongly coupled structure. The even-
spin partner, band 5a, is observed from (227) to (407). The
spin-parity assignments in band 5 are based on the high-fold
angular-correlation measurements of the y rays linking bands
5 and band 1, and are consistent with the decay of band 6 into
both bands 3 and 5. A crucial high-fold angular-correlation
measurement 0.59(4) for the 951-keV y ray linking bands
5 and 1 implies stretched-dipole character (M 1/E?2) for this
transition (227 — 217). Figures 6(a) and 6(b) display tran-
sitions in the odd- (5b) and even-spin (5a) branches of this
sequence. The interleaving nature of this strongly coupled
structure is evident in these spectra. At spin values near 407,
both branches of band 5 are fed by a series of high-energy
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FIG. 5. Representative triple-gated y* coincidence spectra for
bands 3 and 6 in '**Ho. The spectrum in panel (a) was generated with
the requirement /1-/2-/2; the list /1 includes in-band transitions from
382(137 — 117) to 752 keV (23~ — 217) while list /2 includes
in-band transitions from 856 (25~ — 237) to 891 keV (33~ —
317) in band 3b. The spectrum in panel (b) was generated with
the requirement /3-/3-912 keV (28~ — 267) in band 3a; list /3
includes transitions in band 6 from 625 (32~ — 307) to 1000 keV
(40~ — 387). The spectrum in panel (c) highlights the highest-spin
transitions in band 6 up to the 640-keV one (44~ — 427); this
spectrum has the gating requirement /4-/4-1028 keV (427 — 407),
where list /4 includes the 625-, 1051-, 962-, 917-, and 1000-keV
transitions in band 6. Newly identified transitions are indicated in
red.

transitions, indicating a change of character, see Sec. IV. At
spin 28~ and 307, band 5a is fed by decays from band 6.
Figure 6(c) shows transitions in bands 5 and 6. This spectrum
is similar to Fig. 5(c), indicating a similar decay strength from
band 6 to both bands 5 and 3.

B. High-spin states in '"Ho

The present work has significantly extended the level
scheme of '37Ho toward higher spin (40/i-55/) in comparison
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FIG. 6. Representative triple-gated y* coincidence spectra for
bands 5 and 6 in *®Ho. The spectrum in panel (a) was generated
with the requirement /1-/1-/2; the list /1 includes in-band transi-
tions from 695 (25~ — 237) to 879 keV (337 — 317) while list
[2 includes in-band transitions from 936 (35~ — 337) to 959 keV
(417 — 397) in band 5b. The spectrum in panel (b) was generated
with the requirement /1-/1-/2; list /1 includes in-band transitions
from 676 keV (24~ — 227) to 803 keV (30~ — 287) while list
[2 includes in-band transitions from 849 (32~ — 307) to 1007 keV
(38~ — 367) in band 5a. The spectrum in panel (c) was generated
with the requirement /1-/1-/1; list /1 includes in-band transitions
from 729 (26~ — 247) to 803 keV (30~ — 287) in band 5a and
from 629 (327 — 307) to 962 keV (36~ — 347) in band 6. Newly
identified transitions are in red.

with the previous work of Radford et al. [8]. Preliminary
analysis of this work can be found in Ref. [25]. A partial
level scheme for the highest-spin states in '>’Ho is pre-
sented in Fig. 7, where the labeling of the bands is adopted
from Ref. [8]. Candidate oblate y = 60° levels are high-
lighted in blue. This work concentrates on new states at high
spin in bands 2, 4, and 7. No reliable angular-correlation
measurements could be obtained for the high-spin transitions;
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FIG. 7. High-spin region of the levels in bands 2, 4, and 7 in '’Ho. The excitation and transition energies for known states, in black, are
taken from Ref. [8]. New states and y-ray transitions are in red. Blue states indicate candidate oblate y = 60° states, see Sec. IV and Table 1.

hence, the highest spin-parity assignments are given in paren-
theses.

1. Band 2

Band 2 is a negative-parity structure that defines the yrast
levels in '"Ho in the 15/—30% spin range, where it appears
as a strongly coupled band with minimal signature splitting.
Band 2a was previously observed up to 69/27, while band 2b
was extended to 79/27 in addition to other states up to 87/2~
and (91/27) [8]. Gascon et al. [26] using a backed target
Doppler-shift attenuation method (DSAM) analysis found for
band 2b above 71/2~ that “states with a low collectivity feed
the band at higher spin, consistent with the interpretation of
the irregular sequence starting at spin 75/2~ in terms of band
termination.” Band 2a has now been extended up to (81/27),
tentatively (85/27), and band 2b up to (99/27), see Fig. 7.
A representative coincidence spectrum for band 2 is shown in
Fig. 8(a). The irregular nature of band 2 at high spin is evident.

2. Band 4

Positive-parity band 4 is another strongly coupled se-
quence. Band 4a was previously observed up to 77/2% [8]
and has now been extended to (109/27). Band 4b was known
up to 75/2% and has now been delineated up to (91/2%). A
representative coincidence spectrum for band 4 is presented
in Fig. 8(b). This spectrum specifically displays the extension
of the signature « = —1/2 branch, band 4a, and its transition
from a regular collective band to noncollective behavior.

3. Band 7

Band 7 is a decoupled structure that was previously ob-
served up to the 1043-keV (73/2~ — 69/27) transition [8],
but has now been greatly extended to (105/27) with the
inclusion of a further eight transitions. A triple-gated y* coin-
cidence spectrum for band 7 is shown in Fig. 8(c). The regular
spacing of the transitions is indicative of collective rotational
behavior extending to very high spin.

4. Collective high-spin bands

Three further decoupled rotational structures have been
tentatively assigned to '>’Ho. Their y ray-energy spacings im-
ply high dynamic moments of inertia. Representative spectra
for these sequences, labeled TSD1, TSD2, and TSD3, in order
of relative intensity, are displayed in Fig. 9 and are thought to
be examples of triaxial strongly deformed (TSD) structures.
The bands are too weak to generate meaningful quadruple
coincidence spectra. Instead, triple coincidence ones were
generated with double-gating conditions. Overall, this work
agrees with the spectra presented in Ref. [25]. TSD1 was also
reported in Ref. [27]; however, the high-energy transitions
are updated in this work. The y-ray energies are listed in
Appendix B. All three bands are of very low intensity, even
lower than that of the TSD bands in 7''>®Er, which have
estimated intensities of the order of 10™* of the strongest
yrast transition [11]. The spectra exhibit coincidence rela-
tionships with the low-spin yrast transitions in both "°Ho
and '"Ho. However, the relative intensity compared with
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FIG. 8. High-energy part of triple-gated y* coincidence spec-
tra representative of (a) band 2, (b) band 4, and (c) band 7
n '3"Ho, respectively. The spectrum in panel (a) was generated
with the requirement /1-/1-/2; list /1 includes in-band transitions
from 591 (43/2~ — 39/27) to 949 keV (71/2~ — 67/27) in band
2b while /2 includes the 1117 (79/2~ — 75/27), 1063 (83/2~ —
79/27), 1138 (87/2~ — 83/27), and 1170 keV (95/27 — 91/27)
transitions. The spectrum in panel (b) was generated with the
requirement on [1-/1-/2; list /1 includes in-band transitions in
band 4a from 703 (49/2% — 45/2%)to 1054 keV (77/2" — 73/2")
while /2 includes the 1012 (81/2% — 77/2%), 1079 (89/2% —
85/2%), and 1092 keV (93/2" — 89/2") transitions. The spec-
trum in panel (c) was generated with the requirement [3-/3-/3;
list / includes in-band transitions from 650 (37/2~ — 33/27) to
1397 keV (101/27 — 97/27). Newly identified transitions are la-
beled in red.

the total projection of all data shows a relative increase in
5THo by a factor of 2 to 3 compared with "*Ho when in
coincidence with the gating conditions used in Fig. 9 for
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FIG. 9. Double-gated y* spectra for the three TSD structures
tentatively assigned to '’Ho. The spectrum in panel (a) was gen-
erated with the requirement /-/; the list / contains transitions from
1183 to 1462 keV. The spectrum in panel (b) was generated with
the requirement [/-/; the list / contains transitions from 1149 to
1435 keV. The spectrum in panel (c) was generated with the require-
ment [-/; the list / contains transitions from 1171 to 1409 keV.

all bands. Therefore, all three bands are tentatively assigned
o ""Ho.

C. High-spin states in *Ho

The high-spin level structure of doubly odd '“®Ho
has been extended. This nucleus was populated in the
4cd*Ca, p3n)*¥Ho and **Sn(*’Cl, 3n) 5¥Ho reactions.
The level scheme and spectra presented here are taken from
the ''*Cd(*Ca, p3n) 158Ho dataset since the statistics are
higher. Both datasets produce consistent results, however.

Band 1 forms a strongly coupled structure in '>*Ho and is
yrast. The high-spin level scheme is displayed in Fig. 10. The
spin and parity assignments are taken from those reported in
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FIG. 10. Level scheme for band 1 in '**Ho; 1a even spin, 1b odd.
The excitation energy is based on the accepted values in Ref. [28],
which is based on Ref. [29]. All energies shown are from this work
and in agreement with those in Ref. [28]. The spin-parity of states
above 23~ and 247, established in Ref. [29], are tentative. New states
and y -ray transitions are in red.

Refs. [29,30] and accepted in Ref. [28]. The sequence of in-
band transitions up to the 23~ and 24~ levels is in agreement
with Ref. [29]. Above these states, transitions up to the first
1040-keV y ray in the even-spin branch and the 1118-keV one
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FIG. 11. High-energy part of a triple-gated y* coincidence spec-
trum for the even-spin (o = 0) component of band 1 in *Ho. The
spectrum was generated with the requirement /-/-1040-keV; list /
includes in-band transitions from 738 (24~ — 227) to 1225 keV
(48~ — 467), excluding the 1040-keV triplet. The inset is a double-
gated y* coincidence spectrum with the requirement 1040-1040-ke V.
Newly identified transitions are in red.

in the odd-spin branch were reported in Ref. [31], although
the spins are 2 units lower than the accepted values [28,29],
also adopted in this work. The states above 23~ and 24~
are labeled in parentheses. The linking transitions between
the even and odd-spin branches are confirmed. The even-spin
branch above 24~ is extended to (507). The new in-band
transitions are assumed to be of stretched-E2 character. The
exact ordering of the 1061-keV y ray and the 1040-keV
triplet is uncertain and is indicated by dashed lines in Fig. 10.
New transitions and states are in red. The 1053-keV (35~ —
337) and 1118-keV (37~ — 357) transitions reported in
Refs. [28,29] could not be confirmed but are included for
completeness. A representative spectrum for high-energy
transitions in band la is given in Fig. 11. The continuation to
high spin in the even-spin branch is similar to that observed in
band 1a in ""®Ho. The inset in Fig. 11 is a double coincidence
at 1040-keV demonstrating that this is a triplet.

D. High-spin states in '*°Er

A comprehensive level scheme for 'Er has been pub-
lished in Ref. [6] from the same dataset as reported here.
This work presents a minor correction to this scheme in the
terminating branch of the yrast positive-parity states. The new
level structure is given in Fig. 12, where collective states
from I™ = 77/2" together with a terminating sequence from
89/2% are shown. The high-spin states above (77/27) in the
negative-parity band 2 are also displayed. The change is the
re-ordering of the 1154- and 1342-keV transitions so that
the former directly feeds the 14 117-keV state. This redefines
the energy of the lower 89/2% state at 15271 keV. Evidence
for this change is presented in the spectra of Fig. 13. In
Fig. 13(b), the intensity of the 1153- and 1154-keV doublet
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FIG. 12. The high-spin states in '*’Er [6] from 77/27 in the yrast
positive-parity structure and (77/27) in the negative-parity, band 2.
The order of the 1154- and 1342-keV transitions (red) is changed
compared with Ref. [6]. The states in blue are predicted oblate y =
60° configurations, see Sec. IV and Table II.

confirms the revised ordering of the transitions in the termi-
nating branch.

