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Highly deformed bands in Nd nuclei: New results and consistent interpretation
within the cranked Nilsson-Strutinsky formalism
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Three new highly-deformed (HD) bands are identified in '**Nd and the highly deformed band of '*’Nd is
extended at higher spin by four transitions, revealing a band crossing associated with the occupation of the
second vi;3, intruder orbital. Extended cranked Nilsson-Strutinsky calculations are performed for all HD bands
observed in 1**Nd, 1**Nd, and '¥’Nd, achieving for the first time a consistent interpretation of all HD bands in the
Nd nuclei. The new interpretation has significant consequences, like the change of parity of the yrast HD bands
of 1**Nd and '**Nd, and the involvement of two negative-parity neutron intruder orbitals in the configurations of
most HD bands. The present experimental results and their theoretical interpretation represent an important step
forward in the understanding of the second-minimum excitations in the Nd nuclei.

DOI: 10.1103/PhysRevC.100.054319

I. INTRODUCTION

Superdeformed (SD) and highly deformed (HD) bands in
the A = 130 mass region were actively studied until 10-15
years ago using high-efficiency Ge-detector arrays for y-ray
detection. The interest in studying these high-spin bands was
to understand the superdeformation in the A = 130 mass
region, where two types of bands have been identified: HD
bands in Nd nuclei involving only neutron intruder orbitals
v(i13/2, f1/2, ho2) from above the N = 82 shell closure, and
SD bands in Ce nuclei which involve both neutron intruder or-
bitals and proton extruder orbitals 7 gg/, from below the Z =
50 shell closure, leading to larger deformation [1]. However,
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a very limited number of bands have been linked to low-lying
states, mainly in the Nd nuclei, in which the difference in
deformation between the HD and the normal-deformed (ND)
bands B5P — BYP ~ 0.3-0.15 is lower than in the Ce nuclei

5D — NP ~ 0.4-0.15, and consequently the barrier between
the HD and ND minima is lower than that between the SD and
ND minima. This was the experimental reason why the bands
in the Ce nuclei have been called superdeformed. In addition,
there is also a theoretical reason, related to the presence
of holes in the 7 g9/, orbital in the assigned configurations,
which is possible at large deformation, like in the SD bands
of the A = 150 mass region [1]. Fourteen SD bands have
been identified in the Ce nuclei from '*Ce to **Ce [2-10].
None of these bands was linked to low-lying states. This
prohibited for a long time definite configuration assignments
to the bands. Transition quadrupole moments of several bands
have been measured in Ce nuclei [2,11-16]. The most recent
experimental results on the SD bands of '*3Ce and '3*Ce have
been published in Refs. [17,18].

In the Nd nuclei, the HD bands involve at least one vij3,;
intruder orbital, which induces a higher deformation than
that of the bands built on neutron orbitals located below
the N = 82 shell closure. In the light Nd nuclei, which are
highly deformed already in the ground state, the occupation
of the viy3 {2[660]1/2 intruder orbital was proposed for one
band of '*Nd, which is the lightest Nd nucleus known

©2019 American Physical Society
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FIG. 1. Spectrum constructed by double gating on all observed
transitions of band HD of *’Nd. The new in-band (decay-out) tran-
sitions are marked with red (magenta) labels, while the previously
known in-band (decay-out) transitions are marked with blue (green)
labels, respectively.

spectroscopically [19]. However, an alternative configuration
involving the v(sy/2, d3/2)[411]1/2 orbital was also proposed
for the same band [20]. The presence of the deformation
driving vi;3/, intruder orbital was also observed at high spin
in one band of '**Nd [21]. HD bands developed over extended
spin ranges and solid configuration assignments have been
identified in Nd nuclei between '*’Nd and **Nd [21-40].
Transition quadrupole moments have been measured for HD
bands of '*Nd [27,28,41], *Nd [12], Nd [12,28,42], and
BN [27,43].

