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Mean lifetime measurements of low-lying yrast positive- and negative-parity states of '°Gd have been
performed with the ROSPHERE array using the '“’Ce('3C,3n) fusion-evaporation reaction and the recoil distance
Doppler shift method. Precise branching ratios have been obtained from a complementary electron capture
decay experiment of both the isomer and ground state of *°Tb. Reduced E1, E2, and E3 transition probabilities
were extracted and compared with the corresponding observables in the neighboring isotopes and isotones. The

experimental data are compared to the predictions of various theoretical models: quasiparticle random phase
approximation, time-dependent Hartree-Fock calculations, the quadrupole-octupole collective Hamiltonian,
the mean-field mapped interacting boson model, and the triaxial projected shell model. We find that a complete
description of both quadrupole and octupole collectivity, from ground and excited states, is currently lacking,

and such measurements of transition strengths are crucial for constraining present and future calculations.

DOI: 10.1103/PhysRevC.111.034302

I. INTRODUCTION

The equilibrium shape of atomic nuclei is one of the most
basic properties these many-body quantum systems possess.
The rare-earth region is interesting from this point of view
since quadrupole [1], octupole [2], tetrahedral shapes [3], and
shape coexistence [4] have been theoretically predicted and
experimentally confirmed. The quadrupole-deformed nuclei
in this region are traditionally interpreted as having an axi-
ally symmetric shape, and are often considered as textbook
examples of prolate-deformed nuclei, as proposed by Bohr
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and Mottelson [1]. This picture remained unchanged for more
than 70 years, until recent calculations within the Monte Carlo
shell model (MCSM) highlighted the importance of the ten-
sor force for the nuclear shapes, and proposed that in the
rare-earth region, triaxially deformed nuclei are predominant
rather than the prolate-deformed shapes [5,6]. This is probably
one of the most significant paradigm shifts in nuclear structure
in the last years, but the exact region where this occurs still
needs to be constrained by experimental data.

A. Phase transition and shape competition analysis
around N ~ 90

Phase transitions between the spherical and/or vibrational
and axial-deformed regions, the so-called X(5) symmetry in-
troduced by Iachello [7], have been proposed to occur in
several N = 90 nuclei [8,9], including '3*Gd [10]. However,
the usual signature of a flat potential energy surface (PES) was
challenged by more recent investigations. In particular, studies

Published by the American Physical Society
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with the constrained relativistic mean-field approach with the
NL3 interaction [11] or within the Hartree-Bogoliubov model
[12] found '*°Gd and '3>Gd among critical point symmetry
candidates.

Indeed, even the degree of deformation of the nuclei in this
region is an area of much discussion in the literature, with
some theoretical studies placing '°Gd in the spherical re-
gion (Nilsson model [13], consistent Q formalism (CQF), and
phenomenological interacting boson model (p-IBM) [14]).
On the other hand, other investigations predict a moderate
deformation; these include (i) the mean-field mapped inter-
acting boson model (m-IBM) [14]; (ii) the five-dimensional
collective Hamiltonian based on the PC-PK1 covariant density
functional theory (CDFT) [15]; (iii) the triaxial projected shell
model (TPSM) [16]; (iv) the relativistic Hartree-Bogoliubov
implementation of the covariant density functional the-
ory [17]; (v) the constrained relativistic mean field [11];
(vi) the Skyrme Hartree-Fock + BCS model [18], albeit with a
low B, deformation [19]; (vii) the five-dimensional collective
quadrupole Hamiltonian (SDCH) [20]; (viii) the phenomeno-
logical interacting boson model [21]; and (ix) relativistic
mean-field theory with the NL-SH parameter set [22]. Beyond
mean-field and Gogny D1S calculations revealed that none of
the calculated PESs in the Gd isotopes shows the presence of
a critical point, suggesting the importance of triaxial degree of
freedom in the N = 86-90 isotopes [23].

