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The population of the high-spin isomers in '**Nd and '“°Nd was investigated using the *°Zr(**Ca,xn) reaction
and the JUROGAM + RITU + GREAT setup employing the recoil decay tagging technique. Three transitions
feeding the 23/2* isomer in '*’Nd and two transitions feeding the 20* isomer in “°Nd were identified. The
newly observed transitions allowed the excitation energy of the isomer to be established in '**Nd and to assign

configurations to the states and bands deexcited by the observed transitions in both nuclei.

DOI: 10.1103/PhysRevC.87.064303

I. INTRODUCTION

The nuclei around the N = 82 shell closure whose con-
figurations can be considered relative to a '#°Gd core are a
fertile field of spectroscopic investigations at both low and
high spins. At low spins the presence of isomers based on
simple particle-hole excitations helps to establish the active
quasiparticle configurations in a specific nucleus and to 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 drives the nuclear shape toward a stable triaxial
shape with y &~ 4+30° [1,2]. The coexistence of different
shapes is another phenomenon present in these nuclei. In
particular, superdeformed and highly deformed bands have
been observed in '“ONd [3] and '*®Nd [4], coexisting with
several triaxial bands [1]. The '¥Nd nucleus is considered
to have a triaxial shape at low and medium spins, based
on the agreement between the cranked Nilsson-Strutinsky
calculations and the multitude of bands reported recently
in Ref. [5]. The observation of excited states in the nearly
spherical nuclei close to the shell closures is more difficult
than the observation of excited states in the well-deformed
nuclei due to the presence of isomeric states, which often
interrupts and fragments the decay flux. 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 '3¥Nd (/™ = 10*, Ty, =410
ns) [6] and 1ONd (I = 7, T} > = 600 us) [7]. More recently,
new experimental data were published for the '*°Nd nucleus,
which presents a 20" isomeric state at £, = 7.43 MeV, with a
6-quasiparticle configuration [8]. A lifetime of T;, = 1.23(7)
us has been measured in a pulsed-beam experiment performed
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at the Tandem of IPN, Orsay [9]. This value supports the 20"
spin-parity assignment and the interpretation as a spherical
configuration that coexists with the surrounding triaxial bands.
In the same experiment the delayed components of the
transitions below the 19/2% state in '**Nd were also measured,
which indicate the existence of an isomeric state with an
apparent half-life of 272(4) ns. The excitation energy of the
isomer could not be determined in that experiment due to an
unobserved low-energy transition between the isomer and the
lower-lying 19/27 state.

However, even though the level schemes of both nuclei
were developed up to very high spins, no transitions feeding
the isomeric states from higher-lying states were observed.
‘We have therefore performed a dedicated experiment to search
for transitions populating the isomeric states. As the lifetimes
of the isomers are long enough to employ the recoil-tagging
technique, we used the high-efficiency gas-filled recoil mass
separator RITU and in addition the high-efficiency arrays
JUROGAM 1I (called JUROGAM in the following) placed
at the target position and the GREAT spectrometer placed at
the entrance and the focal plane of the RITU separator.

The details of the experimental setup are briefly discussed in
Sec. II. The results 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

High-spin states in '*’Nd and '“°Nd were populated via
the %Zr(*¥Ca,xn) reaction at a beam energy of 180 MeV. The
target consisted of a self-supporting *°Zr foil of 735 jug/cm?
thickness. The **Ca beam was provided by the K130 Cyclotron
at the university of Jyviskyld, Finland. The '**Nd and '*°Nd
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nuclei were the most strongly populated in the reaction, with
cross sections of around 200 mb each.