The present work was triggered by the new results obtained
from a high-statistics JUROGAM 1I experiment [44-49],
which allowed us to extend the known HD bands of '*®Nd
and "*’Nd at lower and higher spins and to identify three
new HD bands in '**Nd. The HD bands of '**Nd, '3*Nd, and
137Nd nuclei are interpreted in the framework of the cranked
Nilsson-Strutinsky (CNS) model [50-52]. We included in the
present work the analysis of the HD bands of '3**Nd because
they are all linked to low-lying states and therefore have firmly
established spins and parities. Their consistent interpretation
can therefore give a solid starting point for the analysis of the
HD bands in the neighboring **Nd, in which four bands are
not linked to low-lying states. The HD bands of '**Nd and
136Nd which are linked to low-lying states are well reproduced
by the calculations. The energies, spins and parities of the HD
bands which are not linked to low-lying states are adjusted to
be in agreement with the lowest excited CNS configurations
in the high-spin region. The proposed interpretation suggests
the involvement of two v[541]1/2 negative-parity intruder
orbitals, leading to positive parity, which is different from the
previously reported negative parity of the yrast HD bands of
134Nd and '*Nd, and represents a consistent description of
the HD excitations in the second minimum of the Nd nuclei.

II. EXPERIMENT AND RESULTS

High-spin states in '**!'3’Nd were populated using the
10Mo + “OAr reaction and a 152-MeV beam of “CAr, pro-
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FIG. 2. Spectra constructed by double gating on the observed
transitions of the bands HD of '**Nd: (a) and (b) bands with as-
signed positive parity; (c)—(e) bands with assigned negative parity.
The previously known transitions are marked with blue labels, the
new transitions marked with red labels, while the coincident ND
transitions are marked with black labels.

vided by the K130 Cyclotron at the University of Jyviskyld,
Finland. The target consisted of a self-supporting enriched
1Mo foil of 0.5 mg/cm? thickness. The '3Nd and '*°Nd
nuclei were the most strongly populated in the reaction, with
cross sections of around 100 mb each. The *’Nd nucleus
was populated with a lower cross section of around 2 mb.
A number of 5.1 x 10'? threefold and higher prompt y-ray
coincidence events were accumulated using the JUROGAM
IT array. The events were time-stamped by the Total Data
Readout (TDR) data acquisition system [53], and sorted using
the GRAIN code [54]. Fully symmetrized, three-dimensional
(E,-E,-E,) and four-dimensional (E,-E,-E,-E,) matrices
were analyzed using the RADWARE [55,56] analysis package.
A double-gated spectrum of band HD of '*/Nd is shown
in Fig. 1. Double-gated spectra of the three new HD bands
HD-2, HD-4, and HD-5 of '*Nd are shown in Fig. 2, together
with double-gated spectra of the previously know HD bands
(HD1 and HD3 in the present work). The partial level schemes
of *Nd and '’Nd and the table with the experimental
information on the new transitions are given Figs. 3 and 4.
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FIG. 3. Partial level scheme of '**Nd showing the HD bands.

054319-3

HD
(117/2)

(1977)

_i113*
1909

_ Moo+

1813

_ l1osi2+

1827

_L1orzr

_ozrr

1683

193/2+

1594

_{sger

_{ssr

s

1363

7z

_zanr

_{eoi2+

_{esrer

_ st

Nd 1050

_ys72*
| 53/2+

| 49/2+

| 4572+

e | = | o |
g2

41/2+

~
N
5}

| a7/2+

2
3

| 3372+
| 29/2+

| 2572+

1010 2
707

| 8018984 +
— /2
19/2 f

i 17/2- §328

883

a I 70,6 794
15/2 130
669

582

924
21/2 779
2]
19

11/2-

FIG. 4. Partial level scheme of '*’Nd showing the HD band.