IV. BAND TERMINATION

Band termination demonstrates one of the different ways in
which angular momentum is manifested in a finite mesoscopic
system. In the region of nuclei discussed here with particles
outside a '“Gd core, low-energy and -spin prolate nuclear
states that generate their angular momentum from collective
motion can evolve into oblate noncollective ones at high spin.
At this point, the angular momentum is simply given by the
sum of the individual jx values of all the valence particles
outside closed quantum shells. To illustrate this transition,
together with the evolution of nuclear shapes to ultrahigh
spin, potential-energy surface (PES) calculations, see, e.g.,
Ref. [3], are presented in Fig. 14 for the (7, «) = (—, +1/2)
configuration in '*"Ho at various values of spin-parity, i.e.,
I" =21/27,61/27, 101/27, and 141/2~. The surfaces are
shown in terms of polar (¢;, y) Hill-Wheeler coordinates, see,
e.g., Ref. [32]. It can be clearly seen that local minima appear,
corresponding to several different shapes and deformations,
in '5’Ho over this range of angular momenta. For instance,
prolate (y = 0°), oblate (y = 60°), and triaxial (y ~ £30°)
minima are evident at different values of the quadrupole defor-
mation &,. Hence, the energy surface is sufficiently soft, with
respect to deformation, that competing nuclear shapes can be
realized and stabilized by the occupation of specific nucleonic
configurations. At the highest spins, both highly deformed
triaxial (y =~ 25°) and oblate (y = 60°) shapes are predicted,
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FIG. 13. High-energy part of triple-gated y* coincidence spectra
for the o = +1/2 yrast band of *°Er. The spectrum in panel (a) was
generated with the requirement /-/-1276 keV, while the spectrum in
panel (b) was generated with the requirement /-/-1342 keV. The list
for both spectra includes the in-band transitions from 626 (33/2% —
29/2%) to 1096 keV (81/2F — 77/2%).

in addition to a superdeformed prolate one (¢, ~ 0.65, y =
0°).

A. Valence-space termination

In terms of the transition from the collective to noncol-
lective band-termination regime, special energetically favored
states have been well established at spin ~45/ in heavy rare-
earth nuclei around "%Er, see, i.e., Ref. [2] and references
therein. These states can generally be classified by the number
of high-j hy/> protons, and ij3/, neutrons in their configu-
rations, denoted as [p;n]. For Ho/Er, there are 3/4 protons
outside the Z = 64 semimagic shell and so configurations
with p = 3 and p = 4 are expected. For the neutron numbers
of the nuclei discussed here, n = 1 to n = 3 is anticipated,
with the other neutrons beyond N = 82 being distributed in
hg/z/f7/2 orbitals.

An especially noteworthy type of termination occurs for
states associated with maximally aligned single-particle con-
figurations involving all valence particles outside the Z = 64
and N = 82 cores. The terminating spin can be readily de-
termined by simply adding up all the valence-particle spins to
achieve the maximum achievable value I,,,x for these so-called
valence-space configurations.
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FIG. 14. PES surfaces for the (7, «) = (—, +1/2) configuration
in '""Ho, calculated at various spins. The energy contours are sepa-
rated by 0.25 MeV.
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FIG. 15. Calculated CNS excitation energies relative to a de-
formed rotating-liquid-drop reference, plotted as a function of spin,
for the yrast states in ’Ho, for the four possible combinations of
parity and signature. Terminating oblate configurations are encircled
in blue. It can be seen that the collective yrast line for spins less than
45h is replaced by a noncollective yrast line for higher spins.

B. Core-excited termination

Higher-spin states can be reached by forming particle-hole
(p-h) excitations across the Z = 64 shell gap, which effec-
tively increases the number of particles and holes outside
the core. Simple one-particle—one-hole (1p-1h) excitations
typically add 4% to 5i before terminating into additional
core-excited noncollective configurations. The lowest-energy
1p-1h excitation occurs by promoting a proton from the top-
most ds>/g7,2 pseudospin partner orbital below Z = 64. The
proton hole preferentially contributes 5/2 units of spin in this
excitation (ds,»), although 7/2 is also possible (g7,2), but with
a higher energy cost. Both high-j hi1/2 and low-j s1/,/d3)2
orbitals are available above the Z = 64 gap for occupation by
the excited proton. In particular, the promotion to the 51,5 /d3/2
orbital is a positive-parity 1p-1h excitation, maintaining the
parity of the high-spin states, while adding an extra 4/i. How-
ever, promotion to the &y, orbital is a negative-parity 1p-1h
excitation, which contributes 5% for Z = 67 Ho, but only 47
for Z = 68 Er.

Further particle-hole excitations, i.e., 2p-2h across Z = 64,
bring in even more, but limited, angular momentum to the sys-
tem. Indeed, Cranked-Nilsson—Strutinsky (CNS) calculations,
presented in Fig. 15, indicate that the theoretical yrast line in
57Ho is dominated by many noncollective terminating states
in the spin range 45h—60h.

C. Terminating configurations

The single-particle configurations of potential terminat-
ing states can be seen in theoretical tilted Fermi-surface
diagrams [33]. Such plots are displayed in Fig. 16 for termi-
nating configurations in '*’Ho. These diagrams provide the
calculated single-particle energies, ¢;, for an oblate shape
(y = 60°), with the x axis labeling the m; projections of the
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FIG. 16. Calculated single-particle energies at an oblate shape
(y = 60°), with the x axis labeling the m; projections of the single-
particle angular momentum j onto the nuclear symmetry axis. The
tilted Fermi-surfaces (red) indicate potential terminating proton and
neutron configurations in '’Ho. It is convenient to refer to the dif-
ferent states as belonging to one specific j shell but, in practice, the
subshells that can be referred to as pseudospin partners are strongly
mixed and should rather be referred to as “dg” (ds;»/g72), “sd”
(s1/2/d32), and “fh” (f1/2/ho)2), respectively.

single-particle angular momentum j onto the nuclear symme-
try axis. The energy scale is given in terms of the oscillator
quantum %wg, which is typically of the order of 8 MeV.

In Fig. 16(a), tilted Fermi surfaces are drawn for the
proton configurations (1/2)°> and (dg)~'(hy12)*. For the
former configuration, the maximum spin available is 13.57
(i.e., I =27/27) and is achieved by the maximally aligned
coupling of the m; = 11/2, 9/2, and 7/2 substates. However,
an antialigned coupling of the m; = 11/2, 9/2, and —11/2
substates can yield a spin of 4.5 (I = 9/27) instead. For
the core-excited (dg)~'(h; /2)4 configuration, the maximum
spinis 18.5% (I™ = 37/2%), with the extra 57 coming from the
fourth Ay, state (m; = 5/2) and the g7/, hole (m; = —5/2).

Figure 16(b) shows two competing neutron configurations,
namely, the maximally aligned (f7/2/ho/2)’ (i13 /2)3 configura-
tion (I = 337) and the antialigned (f7/2/h9/2)5(i13/2)3 one
involving an m; = —7/2 f;, orbital (I" = 277). These two
neutron configurations provide noncollective oblate states that
differ by 67i. Many examples of such states are now known in

holmium and erbium nuclei, including the present results, and
are subsequently discussed in Sec. VII A.

To investigate in detail the noncollective-terminating struc-
tures, calculations based on the CNS formalism, see, e.g.,
Ref. [3], have been performed for '3®157:15¥Ho. The CNS
model [34-36] is based on a modified anisotropic harmonic-
oscillator Hamiltonian [37] that is cranked around one
principal axis. The latest, configuration-constrained version, is
able to fix the number of holes in 7 ds/> /g7, orbitals and par-
ticles in sy,2/d3/, states, relative to Z = 64. This distinction,
which is only possible at small deformations and for positive
or close to zero y values, works well for the description of
high-spin states in Z = 64-72 isotopes [3].

A summary of various configurations in holmium and
erbium isotopes corresponding to plausible single-particle ter-
minating states are given in Tables I and II, respectively. The
maximum spin available for each configuration I, is given
along with its parity. Valence-space and core-excited configu-
rations in are also given. The notation is adopted from Ref. [3].
Note that specific configurations in the simple [p, n] notation
can yield more than one I .x value; this arises from any odd
protons and neutrons within the subset of unlabeled states.
Coupling of these odd particle parity and signature quantum
numbers (7, @) can lead to doublets or even quadruplets for
some configurations, as is evident in the tables. Detailed prop-
erties of these candidate terminating states are derived from
CNS calculations, performed as a function of spin, in terms of
the relative energies of the states and their quadrupole (&3, y)
deformation.

V. BAND TERMINATION IN HOLMIUM

In this section, the experimental results for the 36157158 Ho

isotopes are presented in terms of alignment, ix, and energies
relative to an average deformed rotating-liquid-drop refer-
ence, E — E4 [3,35]. The methods for defining the reference,
as introduced in Ref. [35], have been employed here, making
it possible to compare experiment and theory on an absolute
scale. The alignment [40] is effectively the single-particle
contribution to the nuclear angular momentum and is obtained
by removing the underlying collective motion. Often this is
done using a variable moment-of-inertia (VMI) reference,
which is empirically found to be a quadratic function of ro-
tational frequency for low-spin states [41]. The alignments of
the bands are plotted in Fig. 17, with such a VMI reference
and Harris parameters [41] Jy = 32.1 MeV~'52 and J; =
34 MeV3/i*. These parameters were chosen to result in a
constant alignment for the wh1, ® v(is3 /2)2 configuration in
13"Ho [42,43].

The alignment, plotted as a function of rotational fre-
quency, is particularly useful to determine the underlying
single-particle configurations of the bands at low to medium
spins through the observation or nonobservation of align-
ment gains (i.e., band crossings). The yrast bands in '*3Er
and " Er are included in the alignment plots of Fig. 17
to indicate the expected frequency of the first and sec-
ond i3/, neutron and first 41y, proton band crossings. At
higher spin values in the terminating region, a distinction
between single-particle and collective contributions is not
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TABLE I. A summary of maximally aligned valence-space and core-excited configurations expected in holmium (Z = 67) isotopes for
various combinations of proton and neutron states. The states are labeled in the shorthand notation [p, n], where p is the number of 4, ,, protons
and n is the number of 7,3/, neutrons. Particle-hole excitations into the (sd) orbital are also explicitly labeled. Corresponding experimental
candidate states are shown bold and underlined. The experimental states for 155Ho are taken from Ref. [7].

Protons valence 1p-1h
7 (h)y 5 ”(dg)ié,.%.s(h)%.s (sd); 5
13.5° 17.57,18.5~
Neutrons
V(s s.165(es [3;1] [3(sd);1]
227,23~ 35.5%,36.5" 39.5%,40.5",40.5",41.5"
v(fh)t, ()1, [3;2] [3(sd);2]
26" 39.5~ 43.57,44.5"
V(fh)3s(i)g 5 [3:1] [3(sd); 1]
24.5% 38 42,43~
V(fh)s 5165 [3;2] [3(sd);2]
27.57,28.57 49+, 2+ 45%, 46%, 467, 47F
V()16 [3;3] [3(sd); 3]
30.5" 44~ 487,49~
v(fh)s ()7, [3;2] [3(sd); 2]
30" 43.5~ 47.57,48.5
V(fh)iss 65(ies  [3:3] [3(sd);3]
327,33~ 45.57,46.5" 49.5%,50.5%,50.57,51.5F
V(Mg 5105 [3;2] [3(sd);2]
30.57,31.5~ 44%,45% 48*, 491,491, 50"
v(fh)$s ()6 [3;3] [3(sd); 3]
34.5" 48~ 527,53~

1p-1h 2p—2h 2p—2h
m(dg)ys 55 m(dg)?(Mie(sd)is  m(dg)g(h)iys
18.5%,19.5% 23.5% 23.57

S Ho, N = 88
[4;1] [4(sd);1] (5:1]
40.57,41.57,41.57,42.5"  45.57,46.5” 45.5%,46.5%
[4;2] [4(sd);2] (5:2]
44.5%,45.5% 49.5% 49.5-

Ho, N = 89
[4;1] [4(sd); 1] (5:1]
43+, 447 48+ 48~
[4;2] [4(sd); 2] (5:2]
467,47,477,48 517,52 51F,52F
[4:3] [4(sd); 3] [5:3]
49*,50* 54+ 54~

&"Ho, N =90
[4;2] [4(sd); 2] (5:2]
48.5%,49.5% 53.5F 53.5~
[4;3] [4(sd); 3] [5:3]
50.57,51.57,51.57,52.5"  55.57,56.5~ 55.5%,56.5%

S¥Ho, N =91
[4;2] [4(sd); 2] (5:2]
497,507,507, 51~ 547,55~ 54+, 55+
[4;3] [4(sd); 3] (5:3]
53*, 54+ 58+ 58~

possible. Indeed, in the CNS model, the total spin is obtained
as the sum of all single-particle contributions with no at-
tempt to divide further between collective and single-particle
components.

Figure 18 displays the experimental energies, relative to a
deformed rotating liquid-drop reference, plotted as a function
of spin for the Ho isotopes.