The JUROGAM array placed at the target position was
composed of 39 Compton-suppressed Ge detectors: 24 clover
detectors and 15 coaxial tapered detectors. The clovers were
placed on two rings at 75.5° (12 clovers) and 104.5° (12
clovers) symmetric with respect to 90°, while the tapered de-
tectors were placed on two rings at backward angles of 133.6°
(10 detectors) and 157.6° (5 detectors). The GREAT spec-
trometer around the RITU focal plane was composed of several
detector types. A multiwire proportional counter MWPC) was
used to measure the position of the recoils and gave the time
reference for the delayed y-y coincidences and for the mea-
surement of the time of flight of the recoils between the MWPC
and a silicon Double side Silicon Strip Detectors (DSSD)
placed downstream of the MWPC. Behind the DSSD was
placed a segmented planar Ge detector of 12 cm x 6 cm corre-
sponding 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 with
each crystal segmented into four was placed just above the fo-
cal plane reaction chamber and two clovers were placed on the
right and left sides of the reaction chamber. The JUROGAM
array was used for standard coincidence measurements of
y rays, while the time-correlated events in JUROGAM and
GREAT were used to measure delayed y-y coincidences.

The trigger condition for the acquisition of events from
either JUROGAM or GREAT was the measurement of a
recoil signal in the MWPC in coincidence with at least a y
ray in JUROGAM within a time window of [—5 us, 10 us]
with respect to the time reference given by the MWPC. Given
the isomer lifetimes of 272 ns in '3*Nd and 1.23 us in '“ONd,
and the flight time through RITU of around 650 ns, this time
window allowed us to measure the major part of the isomer
decays and the delayed y-y coincidences. The event rate was
around 13 kHz, which was low enough to avoid the overlap
between successive events separated on average by 80 us. The
events were stamped by the Total Data Readout (TDR) data
acquisition, and then they were sorted using GRAIN code [10].
The analysis was performed with the GammaWare [11] and
Radware [12,13] programs.

A total of 5 x 10° events was collected. Thanks to the
high efficiency of the various y-ray arrays, we produced y-y
matrices for each array, i.e., for JUROGAM at the target
position, for the clovers, and for the segmented planar Ge
detectors at the focal plane. The lifetime of the isomeric states
in the nuclei implanted in the DSSD detector at the focal plane
was measured using y-time (y-T) matrices. The clean y rays
used to extract the isomer lifetimes were chosen by analyzing
the y-y matrices between the detectors at the focal plane.

III. RESULTS

A. Lifetimes of isomers in 3¥Nd, *Nd, *°Nd, and 13¢Ce

The relevant parts of the level schemes of '3*Nd and '“*Nd
are shown in Figs. 1 and 2, respectively. In the level scheme
of 13Nd are included the band built on the ;> isomer and
three other bands, D1, D2, and Q1, which have decay branches

PHYSICAL REVIEW C 87, 064303 (2013)

towards the 23 /2% isomer or towards the 19/2% state just below
it. In the level scheme of “°Nd are included the two dipole
bands D3 and D4 which have a decay branch towards the 20"
isomer, as well as the other band, Band 12, which is observed
in coincidence with delayed transitions detected at the focal
plane. The newly observed transitions, populating the 20"
isomeric state in '4°Nd and the 23 /27 isomeric state in '**Nd,
are drawn with black (red) arrows and their energies are boxed.

A y-T matrix for the clovers of the focal plane is shown
in Fig. 3. One can see time spectra of different lengths for
the 605-, 665-, and 1071-keV transitions below the 23/2%
(T1/2 = 272 ns) isomeric state in '*Nd; the 729-, 884-, and
972-keV transitions below the 107 (T1,, = 0.41 us) isomeric
state in 1’8Nd; and the 773- and 1028-keV transitions below
the 7~ (T2 = 600 s) isomeric state in '*ONd.