C. M. PETRACHE et al.

PHYSICAL REVIEW C 100, 054319 (2019)

TABLE I. Experimental information including the y-ray ener- TABLE 1. (Continued.)
gies and the spin-parity assignments to the observed states in '**Nd
and "/Nd. (The error on the transition energies is 0.2 keV for y-ray energy E; (keV) JE = JF
transitions below 1000 keV, 0.5 keV for transitions above 1000 keV, :
and 1.0 keV for transitions above 1200 keV.) 1194.0 16311.0 (367) — (347)
1252.9 17563.9 (387) — (367)
y-ray energy E; (keV) Jiﬂ N J}r 1320.4 18884.3 (407) — (387)
1390.3 20274.6 (427) — (407)
Band HDI1 of '**Nd 1464.8 21739.4 (447) — (427)
656.8 7687.8 19%) — (171 1542.7 23282.1 467) —> (44)
717.1 8404.9 21%) — (19%) 1626.4 24908.5 (487) > (467)
795.2 9200.1 (23%) = (21%) 136
857.4 10057.5 (25%) = (23%) Band HD5 of “"Nd B )
919.4 10976.9 (27+) — (25%) 690.5 8890.5 217) — (197)
983.6 11960.5 (29+) = (27 7904 9680.9 (237) > (217
1050.1 13010.6 (31+) = (29 844.2 10525.1 (257) > (237)
1117.8 141284 (33+) - (317 o175 114426 (277) —> (257)
1186.5 15314.9 (35+) — (334 9339 12396.5 (297) — (277)
12562 16571 1 375 — (35%) 1000.3 13396.8 (B17) > (29)
1326.9 17898.0 (39+) — (371 1058.1 14454.9 (33_) — (31_)
1400.5 19298.5 (41) — (39) 1132.5 15587.4 (357) > (337)
1479.2 207777 (43+) — (417 1218.5 16805.9 (377) > (357)
1561.1 223388 (45+) — (437) 1312.0 181179 (397)~ (77)
1646.8 23985.6 (4T+) = (45 1407.3 195252 (@17) > (397
1732.4 25718.0 (49+) — (47 1507.2 210324 (437) — (417
1841.9 27559.9 (51%) — (49*) 1608.4 22640.8 (@57) —> (437)
1720.5 24361.3 (477) > (457)
Band HD2 of 136Nd Band HD of 137Nd
;2? 2;333 831; : E;g:; 625.8 4883.1 29/2+ — 25/2+
810.1 9709.8 24%) - (22°) 634.9 5518.0 33/21 — 29/21
873.8 10583.6 (26+) — (24 678.7 6196.7 37/2¢ — 33/2*
938.4 11522.0 (28+) = (26") 7419 6938.6 41727 — 37/2°
996.5 12518 5 (30%) — (28%) 802.6 7741.2 45/2+ — 41/2+
1047.2 13565.7 (32+) = (30%) 8615 8602.7 49/27 — 45/2°
1137.5 14703.2 (34%) = (321) 920.5 9523.2 53/2" —~49/27
1217.8 15921.0 (36%) — (34+) 984.1 10507.3 57/2+ — 53/2+
1294.5 17215.5 (384) — (36%) 1050.1 11557.4 61/2+ N 57/2+
1368.9 18584.4 40+) = (38 1115.5 12672.9 65/2+ N 61/2+
1445.2 20029.6 42%) - (40 1178.0 13850.9 69/2+ — 65/2+
1525.7 21555.3 (44+) — (42%) 1238.7 15089.6 73/27 — 69/2
1601.4 23156.7 (461) = (447) 1298.9 16388.5 77/2" > 73/2"
1695.4 24852.1 (48%) = (461 1362.7 17751.2 81/2 —77/2¢
1808.5 Secens (50" > 48%) 1432.6 19183.8 85/2" —81/21
1906.9 285675 (52+) — (50%) 1509.8 20693.6 89/2% — 85/2
) : 1594.1 22287.7 93/2" — 89/2"
Band HD3 of **Nd 1683.3 23971.0 97/2% — 93/2*
825.1 11525.1 27°) = (257) 1770.0 25741.0 101/2* — 97/2*
908.9 12434.0 (297) - (277) 1827.0 27568.0 105/2% — 101/2*
1000.2 13434.2 (317) = (297) 1812.8 29380.8 109/2% — 105/2*
1079.4 14513.6 (337) — (317) 1909 31289.8 113/2% —109/2*
1152.5 15666.1 (357) = (337) (1977) 33266.8 (117/2%) — 113/2*
1222.7 16888.8 377)— (35)
1285.2 18174.0 (397) — (377)
1365.4 19539.4 (417) = (397) . . ' e
1442.1 20981.5 (437) = (417) The g)épenment?ll 1nfprmat10n on the observed states in "°°Nd
1508.5 22490.0 (457) = (437) and °'Nd are given in Table L.
1573.1 24063.1 (477) — (457) We observed five new levels (the highest one being tenta-
tive) which decay via the 1770, 1827, 1813, and 1909 keV
Band HD4 of Nd (and a tentative 1977-keV transition) on top of the HD band
11227 128227 (307) — (287) of ¥'Nd. A crossing is observed at spin around 105/2 %,
Hzgf B?T;g ((3?4%*)) : gg)) which is associated with a gain in alignment of a few units