A. Doubly odd *Ho

Band 1 in '"®Ho represents the low-spin yrast band and
is based on the why;/; ® vijz/, configuration [22]. It has an
initial alignment i, of ~6/ consistent with this single-particle
assignment, see Fig. 17(a). Band 1 undergoes an alignment
gain Ai, of =65 at w ~ 0.40 MeV //, which can be attributed
to the rotational alignment (backbend) of the second and
third vij3,2 quasineutrons. Band 3 exhibits properties sim-
ilar to band 1, in terms of signature splitting, or energy
staggering, and measured B(M1)/B(E2) ratios of reduced
transition probabilities [21]. It is, therefore, also assigned
to another mhyi; ® vijz,, configuration. One scenario has
the ij3/, neutron simply moved to the unfavored-signature
state. An alternative interpretation is that one of the bands
involves a neutron 2p-2h excitation across N = 82, i.e., a
paired ([S05]11/27)? excitation. This is in line with suggested
configurations in 154Dy [44] and 156Dy [3].

Band 2, which starts at I™ = (17%1), has been assigned a
four-quasiparticle structure based on a why1/, ® vhy > (i13 /2)2
configuration [22]. This configuration uses the highest-spin
single-particle states and is expected to be favored in en-
ergy. The high alignment of band 2 (*=12#), see Fig. 17(a),
is consistent with its four-quasiparticle structure. At w =
0.46 MeV/h, this band exhibits an alignment gain that can
be attributed to the rotational alignment of the second and
third mhy/, quasiprotons. It has been suggested in Ref. [36]
that such an alignment can also be understood as a change
in the number of &y, protons present in the configuration.
The new CNS calculations, presented here, also support this
scenario. In Fig. 19, a comparison of the experimental band
2 [Fig. 19(a)] with predicted [7;2] and [5;2] configurations
[Fig. 19(b)] is shown. Around spin 32, these configurations
cross such that the [5;2] one becomes yrast at higher spins.
The steady downslope implies that this configuration is ap-
proaching termination which occurs at I,,x = 52 (see Table I).
A similar situation occurs in *®Ho (see Sec.V C), where the
[5;3] configuration crosses the [7;3] one and becomes yrast at
high spin.

Band 5, which starts at I = (217), is interpreted as an-
other four-quasiparticle structure in '"°Ho, in which the odd
proton occupies a positive-parity state; it is thus assigned
to the 7 (dg) ® v(fh)(i132)* configuration. It has a gain
in alignment of =7/ from w = 0.35 to w ~ 0.45 MeV/#,
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TABLE II. A summary of maximally aligned valence-space and core-excited configurations predicted for erbium (Z = 68) isotopes for
various combinations of proton and neutron states. The states are labeled in the shorthand notation [p, n], where p is the number of 4, protons
and n is the number of i;3/, neutrons. Particle-hole excitations into the (sd) orbital are also explicitly labeled. Corresponding experimental
candidate states are bold and underlined and are taken from Refs. [38] ("**Er), [39] ("’Er), [4,7] (**Er), [9,10] (""Er), [2] ("*®Er), and [6]

(**Er), respectively.

Protons valence 1p-1h 1p-1h
”(h)?e ”(dg)ié,s.s (h)?G(Sd)}.S ”(dg)ié,as (h)?u
16" 20T, 21+ 20,21~
Neutrons YEr, N = 86
V(fh)ios.11s@es [4;1] [4(sd); 1] [5:1]
17,18~ 337,34 37-,387,387,39" 37+, 38+, 38%, 39+
V()T [4;2] [4(sd); 2] [5:2]
20" 36+ 40*, 41+ 407,41
5B, N =87
V()1 (De s [4;1] [4(sd); 1] [5:1]
20.5% 36.5" 40.5%,41.5% 40.57,41.5~
V(fM)3os115(D)h [4;2] [4(sd); 2] [5:2]
22.57,23.5" 38.57,39.5~ 42.57,43.57,43.57,44.5~ 42.5%,43/2%,43.5%, 44.5F
OEr, N = 88
68 ’
V(fh)ss 165(De s [4:1] [4(sd); 1] [5:1]
227,23 38, 39" 427 437 43~ 44~ 42F 43+ 43T 44+
V(% [4:2] [4(sd); 2] [5:2]
26" 42+ 46+, 47F 46,47
LTEr, N = 89
68 ’
V(fh)Ss(i)e s [4:1] [4(sd); 1] [5:1]
24.5% 40.5* 44.5% 455" 44.57,45.5~
V(fh)s 516501 [4;2] [4(sd); 2] [5:2]
27.57,28.5" 43.5°,44.5" 47.57,48.57,48.57,49.5~ 47.5%,48.5T,48.5%,49.5"
V() (D3 s [4;3] [4(sd); 3] [5;3]
30.5" 46.5" 50.5%,51.5% 50.57,51.5~
S¥Er, N =90
V()31 [4;2] [4(sd); 2] [5:2]
30" 46" 50t, 51+ 50~, 51"
V(.fh)?s_im_s(i)?ﬁ_s [4;3] [4(sd); 3] [5:3]
327,33 48,49~ 527,537,537, 54~ 52F, 53+, 53+, 54+
& Er, N =91
V(fh)g 510501 [4;2] [4(sd); 2] [5:2]
30.57,31.5~ 46.57,47.5~ 50.57,51.57,51.57,52.5~ 50.5%,51.5%,51.5%,52.5"
V(1) (D3 s [4;3] [4(sd); 3] [5;3]
34.5% 50.5+ 54.5%,55.5% 54.57,55.5~
V(fh)s.5165 (30 [4:4] [4(sd); 4] [5:4]
35.57,36.5~ 51.57,52.5~ 55.57,56.57,56.57,57.5~ 55.5%7,56.5%, 56.5%,57.5"

consistent with the first (why /2)2 alignment. Bands 3 and 5
both show further gains in alignment at their highest spins at
o =~ 0.50 MeV/h. These gains appear to be an indication of a
change to a noncollective regime.

1. Positive-parity terminating states

Band 9 is newly identified in this work. It has an irregular
structure that is linked to band 2, but not band 1. This suggests
that band 9 has the same parity as band 2.

To understand the positive-parity nature, experimental and
theoretical energies, relative to a deformed rotating-liquid-
drop reference, E — Eyq, are plotted for all 156Ho bands in

Fig. 20. Specifically, positive-parity states are in Figs. 20(a)
and 20(c). Band 9 rapidly becomes yrast above spin ~357,
as can be seen in Fig. 18(a), and has low-lying states at I™ =
(41%) and (4271). The yrast (417) level is particularly favored
in energy and is found to be directly fed by several high-
energy y rays of energies 1397, 1501, 1553, and 1859 keV,
see Fig. 1. The (427) state also feeds the (417) one via a 900-
keV dipole transition. These states are interpreted as signature
partners of a maximally aligned noncollective configuration,
where the nuclear spin is wholly generated by the ten valence
particles outside the spherical '#°Gd core. The 41 and 42+
favored states represent the terminating I,x states of the
[p; n] = [3;2] valence-space configuration. These are listed
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FIG. 17. Experimental alignments iy as a function of the rota-
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level schemes and by (parity, signature). New states are denoted by
red symbols and lines. (a) Bands 1, 2, 3, and 5 in 156Ho. (b) Bands 2,
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crossings.

4 1
127 (@)*°H
_ Lot
>
O 0.8 kA
= al:
%\ 0.6T
Z 04t o
=
M (021 ®---® Band la
i O---40 Band 1b
j —0.0+ ®—* Band2a
O—-oO Band 2b
_02+ 44 Band3a
---- Band 3b ¢
04+ T ¥ Band 5a &~—4 Band9a X
e ----¥ Band 5b &—=2 Band 9b .
—0.6 t t t t t t t t t t
0 5 10 15 20 25 30 35 40 45 50 55
Spin I (h)
14f oA A aa,
157 A,
b A A
121 ( ) H " ““k‘
2 10T
e
[5)
Z o6t
=
-
H04T
>
M oot B ® Band 2a
O---0 Band 2b
0.0+ +—+ Band 4a
. &—= Band 4b
a4 Band 7
0271
0 5 10 15 20 25 30 35 40 45 50 55
Spin I (h)
0.8

o
o
f
t

E, - Ejq(def) [MeV]
= o
o =

B----# Band la

O---0 Band 1b .
®—® Band2a I

0.0+
158 ‘
(c) ""Ho 0—0 Band 2b s
‘m
02 + t + t t t t + t t
0 5 10 15 20 25 30 35 40 45 50 55

Spin I (h)

FIG. 18. Experimental excitation energy, relative to a deformed
rotating-liquid-drop reference E — E4, plotted as a function of spin
I for bands in 33713 Ho, New states are denoted by red symbols
and lines. (a) Bands 1, 2, 3, 3, 6, and 9, in '**Ho. (b) Bands 2, 4, and
7 in ""Ho. (c¢) Bands 1 and 2 in "**Ho. The data for band 2 are taken
from Refs. [28,29]. The convention for labeling in the alignment, iy
(Fig. 17), and E — Eyyq, this figure, is as follows: Parity: solid lines
denote positive parity, dashed ones for negative parity. Signature («):
Filled symbols denote @ = 0 (and & = +1/2 for odd-A nuclei); open
symbols denote ¢ = 1 (and ¢ = —1/2 for odd-A nuclei).

064322-16



MULTIPLE VALENCE-SPACE AND CORE-EXCITED BAND ...

PHYSICAL REVIEW C 113, 064322 (2026)

>

S 1L 156

é% 1 (EZ;?O*”° oo Ho
% o—e B2a

o 0| o—o B2b (a)
U'f } } } }

>

(0]
=)
amn
<)

=
Lﬂh

'
(8]

: NSO
-1r (b)

% } } } }
> 1Lk e—eB2a-[7;2]
= 0—oB2b - [7;2]
) =—uB2a- [5;2]

g0k o—aoB2b - [5;2]
m” .

Yo Difference (c)
mﬁ-l } } } }

20 30 40 50 60

Spin I (%)

FIG. 19. (a) Energies, relative to a rotating liquid-drop reference,
for band 2 in '**Ho (the signature partners are labeled B2a and B2b).
(b) CNS calculations for [7;2] and [5;2] configurations. (c¢) Energy
differences between experiment and theory. Encircled states corre-
spond to /.« oblate states.

as firm assignments in the summary table of configurations,
Table II1.

These clearly identified states, which are associated with
relatively pure single-particle configurations, provide a theo-
retical way to assign spin and parity to the highest-spin states.
This is particularly important for '>*Ho, where all spins and
parities have been labeled as tentative, since the connection
of all of the bands to the /™ = 4~ ground state has not been
rigorously established [24]. Nevertheless, theoretical confir-
mation together with the y-ray angular-distribution analysis
give confidence in the spin-parity assignment for the majority
of levels observed. In addition, the 417 and 427 states cor-
respond to the well-established terminating states in '3*Er at
48~ and 49~ [2,45], with the least favored proton and neutron
removed, see Tables I and II.

Band 9 continues above the low-lying (417) valence-space
terminating state via several high-energy (>1 MeV) transi-
tions, which are assumed to be of stretched E2 character,
and reaches a tentative spin of (47%). The (417) terminating
state also appears to be directly fed by high-energy transitions
(1397, 1501, 1553, and 1859 keV), in a similar manner to that
previously observed in '37-!3Er [2,9]; it costs a lot of energy

to progress beyond these particularly favored, fully aligned
states. Band 9a, including the low-lying (42%) state, is also
fed by several high-energy transitions from the highest levels
of band 2a.

The I™ = (43%1) state directly feeds the (4171) level via
the 1745-keV transition, and also decays to the 3971 state
of band 9b via consecutive y rays of energies 1035 and
1376 keV. This state could correspond to the I,,x value ex-
pected for the [4;1] configuration, see Table I, which involves
the promotion of a proton, across the Z = 64 shell gap, into
the fourth Ay, orbital. This 1p-1h excitation effectively in-
creases the valence space to 12 particles or holes, enabling
the higher I,,x value. In this case, a proton is promoted
from the positive-parity ds;»/g7/, orbital into the negative-
parity hyy, orbital, i.e., corresponds to a negative-parity 1p-1h
excitation.

Alternatively, the proton may be promoted to the positive-
parity s1,/d3;, orbital instead, i.e., a positive-parity 1p-1h
excitation. Indeed, I, states at 45%, 46T, 46T, and 47+ are
expected for a 1p-1h positive-parity excitation of the [3;2]
configuration given the available couplings of the odd proton
and neutron. This quadruplet of states is labeled [3(sd); 2] in
shorthand notation to emphasize that the excitation is into
the s1/2/d3,> orbital. The detailed single-particle configura-
tions of these states are given in Table I. Specifically, the
45" and 46" levels represent 1p-1h proton excitations from
the mj = —5/2d5/2/g7/2 orbital into the mj = +3/2S1/2/d3/2
one. Additional states with 461 and 47" at higher energy can
be formed by promoting from the m; = —7/2 orbital instead,
i.e., corresponding to the opposite signature. Candidate states
at (45™1), (46™), and (47%) for these terminating configurations
are indeed observed in band 9, see Fig. 1.

