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Lifetimes of several short-lived excited states in '*Nd were measured with the ROSPHERE array at
IFIN-HH, Bucharest, using the recoil-distance Doppler shift technique following the '**Sb('°F,4n) reaction.
The resulting electromagnetic transition probabilities are compared to large-scale shell model calculations and to
constrained Hartree-Fock-Bogoliubov calculations with the Gogny D1S interaction, configuration mixing, and a
five-dimensional collective Hamiltonian formalism. The onset of collectivity in Nd isotopes below the N = 82
shell closure and the deformation induced by the alignment of protons and neutron holes in the £,;/, orbitals

are discussed.
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I. INTRODUCTION

Nuclei with atomic number Z & 60 and neutron number
N = 78 are thought to be soft with respect to the triaxial degree
of deformation. Calculations based on modified harmonic os-
cillator [1] or Woods-Saxon [2] potentials, and self-consistent
Hartree-Fock-Bogoliubov (HFB) calculations using Skyrme
[3] or Gogny [4] interactions, predicted triaxial ground-state
shapes for the nuclei in this region. Systematic studies of axial
shape asymmetries for the ground state within the finite-range
liquid drop model identified this region as one of two in the
nuclear chart where deviations from axial symmetry are most
pronounced (the other being near 108Rw) [5].

At intermediate spins, the structure of nuclei in this region
is strongly influenced by proton excitations at the bottom and
neutron-hole excitations at the top of the /1, shell. Several
10" isomeric states associated with the mh?, 5 Of vhff/z
configuration, at very similar excitation energies, are found
in the region [6]. The alignment of /1, protons is understood
to drive a y-soft core towards prolate shape, whereas the
alignment of %1/, neutron holes induces oblate shape. The
proton or neutron character of some of these states has been
confirmed by g-factor measurements [7]. In 138Nd the 107"
isomeric state at 3175 keV [8,9] was found to have a neutron
character [10], whereas the 107 state at 3701 keV, which is not
isomeric, has been associated with the nh%l P configuration,
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and lies at higher excitation energy due to the lower Fermi
surface with respect to the 7/, orbital [11].

The quasirotational bands on top of the 10" states with
proton and neutron configurations, in 138Nd [11,12], as well as
in "*°Sm and '*Gd [13,14], were found to be very similar to
the ground-state bands in the respective (Z — 2) and (N + 2)
cores. Lifetime measurements above the 10* states in '“*Sm
support the notion of shape coexistence at intermediate spins
[15]. Electromagnetic matrix elements obtained from Coulomb
excitation [16] and lifetime measurements [17] for '“°Sm
and their comparison to theoretical calculations suggest weak
deformation and softness to y deformation with an equilibrium
shape of y & 30° near the ground state. For '*¥Nd, indication
of y softness comes from the low excitation energy of the
y-vibrational band [18] and the observation of a two-phonon
y band [19]. Studies of '3¥Nd at high angular momentum
revealed rotational bands that can be associated with strongly
deformed axially symmetric [20] and triaxial shapes [21-23].

To obtain a more quantitative understanding of the shape
evolution of Nd nuclei from spherical shape at the N = 82
shell closure to relatively large deformation for the most
neutron-deficient isotopes [24], possible shape coexistence at
intermediate spins, and the role of triaxiality and y softness
near the ground state, measurements of electromagnetic tran-
sition strengths are needed. Except for the isomeric 107 state
at 3175 keV [8,9] and the 7~ state at 2321 keV (for which only
an estimated value of the lifetime has been given [25]), the
lifetimes of excited states in '*®Nd are completely unknown.
In this work we report on lifetime measurements using the
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FIG. 1. Background-subtracted spectra showing the Doppler-shifted and unshifted components of the 27 — 0 (a), 47 — 2] (b), and
105 — 9; (c) transitions, measured with the backward detectors for different distances. The transitions were detected in coincidence with the
shifted components of y rays feeding the 2, 41, and 107 states, respectively (see Table I).

recoil-distance Doppler shift (RDDS) method for various states
in "¥Nd.

