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The population of the high-spin states in **Nd was investigated using the reaction **Zr(**Ca,4n). The results
from two experiments, one with the EUROBALL array and one with the JUROGAM II 4+ RITU + GREAT setup
employing the recoil decay tagging technique, have been combined to develop a very detailed level scheme for
149Nd. Twelve bands of quadrupole transitions and eleven bands of dipole transitions were identified and their
connections to low-lying states were established. Calculations using the cranked Nilsson-Strutinsky and the tilted
axis cranking models were used to interpret the observed structures. The overall good agreement between the
experimental results and the calculations assuming a triaxial shape of the nucleus strongly support the existence
of a stable triaxial shape at high spins in this mass region.

DOLI: 10.1103/PhysRevC.88.014323 PACS number(s): 21.10.Re, 21.60.Ev, 23.20.Lv, 27.60.+j

I. INTRODUCTION

The nuclei with A ~ 140 having a few holes in the N = 82
shell closure are spherical or only slightly deformed in the
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ground state [1]. They can be easily polarized by unpaired
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orbitals close to the Fermi surfaces for protons and neutrons,
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increasing excitation energy, or can exhibit different coexisting
shapes in certain spin ranges: spherical and triaxial at medium
spins, and triaxial and highly deformed or superdeformed
at high spins. At low spins the presence of isomers based
on simple particle-hole excitations helps to establish the
active quasiparticle configurations and test the suitability of
various nuclear potentials, whereas at high spins the combined
contribution of neutron holes in the N = 82 core and neutron
particles in the high-j orbitals above the N = 82 gap drive the
nuclear shape toward a stable triaxial shape with y ~ +30°
[2,3]. At very high spins superdeformation is observed [4]. The
analysis of the data coming from large y arrays is made difficult
by the presence of low-energy y rays and isomeric states that
often are not measured in the performed experiments. Such
a situation is encountered in the weakly deformed Nd nuclei
with neutron numbers close to the N = 82 shell closure, with
irregular sequences of transitions and possible yrast traps.
In fact, isomeric states were observed in '*8Nd (I = 10%,
T1p = 410 ns) [5], in "¥Nd (I™ = 23/2*, T, = 272 ns)
[6], and in ONd (/™ = 107, Ty, =32ns and I" =77,
T]/z = 600 ,bLS) [7]

New experimental data were recently published for the
140Nd nucleus, which has a /™ = 20* isomeric state at E, =
7.43 MeV [8], with Ty, = 1.23 ps [9]. This lifetime supports
the I™ = 20" spin-parity assignment and the interpretation as
a six-quasiparticle spherical configuration that coexists with
the surrounding triaxial bands.

The '“°Nd nucleus was also studied in a high-statistics
experiment using the EUROBALL array and the results of the
experiment have been published in two recent papers [3,4].
Many bands were observed at high spins and some of them
were also linked to low-lying states. Theoretical calculations
with the cranked Nilsson-Strutinsky (CNS) model were used
to interpret the observed bands, and the existence of stable
triaxiality at high spin in this mass region was claimed.

However, even if the level scheme was developed up to
very high spins, no transitions feeding the 20" isomeric state
from higher-lying states were observed. We have therefore
performed a dedicated experiment to search for the transitions
populating the 20™ isomer. As the lifetime of the isomer of
1.23 usis long enough to employ the recoil-tagging technique,
we used the high efficiency gas-filled recoil mass separator
RITU and the two high efficiency setups for y-ray detection,
JUROGAM 1II and GREAT, placed at the entrance and at the
focal plane of the spectrometer, respectively. The results on
the population of the 20% isomer in '“°Nd are published in
Ref. [10]. This recoil isomer tagging experiment revealed
states which were unobserved in the prompt coincidence
experiment with EUROBALL, and induced us to reanalyze
the data of the EUROBALL experiment in order to clarify
and understand the newly observed transitions. The combined
analysis of the two experiments led to the observation of
many new bands and weak transitions which enabled the
construction of a much more clear and complete high-spin level
scheme for '*°Nd. The present level scheme includes 12 bands
of only quadrupole transitions, 11 dipole bands, and many
interconnecting transitions, which lead to the determination of
the excitation energy and spins for most of the observed states.
In many cases also the parity was determined.
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The configuration assignment to the observed bands is made
with the CNS and the tilted axis cranking (TAC) models. For
the dipole bands, the new procedure introduced recently in
the interpretation of the low- and medium-spin bands in the
neighboring '*¥Nd nucleus is used [11].

The details of the experimental setups are presented in
Sec. II. The results of the data analysis are presented in Sec. III.
The configurations of the different bands are discussed in
Sec. IV. Finally, the summary is given in Sec. V.

II. EXPERIMENTAL DETAILS

A. JUROGAM II + RITU + GREAT experiment

In the JUROGAM II experiment, high-spin states in '4*Nd
have been populated via the *°Zr(**Ca,4n) reaction, with a
180 MeV “8Ca beam provided by the K130 cyclotron at the
University of Jyvaskyla, Finland. The target consisted of a self-
supporting *°Zr foil of 735 j1g/cm? thickness. The experimen-
tal setup was composed of JUROGAM II + RITU + GREAT.
The JUROGAM I1I array [12] placed at the entrance of
the RITU spectrometer [13] is composed of 39 Compton-
suppressed Ge detectors: 24 clover detectors and 15 coaxial
tapered detectors. The clovers are placed on two rings at 75.5°
(12 clovers) and 104.5° (12 clovers) symmetric with respect
to 90°, while the tapered detectors are placed on two rings
at backward angles of 133.6° (10 detectors) and 157.6° (5
detectors). The GREAT spectrometer [14] around the focal
plane of RITU was composed of several types of detectors. A
multi-wire proportional counter (MWPC) was used to measure
the position of the recoils and to give the time reference for
the delayed y -y coincidences and for the measurement of the
time of flight of the recoils between the MWPC and a silicon
DSSD detector placed downstream of the MWPC. Behind the
DSSD was placed a segmented planar Ge detector of 12 cm x
6 cm corresponding to 24 x 12 segments with a thickness of
1.5 cm, used for the measurement of x rays and low-energy
y rays. For the measurement of high-energy y rays, a large
volume clover having each crystal segmented into four was
placed just above the focal plane reaction chamber and two
clovers were placed on the right and left sides of the reaction
chamber. The JUROGAM II array has been used for a standard
coincidence measurement of y rays, while the time correlated
events in JUROGAM II and GREAT were used to measure
delayed y -y coincidences.

The trigerless total data readout (TDR) [15] time stamped
the events, which were then sorted using the GRAIN code [16].
Events were created in GRAIN using the signal from the MWPC
as a “trigger,” with the energies of any gamma rays detected
within a time window of [—5 us, +10 us] with respect to
the time reference given by the MWPC being collected into an
event. Given the lifetime of the 20" isomer in "“°Nd of 1.23 s
and the flight time through RITU of around 650 ns, this time
window allowed us to measure the major part of the isomer
decay and the delayed y -y coincidences. The event rate in the
MWPC was around 13 kHz, which was low enough to avoid
the overlap between successive events separated in average by
80 wus. The analysis was performed with the GAMMAWARE [17]
and RADWARE [18,19] programs.
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FIG. 1. Level scheme of '“°Nd in which all bands linked to low-lying states are drawn. The highest states of bands Q11 and Q12 have been

he shrink of the figure.

cut to minimize t
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A total of 5 x 10° events has been collected. Thanks to the
high efficiency of the various y-ray arrays, we produced y-y
matrices for each array, i.e., one for JUROGAM 1I at the target
position, and two for the Ge detectors at the focal plane: one
for the clovers and one segmented planar Ge detector. The
lifetime of the isomeric states in the nuclei implanted in the
DSSD detector at the focal plane has been measured using
y-time matrices.

The transition multipolarities of the newly observed prompt
transitions above the isomers have been extracted from the
anisotropies using asymmetric y-y matrices constructed for
the JUROGAM II array.