At higher spin, the CNS calculations of Fig. 20(b) pre-
dict a series of low-lying (yrast) terminating states for I* =
48T -54%. These represent the 1p-1h [4;3] excitation in addi-
tion to the 2p-2h [4(sd); 3] excitation, as listed in Table I.

2. Negative-parity terminating states

Figure 20(b) provides the experimental energies of the
negative-parity states in bands 1, 3, 5, and 6 in 156H0, relative
to a deformed rotating liquid-drop reference, plotted as a
function of spin. Theoretical CNS calculations are displayed
in Fig. 20(d) for negative-parity configurations. Possible ex-
perimental and theoretical oblate y = 60° states are encircled.

For negative-parity configurations, valence-space termina-
tions can be achieved in configurations with an odd number
of vij3,; neutrons, namely, [3;1] and [3;3] states. The for-
mer configuration can accommodate 38/ of spin, while the
latter can achieve 44/. The newly identified band 6 shows
two relatively low-lying I = (387) states. Theory predicts
noncollective oblate 38~ states at similar energies for both
the [3;1] and [3;3] configurations [see Figs. 20(b) and 20(d)].
For the [3;1] configuration, 38~ represents the maximum spin
(Imax) that can be achieved, while it would correspond to an
(Imax — 0) state of the [3;3] one.

Below spin 387, theory suggests that the [3;1] configura-
tion provides an appropriate description of the band, while
above this the [3;3] configuration becomes lower in energy.
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FIG. 20. Experimental and calculated excitation energies in '*Ho, relative to a deformed rotating-liquid-drop reference, plotted as
a function of spin. (a) Positive-parity experimental states, (b) negative-parity experimental ones, (c) low-lying positive parity calculated
configurations, and (d) low-lying negative-parity ones. Blue circles indicate oblate (y = 60°) configurations. In the experimental plots such
states are encircled where a possible corresponding oblate state is identified in theory. In the theory plots, states are labeled by their /™ values
at high spin or where a candidate experimental state is suggested. The calculated configurations are defined in Table I.

This is reflected in the experimental E — Eyy4 plot of Fig. 20(b)
with a sudden change in slope at spin 38%. Band 6 continues
by three transitions up to /™ = (44™), where the [3;3] configu-
ration should terminate. A second (427) level is seen decaying
via a 1222-keV transition. This could represent the 1p-1h (sd)
excitation of the [3;1] configuration, namely, [3(sd); 1] (see
Table I). The (327) state of band 6 would then correspond
to the (Inax — 6) oblate state of the [3;1] configuration. It
decays to several closely lying (307) states (see Fig. 2). This is
similar to the bandhead of band 9b, which also corresponds to
a predicted (I,,x — 6) oblate state of the [3;2] configuration.
Negative-parity states can also be formed by the [4;2] con-
figuration. Here, the negative parity is achieved by a 1p-1h
proton excitation into the fourth 7/, orbital. This repre-
sents a core-excited configuration and is expected to terminate
at I =46~ and 47 [see Table I and Fig. 20(d)]. The CNS
calculations imply that this configuration should exhibit fa-
vored (In.x — 6) states at 40~ and 41~. There is indeed a
candidate oblate state at (407) at the top of band 6, which

decays via a 911-keV transition, and would represent an
oblate to oblate transition.

Furthermore, a y-ray of relatively low energy, 880 keV,
feeds the favored (41%) state of band 9b, see Fig. 1. It is
unlikely that the feeding state has spin 427, or 43/, since
this would make the level particularly favored in energy, and
hence not consistent with the overall agreement with theory.
Therefore, a 417 spin is more likely. There are no expected
low-lying, positive-parity states at this spin, other than the
lower-lying (417) state. Hence, a spin-parity assignment of
(417) is proposed for the level and it can then be attributed
to the (Iax — 6) state of the [4;2] configuration, as discussed
above. Similar to the (407) decay, the 880-keV y-ray would
represent an oblate-to-oblate transition, but in this case of non-
stretched E'1 character. It is interesting to note that there are
no odd-spin levels corresponding to negative-parity band 6 for
the proposed 41~ to decay into by a stretched E2 transition.
This is because the band 6 configurations below spin 407 have
an odd number of 4/, protons and i3/, neutrons but an even
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TABLE III. A summary of oblate, y = 60°, states assigned to
136Ho. The energies are given relative to the lowest level of band
la, which lies at an unknown energy y above the ground state of
this doubly odd nucleus. The configuration for states listed in bold
face are more certain, the others are based on the comparisons with
calculations, see text for details.

I Energy (keV) Config. Spin Band
32- 7689 [3;1] Inax — 6 6
34" 8420 [3;2] Inax — 8 9a
35+ 9133 [3;2] Inax — 6 9b
36" 9268 [3;2] Inax — 6 9a
38~ 10619 [3;3] Inax — 6 6
38~ 10737 [3;1] Tnax 6
40~ 11647 [4;2] Inax — 6 6
41+ 11471 [3;2] Inax 9b
41~ 12351 (4:2] Lnax — 6 9b
42+ 12371 [3;2] Tmax 9a
42- 12 842 [3(sd); 1] Tnax 6
43+ 13216 [4;1] Tnax 9b
44~ 13287 [3;3] Tnax 6
45+ 14450 [3(sd); 2] Lnax 9b
46 14 865 [3(sd); 2] Tnax 9a
47F 15541 [3(sd); 2] Imax 9b

number of f7/2/ho/; neutrons. The only way to achieve odd
spin, or signature & = 1, is to invoke the unfavored signatures
of either the A1/, proton or the ij3/, neutron, which is ener-
getically expensive for these low-£2 orbitals.

Table III summarizes all of the candidate noncollective
oblate states assigned to doubly odd '3®Ho, listing their ener-
gies, spins, parities, and shorthand configuration labels. Their
full single-particle configurations are listed in Table I. States
that are strongly supported by theory, or those where angular-
correlation data are available, are indicated in bold face in
the table. The configurations of the other states are based on
comparisons with the CNS calculations.

B. ¥"Ho

The bands in '*’Ho have been extended to significantly
higher spins than previously observed [8], see Fig. 7, which
shows states above spin ~26/. Band 7 represents a decoupled
collective structure built on the mho,»[541]1/27 orbital [8].
Bands 2 and 4 are based on strongly coupled mh(, and
7 g7,2 orbitals, respectively, and hence exhibit interleaved E2
(AI = 2) signature sequences connected by M1/E2 dipole
transitions. Experimental alignment iy and E — Eyy plots are
shown in Figs. 17 and 18, respectively, for the relevant bands.

1. Positive-parity high-spin states

Band 4 in """Ho delineates all the positive-parity high-spin
states uncovered in this nucleus. Excitation energies, relative
to a deformed rotating liquid-drop reference, are presented
in Fig. 21(a) as a function of spin, together with the CNS
calculations in Fig. 21(c). Up to spin 77/2%, band 4 behaves
as a regular, signature-degenerate sequence which can be at-
tributed to the [6;2] structure. Above this spin, decreasing

energies can be associated with the more-favored [4;2] config-
uration which terminates with I, = 97/2%,99/2%. Indeed,
band 4a is traced up to a possible oblate terminating state for
the [4;2] configuration at (97/2%). Its signature partner, band
4b, also progresses to higher spin; the 1099-1181-1215-keV
sequence appears to be the smooth continuation of the [6;2]
configuration, while the parallel 1050-1012-1049-929-keV
branch appears to represent the [4;2] configuration.

The CNS calculations of Fig. 21(c) also demonstrate that
the [3;3] valence-space configuration, a less regular structure,
produces specific yrast, or near-yrast, oblate states at spin
81/2%, 91/2%, and 93/2", that can compete with, or even
perturb, the more collective [4;2] states at these spins. Indeed,
evidence is seen for this with the (93/2%) level of band 4a and
the (91/2%) level of band 4b lower than expected in Fig. 21.
These spins represent the I,,x values for the two signatures of
the [3;3] configuration, see Table I. For band 4a, the positive-
parity state at (93/2%) corresponds to the oblate 49~ states
in "8Er [2], while the (91/27) level of band 4b corresponds
to the 48~ oblate state. The 81/2" state of band 4a could
correspond to the (I,.x — 6) state of the [3;3] configuration,
related to the 43~ oblate state in '*®Er.

Finally, band 4a is seen to continue to even higher spin via
the 1346-1324-1531-keV sequence of transitions extending
to a tentative spin of (109/2%). CNS calculations suggest
that these states are associated with the [5;3] configuration,
which ends up at I, = 113/2", just 24 higher than observed
experimentally.

ax

2. Negative-parity high-spin states

Band 2 in 'SHo represents the complementary negative-
parity states to the positive-parity sequence of band 4.
Excitation energies, relative to a deformed rotating liquid-
drop, are provided in Fig. 21(b) for negative-parity states in
57Ho, as a function of spin, while CNS calculations are in
Fig. 21(d). For negative parity, the CNS calculations suggest
that the signature-degenerate [6;3] configuration is crossed by
the [4;3] one around spin 47.5 (i.e., 95/2). Again, a valence-
space configuration, [3;2], competes and provides a yrast fully
aligned state at 87/27, which could be assigned to the I™ =
87/27 state in band 2b. This I* = 87/2 oblate state is related
to the favored 467 level in '®Er by the removal of an Ay
proton. In addition, the 75/27 represents the (I,x — 6) state
of the [3;2] configuration, see Table IV.

The 87/2~ state of band 2b is fed by a high-energy
1368-keV transition from a presumed (91/27) level. A pos-
sible interpretation is that it represents the (I,x — 6) oblate
state of the [4;3] configuration, which terminates at I™ =
103/27, see Table 1. This (91/27) level is then fed by three
transitions (1170, 1317, 1457 keV) from presumed I” =
(95/27) states; the 1170-keV transition has a further 1050-
keV y ray above it. The CNS calculations, see Fig. 21(d),
indicate that configurations of the type [4;3] become yrast
above spin 95/2, where the observed (99/27) state at 18 095
keV would be one transition short of termination in the [4;3]
configuration. This is another example of a configuration that
can produce a quadruplet of states through the combination of
odd protons and neutrons. The third, highest-energy, (95/27)
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FIG. 21. Experimental and calculated excitation energies in '°’Ho, relative to a deformed rotating liquid-drop reference, as a function of
spin. (a) Band 4, (b) band 2, (c) calculated low-lying positive-parity configurations, and (d) low-lying negative-parity ones. Blue circles indicate
oblate (y = 60°) configurations. The calculated configurations are defined in Table 1.

level is then assigned to the terminating state of the [3(sd); 2]
core-excited configuration, involving a positive-parity 1p-1h
excitation.

TABLE IV. A summary of oblate, y = 60°, states assigned to
1THo. The spin-parity values of the configurations, for which an
assignment is proposed with confidence, are written in bold face.
Where the spin values correspond to the maximum spin /y, of the
configuration. The excitation energy and configuration is indicated.

& Energy (keV) Config. Spin Band
75/2" 11190 [3:2] Inax — 6 2b
81/2F 13068 [3:3] Inax — 6 4a
87/2- 14508 [3:2] Inax 2b
91/2+ 15578 [3;3] Inax 4b
91/2- 15876 [4:3] Inax — 6 2b
93/2+ 16290 [3;3] Iax 4a
95/2~ 17333 [3(sd); 2] Iax 2b
97/2+ 17547 [4:2] o da

Finally, band 7 exhibits different character to the other
sequences in '>’Ho. It continues smoothly to very high spins
despite becoming highly nonyrast in the terminating spin re-
gion, see Fig. 18(b).

A summary of all the candidate noncollective oblate states
assigned to '>"Ho is given in Table IV, with their energies,
spins, parities, and shorthand configuration labels; the full
single-particle configurations are listed in Table I.

C. Doubly odd **Ho

One sequence in '*Ho has been significantly extended
in this work. Previously, two strongly coupled bands were
established at low spin [28-30]. Band 1 is yrast and is based
on a negative-parity why;, ® vij3/; configuration, while band
2 is a signature-degenerate band based on the positive-parity
g2 ® vijz, one. Here, the proton resides in the high-
[404]7/2" Nilsson orbital. Strongly coupled bands with
similar properties have been established in *®Er [2], "Ho
[8], in addition to a band in "*°Ho [22].

064322-20



MULTIPLE VALENCE-SPACE AND CORE-EXCITED BAND ...