of spin. A new transition of 625.8 keV has been identified at
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the bottom of the HD band, which now is based on the 25/2%
state at 4257.3 keV. Two new decay-out transitions have also
been identified (see Fig. 4): 1475.6 and 1629.0 keV from the
29/2% and 25/27 states of the HD band, to the 25/2" state at
3411 keV and the 23/2" state at 2631 keV, respectively [38].
The highest transition of band HD yrast of '**Nd (HDI
in the present work) of 1815 keV reported previously [37]
is not observed; we observed instead one new transition of
1842 keV on top of the band. The excited HD band reported
previously [35] (HD3 in the present work), has been extended
to lower spins by one transition of 825 keV. The highest
1525-keV transition of band HD3 reported previously is not
observed in the present data. We observe two new transitions
of 1509 and 1573 keV on top of band HD3. Three new HD
bands (HD2, HD4 and HDS5) are identified in the present
work. The intensities of the bands normalized to the relative
intensity of band HD1, which is around 1%, are 0.3% for
HD?2, 0.2% for HD3, 0.03% for HD4, and 0.13% for HD5.

III. BAND STRUCTURE ANALYSIS

In the CNS formalism, the nucleus rotates about one of its
principal axes and pairing is neglected. The deformation is op-
timized for each configuration. The configurations are labeled
by the number of particles in low-j and high-j orbitals, in the
different A shells. They can be defined relative to a '¥2Sn core
as

mw(dg)” (hi12)"?v[(dg)(sd)™" (hi12) " (hf)" (i13/2)™,

for which the short-hand notation [p pa, nin2(n3ng)] is used.
The pseudospin partners ds;»g7,2 (dg) and s1/2d3,2 (sd) are
not distinguished in the CNS formalism. Note that all particles
are listed and not just those considered as active (unpaired).
Note also that the labels do not refer to the pure j shells, but
rather to the dominating amplitudes in the Nilsson orbitals.
For an odd number of particles in a group, the signature is
specified as a subscript + (¢ = +1/2) or — (@ = —1/2).
We will use the so-called Lund convention for the triaxiality
parameter y in relation to the main rotation axis, where for
the positive y shape, 0 < y < 60°, the rotation (x) axis is
the shortest principal axis, while for the negative y shape,
—60° < y <0, it is the intermediate principal axis. In the
present calculations the A = 130 parameters are used. They
are identical with the A = 110 parameters [57] in the valence
space, N = 4, 5, but with u increased from 0.34 to 0.40 for
neutrons in the N = 6 shell [58] in order to get the ij3/
neutron subshell at a lower energy and furthermore with p
increased from 0.52 to 0.60 for the higher proton shells,
N > 6.

In the present work we will also use the short no-
tation 56, which includes only the intruder orbitals
[(Whoy2/ f172)* (vi13/2)’]. In order to facilitate the understand-
ing of the configuration assignments, we include a neutron
single-particle Routhian diagram calculated for '**Nd at a
typical deformation of €, = 0.30, ¢4 = 0.016, and y = 0° in
Fig. 5. One can compare it with the similar neutron single-
particle Routhian diagram shown in Fig. 3(c) of [30], which
was calculated for **Nd at the same deformation using a
Woods-Saxon potential, and observe their resemblance. This

W
[\

W
—_

W
(=

N
o

0

Neutron single-particle Routhians (MeV)

ho (MeV)

FIG. 5. Single-particle neutron Routhians for *Nd calculated at
€, = 0.30, ¢4 = 0.016, and y = 0°. Signature and parity of the states
are as follows: black solid = (4, +1/2), black dashed = (4, —1/2),
blue dashed = (—, +1/2), blue dashed-dotted = (—, —/2). The
relevant orbitals for the present discussion are indicated as follows:
the neutron orbitals are labeled with the asymptotic Nilsson quantum
numbers, while the signature partners of the 7,3/, intruder orbital are
labeled with 6, and 6,.

gives us additional confidence in the configuration assign-
ments based on the present CNS calculations.

