PHYSICAL REVIEW C 108, 014317 (2023)

High-K three-quasiparticle isomers in the proton-rich nucleus '*’Nd
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Three three-quasiparticle isomers, one at an excitation energy of 2.3 MeV with T;,, = 0.48(4) us, and two
shorter-lived with unknown half-lives at slightly lower energies have been identified in *’Nd using the MARA
+ JUROGAM 3 setup and the recoil tagging technique. All three isomers present decay patterns characteristic
of high-K isomers. The known 6.7 s B-decaying isomer previously assigned to the 5/2% level is now assigned to
the new 7/2~ ground state. A new low-spin 5/2% isomeric state with a half-life of a few tens of nanoseconds has
been identified, while a previously known 2.6 s B-decay activity was assigned to the band head of the v1/27[411]
band. The transitions depopulating the high-K isomers to low-lying states also establish the relative energies of
three low-lying one-quasiparticle bands, leading to a new spin-parity assignment of 7/2~ to the ground state of
12Nd. The partial half-lives of the depopulating transitions suggest spin-parities 21/2*, 19/2+, and 17/2* for
the three high-K isomers. The properties of the band built on the 21/2" isomeric state suggest a one neutron-two
proton configuration. Based on the results of extensive calculations with different models, we also assign one
neutron—two proton configurations to the 19/2% and 17/2" isomeric states. The assigned configurations of the
17/2% and 21/2% isomeric states involve the 779/27[404] orbital, which is identified in three-quasiparticle bands
of proton-rich A ~ 130 nuclei.
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I. INTRODUCTION

Exploring and extending the nuclear chart towards the
limits of stability is one of the main endeavors in nuclear
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structure. Experiments devoted to the study of extremely
proton-rich nuclei by employing radioactive and stable-ion
beams, as well as powerful setups composed of recoil mass
spectrometers or projectile fragment separators, with high-
efficiency arrays for detection of y rays and charged particles
at the entrance and at the focal plane of the spectrometers.
A wide field of investigation remains yet unexplored with
stable projectile-target combinations using newly developed
instruments which have much higher sensitivity. Such studies
with stable-ion beams have been recently performed with the
MARA + JUROGAM 3 setup [1-3] in the A & 120 mass
region, revealing extremely rich band structures in the light
119.120B3 and '"11°Cs nuclei, and phenomena unexpected
in this mass region, like shape coexistence, chiral bands, or
octupole correlations [4-9].

The present experiment, devoted to the study of nuclei
with Z > 56, reports the discovery of three high-K isomers,
one low-spin isomer, and a new spin-parity assignment to the
ground state in ?’Nd. From the comparison of the experi-
mental data with configuration-constrained potential energy
surfaces (CC-PES) [10], projected shell model (PSM) [11],
and particle number conserving cranked shell model (PNC-
CSM) [12] calculations, we assign one neutron—two proton
configurations to the high-spin isomers, two of them involving
the w9/2%[404] orbital. These are the first reported multi-
quasiparticle high-K isomers involving the w9/2[404] orbital
in A ~ 130 nuclei, which previously were only observed in
one-quasiparticle bands close to the ground state of odd-even
and odd-odd nuclei like the neighboring Pr nuclei (see, e.g.,
[13]), and in odd-even nuclei just above the Z = 50 closed
shell [[14-21]. No high-K isomers are known in the well-
studied Nd nuclei with N < 73 [22-27], while high-K isomers
with spins 8~ and 7~ built on two-neutron configurations
are known in N = 74 and N = 72 isotopes, respectively (see,
e.g., [28]). The '’Nd nucleus was previously investigated
using the 2Mo(*°Ca, a2 pn) fusion-evaporation reaction [29]
and the B decay of '*Pm [30]. Four rotational structures
observed up to very high spin have been identified in Ref. [29],
and configurations have been assigned based on the mea-
sured B(M1)/B(E?2) ratios, aligned angular momenta, band
crossings and signature splitting, and cranked shell model
calculations. A 2.3 s isomer was identified by bombarding a
%Ru target with a **Ar beam and using helium-jet fast tape
transport system to measure the 8 decay of '*Pm [30].

II. EXPERIMENTAL DETAILS AND RESULTS

In the present work, highly excited '*?Nd nuclei have been
produced using the *Ni("*Kr, «2pn) fusion-evaporation re-
action. The "®Kr beam was provided by the K130 Cyclotron
at the University of Jyviskyld, Finland. The target was a
750 ug/cm? thick self-supporting foil of enriched **Ni. Two
experiments have been performed. One without JUROGAM
3 to search for B-delayed proton emitters, lasting for 10 d
with several beam energies between 340 MeV and 370 MeV,
and a second one lasting 4 d, in which JUROGAM 3 was
added and the beam energy of 364 MeV was optimized for
the production of ?Nd. The in-flight double-focusing recoil
mass separator MARA [1,31] was tuned for mass 133 for

the low beam energies (half of the beam time), allowing the
observation of mass 129 which fully overlapped with mass
133 due to an A/q ambiguity. The flight time of the recoils
from target to the implantation point is ~450 ns. At the target
position, the particle detector array JY UTube consisting of 96
separate scintillator detectors with SiPM (silicon photomulti-
plier) readouts was used for charged particle identification. In
the second experiment in which the beam energy of 364 MeV
was optimized for 'Nd, the MARA separator was tuned for
mass 129, with the aim to search for the prompt y rays which
feed the isomeric states in >’ Nd using the recoil gated isomer
tagging technique. Prompt y rays were detected at the target
position using the JUROGAM 3 germanium-detector array
consisting of 24 Euroball clover [32] and 15 Eurogam Phase
I-type [33] escape-suppressed detectors, with an efficiency of
~5% at 1.3 MeV. The clover detectors were arranged symmet-
rically relative to a plane perpendicular to the beam direction
(12 at 75.5° and 12 at 104.5°), while the Phase I detectors were
placed at backward angles with respect to the beam direction
(five at 157.6° and ten at 133.6°). JYUtube was not in use.