PHYSICAL REVIEW C 113, 064322 (2026)

1.5 } N ¥ P
158
® b4
LN \ Ho £ /
10T 'm L. T
A A} [ /‘ /7
> R N PO 4
AN P
o 051 * +\v\\t ©42_ \\ _x v
E‘ \\¥ \\:;Vt v ¥
[y [ AN
o 00T N A2N
<) l\\ - — B
=] = ——m [53] LN 2@
m g5 4 = —-m [5(sd):3] | N /
' v ——v [73] '\ll 5?29/"
) __ . LIS
o4+ [ [ ) [3,3] 8 1\'/
a — —a [6;2]
& — —e Experiment (-,0)
-1.5 + t t } t t t
30 35 40 45 . 50 55 60
Spin I (%)

FIG. 22. Experimental excitation energies of the even-spin mem-
bers of band 1 in *®Ho plotted relative to a deformed rotating
liquid-drop reference. Calculated CNS configurations are also
provided.

Experimental alignment plots for bands 1 and 2 are shown
in Fig. 17(c), while the excitation energies, relative to a de-
formed rotating liquid-drop reference, are given in Fig. 18(c).
The even-spin (o = 0) branch of band 1 has been extended to
higher spin and becomes particularly favored in energy above
~35h. Its high-spin behavior is compared with calculated
CNS energies in Fig. 22.

For neutron number N = 91, terminating states can be
formed with configurations containing two or three vijz/
neutrons, see Table I; those with three such neutrons result
in negative-parity states. Figure 22 indicates that [5;3] and
[5(sd);3] configurations become low in energy (yrast) beyond
35h. These configurations involve particle-hole excitations
across Z = 64; terminating states are found at 58~ and 62~
for the 2p-2h [5;3] and 3p-3h [5(sd); 3] configurations, re-
spectively (see Table I and Fig. 22). In addition, the [3;3]
configuration yields a valence-space termination at I* = 487,
which is close to yrast.

D. SHo revisited

Results for N = 88 > Ho, obtained from these data, have
been published in Ref. [7]. Noncollective states were estab-
lished at I =79/2~, 87/2~, and 89/2". These levels are
associated with [3;2], [3(sd);2], and [4;2] configurations, re-
spectively, see Table I. Essentially the [3;2] valence-space
termination and its positive- (+47) and negative-parity (+5%k)
core-excited terminations have been observed. The CNS cal-
culations also suggest energetically favored terminations of
the [3;1] U™ = 71/2%,73/2") and [4;1] (83/27) configura-
tions. These states are included in Table I and there are clear
candidates for them in the >>Ho level scheme of Ref. [7].

VI. TERMINATION IN ERBIUM

The proposed band-terminating states in erbium isotopes
are reviewed here with respect to their expected configurations
and I, values.

A. Valence-space termination

After the original discovery of three valence-space termi-
nations in ""8Er at I™ = 461, 48—, and 49~ [45], correspond-
ing states have been established in other erbium isotopes. The
maximum-spin values, Iy, for expected configurations in
the '+ 15%Er isotopes are listed in Table II. These are anal-
ogous to the Ho ones in Table I. Erbium has an additional
proton relative to holmium, which often occupies the fourth
hy12 proton orbital. The (A, /2)4 configuration can generate
I™ = 16" when fully aligned. Table II identifies the known
terminating states in these nuclei, which are all built on [4; x]
configurations. Across the isotopes, x, the number of i;3/, neu-
trons, progresses from 1 to 4. In "°Er, terminating states of
the [4;3] and [4;4] valence-space configurations are identified
at I™ = (101/2%) and (105/27), respectively [6], as seen in
Fig. 12, where positive- and negative-parity states are present
at similar energies. For the heavier erbium isotopes, the corre-
sponding theoretical terminating levels are higher in spin and
beyond the experimentally attained spins. For instance, the
[4;3] configuration in '°Er has I,y values at /™ = 51~ and
527, while the [4;4] configuration terminates at 54 [46].

B. Core-excited termination

Recently, a new terminating state at /” = 50~ was pro-
posed in '8Er [2], which corresponds to the maximum spin
of the core-excited [5;2] configuration of Table II. This level
directly feeds the valence-space terminations of the [4;3] con-
figuration at 48~ and 49~. For erbium, the positive-parity
(7Td5/2/g7/2 — S1/2/d3/2) and negative—parity (Nd5/2/g7/2 —>
hi1/2) 1p-1h proton excitations both generate an additional
four units of spin before termination, and so should generate
terminating states of the same spin, but opposite parity. This
is in contrast with the holmium isotopes, where the negative-
parity excitation can produce one more unit of spin, i.e., 57,
in comparison to the positive-parity excitation, which only
produces 44.

In Ref. [9], several high-energy transitions were es-
tablished in '"’Er feeding the 87/2~, 89/2~, and 93/2%
terminating states. It was possible to establish that some of
these were of dipole character following a high-fold angular-
correlation analysis. The 87/27, 89/27, and 93/2% states
represent the valence-space terminations of the [4;2] and
[4;3] configurations, respectively, see Table II. However, core-
excited terminations at 95/27 ([4(sd);2]) and 95/2F ([5;2]),
are expected as well. Both could decay via dipole E1 and
M1 transitions, respectively, into the 93/2" valence-space
termination. Effectively, these core excitations then represent
the positive- and negative-parity 1p-1h excitations of the [4;2]
configuration.

VII. ENERGY SYSTEMATICS

In this section, experimental and theoretical (CNS) energy
differences between noncollective oblate states are discussed.
Often, the states are related to each other by the simple
exchange of a neutron, or proton. This gives an insight
into the single-particle spectrum at the extremes of angular
momentum.
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TABLE V. Summary of the deformation (¢,) and energy differences (AE) between the associated I,,,x and (I,.x — 6) oblate states from
experiment and theory (CNS). The high-j A, proton and i3/, neutron configurations, [p; n], are given. The relevant band for Ho nuclei is

indicated.
Nucleus Band Imax - (Imax - 6) [P, }’l] &2 (Imax) & (Imax - 6) AEexpl (keV) AECNS (keV)
v exchange hy/, (mj = 5/2) to f7,, (m; = —7/2)
136Ho 6 38~ — 32° [3;11 0.119 0.131 3047 2677
156Ho 9a 42t — 36t [3:2] 0.135 0.149 3103 2832
5THo 2b 87/2~ — 75/2" [3:2] 0.140 0.151 3319 2870
5THo 4a 93/2+ — 81/2* [3;3] 0.143 0.154 3223 2929
157Ey 81/2% — 69/2F [4;1] 0.115 0.132 2831 2695
STEr 89/2~ — 77/2 [3;3] 0.133 0.145 3050 2843
158y 46t — 40t [4;2] 0.136 0.148 3281 2873
18y 49~ — 43~ [4:3] 0.139 0.151 3126 2927
9By 101/2t — 89/2% [4:3] 0.142 0.154 3348 2959
v exchange f7,, (m; =5/2) to f7,, (m; = —7/2)
136Ho 6 44~ — 38~ [3;3] 0.137 0.158 2668 2057
1565y 42t — 36t [4:2] 0.128 0.144 2386 2007
STEy 93/2t — 81/2% [4:3] 0.135 0.151 2758 2039

A. (Imax — 6) states

The maximally aligned I,,,x states are known to have asso-
ciated levels at lower spin, where a pair of valence particles
form an antialigned pair, i.e., the nucleons remain paired and
are energetically favored (yrast) compared with neighboring
states. This mechanism was originally established in '3*Er,
where a theoretical oblate 40% state (Imax — 6) can be formed
from the same basic single-particle configuration as in the
maximally aligned 46" state (I4x), but with a rearrangement
of vhy,> and f7,, substates [47], see Table II.

This particle exchange involves moving a neutron from
the hg» (m; = 5/2) substate to the f7,, (m; = —7/2) one,
forming an antialigned f7,, pair with a total spin change of 6/.
This exchange is illustrated in Fig. 16(b), where the aligned
and antialigned neutron configurations for N = 90 generate
spins of 337 and 271, respectively, which indeed differ by 67.
In '8Er, this exchange is also possible for negative parity,
and observed from the maximally aligned 49~ state to the
(Imax — 6) one at 43~ [2,48]. Equivalent antialigned (I, — 6)
oblate states have been observed in ’Er [5,9], *°Er [6,49],
and ""Ho [8], while the present work has established further
examples in "®Ho and ""Ho. In the '®Ho, the (42%) —
(36™) (Fig. 1), and (387) — (327) (Fig. 2). In ""Ho, they oc-
cur for (87/27) — (75/27 ) and (93/2%) — (81/2%) (Fig. 7).

Table V summarizes the energy and deformation (g,) dif-
ferences between the associated I,,x and (In.x — 6) states,
comparing experiment and CNS theory. It is interesting to
note that the deformation (e,) of the (I,,x — 6) state is consis-
tently higher than that of the /;;,,x one. This is understood from
the fact that an orbital with a higher value of m; (m; = —7/2)
is filled, which is an orbital corresponding to rotation around
the equator of the nucleus.

A summary of the I,,x and (I,x — 6) states is presented in
Fig. 23. Figures 23(a) and 23(b) provide the experimental and
calculated (CNS) energy differences as a function of neutron
number, respectively. The theoretical energy-difference pre-
dictions are systematically lower than the experimental results

ranging from ~150 to 450 keV, Fig. 23(c). This relatively
small difference is impressive for these highly excited nuclear
states that occur ~10 MeV above the nuclear ground state.
The individual differences between experiment and theory
(AEexp — AEcns) are plotted in Fig. 23(c), along with the as-
sociated high-j A1/, proton and i3/, neutron configurations,
[p; n]. Two systematic trends can be observed. First, for an
equal number of /1y, protons the higher number of 713/, neu-
trons is always lower; that is, closer to experiment. Second,
for the same number of i;3,, neutrons, the (A, /2)4 proton
configurations lie below the (hy; /2)3 ones, again closer to
the experimental values. These systematic observations offer
important insights into potential refinements of the theoretical
high-j proton and neutron single-particle energies.

Figure 23(d) provides the calculated quadrupole deforma-
tion &, of the I, state, as a function of the neutron number; it
indicates a correlation between deformation and neutron num-
ber for these favored oblate states. Indeed, with decreasing
deformation, the energy splitting between the single-particle
Nilsson orbitals at oblate deformation is reduced, consistent
with the experimental observations of Fig. 23(a).

Additional I, to (Ih.x —6) states are also observed,
which involve a different neutron exchange: a neutron moves
from f7,, (mj =5/2) to the f7, (m; = —7/2) state. This is
observed in '®Ho from 44~ to 38~ in band 6. The energy
difference for this transition (2668 keV) is consistent with the
other two examples in '*°Er (2386 keV) (42% to 36 [4]) and
STEr (2758 keV) (93/2% to 81/2 [9]).

Another interesting comparison between the favored states
is given in Table VI, which summarizes the deformation
(&) and energy differences between oblate states of opposite
parity and a spin change of 37/ from experiment and the-
ory (CNS). This involves the v exchange ij3, (m; =9/2)
to the f7/» (m; = 3/2) level. Once again there is significant
consistency between the experimental values, which as noted
above, are systematically a few hundred keV higher than the
theoretical CNS values. It is, however, worth noting that the
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TABLE VI. Summary of the deformation (¢,) and energy differences (AE) between oblate states of opposite parity and a spin change of
34 from experiment and theory (CNS). Exchanges between I, and (I.x — 6) states are indicated. The high-j i/, proton and i3/, neutron
configurations, [p; n], are given. The relevant bands for Ho nuclei are indicated.

Nucleus Bands 1 — (-3) [p;n] & (1) & (I —3) AEp (keV) AEcns (keV)
v exchange i3/, (m; = 9/2) to f7,, (m; = 3/2)
Imax — Imax
156Ho 6 — 9b 44 — 41+ [3:3]1 = [3:2] 0.137 0.130 1749 1462
5THo 4a — 2b 93/2% — 87/2° [3:3] = [3:2] 0.135 0.140 1782 1467
IS8Er 49~ — 46% [4:3] = [4:2] 0.139 0.136 1749 1462
(Imax - 6) - (Imax - 6)
5THo 4a — 2b 81/2F — 75/2~ [3:3] = [3:2] 0.154 0.151 1872 1404
158y 43~ — 40* [4:3] — [4:2] 0.151 0.148 1901 1408

biggest experimental energy differences (i.e., AEeyp = 1872
and 1901 keV) are associated with the (/,,x — 6) states.

B. Experimental 1p-1h excitation energies

Evidence has been found for both valence-space and
core-excited termination in a series of holmium isotopes.
In '3157Ho, both positive- and negative-parity 1p-l1h ex-
citations have been identified on top of [3;1], [3;2], and
[3;3] valence-space terminations. The excitations involve
both (wds;2/g7/2 — s12/d3y2) and (wds2/g7/2 — hiy2) 1p-
1h proton excitations across Z = 64, respectively. These
core-excitations relative to the valence-space configurations
are summarized in Table VII, which provides their relative
excitation energies from experiment and theory, together with
their predicted quadrupole deformation. Another example is
included in the table for "®Er [2]. The table indicates that
creating a 1p-1h core excitation leads to a predicted slight de-
crease in the nuclear quadrupole deformation (&;). However,
this shape change is not nearly as large as the one observed
when comparing the (I,,x — 6) state to the I, ,x One.