We have measured the lifetimes of isomeric states in the
140N d, 139Nd, 138Nd, and '*°Ce nuclei; the results are shown
in Table I. The lifetime in each nucleus was deduced from
spectra of each individual y ray in the deexcitation cascade
below the isomeric state, after proper background subtraction
and fit with an exponential decay curve. The y rays used to
extract the lifetime of the isomer are indicated in Table I. The
present lifetimes are deduced from the analysis (average value
of the fitted value) of individual y rays, which is not always the
case for the previously reported lifetimes which were extracted
from summed spectra of several transitions below the isomeric
state. Time spectra of the transitions deexciting the isomeric
states and a representative fit are shown in Fig. 4. The lifetime
values of the 20 isomer in '“°Nd and of the 23/2% isomer
in '3Nd are in agreement with those reported previously [9].
The lifetime of the 10T isomer in '8Nd is 370 =+ 5 ns, a value
significantly lower but yet compatible with the 410 + 50 ns
reported previously [6]. The same is true for the lifetime of
the 107 isomer in '3°Ce of 1.9 4 0.1 ps, which is significantly
lower than the 2.2 4 0.2 pus value reported previously [6,14].

B. Transitions populating the 23/2* isomer in **Nd
and the 20" isomer in '*Nd

The main advantage of the JUROGAM + RITU +
GREAT setup used in the present experiment was to separate
the detection of the prompt y rays populating the isomers at
the target position from the detection of the delayed y rays
deexciting the isomers with sufficiently long lifetime at the
focal plane. We can therefore select very weak prompt y rays
produced at the target position by gating on time-correlated
y rays delayed by >650 ns. For the identification of the
y rays of a specific nucleus we produced y-y matrices
between the delayed transitions detected by the clovers and
the segmented planar detector placed at the focal plane. To
search for transitions feeding the isomers we produced y-y
matrices between JUROGAM and the Ge detectors placed at
the focal plane (clovers and the segmented planar).

1. Transitions populating the 20" isomer in 1*'Nd

To obtain the transition above the 20 isomer in “°Nd,
the first step is the focal plane spectrum coming from a y-y
matrix of the clovers placed at the focal plane by gating on
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FIG. 1. (Color online) Partial level scheme of '*Nd in which only selected transitions are drawn (arrow thickness is proportional to
intensity), the newly observed transitions are drawn in black (red) and their energies (1356, 1208, and 1224) are boxed [15].

the 868-keV 11~ — 9~ transition in "*°Nd. The spectrum is
dominated by delayed transitions below the 20" isomer in
140Nd, i.e., 177, 182, 188, 191, 216, 229, 258, 343,433, 437,
506, 695, 728, 773, 840, 868, 991, 1017, and 1028 keV [8].

After a careful analysis of the y-y matrix obtained with
the focal plane detectors, the second step is then to select
the cleanest transitions to extract the prompt-delayed spectra
between JUROGAM and the detectors at the focal plane. An
example of a prompt spectrum from JUROGAM obtained by
gating on selected transitions of '*°Nd measured at the focal
plane is shown in Fig. 5.

Most of the transitions present in this spectrum were
observed in prompt coincidence with low-lying transitions of

140Nd [2]. But we observed two new strong transitions of 754
and 1196 keV, which directly connect the previously observed
8186- and 8628-keV states of bands D4 and D3, respectively,
to the 20" isomeric state. A new weaker transition of 1088 keV
connecting the 8520-keV state of the D4 band with the 20"
isomer was also observed. Finally, two new transitions of 233
and 253 keV were placed on top of band D3 and between
bands D3 and D4, respectively. We should mention that the
placement of the 754- and 1196-keV transitions between
the bands D4 and D3 and the 20" isomer was facilitated by
the fact that the energies of the lowest states of the two bands
were known: a prompt transition of 1541-keV deexciting band
D4 towards the 17~ state at 6404 keV and one transition of
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FIG. 2. (Color online) Partial level scheme of '“°Nd in which only selected transitions are drawn with arrows (arrow thickness is proportional
to intensity), the newly observed transitions are drawn in black (red) and their energies [754, (1088), 253, 233 and 1196] are boxed. The black

(green) transitions named Band 12 have been observed in a previous work [8].