The fusion-evaporation residues were separated as a func-
tion of A/q and identified using the MARA separator. At
the focal plane a position-sensitive multiwire-proportional
counter (MWPC) was used to obtain A/qg spectra. Part of the
time a double-mass slit system was used to allow only two
charge states of a given mass to be transported into the im-
plantation detector, a 300 um thick double-sided-silicon-strip
detector (DSSD) placed 40 cm behind the MWPC. Behind
the DSSD a second layer of silicon detectors (500 um thick)
is used to veto punch-through events. The time of flight (ToF)
between the MWPC and DSSD is recorded. The ToF and the
recoil energy deposited in the DSSD were used to distinguish
between fusion recoils and scattered beam. Five clover germa-
nium detectors surrounding the MARA focal-plane detection
system were used to detect y rays emitted from long-lived
isomeric states and daughters of the 8 decays of the implanted
recoils. All detector signals were recorded by the triggerless
total data readout (TDR) data acquisition system, and time
stamped by a global 100 MHz clock, which allowed the es-
tablishment of both temporal and spatial correlations between
recoils and events obtained with the remaining detectors of the
focal plane and of the JUROGAM 3 arrays [2,34].

The data were sorted into coincidence yy matrices and
yyy cubes, and analyzed using the GRAIN [35] and RADWARE
[36,37] packages. In the first part of the analysis new delayed
transitions in coincidence with low-lying transitions already
known in the one-quasiparticle bands of '“?Nd were identified
at the focal plane. Then in the second part, y-, and recoil-gated
prompt spectra measured in JUROGAM 3 were constructed
to identify transitions above the isomers. The multipolarities
and the mixing ratios of the newly identified y -ray transitions
were established based on angular correlations data.

Figure 1 shows a partial level scheme of '2Nd, with the
previously known bands [29] drawn in black, and the new
transitions drawn in red. Three high-K isomeric states have
been identified, with excitation energies of 1893, 2109, and
2284 keV, and spin-parity assignments of 17/2%, 19/2%,
and 21/2%, respectively, discussed in the following. The
prompt-delayed y y coincidence spectrum of Fig. 2, obtained
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FIG. 1. Partial level scheme of '*’Nd showing the isomer and its decay towards the low-lying states. The new transitions are drawn in red,
while transitions reported in the previous work of Zeidan et al. [29] are indicated in black. The levels with isomeric character are drawn with
thick lines. Excited levels in Band 1 up to energies similar to the highest ones observed in Band 5 are included for comparison. The Nilsson
configurations assigned to the bands in Ref. [29] are also indicated. The insert shows a zoom of the low-spin part of Bands 3 and 4.

by gating on the 848-keV transition depopulating the 2284-
keV, 21/2% state and on the 551-keV transition of Band 4
detected at the MARA focal plane, shows a series of prompt
transitions which have been grouped in the newly observed
Band 5. Spectra of delayed transitions measured at the MARA
focal plane, obtained by gating on transitions depopulating the
21/27" isomeric state and presenting transitions in the lower
part of the known one-quasiparticle bands are shown in Fig. 3.
A singles y-ray spectrum, and a projection of the yy matrix
measured with the germanium detectors at the focal plane of
the MARA separator are shown in Fig. 4. They give an overall
view of the relative intensity of the transitions depopulating
the isomers, with the 848-keV transition being the strongest.
Figure 5 shows two focal plane spectra obtained from the

yy matrix by gating on the 175- and 391-keV transitions
which depopulate the 21/2% isomer to the lower-lying 19/2%
and 17/2% isomers, respectively. The nonobservation of the
transitions depopulating the 17/2% isomer in the spectrum
gated by the 175-keV transition indicates the missing 216-keV
connecting transition between the 19/2% and 17/27" isomers,
giving thus support to the assignment of very different config-
urations to the two isomers.

The experimental information on the transitions depopulat-
ing the three high-K isomers is given in Table 1.

The half-life of the 21 /2" isomeric state has been extracted
from the summed time spectra between the DSSD and the ger-
manium detectors at the focal plane of MARA, by gating on
the strong and clean 848- and 551-keV transitions. A value of
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TABLE L. Energies (E, ), spin and parity assignments (/7 — I7), relative intensities (7, ), and mixing ratios (§) of the A/ =1 transitions
in Band 5 above the K™ = 21/2% isomer, as well as the Weisskopf hindrance factors log Fyy of the transitions depopulating the 21/2" isomer.