VIII. COLLECTIVITY AT HIGH SPIN

In contrast with the many irregular “terminating” bands
observed and discussed in detail above, there are several se-
quences which exhibit regular “collective” behavior at the
highest spins (=40). Their characteristics are discussed below.

A. ""Ho band 7

Band 7 in "Ho is based on an I” = 9/2" state that lies
84 keV above the ground state; the odd proton has been as-
signed to the [541]1/27 Nilsson orbital, originating from the
hy/> subshell [8] A long sequence of collective stretched-£2
transitions has been established built on this state [8], while
the present work has extended it by eight transitions (167) to
(105/27). Although it is briefly yrast around spin 124, see
Fig. 18, it is well over 1 MeV above yrast at spin ~5074, yet
it persists with a smooth behavior with respect to frequency
(N.B. band 1 in "°Ho shows similar characteristics). Both
neutron i3, and proton ki, alignments are expected in
band 7 and it thus forms a stable collective structure to high
spin bypassing the lower-lying terminating states. Its single-
particle configuration must have an I,x value of at least
105/2h (52.5h) or even higher, which suggests that multiple
particle-hole excitations are involved.

Mean lifetimes of levels from 37/2~ to 53/27 in band 7
have been measured by Gascon et al. [26], together with those
of band 2 over a similar spin range. It was found that band 7
(hg/2) has a larger quadrupole moment than band 2 (h1,2) and
is thus more deformed.

One consequence of the larger quadrupole deformation of
band 7 is that the first backbend of i;3/, neutrons is delayed.
This can be seen in Fig. 17(b), where the alignment frequency
is delayed from 0.25 to 0.35 MeV/h, and a more gradual
upbend is observed rather than a sharp backbend.

Another interesting observation by Gascon et al. [26] in-
volved a clear difference in the lifetimes of the feeding of
high-spin states in band 2 and band 7 in '’Ho. In band 2,

TABLE VII. Summary of the deformation (g,) and energy difference (AE) for the 1p-1h proton core-excited terminations in '*!"Ho from
experiment and theory (CNS). Results for ' Er [2] are also included. The relevant bands for Ho nuclei are indicated.

Nucleus Bands I — Iy Config. change &, change AEp (keV) AEcns(keV)
156Ho 6 38 — 42- [3; 11 = [3(sd); 1] 0.119 — 0.117 2105 2829
156Ho 9b 41t — 45% [3;2] = [3(sd);2] 0.130 — 0.128 2979 2894
156Ho 9a 42t — 46* [3:2] = [3(sd);2] 0.135 — 0.131 2493 2942
5THo 2b 87/2~ — 95/2 [3:2] = [3(sd);2] 0.140 — 0.133 2825 2930
136Ho 6 — 9b 38~ — 43* [3;1] = [4:1] 0.119 — 0.117 2479 2602
STHo 2b — 4a 87/2- — 97/2* [3;2] = [4:2] 0.140 — 0.139 3039 2704
IS8Er 46t — 50~ [4;2] — [5:2] 0.136 — 0.129 3065 2883
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FIG. 23. (a) Experimental energy differences between I,,x and
(Inax — 6) states observed in °®'3"Ho and "~">°Er, and (b) the cal-
culated (CNS) energy difference. The particle exchange is a neutron
moving from the hy;, (m; = 5/2) to the f7/, (m; = —7/2) state. The
data are summarized in Table V, and details of the /,,,x configurations
are given in Tables I and II. The experimental energies are taken
from [4] ("*°Er), [9] (**"Er), [2] (**®Er), [6] (*°Er) and this work
(13157Ho). (c) Difference between the experimental and calculated
(CNS) energies from the Iy, to (Imax — 6) levels. The configuration
of the I,,x level is displayed. (d) Deformation &, of the I, states
from the CNS calculations; each state is labeled by /7.

it was stated that “they all have a rather intense stopped com-
ponent,” which indicates slow feeding from long-lived states
(i.e., consistent with the band-termination interpretation),
whereas in band 7, significant “fully shifted components”
were observed, consistent with fast-feeding lifetimes.

B. Triaxial strongly deformed bands

Long sequences of regularly spaced gamma rays have been
established in neighboring nuclei to N =~ 90 Ho nuclei that

bypass the band-termination regime, and appear to extend
beyond 607, marking a reprise of collectivity. These nuclei
include 7"*¥Er [11] and '*1®Er [46].

It was proposed [11] that these bands correspond to
triaxial strongly deformed (TSD) structures, based on the
predictions of early cranking calculations of Bengtsson and
Ragnarsson [50] and Dudek and Nazarewicz [51]. The tran-
sition quadrupole moments of the observed ultrahigh-spin
sequences in '*7!3Er were measured, confirming that they
were all associated with strongly deformed shapes [12,27], see
also Ref. [52]. These experimental measurements helped to
trigger further theoretical studies, for example, Refs. [53-56]
with the high-spin TSD bands interpreted as corresponding to
triaxial shapes with quadrupole deformation in the range of
&, = 0.35-0.45, with triaxiality of y = 20°-30°, thus leading
to high quadrupole-moment values.

In the present work, as displayed in Fig. 9, three new
candidate TSD bands have been assigned to 157Ho, see also
Ref. [25]. Figure 24 plots the dynamic moment of inertia
(J@) of TSD bands in '’Ho and '¥7-38Er together with band
7 in '*’Ho. The peak in the moment of inertia of band 7 at
w = 0.35 MeV //i corresponds to the ij3/, neutron alignment
(though this occurs with the gradual underlying 4/, proton
alignment). It is noteworthy that, at high rotational frequency,
the moment of inertia of band 7 is similar to those of the
TSD bands; all exhibit relatively high 7@ values, but with
a decreasing trend.

The relative energies of the transitions in TSD2 and TSD3
in '%"Ho, as evident in their spectra and J @ moments of
inertia, suggest that they are signature-partner bands. It is
also interesting to note that the transition energies in TSD2
in "Ho are very close (within 1 to 2 keV for all but the
1256-keV transition) to those in TSD1 '3’Er. This similarity
means that their 7 values follow each other closely, see
Fig. 24(b). A similar correspondence with TSDI in '>’Er
was noted in Ref. [57] in a TSD sequence in 161Tm, This
phenomenon of “identical” bands suggest a similar underlying
structure.

The optimal way for the finite nucleus to generate more
angular momentum than the high-spin terminating states
and advance into the ultrahigh-spin region beyond 607 is
to form additional neutron particle-hole excitations across
the N =82 shell gap, thus increasing the valence space
and increasing the potential I,,x value. Such excitations in-
volve promoting a neutron from the topmost hy;/, orbital
([505]11/27) below N = 82 into low-Q1i13,2 and f7/2/ho)2
orbitals above the gap. CNS calculations suggest that the
experimental TSD bands involve the promotion of neutrons
into deformation-driving Nosc = 61112 and go,, orbitals, in ad-
dition to Noge = 7 ji5,2 ones [2]. In the case of Z = 67 57Ho,
with one proton less than erbium, analogous configurations
involving both proton and neutron particle-hole excitations,
would be expected to drive similar TSD shapes. As an ex-
ample, the configuration for the strongest TSD band in ""®Er
is conjectured to be 7[(g7/2/ds/2)"*(11/2)°(hoy2)' (i132)'1 ®
V[(h11/2) 72 (Nose = 4)2(hosa f12)3(i132)*] [11], where the
dominant components relative to a *Gd core are indi-
cated. Therefore, this configuration with one extra hole in
the (mrds2/g7/2) orbitals would be expected in 157Ho. Excited
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FIG. 24. (a) The dynamic moment of inertia ;7 as a function of
rotational frequency for the three TSD bands tentatively assigned to
157Ho, band 7 in "’Ho, and the strongest sequences (labeled TSD1)
in ""8Er and '"Er [11]. New states in band 7 correspond to the
red symbols. (b) Expanded plot for high frequency. The rigid-body
moment of inertia for mass 157 and a deformation of 8, = 0.3 is
indicated.

TSD configurations can then be formed by moving the eighth
(h9/2/ f1/2) neutron into the fifth i;3/, neutron orbital [2].

However, many questions remain regarding the detailed
nature of the TSD structures in these nuclei; for instance, what
are their excitation energies and how do they feed into the
lower spin states, and what are their specific deformations,
spins, and parities? In addition, the theoretical investigation
of Ref. [58] challenges previous interpretations of the related
TSD structures in the Lu isotopes. Clearly, further experimen-
tal and theoretical studies are needed.

IX. SUMMARY AND CONCLUSIONS

The level structures of the rare-earth '>15¥Ho isotopes
have been substantially extended through high-fold y-ray
coincidence analysis, unveiling approximately two hundred

new transitions in these nuclei. Many rotational bands have
been extended to higher spin and several new structures have
been established. Intrinsic configurations have been proposed
through comparisons with cranked Nilsson-Strutinsky calcu-
lations. In addition, specific noncollective-oblate states have
been identified based on single-particle configurations where
the valence particles (and holes) are maximally aligned, thus
generating the total nuclear angular momentum. These states
are clearly manifested in doubly odd '*Ho, where they are
particularly low-lying in energy (yrast). In the heavier iso-
topes, °"1*¥Ho, such states compete with the surrounding
collective ones for yrast status.

An additional feature of the maximally aligned oblate
states in the Ho and Er nuclei, is the fact that they are often
accompanied by other aligned states six units lower in spin,
where one neutron is antialigned, i.e., rotating in the opposite
direction. The consistent experimental energy differences be-
tween these related levels, including the proposed change in
1%, both within a single nucleus and also in neighboring
nuclei, along with detailed theoretical comparisons, provides
strong evidence that the suggested spin-parity assignments
are reliable. This is particularly the case for doubly odd
136Ho, where a definitive connection to the ground state is not
established.

The oblate band-terminating states represent nuclear levels
where the angular momentum is generated by pure single-
particle configurations; single-particle and collective motion
is completely decoupled. They may be viewed as “standard”
marker points for any theoretical high-spin model and provide
important insights into potential refinements of the proton and
neutron single-particle energies at oblate deformation.

To progress to even higher spin, the nucleus requires ad-
ditional particle-hole excitations of both protons and neutrons
in order to increase the possible I,,x values. These excitations
might lead to further noncollective states at even higher-spin
values than observed. However, they could also induce a re-
turn of collectivity and allow the nucleus to rotate into the
ultrahigh-spin regime, beyond 607, giving rise to the obser-
vation of triaxial strongly deformed structures; indeed, three
such bands have been assigned to '>’Ho. The deployment of
the next-generation 4w gamma-ray tracking spectrometers,
i.e., GRETA [59] and AGATA [60] will enable a significant
advance in nuclear-structure physics. Their capacity for high-
statistics, high-fold data is essential to fully address the many
unresolved issues of nuclear shape evolution up to ultrahigh
spin.
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APPENDIX A: EXPERIMENTAL DATA FOR **Ho

Experimental properties of the y rays assigned to '*°Ho are
listed in Tables VIII-XIV

TABLE VIII. Excitation energies E,, transition energies E,,
relative intensities, angular-intensity ratios R, and spin-parity as-
signments for **Ho band 1. The y-ray energies are estimated to
be accurate to ~ £ 0.2 keV, with low-intensity transitions (I, <
2) ~ + 0.5 keV. The excitation energies relative to the 4~ ground
states are not known hence all values have an additional unknown
energy offset (y keV). The relative intensities are normalized to the
210.3-keV (127 — 117) transition. Errors on the relative intensities
are estimated to be <5% for transitions of intensity >5, and up to
~20% for weaker transitions. The angular intensity ratios, R, were
normalized to 1.0 for known stretched quadrupole (E2) transitions,
and this then gives a value of ~0.65 for a pure stretched dipole
transition.

E, (keV) E, (keV) Relative intensity R L — I

0.0 (87)

90.5 90.5 19.6 ) — @)

184.9 94.4 26.0 0.62(5) (107) — (97)

3193 228.8 59 (117 = 9)

319.3 134.6 54.4 0.63(5) (117) — (107)
529.6 210.3 =100 (127) - (117)
659.0 129.5 48.4 0.65(5) (137) — (127)
659.0 339.7 50.6 0.93(7) (137) — (117)
923.0 264.1 46.0 0.68(8) (147) — (137)
923.0 3934 2.9 0.96(5) (147) — (127)
1135.4 2123 27.3 (157) = (147
1135.4 476.4 553 09(7) (157) - (137)
1434.5 299.2 304 0.74(6) (167) — (157)
1434.5 5115 28.6 0.97(5) (167) — (147)

TABLE VIII. (Continued.)