B. EUROBALL experiment

In the EUROBALL experiment, high-spin states in '“°Nd
have been populated via the *°Zr(**Ca,4n) reaction induced
by a 195 MeV “Ca beam delivered by the Vivitron tandem
accelerator at the Institut de Recherches Subatomiques, Stras-
bourg. A self-supporting *°Zr foil of 735 j1g/cm? thickness
was used as a target. Gamma-ray coincidences were measured
with the EUROBALL spectrometer [20], consisting of 30
single, tapered Ge detectors, and 15 cluster and 26 clover
composite Ge detectors, each surrounded by a BGO Compton-
suppression shield. Out of the total number of 239 Ge crystals,
230 could be used in our analysis. Multiplicity information
was obtained from the inner ball of 210 BGO detectors. Events
were written to tape with the requirement that at least 11 BGO
detectors of the inner ball and four Ge crystals before Compton
suppression were in prompt coincidence. Presorting of the
data, which included Compton suppression and add-back for
the composite detectors, resulted in a total of 1.5 x 10° events
with a y-ray coincidence fold >3. The y-ray coincidences
were sorted into three- and four-dimensional coincidence
arrays (cube and hypercube, respectively), and the analysis
was carried out with the RADWARE software package [18,19].
To determine the multipolarity of transitions, several gated
matrices (with gates set on all detectors on specific transitions
with known quadrupole and dipole character of '“°Nd) were
sorted with all detectors on one axis and detectors at 90° and at
forward/backward (f,b) angles, respectively, on the other axis.
Gates were set on the axis with all detectors, and the anisotropy
defined by the intensity ratio W (f,b)/ W (90°), was determined
for the transitions in the resulting spectra. The multipolarity of
the new transitions identified in '“°Nd were assigned based on
the comparison of the deduced anisotropies with the average
anisotropies extracted for known pure £2 and E'1 transitions
in nuclei populated in the reaction, which have the values of
0.61 +0.03 and 0.28 £ 0.05, respectively.

III. RESULTS AND LEVEL SCHEME

The relevant part of the level scheme of '“°Nd is shown in
Fig. 1. We do not draw all states and transitions, but only
those which are relevant for the development of the level
scheme at high spins. The information about the observed
bands and their decays out, given in Table I, was obtained
from the EUROBALL experiment. The highest transitions of

PHYSICAL REVIEW C 88, 014323 (2013)

bands Q11 and Q12 and the states in the ground-state band up
to I” = 7~ were notdrawn in the present level scheme to avoid
shrinking it any further. However, the related information is
given in Table I. Four bands published previously in Ref. [3],
bands 8-11, are not linked to the low-lying states and will not
be discussed in the present paper.

The large majority of the previously observed states are
confirmed, but the combined results of the two experiments
induce some important changes with respect to the previously
published level schemes [3,8]. The most important one is the
positive-parity assignment to the 167 state at 6153 keV, which
is opposite to that assigned in Ref. [3]. The positive-parity as-
signment was considered and discussed as possible alternative
in our previous paper [8], but the available information at that
time was not sufficient to disentangle between positive and
negative parity. The observation of many new transitions in
the JUROGAM II experiment and the careful analysis of the
data of the EUROBALL experiment lead to the identification
of several new transitions which connect the different observed
bands both at low and high spins. The anisotropies of the newly
observed transitions allowed an unambiguous positive-parity
assignment to the 16" state at 6153 keV, which has as a
consequence the change of the parity of several high-spin
bands with respect to the previous publication [3].

The task to establish the parity of the states at high spins is
not easy. In our case, the existence of the long-lived 20" isomer
[8] allowed us to assign the parity to some states on the basis of
the expected weak strength of the transitions from the isomer
to the states in question. In addition, we also observed three
transitions of 1008, 1084, and 1274 keV connecting high-spin
states of the bands Q11 and Q10, Q8 and D9, and D11 and
Q8, respectively, whose anisotropies constrained the relative
spin-parity of the bands.

A. The bands of quadrupole transitions (Q1-Q11)

Spectra obtained by doubly gating on selected transitions
of the different Q bands are shown in Figs. 2—4.

The most populated band at high spins is Q1. Its decay is
very fragmented and proceeds towards states of both positive
and negative parity. This is an indication of a drastic shape
change from nearly spherical to a triaxial shape induced by
the occupation of the %9/, neutron intruder orbital from above
the N = 82 shell closure (see the discussion in Sec. IV). We
confirm all previously observed transitions deexciting the two
18" states populated by the 624 and 612 keV transitions,
with the exception of the 859 keV transition which appears
in the spectrum gated by 612 keV only because it is a member
of the Q1 band. We identified four new transitions of 325,
952, 1042, and 1665 keV deexciting the 187 states. In our
previous paper [3] we have clearly identified the bands Q1
and Q3. In the published level scheme there were also several
irregular structures around the bands Q1 and Q3, which were
not grouped into bands since no clear decay pattern was
identified. The transitions of those structures are now assigned
to bands Q2, Q4, and D9. With the additional information
from the JUROGAM II experiment, which indicates that band
Q9 has a delayed decay [10], we could clearly identify the
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TABLE 1. Energies, intensities, anisotropies, multipolarities, and spin-parity assignments of y-ray transitions of
140Nd from the EUROBALL experiment. The transitions are grouped in bands and the transitions connecting a given
band to low-lying states are listed at the end of each band separated by a blank line.

y-ray energy* E; (keV) Intensity® Anisotropy® Multipolarity JT = J7
Band Q1

624.6 8432 20.5 0.65(3) E2 20" — 18+
827.6 9259 21.9 0.67(9) E2 22T — 20t
859.1 10119 8.2 0.80(10) E2 24T — 22+
1046.7 11166 6.3 0.65(15) E2 26T — 24+
324.6 7807 0.26(5) El 187 — 19~
605.6 7807 0.5 0.40(15) E1l 187 — 18~
612.7 8432 2.7 187 — (18™)
755.8 7807 2.7 (E1) 187 — 17~
768.4 7819 (18%) — 17~
845.8 7807 6.0 0.26(5) E1l 187 — 17~
951.6 7807 0.83(13) E2 187 — 16*
1041.9 7807 0.79(8) E2 18* — 16
1404.1 7807 1.9 (E1) 187 — 17~
1415.8 7819 (18%Y) — 17~
1653.7 7807 9.6 0.84(22) E2 187 — 16*
1665.0 7819 (18%) — 16™
Band Q2

940.4 10579 0.72(5) E2 24T — 22+
976.5 11556 2.7 0.70(6) E2 267 — 247
379.9 9639 0.36(5) MI1/E2 22T — 22+
1207.1 9639 0.65(10) E2 22t — 207
1319.9 10579 0.65(7) E2 24T — 22+
Band Q3

620.7 9787 5.5 0.68(4) E2 2300 = 2109
781.3 10568 19.2 0.68(3) E2 2500 — 239
788.7 11357 13.7 0.71(4) E2 2700 - 250
1055.8 12413 9.6 0.74(6) E2 290 - 2709
1280.4 13693 4.4 0.70(10) E2 3100 — 290
1441.6 15135 0.8 (337) = 31
449.5 10568 44 0.31(5) E1l 2500 — 24+
527.3 9787 8.2 0.33(5) El 2300 - 22%
734.2 9166 6.0 0.33(5) E1l 210 — 207
Band Q4

994.5 11935 0.74(10) E2 277)— 257)
1051.9 12987 297)— 27)
1154.5 10941 (257) — 23
1367.6 11935 277) = 259
1629.7 12987 (297) — 279
Band Q5

868.4 8332 189 — (167)
642.4 8974 0.72(10) E2 200 — 18
587.6 9562 2.2 0.84(10) E2 2209 — 20
737.5 10300 6.8 0.76(5) E2 240 - 220
764.4 11064 5.5 0.68(3) E2 260 — 240
1051.0 12115 2.7 0.78(10) E2 280 — 260
1281.1 13396 14 0.61(9) E2 30 — 280
1436.3 14832 0.5 (327) — 309
415.1 10300 (E1) 24) — 23
533.6 9562 4.1 0.25(3) E1l 2200 21+
542.7 8974 0.26(10) E1l 200 — 20%
932.2 8974 (E1) 200 — 19%
1566.4 7464 167) — 16~
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TABLE 1. (Continued.)