The present study is mainly devoted to the newly observed
HD bands of '**Nd. However, in order to qualify the proposed
theoretical interpretation based on CNS calculations, we first
calculated the neighboring '**Nd nucleus, in which all HD
bands have been linked to low-lying states and therefore have
firm energies and spins. We then calculated the HD configu-
rations of '**Nd and tried to obtain a coherent interpretation
of the HD bands in both '3*Nd and '**Nd. Finally we calcu-
lated the HD band of '*’Nd, investigating the origin of the
observed crossing at high spins. In the following we discuss
the obtained results and the configuration assignments, which
led us to achieve a new view of the excitations in the second
minimum of Nd nuclei.

The calculated results for all three nuclei '**Nd, '*°Nd, and
37ND are shown in Fig. 6, in which the experimental bands
are shown in panels (a), (d), and (g), the calculated bands are
shown in panels (b), (e), and (h), and the differences between
CNS calculations and the experimental bands are shown in
panels (c), (f), and ().

IV. DISCUSSION

The observed bands of '**Nd and their evolution at high
spin represent a unique set of HD bands which are all linked
to low-lying states, and therefore have experimentally deter-
mined excitation energies and spins. A comprehensive discus-
sion of all bands using the cranked Strutinsky approach based
on the Woods-Saxon potential including pairing interaction
has been reported in Refs. [29,30]. The present CNS calcu-
lations show that in the spin range / = 25A—40#, in which
the HD bands involve only one vij3/, intruder orbital, the
calculated deformations are nearly prolate and rather stable,
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CNS configurations of the HD bands of 134Nd, **Nd, and "'Nd.

with values decreasing slightly with increasing spins, from
(&2, ) ~ (0.32,4°) and (&;, y) ~ (0.28, 8°). The deforma-
tion of the bands involving two vij3, intruder orbitals, is, as
expected, larger at spin I = 404, i.e., (&2, y) =~ (0.34, 4°).

The high-spin part of the negative-parity band B2 of '3*Nd
(band 2 in Ref. [30]) above spin 27 has a 5%6' configuration
([64,65_(21)] in CNS notation), involving therefore three
neutron intruder orbitals. The positive-parity band B3 (band
3 in Ref. [30]), which involves a pair of A1/, protons above
10™, exhibits a smooth alignment of the A 2 and hg/» neu-
trons in the spin range I = 104-30#, increasing progressively
the deformation towards a HD shape, at which the succes-
sive occupation of the 6! and 6> orbitals through crossings
with the v[402]5/2" orbitals was experimentally observed.
In CNS notation, the two successive HD configurations 526!
and 526” of band B3 are [64,7_4(21)] and [64,84(22)],
respectively.

Differently from the bands B2 and B3 which evolve from
low-spin ND to high-spin HD configurations, the band HDY
(“HD yrast” in Ref. [30]) is observed only at high spins,
where the 6! intruder orbital is occupied. A configuration in-
volving the two opposite-parity orbitals vhg,/ f7/2 and vijz
([64,64(11)] in CNS notation) was assigned in Ref. [30],
suggesting therefore a negative parity for band HDY. How-
ever, in the CNS calculation this configuration is very non-
yrast and therefore can be safely discarded. The most nat-
ural configuration is [64, 7,4(21)], the signature partner of
the [64, 7_4(21)] configuration assigned to band B3 in the
corresponding spin region, which nicely reproduces the near
degeneracy of bands B3 and HDY, induced by the occupation
of the two degenerate signatures of the vds,,[402] orbital (see
Fig. 3 and Fig. 3(c) of Ref. [30]).