II. EXPERIMENTAL SETUP

The present lifetime measurement was performed using the
1238b(19F,4n)'38Nd reaction at the 9 MV Tandem Accelerator
facility at the IFIN-HH in Bucharest-Magurele. The target,
which was made at the Target Preparation Laboratory of the
IFIN-HH [26], consisted of a 0.5 mg/cm? thick layer of '**Sb
that was deposited on a 5 mg/cm” thick gold backing to
facilitate the stretching of the foil. The '°F beam of 80 MeV
was first passing through the gold backing before reacting with
the '23Sb layer at an energy of approximately 68 MeV. At
this relatively low energy the 4n reaction leading to '**Nd
is the dominant reaction channel. y rays following Coulomb
excitation of the gold backing were strongly suppressed by
requiring the detection of y-y coincidences. Nuclei recoiling
from the target were stopped in another gold foil of 5 mg/cm?
thickness. The distance between the target and the stopper foils
was adjusted using the Koln-Bucharest Plunger device [27],
and the y rays were measured with the ROSPHERE array [27].
Thirteen different target-to-stopper distances ranging from 7.5
to 245 um were set during the experiment, with an average
measuring time of 18 h per distance and an average beam
intensity of ~3 pnA.

III. DATA ANALYSIS AND EXPERIMENTAL RESULTS

The decay path of the excited states in '*®Nd is rather
fragmented (see the level scheme of Fig. 3), and a large portion
of the y-ray intensity passes through either the 5] or the 77
state at 1990 and 2321 keV, respectively, both of which have
a relatively long lifetime. To avoid the problem of possible
unobserved feeding and unknown lifetimes of feeding levels,

the lifetimes of the states of interest were measured using the
differential decay curve method (DDCM) [28-30], gating on
the Doppler-shifted components of a transition that directly
feeds the state of interest. Ten Compton-suppressed large vol-
ume HPGe detectors of the ROSPHERE array [27] were used
in the analysis, five of them at 37° (forward) and the remaining
five at 143° (backward) with respect to the beam direction. The
Doppler-shifted and unshifted components of the transitions of
interest can be clearly resolved for these angles. The average
velocity of the recoiling nuclei was obtained from the energy
difference between the shifted and unshifted components of the
27 — 07,4 — 27, and 6] — 4T transitions, measured for
several distances and for both backward and forward detectors.
The resulting average velocity was found to be v = 2.81(1)
um/ps [v/c = 0.94(1)]%.

The y-y coincidence events were sorted into three matrices
according to the angles of the detectors in which the y rays were
detected: forward-forward, forward-backward, and backward-
backward. The DDCM analysis was performed independently
for the forward and backward angles, and the final lifetime
values were obtained from the weighted average of the forward
and backward measurements. Background-subtracted spectra
showing the Doppler-shifted and unshifted components of the
27 — 07,47 — 2], and 105 — 95 transitions measured for
different distances are presented in Fig. 1 to illustrate the
quality of the data. The transitions shown in Fig. 1 were
detected in the backward detectors in coincidence with the
shifted components of the 729, 884, and 503 keV y rays that
respectively feed the 2, 4T, and 10;r states.

Figure 2 shows the normalized values of the intensities
of the shifted and unshifted components of the 2] — 0f
transition, measured for different distances using the backward
detectors. The intensities of the transitions were normalized
to the total number of counts in the total projections of the
corresponding y-y matrices to account for the duration of the
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FIG. 2. Normalized values of the intensities of the shifted (b)
and unshifted (c) components of the 2] — 0] transition, measured
for different distances using the backward detectors. The lifetimes
obtained for the different distances are shown in (a), where the
horizontal lines indicate the weighted average and its uncertainty.

measurements at each distance and any changes in the beam
intensity. Following the DDCM [30] procedure, the decay
curves in Fig. 2 were fitted simultaneously using piece-wise
continuous polynomials. A lifetime value was obtained for
each distance inside the region of sensitive distances using
the intensity of the unshifted component, the derivative of
the intensity curve for the shifted component, and the recoil
velocity. The lifetimes obtained for individual distances were
finally combined in a weighted average. The uncertainties of
the lifetimes were dominated by the statistical uncertainties
arising from the fit of the shifted and unshifted peaks.

The same technique was used to determine the lifetimes
of all states for which the shifted and unshifted components
of their decay transitions showed sufficient variation. The
results are shown in Table I and Fig. 3. In the case of the 5
state, the intensity of the shifted component showed a relative
increase only at the three largest distances. Because of the
large uncertainties in the calculation of the derivatives, it was
not possible to extract a reliable value of the lifetime, and only
a minimum value is reported.

TABLE 1. Lifetimes measured in the present work. The energies
of the fitted transitions are indicated (E, ), as well as the transitions
used for gating. The lifetimes are the averages of the results obtained
from the backward and forward detectors.