E,(keV)* II = I7 T,° ) log Fy

Band 5

250.6 (23/2%) — (21/2%) 100 0.32(7)

274.0 (25/2%) — (23/2%) 61(3) 0.43(16)

297.7 (27/2%) — (25/2%) 38(3) 0.32(6)

321.5 (29/2%) — (27/2%) 33(3) 0.38(13)

345.2 (31/2%) — (29/2%) 19(3)

368.1 (33/2%) — (31/2%) 20(3)

391.1 (35/2%) — (33/2%) 11(2)

413.5 (37/2%) — (35/2%) 14(2)

4323 (39/2%) — (37/2%) 5(2)

523.9 (25/2%) — (21/2%) 31(4)

571.7 (27/2%) — (23/2%) 32(4)

619.2 (29/2%) — (25/2%) 37(4)

666.7 (31/2%) — (27/2%) 42(4)

713.8 (33/27) — (29/2%) 40(4)

758.7 (35/2%) — (31/2%) 39(4)

804.7 (37/2%) — (33/2%) 37(4)

844.1 (39/2%) — (35/2%) 31(4)

890.4 (41/2%) — (37/2") 38(4)

937(2) (43/2%) — (39/2%) <10

959(2) (45/2%) — (41/2%) <10

978(2) (47/27) — (43/2%) <10

1018(2) (49/27) — (45/2%) <10

Decay out from the 21/2% isomer

175.3 (21/2%) — (19/2%) 15(2) 1.56(7)
391.0 (21/2%) — (17/2%) 20(2) 3.29(8)
536.7 (21/2%) — 19/2* 3(1) 7.70(2)
796.0 (21/2%) — 17/2+ 6(1) 5.62(18)
847.8 (21/2%) —» 17/2+ 49(3) 4.47(5)
1049.8 (21/2%) - 19/2~ 7(1) 10.50(9)
Decay out from the 19/2% isomer

565.8 (19/2%) — 21/2~ 24(2)

671.7 (19/2%) — 17/27F 19(2)

954.5 (19/27) — 15/2* 22(2)

1138.4 (19/2%) — 17/2~ 35(2)

Decay out from the 17/2% isomer

659.4 (17/2%) — 19/2~ 25(2)

739.8 (17/2%) — 15/2* 12(2)

822.9 (17/2%) — 15/2~ 15(2)

924.5 (17/2%) — 17/2~ 16(2)

1009.1 (17/2%) — 13/2+ 10(2)

1183.5 (17/2%) — 15/2~ 22(2)

“The uncertainty on the transition energies is 0.2 keV for transitions below 1000 keV, and 0.5 keV for transitions above 1000 keV, except when

indicated differently.

bRelative intensities corrected for efficiency, normalized to the intensity of the 250.6 keV transition for Band 5, and to 100% for the transitions
depopulating each of the three isomers. The transition intensities were obtained from a combination of the total projection and gated spectra.

Ti» = 0.48(4) us has been determined from the fit of the time
spectrum with two exponential functions, the one with long
half-life being necessary to account for random coincidences

(see Fig. 6).

Six transitions depopulating the 21/2% isomeric state have
been identified: four of 537, 796, 848, and 1050 keV to Bands
1, 3 and 4, and two of 391 and 175 keV to the 17/2% and
19/2% isomeric states, respectively, which in turn decay to
low-lying states of Bands 1 and 4 via ten transitions of 566,

659, 672, 740, 823, 924, 955, 1009, 1138, and 1183 keV (see

Fig. 4).

III. DISCUSSION

A. Spin-parity and configuration assignments to the isomers

One of the key issues is the assignment of spins and parities
to the observed isomers. This was done by analyzing the
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FIG. 2. Spectrum of y rays of Band 5 built on the 21 /27 isomeric
state measured at the target position of the JUROGAM 3 array,
obtained by employing the recoil gated isomer decay tagging tech-
nique on the 848-keV transition depopulating the isomer and on the
551-keV transition of Band 4 detected by the germanium detectors
at the MARA focal plane.

observed decay out patterns of the isomers, including the
log Fyy [38] values of the depopulating transitions, the single-
particle aligned angular momentum i,, kinematic moment
of inertia JI), and total angular momentum on the rotation
axis J, of the band built on the 2284-keV isomeric state
(see Fig. 7). In addition, the assumption widely employed
in the high-spin region of well-deformed nuclei that the
spin increases with increasing excitation energy is adopted.

848 keV

T T
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T A T *
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My bk M
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LA 1 T
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
Energy [keV]

FIG. 3. yy-coincidence spectra of the delayed transitions mea-
sured at the MARA focal plane when gating on the (a) 848-keV,
(b) 537-keV, and (c) 1050-keV transitions depopulating the 21/2%
isomeric state. The 267- and 439-keV transitions in (b) are due to
the feeding by the delayed 796-keV transition of the 17/2% level
of Band 3, which subsequently decays via the 535-keV transition,
contaminating thus the 537-keV gate.
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FIG. 4. (a) Singles y-ray spectrum and (b) projection of the yy
coincidence matrix measured with the germanium detectors at the
MARA focal plane, showing the ensemble of transitions depopulat-
ing the high-K isomers and the states of Bands 1, 3, and 4 of '*Nd.
The energies of the unlabeled transitions indicated with red lines are
given in the text.