y-ray energy” E; (keV) Intensity® Anisotropy® Multipolarity JT = J7
Band Q6

802.2 11390 26 — 240
287.1 10587 240 — 240
3254 11390 0.30(5) MI1/E2 26 — 26
1026.5 10587 0.68(4) E2 2400 - 2200
Band Q7

679.0 12516 3.6 0.60(9) E2 2900 - 2709
1057.2 13573 4.1 0.74(7) E2 310 - 29
1319.5 14892 14 0.72(15) E2 3300 - 310
1438.3 16330 0.5 (357) — 339
400.9 12516 0.3 290 — 280
447.2 11837 0.3 0.27(3) MI1/E2 270 — 260
772.9 11837 2.7 0.38(10) MI1/E2 2700 - 260
Band Q8

930.5 14399 (327) — (30M)
1193.5 15592 (E2) (34%) — (32%)
1288.3 16881 (36%) — (34%)
826.4 14399 (321) - 31
952.9 13468 30%) — 29
Band Q9

809.1 13041 11.0 0.66(3) E2 300 — 28
908.4 13949 9.6 0.71(4) E2 320 — 30
1081.1 15031 7.7 0.75(8) E2 34 — 320
1395.6 16427 0.83(17) E2 360 — 344
1440.9 17868 (387) — 36
675.8 12232 1.9 0.65(7) E2 28 — 267
875.0 12232 4.1 0.37(4) E1l 28 — 2709
1234.5 16265 0.67(10) E2 360 — 344
Band Q10

779.1 15015 0.73(11) E2 337)— (317)
1059.4 16075 0.77(12) E2 (357)— (337)
1318.5 17393 0.79(16) E2 B77)— (35)
1542.6 18936 (E2) 397)— (37)
476.9 14236 (B17)— (307)
788.5 15015 0.63(10) E2 (337)— (317)
910.5 14236 0.64(5) E2 B17)— 297)
Band Q11

894.2 16024 0.8 0.50(20) E2 35)— (33)
1042.3 17066 0.8 0.59(6) E2 377)— (35)
1239.5 18305 1.1 0.76(15) E2 397)— (37)
1381.8 19687 1.1 “417)— (397)
1513.4 21201 1.1 “437)— 417)
1665.6 22867 0.5 457)— 437)
1829.3 24696 0.3 @477)— (457)
1975.4 26671 0.1 497)— (47)
888.8 16024 0.7 357)— (33)
1436.2 15129 14 (337) = 310
1008.3 16024 0.71(10) E2 35)— (33)
Band Q12

9134 13384 1.0 (31T — (291
1078.6 14463 2.2 0.57(14) E2 (33%) — (31%)
1250.7 15713 2.2 0.66(8) E2 (35%) — (33%)
1426.5 17140 1.6 (37T — (35%)
1571.4 18711 1.1 (39%) — (37%)
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TABLE L. (Continued.)

y-ray energy* E; keV) Intensity® Anisotropy® Multipolarity JT = J7
1704.0 20415 0.5 417 — (39%)
1859.5 22275 0.3 437) — (411
2010.2 24285 0.1 45%) — (43%)
971.2 13384 0.8 (31%) —» 290
1114.4 12471 0.05 297) — 270
Band D1

195.9 6179 0.36(11) MI1/E2 167) — (157)
249.0 6428 177)— (167)
313.2 6741 0.37(4) MI1/E2 18— 177)
424.3 7165 0.29(5) MI1/E2 197) — (187)
1283.1 5983 (157) — 137
Band D2

150.2 7201 0.35(7) MI1/E2 18~ — 17~
280.6 7482 0.26(4) M1/E2 19~ — 18~
551.8 8034 207) — 19~
240.2 7201 0.31(4) MI1/E2 18 — 17~
1441.3 7051 0.61(10) E2 177 — 15~
Band D3

144.7 8770 0.23(15) M1/E2 227 — 21~
2334 9004 0.33(5) M1/E2 237 — 22~
252.2 8770 0.27(3) MI1/E2 227 — 21°
442.0 8625 0.34(5) MI1/E2 217 — 20~
1195.7 8625 (E1) 217 — 207
Band D4

154.7 7943 0.33(5) M1/E2 19~ — 18~
240.6 8184 0.25(6) MI1/E2 200 — 19~
334.3 8518 0.35(5) MI1/E2 217 — 20~
485.9 9004 0.35(14) M1/E2 227 — 21°
512.5 9517 0.26(4) M1/E2 237 — 22~
4717.5 9994 0.25(7) MI1/E2 24~ — 23~
312.0 9316 0.36(7) MI1/E2 237 — 227
447.5 9763 0.31(5) MI1/E2 24~ — 23~
755.1 8184 0.68(8) MI1/E2 20~ — 20"
1386.5 7789 18 — 17~
1541.2 1943 0.84(20) E2 19 —» 17~
Band D5

160.5 6887 0.26(2) MI1/E2 167 — 15%
240.6 7127 0.25(5) MI1/E2 17t — 167
392.1 7519 0.27(4) MI1/E2 187 — 17+
523.0 8042 0.29(5) MI1/E2 197 — 18+
215.3 6726 157 — (141)
271.6 7127 17t — 167
3253 7127 0.21(3) MI1/E2 17t — 167
362.1 7127 0.21(3) MI1/E2 17t — 167
379.2 6726 0.23(5) M1/E2 15t —» 154
385.2 6347 0.34(4) (E1) 154 — (147)
418.2 6765 0.31(5) MI1/E2 16 — 15
455.5 6802 0.23(3) M1/E2 167 — 154
509.4 6856 0.30(2) MI1/E2 167 — 15%
540.0 6887 <0.4 MI1/E2 167 — 15%
548.0 6511 0.67(15) MI1/E2 (14%) — 14+
558.1 7519 187 — 17~
867.2 5963 (147) —» 12~
1117.1 7519 18% — 17~
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TABLE 1. (Continued.)

y-ray energy” E; keV) Intensity® Anisotropy*© Multipolarity JT = J7
1155.6 6765 167 — 15~
1217.1 6856 167 — 15~
1246.3 6856 167 — 15~
1338.2 6765 167 — 14~
1366.3 7519 0.60(8) E2 187 — 16%
Band D6

356.6 8899 0.38(12) M1/E2 21T — 20t
440.8 9340 0.30(4) M1/E2 22T — 21t
524.1 9864 0.27(7) M1/E2 23t — 22+
599.2 10464 0.26(4) M1/E2 24+ — 23+
500.4 8543 0.34(10) MI1/E2 20" — 19t
1023.5 8543 20" — 18+
Band D7

154.2 8317 0.33(5) MI1/E2 1949 — 18
282.0 8599 0.24(2) M1/E2 204 — 194
429.5 9028 0.23(5) M1/E2 21 — 200
531.3 9559 0.24(7) MI1/E2 220 5 21
485.9 9028 0.33(2) M1/E2 214 — 20t
555.9 8599 0.40(6) MI1/E2 2049 — 19+
659.9 9559 220 21+
797.1 8317 0.30(5) MI1/E2 194 — 18+
1035.3 8163 18 — 17+
Band D8

221.6 9885 0.31(5) MI1/E2 230 — 220
370.7 10256 0.32(5) M1/E2 24) — 23
477.4 10733 0.37(7) MI1/E2 2500 — 240
571.2 11304 0.36(5) M1/E2 26 — 250
653.2 11957 0.29(4) M1/E2 270 — 260
325.7 9885 0.29(5) M1/E2 2300 —» 220
544.7 9885 0.32(3) MI1/E2 2300 - 22+
636.0 9664 0.29(5) M1/E2 2200 — 2149
Band D9

424.7 13314 0.23(15) M1/E2 (30%) — (29%)
451.9 12889 0.29(4) MI1/E2 (297) — (28%)
591.9 13906 0.27(4) MI1/E2 (317) — (30%)
791.9 14698 (32%) — (311
877.0 13314 0.54(8) E2 (30T) —(28%)
472.0 12889 0.26(3) M1/E2 (297) — (28%)
1251.7 12417 (287) — 267
1270.8 12437 1.9 (287) — 26%
Band D10