E,[keV] Jr E,[keV] Gate T[ps]
521 2f 521 4f — 2f 13.9(2)
1014 27 493 3F—2f 8.7(7)
1250 a7 729 67 — 4f 1.9(2)
1990 57 740 77 — 57 >57
2691 T 470 9 =7, 9.5(8)
3701 105 454 125 — 105 47.8(11)
3821 121 647 145 — 12} 9.6(6)
4203 125 503 147 — 127 14.0(4)

IV. DISCUSSION

The B(E1) and B(E?2) values resulting from the measured
lifetimes are summarized in Table II. To obtain these values
it was assumed that the transitions have pure E1 or E2
multipolarity, respectively, except for the case of the 7, — 7,
transition, which can be of mixed M1/E2 character. As the
mixing ratio for this transition is not known, no reduced
transition probability was deduced from the lifetime of the 7,
state. In those cases where the decay of a state is fragmented
to multiple final states, previously published branching ratios
[18,19,31] were used to determine the transition strengths.

The B(E2; 2;“ — OT) value for '*¥Nd corresponds to 36(1)
Weisskopf units (W.u.). This transition strength is similar to
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FIG. 3. Partial level scheme of '*¥Nd, based on Ref. [31]. The
lifetimes of the states measured in the present work are shown together
with the previously known lifetimes of the 10} state [8,9] and the 7,
state [25], which are marked with an asterisk (x). The widths of the
arrows indicate the relative intensities of the transitions.
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TABLE II. Reduced transition probabilities for E1 and E2 tran-
sitions in *®Nd. The branching ratios are those in Ref. [31], with
the exception of the 27 state, for which the averages of the values
reported in Refs. [18,19] are used. The lifetimes of the states used for
the calculation of the B(E1) and B(E?2) values are those in Table I
and Fig. 3, and the internal conversion coefficients were obtained from
Ref. [32].

I; Iy E, EX branch B(EM I; — Iy)
[keV] [%] [e2fm?*]
2f of 521 E2 100 1520(30)
2f of 1014 E2 31(6) 27(6)
2F 2f 493 E2 69(6) 2190(260)
4f 2f 729 E2 100 2070(270)
57 4f 740 El 100 <2.7x1073
i 57 331 E2 92(1) ~500
N 67 187 E1l 8(2) A2 %1073
75 57 701 E2 2.7(6) 14(3)
7 6/ 557 El 66(6) 2.5(4)x 1074
75 55 470 E2 24(3) 890(280)
75 N 370 M1/E2 7(1)
10f &' 67 E2 100 107(8)
105 9, 454 E1l 56(6) 7.8(10)x 1073
105 97 329 El 43(4) 1.6(3)x 10~
107 107 144 El 1.0(4) 4(2)x 1075
12§ 107 647 E2 100 750(60)
125 105 503 E2 100 1790(80)

the value of 39(4) W.u. that was measured in the isotone '*°Ce
[33], but smaller than 49(4) W.u. in '*°Sm [17]. This finding is
consistent with the expectation that collectivity increases with
the number of valence protons. The relatively strong increase
of the B(E2;2] — 07) value from '**Nd to '*°Sm seems, on
the other hand, surprising because the excitation energies for
the 2] and 4 states are very similar for both nuclei.

The evolution of transition strengths in the ground-state
bands of even-even Nd isotopes below the N = 82 shell
closure is shown in Fig. 4, where the available experimen-
tal data are compared to microscopic calculations based on
constrained Hartree-Fock-Bogoliubov theory using the Gogny
D1S interaction [34,35] and mapping to the five-dimensional
collective Hamiltonian (SDCH) for quadrupole excitations.
The method used in the calculations is described in more
detail elsewhere [36]. The calculations predict a smooth onset
of collectivity with decreasing neutron number and generally
reproduce the trend of the experimental values for the 2] — 07
and 47 — 2 transitions. Data for the 6] — 4] transitions is
too sparse to draw any conclusions. For the case of '3¥Nd the
calculations reproduce the B(E?2; ZT — Ofr) value well, but
find a somewhat too large B(E2;4] — 2[) value. The SDCH
calculations also reproduce the strong increase in B(E2;2] —
07) value from 'Nd to '*°Sm and find 41 and 48 W.u.,
respectively.