Figure 7 shows the experimental single-particle aligned angu-
lar momenta of the bands built on the 21/2F isomer in '>’Nd
and on the 8~ isomers in the N = 74 nuclei, the kinematic
moment of inertia J, and the total angular momentum on
the rotation axis J, of the one-quasiparticle Band 1 and of
the three-quasiparticle Band 5 built on the 2284-keV isomer.
Based on the lowest and highest spins of the states fed by the
isomers, we concluded that their spins have to be between
17/2 and 21/2. The spin-parity of the 2284-keV isomeric
state can be either 17/2%, 19/2%, or 21/2%. The 17/2% and
19/2~ assignments can be discarded because they would lead
to transitions increasing spin by 17 for the 17/2% assignment
(17/2% — 19/2% to Band 4 and 19/27 — 21/2~ from the

2000
175 keV
@ 1500 T
5
3 1000 1
O
500 8 § b
0 J hﬂ :I " m’L i
1500 391 keV |
1]
S 1000
[e]
O ‘
500 i N
T
ol i N Ik - ol
800 1000 1200

Energy [keV]

FIG. 5. Focal plane spectra from yy coincidences gated on the
175- and 391-keV transitions from the 21/2" isomer, showing the
depopulating transitions of the 19/2% and 17/2% isomers to states of
the Bands 1, 3, and 4. Contaminating transitions are indicated with
asterisks.
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FIG. 6. Time spectrum and its fit with two exponentials from
which the half-life of the 21/2" isomeric state was determined. The
spectrum is obtained with a start given by the recoils detected in the
DSSD, and the stop given by the 848-keV transition depopulating
the isomer and the 551-keV transition of Band 4 detected by the
germanium detectors at the MARA focal plane.

2109-keV isomeric state to Band 1), or 2/ for the 17/27 and
19/2 assignments (15/2~ — 19/2% from the 1893-keV iso-
meric state to Band 4), which are unlikely in the de-excitation
of high-spin states.

The candidate configurations of the remaining 19/2%
and 21/2% possible assignments can be established from
the analysis of the single-particle alignment and crossing
frequency of the band built on the isomer. As one can see in
Fig. 7, Band 5 above the 2284-keV isomeric state consists
of two completely degenerate signature partners and has
iy & 1.5k, indicating the presence of only high-$2 orbitals in
its configuration. The up bend at a rotational frequency of
hw ~ 0.35 MeV observed in all one-quasiparticle bands of
129Nd (see Fig. 6 of Ref. [29] and in Fig. 7) and in the bands
built on the 8~ isomers with two-neutron configurations
of the N =74 isotones, all attributed to the alignment
of a pair of Ay, protons, is absent in Band 5. With the
(mhii2)* alignment being blocked, the configuration has
to involve one hyj, proton orbital, which can be either
w5/27[532] or w3/27[541]. For Z = 60 and &, ~ 0.3, the
Fermi surface is in the middle of the hj/» subshell where
the 7w5/27[532] Nilsson orbital is closest in energy, being
therefore favored. To establish the orbital occupied by the
second proton in the isomer configuration, we observe that
J of Band 5 is smaller than that of Band 1 above the up
bending, where two rotationally aligned Ay, protons are
present, suggesting that the second proton occupies a high-£2
orbital, like 79/2%[404] or 7w5/2%[413], which by having the
angular momenta perpendicular to the rotation axis have tiny
contributions to J. The neutron has to be placed
in a negative-parity orbital to get the positive parity
of the isomer, which can only be v7/27[523]. We
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FIG. 7. (a) Single-particle aligned angular momenta for the
bands built on the 21/2% isomer in '*’Nd and for the 8~ iso-
mers in the N =74 nuclei. The Harris parameters are J© =
147> MeV~" and J@ = 387* MeV~*for the N = 74 isomers, and
J© =38/ MeV~! and J® = 15* MeV > for the 21/2* isomer in
12Nd; (b) experimental kinematic moments of inertia J; (c) pro-
jections on the cranking axis of the total angular momentum J, for
Bands 1 and 5 of '*Nd.

therefore acknowledge two candidates for the three-
quasiparticle configuration of the 2284-keV isomeric
state,  {v7/27[523] ® 7w(9/2%[40415/27[532])}212+ and
{v7/27[532] @ (9/21[404]3/27[541])}19/2+-

From the analysis of the logFy values of the depopu-
lating transitions one conclude that both 19/2% or 21/2%
assignments nicely fits the systematics of the E2, M1, and
E1 transitions depopulating high-K isomers [38] for all
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transitions excepting the 175- and 391-keV ones. The 391-
keV transition has higher hindrance for both E2 and M1
characters, whereas the 175-keV transition has higher hin-
drance only for M1 character. The high hindrances of these
two transitions would be in agreement with the systematics
of the high-K isomers only if AK > 3, which would lead to
too low spins for the isomers that in turn would decay to levels
with spins higher by more than 27 than that of the initial states,
and therefore can be discarded. To explain the logFy values
of the 175- and 391-keV transitions we have to invoke the
presence of additional hindrances, which can be induced by
very different configurations or different deformations of the
isomers.

In order to further investigate the configuration of the
21/27" isomeric state, the mixing ratios of the Al =1 and
Al = 2 transitions depopulating a given state of spin / of
the band built on the isomer have been estimated from the
transition intensities employing standard formulas valid in
the approximation of an axially symmetric rotating nucleus
[39,40]:

8 2K2(2I = 1) E} T W
148 I+DU-1+K)UI-1-KET’
Qo s/ —1)

where § is the mixing ratio, E is the transition energy in MeV,
T is the y-ray transition intensity, and Qy is in units of eb.
The subscripts 1, 2 refer to Al = 1, 2 transitions, respectively.
The | § | values can be estimated from Eq. (1) by assuming a
certain K value, whereas the sign of § can be obtained from
the analysis of the angular correlations of the emitted y rays.
From Eq. (1) one obtains | § |~ 0.5. If the § values are posi-
tive, the (gx — gr)/Qo values are also positive for a prolate
shape [41]. To estimate gxg we can adopt a smaller gyro-
magnetic factor of gg = 0.3 than the rotational approximation
gr = Z/A = 0.46, as suggested by that recently observed ex-
perimentally for the 8~ high-K isomer in '*°Ba, for which
gr = 0.278(15) has been extracted instead of g = Z/A =
0.43 [42]. We can also adopt an intrinsic quadrupole mo-