442 keV between the bands D3 and D4 had been identified However, the statistics for these weak transitions were not

previously [2].
For Band 12 the situation was more complicated due to the states.

fact that no linking transitions to low-lying states were known.

As one can see in Fig. 6, the prompt spectrum in coincidence

enough to establish the connection of Band 12 with low-lying

with delayed transitions of '*°Nd and with transitions of Band
12 above the spin 26 shows all the transitions assigned to Band
12 and the transitions from band D4. It seems that Band 12 is
connected to low-lying states through the 600-keV transition.

2. Transitions populating the 23/2% isomer in '¥Nd

The isomer in '3°Nd was known to lie slightly above the
19/2% state at 2572 keV. As only the transitions below the
19/2% state showed a delayed component in the time spectra
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FIG. 3. (Color online) y-T matrix for the clovers at the focal plane. The transitions below the isomeric state in '**Nd are marked with a

circle, those in '*Nd with a star, and those in '*°Nd with a triangle.

[9], it was known that it decays only to the 19/2" state through
an unobserved low-energy transition. The prompt spectrum of
JUROGAM gated by the delayed 605-, 665-, and 1071-keV
transitions below the 23/2% isomer at the focal plane is
shown in Fig. 7. One can observe transitions towards the
known levels from known excited states of '**Nd, but can also
observe three new high-energy transitions of 1208, 1224, and
1356 keV.

To link the new transitions to the known level scheme of
139Nd [15], we built prompt y-y matrices from the events
in JUROGAM gated by delayed transitions detected at the
focal plane. Examples of spectra doubly gated by the delayed
transitions emitted at the focal plane and prompt transitions
detected in JUROGAM are shown in Figs. 8 and 9. One can
see in Fig. 8 that the spectrum gated by the 140-keV transition
shows the previously known transitions of 313, 375, 424, and
463 keV placed above the 27/2~ state at 3982 keV deexcited
by the 140-keV transition, but also the new 1224-keV transition
deexciting the 25/2~ state at 3841 populated by the 140-keV
transition. Similarly, in the spectrum shown in Fig. 9 which
is gated by the 194-, 549-, and 834-keV transitions one can
see the previously known transitions populating the 27/2~
state at 4167 keV deexcited by the 194-keV transition, but
also the new 1356-keV transition deexciting the 25/27 state
at 3973 keV. We can therefore deduce that placing the 1224-
and 1356-keV transitions directly below the 25/27 states at

3840 and 3973 keV, respectively, we get the same state at an
excitation energy, which we identify with the 23/2% isomer.
In addition to these two transitions, we observe a weaker
prompt transition of 1208 keV in coincidence with the 155-keV
transition, which fits with the energy difference between the
25/2" state at 3825 keV and the 23 /27 isomer at 2616 ke V. We
therefore consider to have established the energy of the 23 /2%
isomer in '*Nd at 2616 keV, which implies the existence of
an unobserved y ray of 45 keV towards the 19/2" state at
2572 keV.

IV. DISCUSSION

The level structure of the '*Nd and '“*Nd nuclei with
60 protons and 79-80 neutrons results from the combination
of 10 proton particles on top of the Z = 50 major shell, or
alternatively 4 proton holes in the Z = 64 subshell and 2-3
neutron holes in the N = 82 major shell. For low and medium
spins, the nucleus is expected to have a small deformation,
€y ~ 0.10-0.15. It is thus convenient to express the single-
particle states in terms of j-shell quantum numbers. The
lowest proton configuration has 4 proton holes in the 7 g7/, and
mdsy orbitals which interact and are strongly mixed. Higher
angular momenta from proton configurations can be obtained
by exciting 1 or 2 protons from the 7 g7/, and mds/, orbitals

TABLE 1. Lifetimes of isomers in various nuclei populated in the reaction. The different columns indicate the nucleus, spin-parity, the
energy of the y ray used for deducing the lifetimes, the present results (obtained by averaging the extracted value from each y spectrum of the
left-hand column), the previous reported results, and the reference article.