E, (keV) E, (keV) Relative intensity R In — I

1718.3 2834 14.9 0.66(5) (177) — (167)
1718.3 582.9 43.6 1.08(5) (177) — (157)
2044.3 326.4 16.8 0.63(5) (187)— (177)
2044.3 609.8 34.8 0.96(5) (187) — (167)
2389.1 344.1 8.0 0.63(5) (197)— (187)
2389.1 670.8 28.5 1.05(10) (197) — (177)
2736.6 348.0 10.4 0.66(7) (207) — (197)
2736.6 692.3 26.7 1.05(6) (207) — (187)
31325 395.0 5.7 (217) — (207)
3132.5 743.4 14.8 0.83(6) (217)— (197)
3494.1 362.2 4.7 0.64(5) (227)— (217)
3494.1 757.5 16.9 1.05(6) (227) — (207)
3928.5 433.4 1.3 (237)— (227)
3928.5 796.0 5.7 1.09(6) (237) — (217)
4295.0 367.1 2.6 (247)— (237)
4295.0 800.9 5.2 0.95(5) (247)—(227)
4747.7 452.0 3.0 (257) — (247)
4747.7 819.2 4.7 1.30(10) (257) — (237)
5119.6 3724 2.8 (267) - (257)
5119.6 824.6 55 1.119)  (267) — (247)
5583.1 462.6 2.1 277) — (267)
5583.1 835.4 5.8 277) - (257)
5975.1 393.1 1.6 (287) = (277)
5975.1 855.5 5.1 1.02(6) (287) — (267)
6460.1 484.5 2.0 (297) - (287)
6460.1 877.0 35 1.05(6) (297) — (277)
6880.8 905.8 1.2 (307) — (287)
7395.4 935.3 3.1 1.04(6) (317) — (297)
7848.9 968.0 32 0.97(6) (327)— (307)
8400.3 1004.9 3.1 (337)— (317
8883.0 1034.1 1.7 (347)— (327)
9475.5 1075.2 1.7 (357)— (337)
9984.4 1101.4 1.4 (367) — (347)
10623.0 11475 0.8 377)— (35)
11150.6  1166.2 0.3 (387)— (367)
118362 12132 0.7 (397)— (37)
123745 12239 0.5 (407) — (307)
13651.9 12774 0.6 (427) — (407)
14970.7  1318.8 0.2 (447) — (427)

TABLE IX. Excitation energies E,, transition energies E,,
relative intensities, angular intensity ratios R, and spin-parity assign-
ments for '**Ho band 2. See Table VIII for more details.

E, (keV) E, (keV) Relative intensity R L = 1ia

2386.6 951.1 4.8 0.59(7) (177) — (167)
2683.1 964.8 9.3 (18%) — (177)
2905.7 222.5 1.5 0.72(7) (19%) — (18%)
2905.7 520.1 33 (197) - (17%)
2905.7 860.5 12.6 0.55(6) (197) — (187)
3194.7 289.2 6.5 0.53(5) (20") — (19%)
3194.7 511.6 . 1.00(5) (20%) — (18%)
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TABLE IX. (Continued.)

TABLE X. (Continued.)

E. (keV) E, (keV) Relative intensity R L = 15 E, (keV) E, (keV) Relative intensity R L = I5a

31947  806.0 8.1 0.6(5) (201 —(197) 10428  195.0 4.1 0.609) (137) — (12°)
34468 2517 10.7 Q21%) = (201) 10428 3823 44 LT (137) = (117)
34468 5411 9.6 1086) (1%) > (19%) 10428 5129 43 (137) — (12°)
34468 709.6 6.8 0646) (1) > (207) 10428 7226 2.0 (137) — (11°)
3762.0 315.6 10.8 0.56(5) (227) — (21%) 1266.2 222.9 2.8 (147) — (137)
3762.0 567.3 11.9 1.03(5) (227) — (20™) 1266.2 418.1 3.6 0.87(6) (147) — (127)
3762.0 630.2 3.0 0.86(5) (229 —(217) 12662 6072 4.0 0.67(7) (147) — (137)
40557 2930 10.7 0.545) (239> (22 12662 7365 ' (14-) > (12°)
4055.7° 5602 09 23> @22 45039 2377 46 0.62(6) (157) — (147)
40557  608.9 16.3 100G5) (23> Q1Y) s030 asld o7 0885) (15-) — (137)
4110 3558 8.1 0615) (24— (23 539 sgol 3 (15— (14
4110 6490 122 0.92(5) (24%) — (227) . _
. L 15039 8457 2.6 (157) — (137)

47480 3361 8.0 250> @) 15694 2637 5.4 0.80(5) (167) — (157)

47480 6923 203 1.06(5) (25%) — (23%) ' : : : ) )
51368 3893 3.9 0.58(5) (26%)— (25+) 17674 3012 8.7 (167) — (147)
51368 725.8 13.6 102(5)  (26%) — (24%) 17674 6313 21 (167) ~ (157
55229 385.3 03 0.628) (27+) — (26+) 17674 8457 26 (167) — (147)
55229 7749 20.1 L13G5) (@79 —@sh 20356 2678 1.9 0.84(7)  (177) — (167
9361 4139 50 (084 (274 20356 5317 12.1 0.996) (17°) — (157)
5936.1 799.3 145 1.06(6) (287) — (267) 20356 601.2 3.3 (177) — (167)
6389.9 4533 39 (29%) > (28%) 20336 8998 L3 (177 = (157)
6389.9  867.0 18.8 L026)  (291) 27+ 33T 291 56 0.66(5) (187~ (177)
63139 4251 57 (30%) > (2o+) 2337 5673 10.1 0.99(5) (187) — (167)
68139  877.8 18.8 1026) (30%) — (28%) 23347 9004 0.5 (187) — (167)
73236 9337 14.4 0.96(7) (31%) — (29*) 20373 OO0L7 31 0.98(6) (197 — (177)
400 4174 i (32h - (31+) 26373 92011 33 0.98(6) (197) — (17°)
77400 926.1 142 0.85(7) (32%) > (30*) 22660 3290 6.0 0.66(11) (207) — (197
0873 9637 o5 0096) (331 — (31+) 29660 6313 10.6 L138) (207) — (187)
8676.0  936.0 112 12712) (34— (32 33125 3462 6.0 0.67(11) (217 — (207)
0853 9980 i1 G5h - (335 BI25 6752 11.6 10(6)  (217) = (197)
96220 946.0 5.4 101(10) (36%) — (34+) ~ B125 - 9247 38 (217) > (197
102416 956.3 22 (37) > (35%) 6644 35T 4.2 (227) = (217)
104001 1114.8 o (37 > (35+) 36644 698.4 7.0 0.94(8) (227) — (20)
106365 10145 " (84— (36+) 40647 4002 1.9 0.66(5) (237) — (227)
112386 9970 07 Bo%) - (374 40647 7522 9.4 1.09(7) (237) — (217)
116325 9960 0.7 40 > (35 M362 3714 40 0.56(8) (247) — (237)
1774 3 4o — (385, 4362 7718 6.3 247) = (227)

127308 1098.3 17 106(10) (42) — 4oty 49204 8357 4.3 1.23(12) @57) =~ (237)
1309.7 1.8 1.08(26) (42)— 4oty 2974 3768 31 (267) > 257)

13860.1  1129.3 24 0.93(15) (44%) — (42+) 22974 8612 62 L.14(7) - (267) — (247)
1488.8 18 086(10) (44— (42+) 58496 9292 6.0 091(7) (277) — (257)

15040.5  1180.4 1.0 0.83(10) (46%)— (44+) 62092 3595 2.3 (287) > (277
62092 9118 7.0 1.14(14) (287) — (267)

“doublet. 68074 9578 a 297) — (27°)
71541 9449 46 (307) — (287)

TABLE X. Excitation energies E,, transition energies E,,, relative 7653.2 845.8 4.1 (317) = (297)
intensities, angular intensity ratios R, and spin-parity assignments for 8081.7 927.6 a (327) = (200)
156Ho band 3. See Table VIII for more details. 8544.6 891.4 3.4 (337) = (317)
89483  866.6 42 (347) — (327)

E; (keV) E, (keV) Relativeintensity R [y = I 9452.3 909.2 1.1 (357) —> (337)
60,5 3823 (1) > 98759 9276 a (367) — (24°)
660.5 474.9 49 (117) — (10-) 104116 957.8 ) (377) —>(357)
848.1 187.6 13 0.61(7) (127) — (11-) 108338 9579 1.3 (387) —> (267)
248 1 5290 55 (12— (1-) 113502 9386 0.6 (397) — (37°)

2doublet.
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TABLE XI. Excitation energies E,, transition energies E,,
relative intensities, angular intensity ratios R, and spin-parity assign-
ments for **Ho band 5. See Table VIII for more details.

E, (keV) E, (keV) Relative intensity R L — Lina
3660.8 924.2 3.8 217)— (20M)
3751.5 1015.2 a 217) — (20M)
4082.7 950.9 2.5 0.61(7) (227)— (217)
4082.7 1346.4 0.4 227) — (20M)
4399.6 738.8 0.3 1.05(11) (237) — (217)
4399.6 903.1 0.3 237)—>(227)
44223 339.6 1.8 0.77(5) (237)—> (227)
44223 670.8 3.0 237)— (217)
44223 761.5 35 0.87(6) (237) — (217)
44223 1291.0 0.3 237)— (217)
4758.7 336.0 0.1 0.65(6) (247)— (237)
4758.7 676.0 29 1.05(6) (247)— (227)
4758.7 1264.7 0.5 247)—> (227)
5117.3 359.6 1.9 257)— (24H)
5117.3 695.0 5.5 257)—(237)
5117.3 720.1 1.8 257)—>(23")
5488.0 369.9 1.6 267)— (257)
5488.0 729.3 6.7 267)— (24H)
5870.5 382.6 5.8 277)— (267)
5870.5 753.2 6.8 0.99(7) 277)—> (257)
6256.6 385.4 1.6 287)— 27)
6256.6 768.6 7.1 0.88(7) (287) — (267)
6661.6 405.2 0.7 297) — (28)
6661.6 791.1 6.6 1.03(6) (297) — (27")
7059.9 397.9 1.0 307)— (297)
7059.9 803.3 53 1.04(6) (307) — (287)
7059.9 851.3 3.0 (307) — (287)
7492.5 4323 0.9 (317)— (30M)
7492.5 830.9 6.9 Bl7H)— 29)
7908.4 416.2 0.3 (327)— (317
7908.4 845.3 2.8 (327)— (307)
7908.4 848.5 4.8 (327)— (307)
8371.9 464.0 33 (337)—(32")
8371.9 879.4 4.8 0.976) (337)— (317)
8814.2 4422 35 (347)— (33")
8814.2 905.8 4.5 (347)— (327)
9307.4 493.8 0.3 (357)— (34")
9307.4 935.5 4.9 0.936) (357)— (337)
9784.0 476.1 1.2 (367)— (35)
9784.0 969.8 2.9 1.16(7) (367) — (347)
10295.5  988.1 4.5 1.03(7) (377)— (357)
10790.5  1006.5 2.8 (387)— (367)
11209.5 914.0 3.7 1.05(8) (397)— (377)
11310.8 1015.2 a 397)—> @37)
11382.6  1083.2 1.3 — (377)
11771.3 980.8 0.5 — (387)
11835.3  1044.8 0.6 407)— (387)
12004.1  1213.6 0.5 — (387)
12168.1 958.6 0.9 0.99(7) 417)— (397)
12168.1 857.1 0.8 “417)— (39)

TABLE XI. (Continued.)

E, (keV) E, (keV) Relative intensity R I = I
12248.2 1038.7 1.0 — (397)
12525.7 1143.1 0.1
12645.4 874.1 0.4
13198.1 1030.0 2.5 (437) — (417)
13350.5 1102.3 0.4

*doublet.

TABLE XII. Excitation energies E,, transition energies E,,
relative intensities, angular intensity ratios R, and spin-parity assign-
ments for *°Ho band 6. See Table VIII for more details.

E, (keV) E, (keV) Relative intensity R i — 150

7064.6 807.0 42 (307) — (287)
7064.6 855.4 43 1.23(7) (307) — (287)
7689.3 535.0 0.5 (327) = (307)
7689.3 624.7 43 1.17(10) (327) — (307)
7689.3 629.4 54 0.80(8) (327) — (307)
8740.2 1050.9 4.7 0.94(8) (347) — (327)
9702.0 961.8 3.8 0.94(11) (367) — (347)
10619.0  834.8 2.7 (387) — (367)
10619.0 916.8 2.7 (387) — (367)
10736.5 1034.5 1.1 (387) — (367)
11619.2  1000.4 2.7 1.16(13) (407) — (387)
116472 910.7 d (407) — (387)
12646.9  1027.7 0.6 (427) — (407)
12841.6  1222.4 0.2 (427) — (407)
13286.9  640.0 0.6 (447) — (427)

“doublet.