ment of Qp = 5.5 eb corresponding to an axially symmetric
prolate shape with a deformation of 8, = 0.3, as suggested
by the calculations. With this adopted values, one obtains a
gyromagnetic factor of gx ~ 0.3 + (% ~ 0.53 for I = 12.5.
Very similar values are obtained for higher spins. This has
to be compared with calculated gx values for different three-
quasiparticle configurations, which are &0 for three-neutron
configurations, and &~ 41 for one neutron-two proton config-
urations. One can therefore conclude that the configuration
involving two protons is favored. This conclusion is also sup-
ported by the mixing ratios that could be extracted for the
251- and 298-keV transitions of Band 5, which are positive
and around 0.36f§3 (see Table I), in fair agreement with the
estimated absolute values extracted using the relations (1) and
(2). For an oblate shape such a conclusion is not valid, but,
as will be discussed in the following subsection, the oblate
configuration can be safely discarded, because the calculated
energy is too high and no minimum for an oblate shape is
calculated in the potential energy surfaces.

The spin-parity of the 1893-keV state is fixed as 17/2%
by the 391-keV populating transition from the 21/2% iso-
mer and the 1009-keV depopulating transition to the 13/2%
state of Band 4 which have to be E2 otherwise one tran-
sition would be Al =1 and the other one Al =3 which
is very unlikely. The spin-parity of the 2109-keV state is
fixed as 19/2% by the 955-keV transition to the 15/2% state
of Band 4, the 566-keV transition to the 21/2~ state of
Band 1, and the 175-keV transition from the 21/27 iso-
meric state. These assignments are also in agreement with
the results of the calculations described in the following
subsection. Very different configurations have to be chosen
for the 19/2" and 17/2% isomeric states, since no transition
has been observed between them. This can be realized if
we adopt the v7/27[523] ® 7(5/21[413]5/27[532]) config-
uration for the 17/2" isomeric state, which differs by two
proton and one neutron excitations from the v5/2%[402] ®
7(9/27[404]5/27[413]) configuration assigned to the 19/2"
isomeric state. Moreover, this configuration is similar to the
v7/27[523] ® w(9/2%[404]15/27[532]) configuration of the
21/27" isomeric state, from which it differs by one proton
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TABLEII. Calculated energies of the assigned configurations to the three high-K isomers. The configurations are given in terms of Nilsson
quantum numbers. The shape parameters (8, y) resulting form the CC-PES calculations, as well as the adopted quadrupole deformations &,
for the PNC-CSM and PSM calculations are also indicated. The approximate relation between 8, and &; is &, ~ 0.958,.

I EZP(keV) Configuration CC — PES (B, y) PNC-CSM (&,) PSM (g,)

21/2% 2284 v7/27[523]79/27[404]15/27[532] 2605 (0.31, —4°) 3272 (0.31) 2247 (0.35)
19/2% 2109 v7/27[523]79/27[404]13/27[541] 3016 (0.29, —6°) 4973 (0.29) 3195(0.35)
19/2% 2109 v5/27[402]79/27[404]15/2F[413] 3210(0.29, —8°) 3992 (0.29) 2786 (0.35)
17/2% 1893 v7/27[523]75/2%[413]15/27[532] 3044 (0.28,0°) 2421 (0.28) 2836 (0.35)
17/2% 1893 v5/27[402]79/27[404]13/2F[411] 2702 (0.30, 9°) 4658 (0.30) 3092 (0.35)

excitation, being thus in agreement with the observation of
the connecting 391-keV transition.

The 17/2% and 19/2% states at 1893 and 2109 keV,
respectively, have decay patterns similar to those of the 2284-
keV 21/2% isomeric state, suggesting high-K configurations
and isomeric character. Their half-lives could not be di-
rectly determined in the present experiment. For estimating
their half-lives, we analyzed the Weisskopf hindrance factors
log Fyy = log Tr—:/ of the depopulating transitions (7, is the par-
tial y-ray lifetime and 1y is the Weisskopf estimate), which
depend on the electromagnetic character of the transition and
increase nearly linearly with AK [38]. It was found that they
are compatible with high AK values ranging between 3 and
4 for half-lives of tens of nanoseconds, between 5 and 6 for
half-lives of a few hundreds nanoseconds, and between 6 and
7 for half-lives of a few microseconds, giving support to their
high-K nature. By imposing that the log Fiy values of the
depopulating transitions are in agreement with the systematics
[38], the best agreement was obtained for half-lives between
several nanoseconds and tens of nanoseconds for both iso-
mers. The decreasing half-lives of the three high-K isomers
21/2%, 19/2%, and 17/2% can be partially related to their
increasing energy relative to the yrast line.