The low-lying states in '*®Nd show typical features
of a transitional nucleus, for example, an energy ra-
tio of E(4])/EQ2])=2.40. The ratio of B(E2) values
is B(E2;47 — 21)/B(E2;2{ — 0) = 1.36(15), similar to
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FIG. 4. Experimental B(E2;|) values for transitions in the
ground-state band of *2Nd [37,38], **Nd [39], **Nd [40], '**Nd
(present work), and '**Nd [41] compared to theoretical calculations
based on the SDCH approach with the Gogny D18 interaction.

what is found in '“°Sm, where E(4])/E(2]) = 2.35 and
B(E2;4] — 2)/B(E2;2] — 0]) = 1.30(14) [16]. A com-
parison of the experimental excitation energies and B(E2)
transition probabilities with theoretical calculations using the
5DCH approach and with shell model calculations for selected
states is presented in Table III. The Gogny calculations repro-
duce the energy ratios for the states in the ground-state band,
but the absolute energies are overestimated by about 20%. Such
an overestimation of energies of the Gogny calculations has
been observed already earlier for transitional, y-soft nuclei
[16]. It should be noted that the SDCH approach contains no
free parameters other that those specifying the Gogny DI1S
interaction, which is used globally for all nuclei.

TABLEIII. Experimental excitation energies (in keV) of selected
states in '**Nd and reduced transition probabilities B(E2;I; — I )
(in €2fm*) between them compared to theoretical calculations using a
SDCH Hamiltonian and the Gogny D18 interaction and to large-scale
shell model calculations (see text for details).

Exp. 5SDCH SM
EQ2DH 521 660 513
EQ2F) 1014 1461
E@4)) 1250 1541 1346
E(67) 2134 2610 2345
E(8)) 3107 3274
EQ107) 3175 3247
E(107) 3701 4214
E12)) 3821 3842
B(E2;2{ — 0)) 1520(30) 1736 1945
B(E2;27 — 0F) 27(6) 15
B(E2;25 — 2 2190(260) 2531
B(E2;45 — 21 2070(270) 2853 2803
B(E2;10f — &) 107(8) 634
B(E2;12{ — 10) 750(60) 885
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FIG. 5. Potential energy surface (PES) for the ground-state of
138Nd based on constrained Hartree-Fock-Bogoliubov calculations
with the Gogny D1S interaction. The lines and numbers indicate the
potential energy in MeV.

Evidence for triaxiality was found in neighboring '4°Sm
[16]. The potential energy surface (Fig. 5) for '*Nd calculated
with the Gogny D18 interaction is shown in Fig. 5. Similar to
1408m, the PES for '*¥Nd features a rather shallow spherical
minimum that is flat in both 8 and y direction. The mean
dynamic deformation in the PES is found at (8) = 0.17 and
(y) = 27°, indicated by star in Fig. 5. The predicted y softness
is consistent with the observation of a very low-lying quasi-y
band with the excitation energy of the 25 state below that of the
47 state [18]. The energy ratio E(2])/E(2]) = 1.95 is close
to what is expected for a nucleus with maximum triaxiality.
The B(E2;23L — 2;“) and B(E2;2; — OT) values are well
reproduced by the Gogny calculations (c.f. Table III), and are
consistent with the interpretation of pronounced triaxiality near
the ground state of 138Nd, with the decay from the 22’ state to
the 2;“ state strongly favored over that to the ground state. The
calculated spectroscopic quadrupole moments for the 2, and
27 states are Q;(2]) = —30 efm? and Q,(27) = +31 efm?,
respectively.

To gain further insight into the structure of the low-lying
states in '38Nd, large-scale shell model calculations were
carried out using a '’Sn core with a valence space including
the 87725 d3/2, $1/25 d5/2, and h11/2 orbitals for both protons
and neutrons, and the effective GCN5082 interaction [42],
based on a realistic renormalized G matrix with phenomeno-
logical monopole constraints. Similar to previous shell model
calculations for "°Sm [16], a seniority truncation scheme
was introduced to limit the otherwise prohibitively large basis
dimensions. Effective charges of €, = 1.65 for protons and
€, = 0.65 for neutrons were used to determine the transition
probabilities. Results from the shell model calculations are
presented in Table IIT and compared to experimental excitation
energies and transition strengths and results from the SDCH
calculations based on the Gogny D1S interaction. While the
5DCH calculations were limited to states with I” < 6T, the
shell model calculations were extended up to spin 127+,

The energies of the yrast states with even spin and positive
parity calculated in the shell model are in relatively good
agreement with the experimental values. In the calculation,

the order of the 8] and 10/ states is inverted with the 10}
state lying just below the 8] state, but the absolute energies
are well reproduced. The B(E?2) values from the shell model
calculations for the low-lying states are somewhat too large.
The same effective charges were used as in the calculations for
140Sm [16], where a better agreement was achieved. A possible
explanation could be that the calculations for '*°Sm, which
have even larger dimension, were not fully converged and that
somewhat smaller effective charges might be more appropriate
for this mass region.