Band HDE (“HD excited” in Ref. [30]) decays via high-
energy transitions to positive-parity bands with even spins.
Most probably it has even spins, as assigned in Ref. [30], since
a spin lower by 17 would make it unrealistically non-yrast. At
low spins it is parallel and slightly more excited than band
HDY, suggesting the occupation of only one vij3/, intruder,
and therefore a 526! configuration ([64,7_4, (21)] in CNS
notation), which is identical to that assigned to band B3. At
this point we should remember that in the CNS formalism
the pseudospin partners ds;, and g7,, are not distinguished.
We can therefore propose the occupation of the vg7,,[404]
orbital in the configuration of band HDE. The energy of
the vg7,2[404] orbital is 0.5-1 MeV higher than that of
vds»[402] (see, e.g., Fig. 3 and Fig. 3(c) of Ref. [30]), which
well accounts for the higher excitation of band HDE relative
to the nearly degenerate bands B3 and HDY involving the
Vd5/2 [402] orbital.

We can therefore conclude that the CNS and the Total
Routhian surface (TRS) calculations for **Nd are in agree-
ment, except for the band HDY which is now interpreted as
signature partner of band B3.

The configurations assigned to the HD bands of '**Nd
involve only one vij3,; intruder over the entire observed spin
range, since no crossings are observed at high spins, as in
the case of '**Nd. The missing crossings are nicely explained
by the calculated deformations, which, differently from those
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TABLE II. Experimental information and configuration assignment for the HD bands of Nd nuclei. The intruder orbitals vi;3,, and

v(hoy2, f7/2) are labeled as 6! or 5!, respectively.

HD band E, MeV) Spin range J® (B*/MeV) 0, (eb) [Ref.] Configuration [Ref.]
]28Nd
Band 2 2.227 7-21" 25 — 60 5'6' [19] or
V411]1/2[52317/2 [20]
]29Nd
Band 4 (¢« = 1/2) ~5.5 ~20.57-34.5" 6' [21]
130Nd
Band 5 ~3.0 ~117-29~ ~60 5'6' [22]
131Nd
Band 5 4.163 16.5t-20.5* ~60 6! [23]
12N
HD-1 5.673 177-43~ ~60 6'[52317/2~ [24]
HD-2 6.164 18T—42+ ~60 6'[41 111/2% [24]
HD-3a 6224  (17,18)"— (43, 44)* ~60 6'[402]5/2* [24]
HD-3b 6.590 (18,19)7— (42, 43)" ~60 6'[402]5/2% [24]
13N
Band 5 2.028 8.57—44.5% ~60 ~6[27,28,41] 6' [25]
]34Nd
HD-yrast 6.303 17--43~ ~60 ~6.8 [12] 56! [29] — 5%6!
HD-excited 6.834 18T—40* 55 ~6.4 [12] 6% [402]5/2 [29] — 5%6!
Band 2-high 10351 27— 43 ~50 6![52317/2 [30] — 5%6'
Band 3-high-1 12.951 32+t-40* ~60 ~6.1[12] 6]1[402]5/2 [30]— 5267
Band 3-high-2 19.535 42144+ 6% [30] — 5%6*
135Nd
SD 3.323 12.57-38.5" ~60 ~7.3[12,42], =5.7 [28] 6' [33]
136N
HD-1 7.031 17+=51* ~60 526' [present work]
HD-2 7.420 18F-52* ~60 526! [present work]
HD-3 ~93 25-—47- ~60 526' [present work]
HD-4 ~10.3 28" —48~ ~60 526' [present work]
HD-5 ~17.5 19--47- ~40 5'6' [present work]
137Nd
Band 9-low 4.885 14.57-28.5+ ~60 (5.2 — 2.7) [43], 4.0 [27] 6' [38]
Band 9-medium 4.885 28.57-52.5* ~60 (5.2 —2.7)[43],4.0 [27] 5%6' [38,43]
Band 9-high 27.575 52.5-58.5F ~50 5267 [present work]
138Nd
HD ~10.5 ~26+- 48+ ~60 5267 [40]

of 13*Nd, decrease with increasing spins from &, 2 0.30 to
& ~ 0.25, associated with a significant increase of triaxiality
from y & 5° to y &~ 25° in the spin range I = 15A-50A. This
calculated softness of '**Nd in the y direction, which is also
present in the HD band of the odd-even neighbor '*/Nd (see,
e.g., Ref. [43] and Fig. 5 of Ref. [47]), is the reason why no
sharp crossings are observed up to very high spins, since the
decreasing quadrupole deformation pushes the crossings of
the vij3,, intruder orbitals with the vds,»[402] and vg7/,[404]
ones at higher rotational frequencies (see Fig. 3).