The transitions from the isomer to the previously known
bands fix the absolute energies of Bands 1, 3, and 4, and at
the same time confirm the relative energies of Bands 3 and 4
established in Ref. [29]. A new 406-keV E2 transition from
the 9/2% state of Band 3 to the 5/2" band-head of Band 4
has been identified, which confirms the assigned relative spins
and positive parity of Bands 3 and 4 [29]. The present results
provide evidence that the ground state of '>Nd is 7/2~, the
band-head of Band 1, not 5/27, the band-head of Band 4, as
presently adopted by ENSDF [43]. We found that the 5/2%
band-head of Band 4 decays via two delayed transitions of 69
and 108 keV to the 3/2% state of Band 3 and the newly as-
signed 7/2~ ground state, respectively. These transitions have
been observed at the focal plane of MARA in coincidence
with the 848-keV transition depopulating the 21/2" isomeric
state, and also in delayed coincidence with the transitions of
Band 4 below the 19/27 state, the highest fed by depopulat-
ing transitions from the 21/2% isomeric state. However, they
were not observed in prompt coincidence with transitions of
Band 4 above the 19/2% level. This indicates that the 5/2+
band-head of Band 4 is isomeric, with a half-life of a few
tens of nanoseconds. An indirect confirmation of the isomeric

character of the 108-keV, 5/27 state is the nonobservation of
the 69-keV transition in the previous experiment of Zeidan
etal. [29], in which only prompt coincidences were measured.
In the present experiment we also used a thin target, but unlike
the Zeidan et al. experiment [29], we were able to observe
the delayed 69- and 108-keV transitions emitted at the focal
plane of the MARA separator due to the feeding of Band 4 by
transitions from the long-lived 21/2% isomeric state.

The lowest states of Band 3 with spins 1/2% and 3/2%
have excitation energies of 17 and 39 keV, respectively.
Their decays to the 7/27 ground state via low-energy E3
and M?2 transitions would be extremely hindered, they most
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FIG. 9. Results of PSM calculations [11] for Bands 1, 2, 3, and 4
of 1?Nd, adopting &, = 0.29 and &, = 0.02 taken from Ref. [45], in
comparison with the data of this work and those from Ref. [29].
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probably 8 decay with a half-life of 71, = 2.6's, as proposed
in Ref. [30].

Band 2 remains floating, as no connecting transitions from
the 21/2% isomeric state or to low-lying states have been
identified. As Band 2 is the weakest among the four one-
quasiparticle bands of '*Nd [29], it is unlikely that its band
head is close or lower than the 1/27%, 3/2% states of Band 3
towards it can decay. For this reason Band 2 is drawn in Fig. 1
more excited than the other bands.

Finally, it is worth noting that from the present experiment
we did not find evidence of the (7/27) isomer with half-life
of ~7 s proposed in the ENSDF compilation [43].

B. Theoretical calculations

In order to check if and to what extent the spin-parity and
configuration assignments to the newly identified isomers is
supported by various nuclear models, we performed several
calculations. The deformations and excitation energies of the
high-K isomers are summarized in Table II. The calculations
with the three models CC-PES, PSM, and PNC-CSM for
the v7/27[523] ® (9/27[404]5/27[532]) configuration as-
signed to the 21/2* isomeric state are shown in Fig. 8.

As will be discussed in the following, all three employed
models calculate the 21/2% state lower in energy than the
possible 19/2% and 17/2% states. Therefore, the natural

spin-parity assignment for the 2284-keV isomeric state is
21/2". However, one cannot simply discard the 19/2" as-
signment without justification. There are two possible 19/27F
configurations, v7/27[523] ® w(9/27[404]3/27[541]) and
v5/21[402] ® 7 (9/2%[404]5/2%[413]), which are calculated
by CC-PES using the Woods-Saxon potential in an inverse
order than that calculated by PSM and PNC-CSM using the
Nilsson potential (see Table II). We therefore have to analyze
two possible scenarios for the 19/27" assignment to the 2284-
keV isomeric state, one based on the order resulting from the
CC-PES and PNC-CSM calculations, and one based on the
order resulting from the PSM calculations. However, the E2
component of the 175-keV transition between the two 19/2%
configurations appears to be not additionally hindered in both
scenarios, even though it would connect states with very dif-
ferent configurations. The 19/2" assignment can therefore
be discarded. The higher hindrance of the 175-keV transi-
tion, if of M1 character, can be explained if one selects the
v5/27[402] ® 7 (9/21[404]5/2%[413]) configuration for the
19/2% isomeric state, which differs by both neutron and pro-
ton single-particle excitations from that of the 21/2% isomeric
state, leading to a low overlap between the wave functions
(see the following discussion), while the higher hindrance
of the 391-keV transition connecting states with configu-
rations involving proton orbitals with different deformation
driving forces (779/21[404] towards higher deformation and
75/2%[413] flat for prolate deformation) can be explained
by the calculated different deformations of the 21/2% (8, =
0.31) and 17/2% (B, = 0.28) states (see Table II). The 21/2"
assignment corresponds in fact to the maximum spin that
can be obtained with available orbitals around the proton
and neutron Fermi surfaces for a prolate deformation of &, =
0.3. In conclusion, we adopt the 21/2% spin-parity and the
v7/27[523] ® 7 (9/21[404]5/27[532]) configuration for the
21/2% isomeric state.

1. CC-PES calculations

First we performed CC-PES calculations to investigate if
the isomers are based on oblate shapes. No minimum was
found for oblate deformations for any configuration involving
proton and neutron orbitals close to the Fermi surface. We
therefore discarded the oblate shapes for the observed iso-
mers. All possible one-quasiparticle and three-quasiparticle
configurations involving orbitals close to the Fermi surfaces
for prolate deformations have been calculated, employing a
Woods-Saxon potential and Lipkin-Nogami pairing [10]. For
each quasiparticle configuration, the occupied orbitals were
fixed and the deformation parameters (8,, y, B4) were varied
in order to minimize the excitation energies. The neutron and
proton monopole pairing strengths were determined by the
average gap method [44]. The results of various one- and
three-quasiparticle configurations are summarized in Table
III. They all have nearly axially symmetric prolate shapes with
deformations between B, ~ 0.28 and S, ~ 0.32, and mod-
erate triaxialities between —8° and 15°. The lowest excited
one-quasiparticle configurations, normalized to the lowest cal-
culated one, are those assigned to Bands 1, 3, and 4: 0, 53,
and 153 keV for Bands 1, 4, and 3, respectively, being in
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TABLE III. Table with the results of the CC-PES calculations for different configurations involving orbitals around the neutron and proton

Fermi surfaces of '*Nd.