The excitation energy of the isomeric 107 state is well
reproduced. However, the calculated B(E?2; 10?r — 8?’) value
is too large. The 10 isomer is understood as having an
aligned vhl_lz/2 configuration [11,12]. It is again conceivable
that the calculations are not fully converged and that the wave
function of the 10?r state is therefore more mixed, resulting in
a larger transition strength. The B(E2; 12 — 10]") transition
strength, on the other hand, is well reproduced. The calculated
energy of the 103L state is too high, probably because of the
too constricted truncation scheme. With an incomplete level
scheme and a too restricted model space for the states with
higher spin, the shell model calculations cannot contribute
more to the understanding of experimental transition probabil-
ities. Instead, it is interesting to discuss the measured B(E?2)
values within the systematics of the neighboring nuclides.

The similarity between the quasirotational band built on
the n(h%l/z)lm state in '8Nd, the whii, band in 137py,

and the ground-state band in '**Ce on the one hand, and
between the v(hl_lz/z)lm band in *®Nd, the vhl_ll/2 band in

139N, and the ground-state band in 140N/d on the other hand,
was already pointed out and discussed by de Angelis et al.
[11]. Corresponding systematics were discussed for the bands
built on the 10T isomers associated with the nh% 12 and vhl_lz/2

configurations in '*°Sm and '*>Gd by Starzecki et al. [13]. The
newly measured B(E?2) values complete the systematics and
allow a comparison also for the transition probabilities between
the respective states, as shown in Fig. 6.

It has been discussed earlier that the alignment of 4y,
protons induces prolate shape, whereas the alignment of 41,
neutron holes induces oblate shapes [11]. The energy spacings
in the bands built on the 7 (h?, 12)10+ configuration in 138N,
1408m, and '**Gd suggest a higher collectivity compared to
the bands built on the v(hl_lz/z)]w configuration. As can be
seen in Fig. 6, the B(E?2) values for the bands built on the
h11,2 proton configuration are indeed higher than for the bands
built on the aligned %/, neutron holes. Consistent with the
similarity of the transition energies, also the B(E?2) values
of the 7 (h3, 210+ bands show a remarkable similarity with
the ground-state bands in the Z — 2 core nuclei. The B(E?2)
values in the v(hf12/2)10+ bands are slightly smaller than those
in the ground-state bands of the N + 2 cores, but the overall
systematic picture is very consistent.

V. SUMMARY AND CONCLUSIONS

Lifetimes have been measured for several excited states
in 'Nd using the recoil-distance Doppler shift technique
following the '2*Sb('°F,4n) fusion-evaporation reaction and
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FIG. 6. Comparison of B(E?2) values for transitions in the quasi-
rotational bands on top of the 107 and 105 states in '**Nd (a) and
1403m (b) with B(E?2) values of transitions in the ground-state bands
of the respective (Z — 2) and (N + 2) cores. The B(E?2) values for
136Ce [33], 38 Nd (present work), “°Nd [41], *°Sm [15], and **Sm
[43] are given in Weisskopf units, and the widths of the transitions
are proportional to the corresponding B(E?2) values.

the ROSPHERE germanium detector array. The measured
lifetimes yield B(E2) transition probabilities for transitions
within the ground-state band, the quasi-y band, and the
bands built on top of the v(h]_]2/2)10+ and 7 (h?, )10+ states.

In addition, several B(E1) and B(E?2) transition probabilities
involving negative-parity states were measured.

The results were compared to large-scale shell model calcu-
lations using a '°°Sn core and the GCN5082 interaction, and to
beyond-mean-field calculations based on constrained Hartree-
Fock-Bogoliubov calculations using the Gogny D1S interac-
tion and mapping to a five-dimensional collective Hamiltonian.
The results suggest that the states near the ground state have
small deformation with pronounced triaxiality and softness in
both the 8 and y degrees of freedom.

The measured B(E2) values above the 10" states support
the picture of shape coexistence between prolate and oblate
shapes with h%l /2 proton and h1_12/2 neutron configurations,
respectively: the alignment of two /4y, protons results in a
quasirotational band that is very similar to the ground-state
band in the '*°Ce core; similarly, the states above the aligned
neutron configuration have properties that are similar to the
ground-state band in the '*°Nd core. The same analogy is found
for the band built on the 7h?, ,, configuration in '**Sm and the

ground-state band in '*®Nd. Beyond-mean field calculations
up to higher spins and larger shell-model calculations with less
truncation would be needed to draw further conclusions. Calcu-
lations for the transition probabilities involving negative-parity
states are currently beyond the reach of the theoretical models.
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