245.4 12184 0.33(6) M1/E2 267) — (257)
354.3 12539 (M1/E2) 277)— (267)
368.9 12908 0.34(15) M1/E2 287)— 277)
417.5 13325 0.26(7) M1/E2 297) — (287)
4333 13758 <04 MI1/E2 3B07)— (297)
468.9 14227 0.31(10) M1/E2 B17)— (307)
522.3 14750 327)— (317)
577.7 15327 (M1/E2) (337)— (327)
599.1 12539 277)—> (257)
653.2 15981 <04 M1/E2 (B47)— (337)
723.3 12908 287) — (267)
786.8 13325 0.64(14) E2 297) — (277)
850.5 13758 0.54(10) E2 (307) — (287)
901.9 14227 0.63(15) E2 Bl7)— 29)
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TABLE L. (Continued.)
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y-ray energy* E; keV) Intensity® Anisotropy® Multipolarity JT = J7
992.3 14750 (327)— (30M)
1100.3 15327 (337)— (317
1231.7 15981 B47)— (327)
287.4 12227 267)— (257)
312.2 12539 0.27(6) MI1/E2 277)— (267)
514.1 14750 (327)— (317)
680.3 12908 287) — (267)
Band D11

285.5 14529 3100 — (307)
317.2 14846 0.25(3) MI1/E2 3200 = 310
457.2 15303 330 — 3200
458.2 15762 0.34(10) MI1/E2 340 - 3300
511.7 16274 0.33(5) MI1/E2 350 = 340
603 14846 329 — (307)
690.1 16963 <04 (M1/E2) 36 — 3500
702.8 17665 0.3 0.34(10) MI1/E2 3700 = 360
774.4 15303 330 - 3109
793 18458 38 — 3700
915.2 15762 340 - 3200
970.6 16274 (E2) 3500 — 3309
1201.3 16963 3607 — 340
1393 17665 0.7 0.65(10) E2 3700 - 3500
1496 18458 (387) — 361
536 16963 36 — 360
730.6 15762 340 — 3300
897.3 14846 3200 = 3200
1203.1 14244 (307) — 30
1238 17665 390 — 360
1243.5 16274 33 0.38(8) MI1/E2 350 = 340
1273.8 14846 3200 — 3109
1354.0 15303 3300 - 3200
1488 14529 317) = 309

*The error on the transition energies is 0.2 keV for transitions below 1000 keV and intensities larger than 5% of
the '*°Nd reaction channel, 0.5 keV for transitions above 1000 keV and intensities lower than 5%, and 1 keV for

transitions above 1200 keV and/or weaker than 1%.

PRelative intensities corrected for efficiency. The transition intensities were obtained from a combination of total

projection and gated spectra.

“The anisotropy has been deduced from two asymmetric -y coincidence matrices sorted with all detectors on one
axis and detectors at 90° and at forward/backward angles, respectively, on the other axis. The tentative spin-parity of

the states are given in parenthesis.

two new bands Q2 and Q4 which decay towards Q1 and Q3,
respectively. We confirm all previously identified transitions
of bands Q1, Q2, and Q3. The new weakly populated band Q4
decays only towards Q3.

The transitions populating higher-lying states of band Q9
which were previously drawn as non-yrast sequences are now
ordered and placed in the newly identified dipole band D11.
The 1234, 1368, 1509 keV cascade is not confirmed. The 1396
and 1441 keV transitions are now included in band Q9, while
the 457, 458, 690, 703, 897, 1354, and 1391 keV transitions
are included in band D11 or in its decay towards band Q9.

Band Q10 has been identified previously and it was clear
that it decays through a structure like a dipole band with
crossover transitions. The JUROGAM II experiment was again

very helpful in understanding the structure of this band and its
decay. In fact, we observed the transitions of bands Q10 and
D10 in the spectra gated by low-lying transitions of '“*Nd
observed at the focal plane of RITU, which indicates that the
bands have a delayed decay component. We have accurately
searched for the transitions linking D10 to the 20" isomer, but
we could not find any.

We have instead identified a new E2 transition of 1008 keV
which links band Q11 to Q10, which fixes the excitation
energy and spin-parity of bands Q10 and D10, since Q11 is
linked to band Q3 and therefore its excitation energy and spins
are known. The existence of the 1008 keV transition can be
understood through the mixing of the 35T states of the bands
Q10 and Q11, which are separated by only 51 keV.
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FIG. 2. Double-gated spectra for bands Q1-Q4 in '“°Nd. The
gates were set on selected transitions of each band. The transitions
marked with asterisks represent the members of the band.

However, the decay of band D10 remains unknown. It can
be that due to the high excitation energy of the band the decay
is fragmented. Moreover, one cannot exclude the possible
existence of another unidentified isomeric state to which band
D10 decays.

The band Q5 was observed previously and linked to low-
lying states. We confirm all previously identified transitions
and extend it at the bottom by two more states populated and
deexcited by the 868 and 1566 keV transitions, respectively.
Four new transitions with energies of 415, 533, 543, and
932 keV link band Q5 to bands D8, D7, QIl, and D5,
respectively.

Band Q6 is new. It consists of only two states linked by the
803 keV transition and decays towards band Q5 through the
287, 326, and 1026 keV transitions.

Band Q7 was observed previously and its transitions and
decay-out are confirmed. The 1274 keV transition linking band
D11 to the 31" state of band Q7 is also confirmed, giving
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FIG. 3. Double-gated spectra for the bands Q5-Q8 in '“Nd. The
gates were set on selected transitions of each band. The transitions
marked with asterisks represent the members of the band, while the
peaks marked with a # are contaminants from other nuclei.
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FIG. 4. Double-gated spectra for the bands Q9-Q12 in '“*Nd. The
gates were set on selected transitions of each band. The transitions
marked with asterisks represent the members of the band.

additional confidence in the spin-parity assignment to the high-
spin bands.

Band Q8 is new. It decays to band Q7 through the 826 and
953 keV transitions.

1. The dipole bands (D1-D11)

Spectra obtained by doubly gating on selected transitions
of the different D bands are shown in Figs. 5-7.

Most of the transitions in these spectra were observed
in prompt coincidence with both the EUROBALL and JU-
ROGAM II arrays. The use of the recoil tagging technique in
the JUROGAM II experiment allowed the observation of very
weak transitions populating the 20™ isomer. The results of this
experiment have been published in a separate paper [10].

Band D1 is new. It is weakly populated and decays through
the 1283 keV AI = 2 transition to the 13~ state. We chose
the E2 character for the 1283 keV transition which leads to a
negative-parity assignment for the states of band D1, since in
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FIG. 5. Double-gated spectra for bands D1-D4 in '“°Nd. The
gates were set on selected transitions of each band. The transitions
marked with asterisks represent the members of the band.
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FIG. 6. Double-gated spectra for the bands D5-D8 in “°Nd. The
gates were set on selected transitions of each band. The transitions
marked with asterisks represent the members of the band.

this case the decay of the 207 isomer to the 18~ state of band
D1 is inhibited, as it should be.

Band D2 was observed previously, but with the 240 keV
transition considered in band and the 150 keV transition out
of band. We now invert the two transitions, since the 17~ state
populated by 240 keV is clearly a state on its own, to which
many other bands decay, while the 17~ state populated by
150 keV is only populated by the 281 keV transition of band
D2.

Band D3 was observed previously. The high sensitivity of
the JUROGAM II experiment allowed the identification of
one new in-band transition of 233 keV and two new decay
transitions of 252 and 1196 key towards band D4 and the 20™
isomer, respectively.

Band D4 was observed previously. We identified two new
in-band transitions of 155 and 478 keV, and two new decay
transitions of 755 and 1386 keV towards the 20" isomer and
the yrast 17~ state, respectively. At the top of the band we also

© D9: double gate 425-1047
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FIG. 7. Double-gated spectra for the bands D9, D10, D11 in
140Nd. The gates were set on selected transitions of each band. The
transitions marked with asterisks represent the members of the band.
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identified two dipole transitions of 312 and 448 keV, which
are placed in parallel with the 512-478 keV cascade.