Nucleus Spin 1™ Energies of y (keV) Tip

Present work Previous works Ref.
140Nd 20" 229, 258, 343,433,991, 1352, 1442, and 1497 1.24+0.1 us 1.23 +0.07 us [9]
139Nd 23/2%F 605, 665, and 1071 278 + 2 ns 272 + 4 ns 9]
138Nd 10* 68, 521, 884, and 972 370 £ 5ns 410 £ 50 ns [6]
136Ce 10+ 552, 623,762, and 1052 1.9+0.1 us 2240.2 us [6,14]
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FIG. 4. (Color online) Time spectra extracted from y-T matrix at the focal plane: (a) 521-keV transition deexciting the 10* isomer in '*¥Nd,
(b) 605-keV transition deexciting the 23/2F isomer in *’Nd, (c) 623-keV transition deexciting the 10" isomer in '*¢Ce, and (d) 1497-keV
transition deexciting the 20" isomer in '“°Nd [the associated fit is shown in black (red)].

to the mhyy), orbital. The lowest neutron configuration has configurations can be obtained by exciting 1 or 2 neutrons
2-3 holes in the vds,, and vs;/, orbitals which interact and from the vh;,, orbital into the vds;, and vsy,, orbitals, all
are strongly mixed. Higher angular momenta from neutron lying below the N = 82 shell gap. Many more excited states

20000
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FIG. 5. Spectrum of prompt transitions measured by JUROGAM gated with selected clean transitions in “°Nd (188, 191, 506, 728, 868,
and 1017 keV) measured by the clovers placed at the focal plane. The new transitions 233, 253, 714, 1196, and (1088) keV are indicated with a
solid black triangle. The transitions marked with a star belong to Band 12. The 600-keV transition connecting Band 12 with the isomeric state
is indicated with a solid black circle.
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FIG. 6. Spectrum of prompt transitions measured by JUROGAM gated with selected transitions in '“’Nd measured by the clovers placed
at the focal plane and with the transitions above the spin 26 of Band 12 measured by JUROGAM. The transitions marked with a star belong
to Band 12. The other transitions are the gamma rays coming from D3 and D4 bands and above isomer state connecting transitions. For the

600-keV transition, cf. Fig. 5 caption and Sec. III B1.

and very high angular momenta can be obtained from neutron
excitations above the N = 82 shell gap into the vf7/, vhe,2,
and vii3,; orbitals.

A. The low- and medium-spin configurations in **Nd

The level scheme of '3*Nd presents a very rich and complex
structure at low and medium spins. We do not discuss here
all the observed states at low and medium spins, because
many of them have been already observed and discussed in
Refs. [15-17] for 3°Nd and in Refs. [2,8] for ONd.

The small deformation of '3°Nd at low spins induces an
ordering and occupation of the quasiparticle orbitals around
the Fermi surface that is not much different from the spherical
case. It is therefore natural to assume that the low-spin
positive-parity states are based on configurations involving

4000

proton quasiparticle excitations within the m(dg) subshell
or neutron quasiparticle excitations within the v(sd) or the
vh subshells. The low-spin negative-parity states involve
either the w(dg) — mh proton excitations or the vi — v(sd)
neutron excitations between the orbitals below the N = 82
magic shell closure.

The 23/2% isomer has a v[(h; 1/2)‘2(d3/2)_'] configuration
and is populated by transitions from three 25/27 states. One
can speculate therefore that the configurations of the three
25/27 states involve the same neutron configuration of the
23/27" isomer and 2 more nucleons from a broken pair, most
likely 2 protons in the /1, and 7 (ds/287/2) orbitals. The
presence of 1 m(ds;2g7/2) proton in the configuration of the
25/27 states can explain the decay of the 25/2~ states to
the 21/27 and 23/27 members of the vhy;,, band, whose
composition is U/’l“/g ® 7T(d5/2g7/2).