Band HDI of **Nd has been previously linked to low-
lying states [36], and therefore has firmly established exci-
tation energies and spins. The negative parity was assigned
based on TRS calculations which suggest the 5'6! configura-
tion. The present experimental data and CNS calculations sug-
gest instead a 526! ([64,5_4(21)] in CNS notation) positive-

parity configuration, which has a minimum at / ~ 47/ in the
(E — E,;q) versus I plot, clearly higher than those of the 5'6!
configurations at I ~ 407 [see Fig. 4(e)]. As the [64, 5_4(21)]
configuration is nearly degenerate with its signature partner
[64, 5.4(21)], we adjusted the energies and spins of the newly
observed band HD2, second most intense populated in the
reaction, to get it nearly degenerate with band HD1. In these
conditions, band HD2 has a pattern strikingly similar to that
of band HD1, inducing us to assign the 526! ([64, 5_ ,4(21)]
in CNS notation) configurations to bands HD1, HD2.

The previously observed excited HD band (HD3 in the
present work) is confirmed, and a new band, HD4, is observed.
HD4 can become nearly degenerate with HD3 if one adjusts
adequately their energies and spins. The resulting nearly
degenerate pair (HD3, HD4) has a E — E,;; minimum at spins
definitely larger than those of the (HD1, HD2) pair, suggesting
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thus configurations with a larger number of occupied high-j
orbitals. Scanning among the possible candidates, it became
clear than the configurations with one additional neutron-
hole in vhyy/, lead to minima in the E — E, ;4 plot at higher
spin, inducing us to assign the 526! ([64, 45_ 41(21)] in CNS
notation) configuration to bands HD3, HD4.

Band HDS5 has a different pattern than the other HD bands
of '3Nd, presenting an E — E,;; minimum at lower spin of
around 417. This suggests a configuration with a lower num-
ber of intruder orbitals, and the lowest suitable configuration
appears to be 5'6' ([64, 44(1,1)] in CNS notation).

The HD band of '*/Nd has been extended to higher spins
by five transitions, revealing the presence of a crossing at
spin around 105/2 . This is important, because it gives the
opportunity to evaluate the adequacy of the adopted A =
130 parameters for the Nilsson potential. As one can see in
Fig. 4(h), a crossing at spins around 96/2 /i between the 526!
and 5262 configurations is calculated, which can be associated
with the observed crossing at around 105/2 7. The difference
of ~4h between the observed and calculated crossing spins
is to be attributed to the adopted model parameters. In any
case, one can consider that a difference of the order of 10%
between the calculated and observed crossing spins is a good
agreement.

A global view of the experimental properties and the
configuration assignment for the HD bands in Nd nuclei is
given in Table II.

V. SUMMARY

Summarizing, we experimentally observed three new HD
bands in '3*Nd and extended the HD bands of '*°Nd and
137Nd to lower and higher spins by several transitions. The
new results are interpreted by extended CNS calculations
performed not only for the HD band of '**Nd but also for
those of '**Nd and '*’Nd, which are linked to low-lying states

and give a solid base to the interpretation of the HD bands of
136Nd. A consistent description of the HD bands is achieved,
which gives a new view of the single-particle excitations in
the second minimum of the Nd nuclei. The adequacy of the
CNS model to investigate the high-spin excitations in nuclei
is demonstrated, this time contributing to solve ambiguities
of the previous interpretations. The present results point to
the necessity to further pursue the investigation of HD bands
both experimentally, to firmly establish their energies, spins,
parities, and quadrupole moments, and theoretically, to con-
firm, through different self-consistent approaches, the newly
proposed interpretation.
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