Nuclei Configurations B> y(°) Ba ES (keV)
12Nd-1qp v17[523] 0.304 0 0.002 0
u§+[402] 0314 0 0.017 53
[411] 0.309 0 0.010 150
2 *1413] 0.318 0 0.013 715
v% [541] 0.295 0 —0.004 1200
v% [404] 0.278 1 0.016 1509
v27[514] 0.279 0 0.018 3329
129Nd—3qp
L= [402] ®@ni [541]1® n [413] 0.271 0 —0.003 2701
Lo 1%1404] ®nf 15411 ® 721 [413] 0.267 8 0.002 3657
- 5+[402] ®7‘r—+[413]®n—_[532] 0.289 0 0.011 3122
2 vg (5231 @3 [413] ® 7r 411 0.272 1 —0.012 2629
Lo v— 523l vl [404] @viTain 0.289 0 0.029 1752
z- [402] @3 [404] @3 [541] 0.278 15 0.013 3209
v 4041 @ 72 [404] ® nf T[541] 0.287 12 0.028 3223
g vl [523] ®v3 [413] ® v T1404] 0.281 0 0.020 3325
L- [413] ®v3 [402] ®v3 [514] 0.289 0 0.021 5230
- 374021 @ v [404] ®vl [523] 0.279 0 0.028 2776
2o ug [523]® 73 [404] @i 411] 0.295 6 0.007 2751
2 vg 402l @ 73 [404] ®7t7 “[532] 0.317 6 0.020 2525
2 v% [404] @ 3 [404] ®7t7 [541] 0.287 12 0.028 3223
173* vg [402] @ 73 4131 ® 3 [411] 0.265 -5 —0.007 2993
%* v17[523]® rrf [541] @i T1413] 0.284 0 —0.012 2231
o v% (5231 @73 [413] ®n3 [532] 0.284 0 0.008 3044
17” v% [402] @ 73 [404] Qi 14117 0.301 9 0.016 2702
%* v% [523]® 73 [404] @i [541] 0.288 —6 0.000 3016
L 37402 @ 72 [404] ® 3 [413] 0.293 -8 0.013 3210
ar VIT[523] @ 73 T [404] ® 7t§ T[532] 0.310 —4 0.016 2605

good agreement with the experimental energies which are
in a narrow interval of ~100 keV. Band 2 is calculated to
be much more highly excited, at 1200 keV, which can thus
explain its lower intensity [29] and the lack of observed con-
necting transitions with the other bands. The v7/27[523] ®
(9/27[404]5/27[532]) configuration that we assign to the
21/2% isomeric state is calculated at 2.605 MeV, and has a
nearly axially symmetric prolate shape with 8, = 0.31 and
y = —4° (see Fig. 8(a). The three-quasiparticle candidate
configurations for the 17/2% and 19/2% isomeric states are
calculated at higher energies and slightly smaller deforma-
tions than those of the 21/27 isomeric state.

2. PSM calculations

The structure of the one-quasiparticle bands has also
been investigated using the PSM, using slightly different
quadrupole deformations than those suggested by the CC-PES
calculations. Results of the calculations for Bands 1, 2, 3, and
4, adopting &, = 0.29 and g4 = 0.02 taken from Ref. [45], are
shown in Fig. 9. Both the energies and the observed signa-
ture staggering below the up bending are nicely reproduced
in all bands, which are essential prerequisites for obtaining

good agreement for the three-quasiparticle configurations.
The bands have been calculated up to very high excitation
energy, to investigate their evolution with increasing spin.
The ground state with /7 = 7/27 is reproduced, which is
different from Ref. [29]. The band-head energies for Bands
3 and 4 are well described with PSM, as 19 keV (17 keV) and
192 keV (108 keV), respectively. For the floating Band 2, the
PSM gives 785 keV as the band-head energy. The states with
spin lower than about 23/2 are reproduced nicely, including
the energies and signature staggering, while some discrepan-
cies show up for Bands 2 and 4 at high spin. Band 1 is well
described up to the highest spin 75/2, where 5-quasiparticle
configurations are found to be important.

One important conclusion resulting from the PSM calcula-
tions is that the possible oblate configuration v5/21[402] ®
(5/2%[402]19/27[514]) is calculated higher relative to
the prolate v7/27[402] ® (r9/27[404]5/27[532]) configu-
ration, and with definitely larger curvature of the E versus
J and corresponding smaller moment of inertia J (see
Fig. 10), which corroborates the results of the CC-PES cal-
culations, inducing us to confidently assign the configuration
built on the prolate shape for the 21/2% isomeric state. One
can note the following weak points of the PSM results, due to
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TABLE IV. Results of the PNC-CSM calculations of one- and three-quasiparticle configurations in 2’Nd.