Band D5 is new, in the sense that previously observed
transitions which were placed in the level scheme without
emphasizing a band structure are now grouped in a sequence of
dipole transitions with energies ranging from 161 to 523 keV.
Several new transitions were placed at the bottom of the band
(215, 325, 418, 456, 509, 540, 548, 867, 1156). The decay of
the band is fragmented and occurs from the four lowest-lying
states to the negative-parity states below the 20 isomer.

Band D6 has been observed previously. We add one more
transition of 599 keV at the top and one of 1024 keV deexciting
it towards band D5.

Band D7 is also new, in the sense that previously observed
transitions were grouped to form a band of dipole transitions.
In addition to the previously observed transition we identified
one transition of 154 keV at the bottom of the band and
several decay transitions towards bands D5 and D6 (486, 660,
1035 keV).

Band D8 was observed previously and is confirmed. We
identified one new decay transition of 545 keV towards band
Dé.

Band D9 is new. It is composed of transitions previously
observed and placed on top of band Q1. We have now draw the
observed states differently and add two new transitions of 592
and 792 keV on top of the band and one crossover transition
of 877 keV.

Band D10 is new. It consists of the transitions which were
previously placed at the bottom of band Q10, to which we
add many newly identified transitions: 245, 287, 522, 578,
599, 653, 680, 992, 1100, 1232 keV. However, as discussed in
the previous subsection, the decay of band D10 to low-lying
states is not established. It is clear that it decays to one or more
isomeric states since we see the transitions of band D10 in
coincidence with the low-lying transitions of '“°Nd observed
at the focal plane of RITU, but the band can also have prompt
decay branches.

Band D11 is the highest excited dipole band and is com-
posed of transitions that were not grouped in bands previously
(see the discussion of band Q9). Many new transitions have
been identified and put together to form a dipole band with
crossover transitions, which decays towards Q9. Band D11 is
also connected to band Q7 by the 1274 keV transition.

IV. DISCUSSION

The level structure of '“Nd with 60 protons and 80
neutrons can be considered to arise from an interaction
between 10 proton particles on top of the Z = 50 major
shell and 2 neutron holes in the N = 82 major shell. In the
low-energy regime, the nucleus is expected to have a small
deformation, €, ~ 0.1-0.2. Thus it is convenient to express
the single-particle states in terms of j-shell quantum numbers.
The lowest proton configuration has four protons holes in the
7g7/2, mds y orbitals which interact and are strongly mixed.
Higher angular momenta from proton configurations can be
obtained by exciting one or two protons from m g7/, wds)»
to mwhy2. The lowest neutron configuration has two holes
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in the vds, sy, orbitals which interact and are strongly
mixed. Higher angular momenta from neutron configurations
can be obtained by exciting one or two neutrons from the
vhiy, orbital into the vds s, vsy/» orbitals, all lying below the
N = 82 shell gap. Higher excited states and angular momenta
can be obtained from neutron excitations above the N = 82
shell gap into the vf7,2, vhe,2, and viy3, orbitals.

The level structure of '“°Nd at low spins has been
well described within the CNS model as built on spherical
configurations up to the 20" isomer [8], which was interpreted
as a maximum aligned configuration with four proton holes
in the w(dg) subshell and two neutron holes in the vhy;),
subshell, i.e., a Jr(dg)4 ® vh? configuration. The new bands
observed at medium and high spins are sequences of either
quadrupole or dipole transitions, which we labeled as Q and
D bands, and will be discussed separately using the CNS and
the TAC models, respectively.

A. The cranked Nilsson-Strutinsky (CNS) formalism

The Q bands will be analyzed using the cranked Nilsson-
Strutinsky (CNS) formalism [21-23]. This formalism is based
on the Nilsson or modified oscillator potential, where the
total energy is obtained as a sum of the rotating liquid
drop energy and the shell energy [23,24]. This energy is
calculated in a mesh of deformations ¢,, ¥, and &4, and the
minimum is searched as a function of these parameters. In
the calculations of the single-particle energies, we have used
the so-called A = 150 parameters [25], which are known to
give a good description of the low-deformation configurations
of nuclei with a few particles outside the '*°Gd core; see,
e.g., [26] and references therein. By introducing some minor
approximations which are essentially negligible at the small
deformations of the triaxial '*°Nd bands, it becomes possible
to label the orbitals as belonging to a specific N shell and
as being of high-j (intruder) or low-j character. These labels
are applicable in the full deformation space, which makes it
possible to specify the configurations of the triaxial bands in
Nd nuclei with N &~ 78-80 relative to a '*2Sn core as

7[(ds)287,2)8 (112l ].
v[(ds/2512)5" (hi1y2)gy (hopa fr2) (i3 2Dt )

defining the number of particles and holes in the different
groups of orbitals. In addition, signature « is a preserved
quantum number which can be specified for each orbital and
thus also for the different groups in Eq. (1). For an odd number
of particles or holes, « takes the values +1/2 or —1/2, while
for the low-lying configurations « = 0 for an even number of
particles. With no loss of information we can use the condensed
configuration labels

[P0y (P2)ery» (11)ets (12D (3o (M4 Do ) - )

In these labels, the signature o will be written as £ for an
odd number of particles while @ = 0 for an even number of
particles will not be specified. Furthermore, if « is not specified
for a small number of odd particles in a high-j shell, it is
assumed that it takes the favored value, o = 1/2 for even
N and o = —1/2 for odd N. In order to distinguish the large

(1)
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number of calculated bands in '“°Nd, we will use the labeling in
Eq. (2), which is more complete than [ p,, n,(n3n4)] which has
been used in previous studies of the triaxial bands in '38-14'Nd
[2,3,6]. The new feature to specify the signature in the CNS
labels has been introduced in a less systematic way previously;
see, e.g., [27-30].

B. CNS analysis of high-spin bands in *Nd

Calculated potential energy surfaces in the spin range
I = 24-48 are shown in Fig. 8. There are essentially three
different structures which are seen as different minima. The
configurations close to spherical shape with no particles
excited across the N = 82 gap are lowest in energy up to
I ~ 40. For example the favored termination predicted for
I =32 [8] is seen as a well developed minimum at &, & (.2
and y ~ 30°. The triaxial minimum at &, = 0.20-0.25, y =
30°-35° starts to develop around / = 20 and becomes yrast
around / = 40. Finally, the superdeformed minimum [4] at
& ~ 045, y =~ 0° is seen for essentially all spin values but
it becomes lowest in energy first for spin values close to 607.
The calculated deformation of the different triaxial high-spin
configurations are rather stable, with &, ~ 0.20, y =~ 32°, and
&4~ 0.01 in the I = 20-30 spin range. In Fig. 9 we show
two energy surfaces for the [82,22(20)] configuration assigned
to band Q1 for spins I = 18 and [ = 24, which shows a
minimum at the same deformation as the minimum calculated
for (m = +, @ = 0) for I = 24 shown in Fig. 8.

The single-particle Routhians at this deformation are drawn
in Fig. 10 as functions of the rotational frequency w. Then in
Fig. 11 we illustrate how the spin is built in the [82,22(20)]
configuration which is assigned to the QI band; see below.
There are four high-j particles which are almost fully aligned
at w = 0, namely two &y, protons and two hg; f7/2 neutrons.
The spin contribution from these particles at w = 0is ~16.3h
which comes rather close to the maximum value of 187. These
values are consistent with the fact that the Q1 band has not
been observed below I = 18h. With increasing rotational fre-
quencies, the (dg) protons and /1> neutrons contribute about
equally to the spin while the contribution from the holes in the
(sd)3 neutron orbital at the top of the A = 4 shell is negligible.
In the A = 4 proton orbitals, a crossing is formed at w/wy ~
0.07 between the o = 1/2 branches of the (dg)s and (dg)s
orbitals. In Fig. 11 we have followed the (dg)4 orbital through
the crossing, which leads to a smooth development of the spin
contribution for the (dg) particles. In the CNS calculations,
for configurations with four « = 1/2 (dg) protons, the lowest
four orbitals of this type are occupied, i.e., the (dg)4 orbital is
occupied at low frequencies and the (dg)s orbital at high fre-
quencies. This leads to a discontinuity in the spin contribution
and then also in the E-vs-I curves. Such discontinuities are
seen in some of the calculated bands discussed below.