*Ng prompt transitions from JUROGAM

3500 in coincidence with GREAT
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FIG. 7. Spectrum of prompt transitions measured by JUROGAM gated with the 605-, 665-, and 1071-keV transitions in **Nd measured
by the clovers placed at the focal plane. The transitions marked with a triangle are the new connecting transitions.
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FIG. 8. Spectrum extracted from y-y matrices of prompt events measured by JUROGAM gated with the 605-, 1071-, and 665-keV
transitions in '**Nd measured by the clovers placed at the focal plane and by the JUROGAM transitions gated by the 140-keV transition. The

transition marked with a triangle is a new one.

B. The configurations of the high-spin dipole bands in “*Nd

The 20" isomer of '“°Nd has a maximum aligned con-
figuration with 4 proton holes in the w(dg) subshell and 2
neutron holes in the vhj,, subshell, ie., a 7r(dg)4 ® vh?
configuration [8]. The 17~ state at 6404 keV is consistently
interpreted as a m(dg)* ® vh'd' configuration. The newly
observed transitions between bands D1 and D2 and the 20™
isomer have most probably a mixed M 1/E2 character. This
leads to positive parity for the two dipole bands. The most
straightforward configuration that can be assigned to band D1
should include as building blocks part of the configurations of
the states to which it is linked, in our case the 20" and 17~

states. We propose therefore a wh?(dg)? ® vh? configuration
for band D1, which is obtained by the excitation of 2 protons
from the (dg) to the h? configuration. Such a configuration
would also account for the bandhead spin of around 18, which
can be obtained by a perpendicular coupling of the proton and
neutron spins. It is more difficult to assign a configuration to
band D2 for which only one transition is observed.

Band D3, which consists of strong dipole transitions and
weak crossover transitions, is observed at an excitation energy
higher by around 1.5 MeV above the 20" isomer with
an assigned 6-quasiparticle configuration 7 (dg)* ® vh?, and
around 1 MeV higher than band D1 for which we assigned

200 —
-3
150 — 2
€ 100—
3 F
&) L
50—

3¥Nd prompt transitions from JUROGAM

in coincidence with GREAT and Q1 band

I 1 1 1 I 1
800 1000
Energy (keV)

FIG. 9. Spectrum extracted from y-y matrices of prompt events measured by JUROGAM gated with the 605-, 1071-, and 665-keV
transitions in '**Nd measured by the clovers placed at the focal plane and by selected transitions detected by JUROGAM gated by 194-, 549-,
and 834-keV transitions. The transition marked with a triangle is a new one.
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the 6-quasiparticle configuration wh%(dg)* ® vh?. It could be
based on a 6-quasiparticle configuration involving 2 more
protons excited into the vhA1;,, subshell than band D1, having
therefore a 7h* ® vh?> maximum aligned configuration.

V. SUMMARY

The population of the high-spin isomers in '*Nd
and 'YONd have been investigated using the reaction
%7r(*¥Ca,xn) at a beam energy of 180 MeV and the
JUROGAM + RITU + GREAT setup. The prompt-delayed
coincidences between the y rays measured at the target
position and at the focal plane of the RITU separator allowed
the identification of several transitions linking known excited
states in the two nuclei to the 23/2% isomeric state in '*Nd
and to the 20" isomeric state in '“°Nd. The newly observed
transitions allowed the excitation energy of the 23/2% isomer

PHYSICAL REVIEW C 87, 064303 (2013)

in 3*Nd to be established. We assigned configurations to
the bands connected to the isomers, getting a more coherent
understanding of the multi-quasiparticle excitations at high
spins in this mass region. The lifetimes of several isomers in
138Nd, 1*?Nd, '4Nd, and !**Ce were also measured, improving
the accuracy of the lifetime values.
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