K" Configuration & &4 £ Ef*‘l(keV) EZP(keV)
- v17[523] 0.292 0.070 —0.002 0 0
1~ w1711 0.292 0.070 0.000 902 22
5* 571402 0.292 0.040 ~0.002 915 108
1= v17[541] 0.292 0.000 ~0.002 433 133
3 v3T[413] 0.292 0.033 ~0.002 1536
- v37[532] 0.292 0.033 —0.002 1456
" V17 [404] 0.292 0.033 ~0.002 1632
3 v3T41 0.292 0.033 —0.002 2176
2" v—_[514] 0.292 0.033 —0.002 2218
s vIT[5231 @73 [411]@717 (532] 0.292 0.033 ~0.002 3293
v% 4111 @73 [413]®71 1404 0.292 0.033 ~0.002 3724
v (5321 @73 [413]@717 (532] 0.292 0.033 ~0.002 4108
v% [41]®n7 [5321® 72 [404] 0.292 0.033 ~0.002 4941
V14041 @ 73 [411]®71 [413] 0.292 0.033 ~0.002 5227
L- v% (5411 @3 [413]®7‘r "[404] 0.320 0.033 ~0.001 3094
V34021 @ 73 [413]@;17 (532] 0.292 0.033 ~0.002 3447
ug [5231@xi [4I@nx3 [413] 0.292 0.033 ~0.002 3565
vi® [411]@:17 [532] ® 2 " [404] 0.292 0.033 ~0.002 4173
1+ ug [523] @3 [413]@717 [532] 0.280 0.033 —0.001 2421 1893
vg [402] ® 7 5 [404]®71 [411] 0.300 0.033 —0.001 4658
vt el [413]@71 1404 0.292 0.033 ~0.002 5441
ug (514] @73 [411]@717 (532] 0.292 0.033 —0.002 5535
u- vIT4041 @ 73 [413]@717 [532] 0.292 0.033 —0.002 4222
V532l @ni 4l e [404] 0.292 0.033 ~0.002 5410
v%+[411]®7r7 [532) @ 73 [404] 0.292 0.033 —0.002 5889
L V34021 @ 73 [413] ®n? [404] 0.290 0.033 —0.001 4064 2109
VT3l ® [413]®71 1404 0.29 0.033 ~0.001 4642
v (514l @73 [413]@717 (532] 0.292 0.033 —0.002 4801
vIT[523] @72 [404]@717 [541] 0.292 0.033 ~0.002 4973
e [532]@:17 (5321@ 72 [404] 0.292 0.033 ~0.002 5172
b~ ug (5231 @3 [411]@71 T[404] 0.292 0.033 —0.002 3874
vg [402] ® 72 [404]@717 (532] 0.292 0.033 ~0.002 4512
v 43I @ [404]@;17 [532] 0.292 0.033 —0.002 5091
ar v17[523] @ 72 [404] @ w3 [532] 0310 0.033 ~0.001 3272 2284

the assumed axial deformation, which however have no im-
pact on the isomer interpretation: a lower signature staggering
both before the up bending and at the highest observed spins
in Band 1, opposite staggering at the bottom and after the up
bending in Band 2, a slightly lower staggering in Band 3, and
opposite staggering in Band 4 above the up bending.

3. PNC-CSM calculations

The PNC-CSM calculations give reasonably good results
for Bands 1, 3, and 4, but failed to reproduce the ob-
served gradual up bending in the positive signature partner
for Band 2 (see Fig. 11). Three quasiparticle configurations
have also been calculated. Two of them are shown in
Fig. 8(b), where one can see that /() of the v7/27[523] ®
(9/2%[404]5/27[532]) configuration assigned to the 21/27
isomeric state is calculated closest to the experimental one
over a large frequency interval. However, the calculated split-

ting between the signature partners at high frequency is not
observed in the experiment. A larger deformation can repro-
duce better the J values, but the inherent lowering of the
v1/27[541] intruder and its interaction with the negative-
parity hyj,, orbitals induces an unobserved perturbation at
high frequency.

Table IV shows the results of the PNC-CSM calculations of
one- and three-quasiparticle configurations in '*’Nd. The de-
formation parameters are taken from Moller and Nix’s Table
of 1995 [46]. To reproduce better the experimental band-head
energies, some of them are adopted from the CC-PES calcu-
lated deformations in Table II. In particular, the deformation
&> = 0.310 is adopted for the newly observed band built on the
2284-keV isomer, which leads to a good agreement with both
of the experimental state energy and the kinematic moment
of inertia shown in Fig. 8(b). This suggests that for excited
multi-quasiparticle configurations the CC-PES calculated de-
formations can be better than the Moller and Nix ones.
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FIG. 11. Comparison of the kinematic moment of inertia J
calculated with PNC-CSM and the experimental data for Bands 1,
2,3, and 4 in 'Nd.

IV. SUMMARY

In summary, the present study of '??Nd, the lightest iso-
tope known spectroscopically in the odd-even neodymium
sequence, lead to the identification of three high-K isomers
and one low-spin isomer, as well as the reassignment of the
ground state spin-parity to 7/27. This is the first observation

of a three-quasiparticle isomer in the A ~ 130 mass region
close to the proton drip line. From the analysis of the tran-
sitions depopulating the 21/2" isomeric state we extracted
its half-life, while from the analysis of the Weisskopf hin-
drance factors of the depopulating transitions we tentatively
assigned the spin-parity. From the analysis of the band built
on the isomer combined with the results of CC-PES, PSM,
and PNC-CSM calculations we assigned three-quasiparticle
prolate configurations involving one neutron and two protons
to all three high-K isomers. The present results represent the
first example of high-K isomers involving the 79/2%[404]
orbital in nuclei with Z well above the Z = 50 shell closure,
suggesting the existence of such isomers in other nuclei close
to the proton drip line in the A ~ 130 mass region, which
hopefully will be discovered in the future.
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