From the single-particle orbitals in Fig. 10 we can get a
good idea about which are the important configurations for
the building of triaxial bands. There are only three important
proton configurations which have two or three 4/, particles.
They can be combined with a large number of neutron
configurations. We have thus mainly considered the favored
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FIG. 8. (Color online) Calculated potential energy surfaces in the (&5, y) plane for '“°Nd, with fixed parity and signature (7 = 4, a = 0),
in the spin range relevant for the observed high-spin bands (I = 24%,32%, 40", 48*). The contour line separation is 0.25 MeV.

configurations with one, two, or three neutrons in the three
high-j orbitals which come in the region of the N = 80 Fermi
level around w/wy = 0.04. The bands with negative parity
and odd spin (@ = 1) resulting from these proton and neutron
configurations are shown in Fig. 12. Such figures have also
been produced for the other spin-parity combinations and
examined in the process of configuration assignment. A typical
feature of the triaxial bands is a parabola-like behavior of
the E — E,;; curves with a well defined minimum at some
value of /. These are the bands of main interest here. Besides

szsin(y+30°)

0.2
ezcos(y+30°)

0 0.1
szcos(y+30°)

0.2 0 0.1

FIG. 9. (Color online) Calculated potential energy surfaces in the
(&2, y) plane for the [82,22(20)] configuration assigned to band Q1
of “ONd. The contour line separation is 0.25 MeV.

these bands, one notes that, for example, the bands with one
N =4 neutron hole and one high-j neutron have a rather
different behavior with terminating states which are not too
far above yrast. For example, the [7,.3, 1,2(01)] configuration
terminates at / = 437 in the state

7[(ds2872)]2.5(h 1120155
v [(d3/2s1/2)(;; (hi 1/2)1_02(i13/2)é.5] ,

where the total spin in the different groups is specified as a
subscript. Some bands in Fig. 12 show band crossings, as most
clearly seen at I ~ 39 in the [82, 23,.(21)] configuration. This
is caused by the unpaired band crossing between the (dg)4 and
(dg)s orbitals discussed above.

The E — E,;; curves of the Q bands, which are observed in
an extended spin range, are compared with the configurations
assigned to them in Fig. 13. In general, the difference between
experiment and calculations follows the expected trend. It
is rather constant and close to zero above I = 30, while it
increases towards lower spin values, suggesting that pairing
starts to play a role. The Q11 and Q12 bands show the
strange feature that the differences increase at the highest spin
values, especially for Q11. It is also somewhat strange that
the [7_3, 3_2(21)] configuration is calculated to be so low in
energy when compared with its experimental counterpart, Q11.
An alternative assignment for the Q11 band is [82, 3_3_(22)],
i.e., a configuration with four high-j neutron particles. With
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FIG. 10. (Color online) The calculated single-particle Routhians
at an approximate deformation for the [82,22(20)] configuration
drawn as functions of the rotational frequency. The gaps correspond-
ing to this configuration are labeled by rectangles while some other
particle numbers are given within circles. The orbitals are labeled
by the subshells with the dominating amplitudes and by the ordering
within the different groups. The proton ds;»g7/, orbitals are labeled
(dg) and the neutron d3/s,,, and hg; f7/, orbitals (sd) and (hf),
respectively.

this assignment, the energy agrees better with experiment but
it is calculated to be too high for / < 40. Furthermore, such
an assignment is not preferred because it would mean that
the expected yrast band would not be observed, and that a
band calculated to lie ~1 MeV above the yrast line would be
observed instead.

One of the criteria used to choose between the various
possible configurations for a specific Q band was that the
configurations of the band itself and the band towards
which it decays are related by simple excitations. We
have found that this criterium is in general fulfilled and
understand the various connections between the bands as
follows:

(i) The strongly populated Q3 band decays to the
strongly populated Q1 band; [82, 22(1,1)] decays to
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FIG. 11. (Color online) The spin contribution in the [82,22(20)]
configuration from the different groups of orbitals drawn vs rotational
frequency, w. The total spin contribution from protons is labeled
I, and that from the neutrons I,. The frequencies corresponding
to the lowest and highest observed spin values in the [82,22(20)]
configuration, 187 and 267, respectively, are indicated while the value
of I/2 with I = I, + I, is shown in both the proton and the neutron
panels. The contribution from the h;/, neutrons, which is labeled
(h1 /2)*2 is actually calculated as the contribution from the ten £/,
orbitals which are occupied. Note that the contributions from the
proton and neutron cores and from the (sd) neutrons, which are drawn
at the bottom of the respective diagrams, are essentially negligible.

[82,22(20)]; simple deexcitation of one neutron from
i13/2 to (hosa f7/2).

(i1)) The strongly populated Q9 band decays to the
strongly populated Q3 band; [82, 3_2(21)] decays to
[82, 22(1,1)]; simple deexcitation of one neutron from
(hoya f12) to (sd).
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(iii) Q12 decays to the strongly populated Q3 band;
[7-3,22(1_1)] decays to [82,22(1;1)]; deexcitation
of one proton from A/, to (dg) and of one neutron
from (hoss f7/2)—1/2 to (hos2 f1/2)+1/2-

@iv) D11 decays to Q9; [82,23.(21)] decays to
[82, 3_2(21)]; simple deexcitation of one neutron from
h11/2 to (sd).

(v) Q11 decays to Q3; [7-3,3_2(21)] decays to
[82,22(141)]; deexcitation of one proton from /iy,
to (dg) and of one neutron from hg/; f7/5 to (sd).

(vi) QI1 decays to QIl0; [7-3,3_2(21)] decays to

[743,3:2(21)]; deexcitation of one proton from
(dg)—1/2 to (dg)+1/2 and of one neutron from (sd)_1,»
to (sd)+1/2-

(vii) The band Q8 decays to Q7; [743,22(1_1)] decays to
[7-3, 22(20)]; deexcitation of one proton from (dg)1,2
to (dg)—1,2 and of one neutron from i13,, to (ho/2 f7/2).

The configurations assigned to the different bands are
summarized in Tables II and III. All the three proton con-
figurations are active and they are combined with the neutron
configurations which appear most favored according to Fig. 10:

(i) those with all orbitals up to the N =78 gap at w =0
filled and in addition two of the three down-sloping
orbitals;

(ii) all three down-sloping orbitals filled and then a hole
in one of the N' = 4 or A/ = 5 orbitals below the N =
78 gap.

The fact that the most favored configurations are active
will also mean that the bands which are calculated lowest in
energy for I ~ 30-35 have an experimental counterpart as
illustrated for the (7, @) = (—, 1) bands in Fig. 12. Also the
(7, @) = (+, 0) bands which are calculated to be lowest in
energy are assigned to observed bands. For the other parity-
signature combinations there are fewer low-lying calculated
bands, which is consistent with the fact that fewer such bands
are seen according to the tentative (i, /) assignments of the
observed high-spin bands.

C. The AI =1 bands interpreted by CSM and TAC
calculations

The TAC calculations use the same Hamiltonian as the
CNS one. The restriction of CNS that the rotational axis
must agree with one of the principal axes is lifted. In order
to simplify the calculations, the deformations of the various
configurations is kept the same. Weuse e, = 0.17and y = 30°
as a compromise. Clearly the deviations of the calculations
from experiment are expected to be larger than those for the
CNS, which optimizes the deformation parameter for each
configuration.