TABLE XIII. Excitation energies E,, transition energies E,,
relative intensities, angular-intensity ratios R, and spin-parity assign-
ments for *Ho band 9a. See Table VIII for more details.

E, (keV) E, (keV) Relative intensity R L — I

7185.6  (1249.5) (30%) — (28
7908.4 585.9 1.3 (32%) - (311)
7908.4 722.8 5.1 (32%) — (30™)
7908.4 1094.5 4.0 1.27(10) (32%) — (30%)
8419.6 5112 10.0 0.90(5) (34%) — (32%)
8419.6 679.6 4.1 (34%) — (321)
9267.9 134.8 : 36%) — (351
9267.9 591.4 5.0 367) — (34™)
9267.9 848.3 6.1 L.17(7) (36%) — (341)
104554 8332 3.0 (38%) — (36")
104544 11875 6.8 1.05(7) (38%) — (36™)
11421.6  966.2 4.0 1.02(7) (40%) — (38%)
12371.1  900.0 0.5 42%) — @1h)
12371.1 9495 3.3 0.97(9) (42%) — (40%)
14864.6  1004.5 2.8 0.82(10) (46%) — (44%)

*doublet.
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TABLE XIV. Excitation energies E,, transition energies E,,
relative intensities, angular-intensity ratios R, and spin-parity assign-
ments for *°Ho band 9b. See Table VIII for more details.

b
- Iﬁnal

E. (keV) E, (keV) Relative intensity R IT

initial

9133.1 711.8 3.0 0.93(11) (35%) — (34%)

9133.1 845.8 45 (35%) — (33%)
9912.9 627.5 0.5 (37%) = (35%)
9912.9 643.6 5.5 0.38(5) (37%) — (36")
9912.9 779.8 45 (37%) — (35%)
108053  892.4 3.9 (39%) — (37%)
108053  349.9 2.9 (39%) — (38%)
114709  665.6 3.9 (41%) = (39%)
12181.7 13764 32 (41%) = (39%)
12351.0  880.1 0.7 (417) — (41%)
12867.9  1397.0 0.8 - (417)
129719  1501.0 1.0 - (41%)
130239  1553.0 0.6 - (417)
13215.6  1035.0 1.3 (43%) > (41%)
13215.6 17447 1.9 (43%) — (41%)
133299  1859.0 1.4 - (417
14289.5 1072.8 1.8 (45%) — (43%)
144504 12337 1.6 (45%) = (43%)
15540.6 12522 0.5 (A7) — (45%)

APPENDIX B: EXPERIMENTAL DATA FOR ¥"Ho

Experimental properties of the y rays assigned to '*’Ho are
listed in Tables XV-XX.

TABLE XV. Excitation energies E,, transition energies E,, rel-
ative intensities, and spin-parity assignments for 'Y’Ho band 2a
states starting from the 53/27 level. Intensities are relative to the
424-keV, 17/2% — 13/2" yrast transition having a value of 100.
The y-ray energies are estimated to be accurate to & = 0.2 keV, with
low-intensity transitions (/, < 2) ~ £0.5 keV.

E, (keV) E, (keV) Relative intensity i = Ia
6179.3 53/2~
7073.6 470.0 2.2 57/2~ — 55/2°
7073.6 894.3 13.5 57/2- — 53/2°
8044.6 532.7 1.0 61/2= — 59/2~
8044.6 971.0 12.2 61/2= — 57/2°
9080.5 609.9 0.6 65/2- — 63/2~
9080.5 1035.9 10.3 65/2- — 61/2~
10150.3 702.6 1.3 69/2~ — 67/2°
10150.3 1069.8 6.4 69/2~ — 65/2~
11210.5 814.0 0.6 (73/27) — 71/2~
11210.5 1060.2 4.2 (73/27) — 69/2~
12319.5 1109.0 1.3 77/27) — (73/27)
13394.2 1074.7 1.3 81/27) - (77/27)
14502.1 1107.9 0.6 (85/27) — (81/27)

TABLE XVI. Excitation energies E,, transition energies E,,, rel-
ative intensities, and spin-parity assignments, for '>’Ho band 2b. See
Table XV for more details.

E, (keV) E, (keV) Relative intensity i = Tina
6603.5 424.3 32 55/27 — 53/2°
7511.9 438.3 22 59/27 = 57/2°
7511.9 908.4 15.4 59/27 — 55/2~
8470.5 426.0 1.3 63/27 — 61/27
8470.5 958.6 14.7 63/27 — 59/2
9447.8 367.5 1.6 67/27 — 65/2
9447.8 977.4 14.1 67/27 — 63/2
10396.7 246.0 1.0 71/27 — 69/2
10396.7 948.8 14.1 71/27 — 67/2
11412.5 1015.8 6.4 75/27 = T71/2°
12566.4 1153.9 3.5 79/27 — 75/2°
13587.3 1020.9 2.4 (83/27) — 79/27
13587.3 1279.8 1.9 (83/27) — 79/2°
11189.5 792.8 6.4 75/27 = T71/2
12306.7 894.6 4.8 79/27 — 175/2
12306.7 1117.2 7.7 79/27 — 15/2
13369.6 1063.2 7.7 83/27 — 79/2~
14508.1 1138.2 5.1 87/27 — 83/2°
15876.2 1368.1 5.1 (91/27) — 87/27
17045.9 1169.7 1.9 (95/27) — (91/27)
17193.3 1317.3 2.6 (95/27) — (91/27)
173332 1457.0 1.7 (95/27) = (91/27)
180954 1049.5 1.3 (99/27) — (95/27)

TABLE XVII Excitation energies E,, transition energies E,,
relative intensities, and spin-parity assignments, for '*"Ho band 4a.
See Table XV for more details.

E, (keV) E, (keV) Relative intensity L = Iia
7231.4 416.8 1.6 57/2t — 55/2+
8097.5 442.8 0.6 61/27 — 59/2%F
8097.5 866.1 12.8 61/2% — 57/2%F
9015.6 469.5 1.0 65/2% — 63/2%
9015.6 918.8 11.5 65/27 — 61/27F
9984.7 494.7 1.3 69/27 — 67/27F
9984.7 969.0 9.6 69/27 — 65/27F
11002.2 514.6 0.5 73/27 — T1/2°F
11002.0 1017.3 9.3 73/2% — 69/2%F
12055.6 518.4 0.5 77/2% — 75/2°F
12055.6 1053.6 6.4 77/2% — 73/2°F
13067.5 1011.9 3.8 81/2%) — 77/2*
14119.5 1052.0 5.1 (85/27) — (81/2%)
15198.4 1078.9 3.8 (89/27) — (85/2%)
16290.2 1091.8 32 (93/27) — (89/2%)
17546.9 1256.7 22 (97/2%) — (93/2%)
18893.3 1346.4 1.9 (101/2%) — (97/2%)
20217.4 1324.1 1.3 (105/2%) — (101/2%)
21748.1 1530.7 0.8 (109/2%) — (105/2%)
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TABLE XVIII. Excitation energies E,, transition energies E,,
relative intensities, and spin-parity assignments, for '>’Ho band 4b,
see Table XV for more details.

E, (keV) E, (keV) Relative intensity i = Tina
6814.9 55/2F

7655.0 423.3 1.9 59/2% — 57/2%
7655.0 840.1 10.9 59/2% — 55/2*
8546.4 448.6 1.3 63/2%* — 61/2*
8546.4 891.4 10.3 63/2% — 59/2*
9490.2 474.3 0.9 67/2% — 65/2%
9490.1 943.8 10.9 67/2% — 63/2*
10487.5 502.7 1.9 71/2% — 69/2%
10487.5 997.3 11.2 71/2% — 67/2%
115373 535.2 1.3 75/2% — 73/2*
11537.3 1049.8 75/2% — 71/2*
12587.1 5314 0.6 (79/2%) — 77/2%
12587.1 1049.8 (79/2%) — 75/2%
12635.9 1098.6 8.3 (79/2%) — 75/2*
13599.5 1012.4 3.8 (83/2%) — (79/2%)
13674.4 1038.5 3.8 (83/2%) — (79/2%)
138174 1181.5 5.1 (83/2%) — (79/2%)
14647.9 1049.4 (87/2%) — (83/2%)
14822.3 1147.9 1.9 (87/2%) — (83/2%)
15032.3 1214.9 2.6 (87/2%) — (83/2%)
155783 929.4 1.9 (91/2%) — (87/2%)

TABLE XIX. Excitation energies E, transition energies E,,, rel-
ative intensities, and spin-parity assignments, for '’Ho band 7, see

Table XV for more details.

E, (keV) E, (keV) Relative intensity L = Lina
6782.1 53/2~

7621.2 839.1 1.3 (57/27) — 53/2~
8510.2 889.0 1.2 61/27) — (57/27)
9449.1 938.9 1.1 (65/27) — (61/27)
10439.6 990.5 1.0 (69/27) — (65/27)
11482.3 1042.7 0.8 (73/27) — (69/27)
12571.0 1088.7 0.5 (77/27) — (73/27)
13710.7 1139.7 04 81/27) — (77/27)
14900.5 1189.8 0.3 (85/27) — (81/27)
16 138.0 1237.5 0.2 (89/27) — (85/27)
17425.0 1287.0 0.1 (93/27) — (89/27)
18766.8 1341.8 0.1 97/27) — (93/27)
20163.8 1397.0 0.1 (101/27) - (97/27)
21620.8 1457.0 0.1 (105/27) — (101/27)

TABLE XX. Transition energies of the TSD bands assigned

to ""Ho.

TSDI1 E, (keV)

TSD2 E, (keV)

TSD3 E,, (keV)

1077.6
1129.5
1183.1
1238.6
1294.1
1352.8
1410.4
1461.7
1504.8
1551.9

1099.5
1148.6
1199.6
1256.0
1312.0
1372.3
1435.3
1501.8

1171.2
1231.7
1289.3

1346.4
1409.2
1469.5
1528.5

APPENDIX C: EXPERIMENTAL DATA FOR **Ho

Experimental properties of the y rays assigned to '>®Ho are listed in Table XXI.

TABLE XXI. Excitation energies E,, transition energies E,, relative intensities, and spin-parity assignments for states starting from the
19~ level in "®Ho band 1. The band labeling, lowest excitation energy, and spin-parity assignments are based on Ref. [29] and accepted in
Ref. [28]. The y-ray energies are estimated to be accurate to ~ % 0.2 keV, with low-intensity transitions (/, < 2) ~ £ 0.5 keV. The relative
intensities are normalized to the 159-keV (12~ — 117) transition [29]. Errors on the relative intensities are estimated to be <5% for transitions
of intensity >5, and up to ~20% for weaker transitions.

E, (keV) E, (keV) Relative intensity L = Iia
2404.1 19~

2710.6 306.7 4.5 200 - 19~
3085.4 374.7 33 217 — 20~
3085.4 681.3 9.6 217 — 19°
3405.0 320.8 4.1 227 — 21°
3405.0 694.4 8.5 227 — 20~
3813.2 407.7 2.5 237 — 227
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TABLE XXI. (Continued.)

E, (keV) E, (keV) Relative intensity i — 150
3813.2 727.8 7.2 237 — 21
41433 330.2 1.1 247 — 237
41433 738.2 7.7 24 — 227
4573.9 429.9 0.8 (257) — 24~
4573.9 760.7 4.4 (257) — 23~
4916.2 343.3 (267) — (257)
4916.2 772.9 5.3 (267) — 24~
5370.3 453.5 277) — (267)
5370.3 796.4 32 277) = (257)
5732.1 362.5 (287) — (277)
5732.1 815.9 3.7 (287) — (267)
6218.8 486.0 (297) — (287)
6218.8 848.6 2.5 (297) = (277)
6601.7 384.3 (307) = (29)
6601.7 869.6 3.1 (307) — (287)
7131.5 528.7 317) — (30M)
7131.5 912.6 2.2 317 = (297)
7531.9 930.3 2.0 (327) = (307)
8114.8 983.3 L5 (337) — (317)
8521.7 989.7 1.8 (347) - (327)
9167.8 1053.0° 357) = (337)
9562.1 1040.3 367) — (347)
10285.8 1118.0° 377) = (357)
10623.2 1061.1 1.6 (387) — (367)
11663.5 1040.3 (407) — (38)
12703.7 1040.3 (427) — (407)
13795.7 1092.0 1.1 (447) — (427)
14948.9 1153.2 0.6 (467) — (440
161734 1224.5 0.4 (487) — (467)
17519.3 1345.9 (507) — (48"

*Transitions reported in Refs. [28,31] are included for completeness.
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