In the following we will use the notation that we introduced
recently in the paper on the neighboring '*¥Nd nucleus [11].
The advantage of this notation is the easy translation between
single-particle and quasiparticle notation of the orbitals in
calculations with or without pairing, which are used to
interpret low-medium and high-spin states, respectively. The
convention is to use A, B, C, and D for the intruder states 4,
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TABLE II. Configurations assigned to the high-spin bands of '*°Nd. The first column and first line indicate the neutron and
proton configurations, respectively, labeled according to Eq. (1). Their total parity and signature is specified in parentheses. The
band and its (parity, signature) are indicated at the intersection of each column and line.

(ds)812)° (ds)2872) 12 (ds2872)1 )2
(h11p)? (h11/2)3_|/2 (h11/2)3_1/2
(+,0) (=D (=0
(s12d32) "2 (h112) (o2 fr2)* (+, 0) QI(+,0) Q7(—, 1)
(51/2d3/2)72(h11/2)72(h9/2f7/2)1_1/2(i13/2)}/2 (=0 Q5(—,0) QI2 (+, 1) Q8 (+,0)
(51/2d3/2)72(h11/2)72(h9/2f7/2){/2(1'13/2){/2 (=D Q3 (=, 1)
(51/2d3/z)f/32(h11/2)72(h9/2f7/2)2(l'13/2)}/2 +. D Q10 (—, 1)
(S1/zd3/z)j/2(h11/2)72(/19/2f7/2)2(i13/2)}/2(—|—, 0) Q9 (+,0) Qll (-, 1)

where A is assigned to the lowest state with the favored
signature « = j + 2n. The letters E, F, G, H, ... are used for
the normal-parity states (dg), while I is used for i13/,. Note
also that all occupied orbitals will be specified, which is in line
with the CNS labels, but contrary to standard CSM labels [31]
where only the occupied “aligned” orbitals are specified.

The bands that we discuss in the present paper have at least
two protons and two neutrons excited, which reduces strongly
the pair correlations, allowing thus their qualitative interpre-
tation in terms of single-particle configurations in the rotating
potential. Figures 14 and 15 show the single-particle Routhians
calculated by means of the TAC code [32] for a deformation of
&, = 0.17 and y = 30°, which is a typical value for this mass
region [2,3,6,33,34]. The TAC model considers rotation about
an axis that is tilted by the angles 6 and ¢ from the principal
axes. The long, short, and medium principal axes correspond
to (6, ¢) equal to (0, 0), (90°, 0), and (90°, 90°), respectively.
The different configurations are labeled by the four proton
and four neutron orbitals which are occupied outside a “core”
with Z = 56 and N = 76. In the proton core, the six lowest
(dg) orbitals outside Z = 50 are occupied, while there are four
hi1/2 holes and two (sd) holes below N = 82 in the neutron
core. From the labels on the orbitals in Figs. 14 and 15, it

is then straightforward to see which orbitals are occupied in
a specific configuration. Because these labels are defined at
a fixed deformation, it becomes possible to specify exactly
which orbitals are occupied, contrary to the CNS labels where
it is assumed that the lowest orbitals within a specific group are
occupied (however, in specific cases, excitations within CNS
configurations have been considered; see, e.g., [35,36]).

In this section we apply the unpaired version of the cranked
shell model (CSM) [31], which classifies the bands as particle-
hole configurations in the rotating potential. The underlying
independent particle approximation of the CSM applies only
to relative energies and angular momenta.

In contrast to the standard version of CSM we will adopt
band Q1 as reference, whichis TABEF @ vAAC D in CSM
notation or [82,22(20)] in the CNS notation used in the
previous section. The composition of the angular momentum
is illustrated in Fig. 11. The spins of the two proton particles in
hi1/2 and two neutron particles in ho/,/f7/> are fully aligned,
adding to the total angular momentum of 187 at the bandhead
of Q1.

The experimental Routhian ¢’ and alignment i, for each
band have been extracted following the standard procedure as
described, e.g., in Ref. [31], assuming a reference with variable

TABLE III. Experimental and calculated properties of the Q bands in '*°Nd. The configuration assignments are given according to Eq. (2).

Band Experiment Theory Excitation type

o Enin L'nin T =+ T =—

Configuration Enin Configuration Ein

Q1 0 0.5 20 [82,22(20)] 0.5 Fragmented decay
Q2 0 0.9 22 Decay to Q1
Q3 1 0.4 27 [82,22(1,1)] 0.4 Decay to Q1
Q4 @))] 0.9 25) Decay to Q3
Q5 0 0.6 26 [82,22(1_1)] 1 Fragmented decay
Q6 0 0.9 26 Decay to Q5
Q7 1 0.5 31 [7_3, 22(20)] 0.5 Decay to Q5 and Q6
Q8 1 0.8 35 [743,22(1_1)] 0.6 Decay to Q7
Q9 0 0.2 34 [82,3_2(21)] —-0.2 Decay to Q2 and Q3
Q10 (1) 0.6 (35) [7.3,3,2(21)] 0.2 Decay to D10
Q11 1) 0.2 41) [7-3,3_2(21)] -0.7 Decay to Q3 and Q10
QI12 ) 0.3 32) [7-3,22(1_1)] 0.6 Decay to Q3
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FIG. 14. Calculated single-proton Routhians. Full line 7 = +,
dash-dotted line w = —. In case of principal axis rotation the
signatures o = 1/2 are indicated by =, respectively. 6§ = 0 long
axis (y = —90°), 6 = 90° short axis (y = 0°.) The middle panel
connects the two axes at the indicated frequency.

moment of inertia 7@ + 2 7@ having the Harris parameters
JO = 7h2/MeV and J@® = 10h4/MeV3, which induce a
flat behavior of the single-particle alignments of most bands.
The projection K of the angular momentum onto the symmetry
axis is not a good quantum number in triaxial nuclei. It was
put to zero for all bands. From the ¢;"(w) and i; ror(w) values of
a given band i we subtracted the eqf'(w) and i..f(w) values of
band Q1 calculated at the same frequencies by interpolation
with respect to w. The experimental Routhians e’ and the single
particle alignments i of the D bands relative to the Q1 reference
are shown in the upper panels of Figs. 16 and 17. The reference
band Q1 appears as an horizontal line in all figures.

The configurations of the dipole bands in '“N can be
understood using TAC calculations similar to those recently
performed for the dipole bands in '3¥Nd [11]. There are one to
three /11, protons and one hy > / f7,> neutron, which align their
angular momentum with the short axis, because this orientation

hw =035 MeV

e(MeV) 6=90°

6=0, 180°
(hf), [ st

(hf),

495

(sd)s

(hmz)s I

485 F

(hmz )5 F
(sd),

475

47t

465 = - ==

hoMeV) 6 (deg) fiwo(MeV)

FIG. 15. Calculated single-neutron Routhians. The line and label
conventions are similar to those in Fig. 14.
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corresponds to maximal overlap of their doughnut-like density
distribution with the triaxial core. As a consequence, the i1/,
protons and hg»/ f7/2 neutrons favor rotation about the short
axis. As seen in the middle panels of Fig. 14, the Routhians
A and B have a pronounced minimum at 6 = 90°. There
are also one or two Ay, neutron holes which align their
angular momentum with the long axis, because this orientation
minimizes the overlap with the triaxial core. As a consequence,
the /112 neutron holes favor rotation about the long axis. As
seen in the middle panel of Fig. 15, the Routhians A and B have
pronounced maxima at & = 0°, which means that holes in these
two orbitals drive the rotational axis to 8 = 0°. Alternatively
one may say that neutrons in A and B orbitals favor the long
axis. The 1/, neutrons in the lower orbitals do not drive the
rotational axis significantly, because to each Routhian there
is a conjugate one (barred) that nearly compensates the drive.
The collective angular momentum originating from the rest of
the nucleons is maximal for the medium axis, for which the
deviation from axial symmetry is maximal.

The experimental Routhians and single-particle assign-
ments of bands D1-D11 relative to the Q1 reference and the
corresponding calculated quantities relative to the wh{, n®

U(hg/z/f7/2)2 (TtABEF ® vAAC D) configuration assigned to
band QI are shown in Figs. 16 and 17.

The large number of dipole bands originates from the
combination of &/, protons and ho;>/f7/» neutrons which
align with the short axis, and 411, neutrons which align with
the long axis. The rotational axis lies therefore in the short-long
principal plane being tilted away from the principal axes by a
large angle. The tilt breaks the R, () symmetry that induces
the signature quantum number, and one observes a Al =1
sequence of rotational states, i.e., a dipole band [37]. The
rotational mode is predominantly of magnetic nature, because
the mutually perpendicular angular momenta of the proton and
neutron £, orbitals combine to a large transverse magnetic
moment, which generates strong M 1 transitions.

Most of the dipole bands have configurations which contain
two hy1/, neutron holes that align their angular momentum
with the long axis, except the lowest-lying bands D1, D2,
and D5 which involve only one /1;,; neutron hole. Table IV
lists the configurations that originate from these combinations
and suggests how to interpret the observed dipole bands.
The B(M1)/B(E2) ratios of the dipole bands larger than
20 M%\, /(eb)? characterize the dipole bands as magnetic ro-
tation.

Band D1 is the lowest excited and has the smallest single-
particle alignment. It decays to the 13~ state at 4700 keV whose
assigned configuration is 77(dg)* ® vhy) ) (sd)™' (TAAEF &
vAABG) [8]. A configuration that would explain the decay of
band D1 towards the 13~ state is wh*(dg)* ® vhfll/z(sd)’1
(TABEF ® vAABG). Note that the labels specifying the
occupation of the j shells refers to a N = 82 core while the
letter labels A, B, ... refertoa N = 76 “core.”

Band D2 is the next excited dipole band and has a larger
single-particle alignment than band D1. It decays to the
15~ state at 5610 keV and to the 17~ state at 6962 keV,
with 7(dg)* ® vhl_ll/z(sd)’1 (mAAEF @ vAABG) [8]. We
assign the mh'(dg)’ ® vhl_ll/z(sd)’z(hg/zﬁ/z)] (tAABE ®
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FIG. 16. (Color online) '“°Nd Al = 1 bands D1-D8. The line type indicates the parity: full 7 = +, dashed 7 = —.

VAABC) configuration to band D2, which involves both
proton and neutron particle-hole excitations relative to the 15~

and 17~ states towards which it decays.

Band D3 is a short sequence of two transitions, which
decays to states of band D4 and to the 20" isomer. We
assign a wh*(dg)* ® vhiy(sd)" (hop f12)! (TABEH &
VABCG) configuration to this band, which has therefore

one additional broken pair relative to the 20" isomer, which
contribute to the configuration of band D3 with two neutrons

in the /1, and (sd) orbitals, while the two unpaired protons

are raised from the (dg) to the hy;, orbital.
Band D4 decays to the 20" isomer with a m(dg)* ®
vhl_12/2 (TrAAEF @ vVABGH) configuration and to the 17~

with a state at 6403 keV with a 7r(dg)4®vhl_ll/2(sd)’1
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FIG. 17. (Color online) '“°Nd Al = 1 bands D9-D11. The line type indicates the parity: full 7 = 4, dashed 7 = —.
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TABLE IV. Configuration assignments to the A/ = 1 bands in
140Nd. The calculated B(M1)/B(E2) ratios are in units u?/(eb)>.

Configuration b4 B(M1)/B(E2) Bands
TABEF vAABG (=) 93 D1
mAABE vAABC — 180 D2
mABEH vABCG — 213 D3
nABEF vABCH — 271 D4
mABEF vABGH + 1331 D5
mABEG vABGH + 625 D6
mABEH vABGH +) 1351 D7
mABCE vABGH (-) 429 D8
mABCE vABCG +) 149 D9
TABEF vABCI (=) 62 D10
mABCE vABCI (+) 62 D11

(TtAAEF ® vAABG) configuration. We assigna mh?(dg)* ®
vhii,(sd) " (hos f7,2)' (tABEF ® vABC H) configuration
to band D4, which is similar to that of band D3. The connecting
transitions between bands D3 and D4 are thus explained
through a simple one-neutron excitation from the G to the
H orbital (see Fig. 15). The connections with the 20" isomer
and the 17~ state involve more complex excitations, including
the scattering of one proton pair from nh%l ptom(d ¢)?,and a
breaking of another neutron pair and the placement of the two
aligned neutrons one in viy,, and one in v(hoj; f7/2).

Band DS is more excited than bands D1 and D2 and
has a very fragmented decay towards states below the 20™
isomer. It is therefore natural to assign a configuration with
one more neutron in Ay, relative to the configurations of
bands D1 and D2. The parity of band D5 is positive, being
well established by the 1366 keV E?2 transition towards the
16" state. The configuration that we assign to band D35
is the lowest-lying positive-parity configuration involving 2
hi12 neutrons and 2 Ay, protons, that is J'rhz(dg)2 ® vhl_lz/2
(rABEF @ VABGH).

Band D6 decays to band D5 and has a larger alignment.
In order to account for the higher excitation energy of band
D6 relative to DS, we can excite one proton from the F
to the G positive-parity orbital, leading to the wh’(dg)* ®
vhljz/2 (mABEG ® vVABGH) configuration. However, the
calculated difference in spin alignment between the bands D5
and D6 does not agree with the experimental value. This effect
can be induced by the difference between the deformation
used in the calculations and the real deformation of the
configurations of bands D5 and D6.

Band D7 has an excitation very similar to band D6 and
possibly a positive parity. We can then assign a configuration
similar to that of band D6, with one proton moved from the G
to the H orbital, that is the 7h*(dg)’ ® vhl_lz/2 (tABEH ®
vABG H) configuration.

Band DS is more excited and has a larger alignment than
the bands D6 and D7 to which it decays. A configuration
which would account for that is obtained by rising one more
protonin A1y,. We assign the Th3dg)' ® vhl_lz/2 (rABCE ®
vABG H) configuration to band D8.

Band D9 starts at spin 28~, which can be obtained involving
eight active nucleons, one of which being a neutron in the
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(hoy2 f7/2) orbital, which would account for its decay to band
Q1 with wh*(dg)* ® v(ho), f7/2)* configuration. In order to
realize the condition for a tilted axis rotation the presence of
nearly equal numbers of particles aligned along the short and
long axes is necessary. A possible configuration can then be
Th3(dg)' ® vhii)y(sd)~ (hoya f12)' (T ABCE ® vABCG).

Band D10 has both dipole and quadrupole crossover
transitions, indicating lower B(M 1)/ B(E2) branching ratios
than the rest of the dipole bands excepting D11. As it starts at
spin 25~ which is lower than the band-head spin of D9 which
is assigned an eight-particle configuration, it can also have a
configuration with eight active particles, that is 7h%(dg)* ®
vhl’lzﬂ(sd)*z(hg/zﬁ/z)li113/2 (mABEF @ vABCI).

Band D11 has both dipole and quadrupole crossover
transitions, indicating lower B(M 1)/ B(E?2) branching ratios.
Itis the highest excited dipole band observed in the experiment,
and can have a configuration with eight active particles
like band D10, but with one more proton raised in the
hi12 orbital, that is wh3(dg)' @ vhi,(sd) 2 (hoa f12) i3,
(mABCE Q@ vABCl).

V. SUMMARY

High-spin states in '“°Nd have been populated using the
reaction *°Zr(*8Ca,4n) and two powerful setups: EUROBALL
and JUROGAM II 4 RITU + GREAT. The prompt y-y co-
incidences measured with EUROBALL and JUROGAM II
and the prompt-delayed coincidences between the y rays
measured at the target position and at the focal plane of the
RITU spectrometer allowed the identification of many new
transitions, among which are also those populating the 20™
isomer. A very rich and complete level scheme was developed
and most of the existing information was confirmed. New
bands of quadruple and dipole transitions were identified up
to very high spin. The observed bands were discussed using
the TAC and CNS models. Possible configurations for the
different bands are discussed, showing that rotations can occur
in “ONd either around a principal or a tilted axis of the
intrinsic reference system, depending on the presence in the
configurations of protons and neutrons in the Ay, orbitals.
The global understanding of the observed bands brings a strong
support to the existence of a stable triaxial deformation at high
spin in this mass region.
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