B. Octupole collectivity in the rare-earth region

Octupole correlations are known to play an important role
around the N & 88 isotonic chain [24]. The emergence of
octupolarity is understood as being due to the presence in this
region of single-particle orbitals with Al = Aj = 3. Close
to magic nuclei, octupole collectivity is the consequence of
several such orbital pairs across the neutron and proton shell
gaps. In quadrupole-deformed nuclei, the octupole collectiv-
ity is related to such orbital pairs within a single shell. In
the rare-earth region, the coupling between the A1/, (i13/2)
and ds;, (f7/2) proton (neutron) single-particle orbitals is
the main reason for the increased octupole correlations. The
largest electric octupole (E3) transitions in this region, to
date, have been measured in '*Ba (483 W.u.) [2] and
146Ba (4877 W.u.) [25]. In addition, enhanced octupole cor-
relations have been claimed in '**Ce [26], "°Nd [27], and
148.150.152 91y, [28], but mostly inferred from the behavior of
the E1 decay strength. Nevertheless, the enhanced octupole
collectivity in the rare-earth region appears to be of vibra-
tional nature, as compared to the situation in the actinides,
which is the only known region so far that shows examples
of octupole deformation [27,29]. Finally, we emphasize an
interesting result in the case of '*Sm, where a pattern of
repeating excitations of negative parity has been found built
on the 05 state. These are similar to the one built on the ground
state and support the idea of shape coexistence rather than a
distinct critical-point-related phase change [30].

Experimental signatures for increased octupole correla-
tions in even-even nuclei include the presence of alternat-
ing bands and enhanced E3 transition strengths. In '“*Gd
(N = 82), the first excited level is a J” = 3~ state, which

decays directly to the ground state via a collective E3 tran-
sition with B(E3) = 37(4) W.u. [31]. An even larger E3
strength of 41(6) W.u. was measured in '*8Gd (N = 84) [32],
suggesting that the f7/5-73/2 neutron orbital pair starts to con-
tribute. In '*°Gd (N = 86), alternating-parity bands start from
the J™ = 3~ excitation energy [33], which is notably lower
than in the neighboring isotopes. In addition, we have recently
reported a very large B(E3) value in 150Gd [34] (45(5) W.u.),
continuing the increasing trend of octupole collectivity in
the Gd nuclei. However, for '*2Gd, no E3 strength has been
reported so far, while for the heavier Gd isotopes, the octupole
strength lies around 15-20 W.u. [35].

Calculations with the mean-field constrained interacting
boson model for the Sm and Gd isotopes [36] predict a small
B3 value for the N = 86 and N = 88 isotones in the mean-field
calculations, but a vanishing value when projecting into the
IBM model space. Moreover, the E3 strength across the whole
Gd isotopic chain shows only small variations with neutron
number, in contrast with the experimental situation. More pro-
nounced octupole minima are found in the previous relativistic
mean-field calculations, with a value of 83 = 0.08 for “*Sm
[37]. However, no E3 strength was extracted from those cal-
culations. A systematic study to search for octupole-deformed
nuclei has been performed with the Skyrme-Hartree-Fock +
BCS model, and the results support the presence of a small
octupole minimum with a value of 0.06 in the case of '°Gd
[18]. The results of the calculations with the quadrupole-
octupole collective Hamiltonian in Ref. [38] found no stable
minima for any Gd isotope. Hartree-Fock-Bogoliubov calcu-
lations using the Gogny energy density functional (EDF) with
DIM and D18 parametrizations have found '*°Gd to lie at the
border of the shape transition from octupole- to quadrupole-
deformed ground states [39]. The collective model of coherent
quadrupole and octupole motion (CQOM) was applied in Ref.
[40] to heavier Gd isotopes (A = 154—158) and gives a quali-
tative description of B(E3) transition probabilities. Finally, we
mention two studies performed for the N = 86 isotones. The
first one is experimental, and extracted the dipole moments
from B(E1)/B(E2) probabilities [41]. The results indicate a
reduction of the dipole moments starting with Z > 62. The
second one concerns the theoretical calculations within the
adiabatic time-dependent Hartree-Fock plus zero point energy
in the cranking approximation. The results indicate relatively
shallow octupole barriers and give a reasonable description of
the experimental data [42].

C. Present experimental status and current work

10Gd is a nucleus located two neutrons away from the
stability line, and has been previously studied using a vari-
ety of reactions, including - and B-decay studies, transfer
reactions, as well as light- and heavy-ion fusion evaporation
reactions [33]. However, only a handful of mean lifetimes of
low-lying excited states have been reported so far [34,43].
Results concerning the mean lifetime determination of the 3~
and 57 states, and of the corresponding branching ratios, have
already been published [34]. In the current work, we present
complete results of our study for mean lifetime measure-
ments in °Gd. In addition, we present partial results from a

034302-2



COLLECTIVE EXCITATIONS IN '*°Gd

PHYSICAL REVIEW C 111, 034302 (2025)

complementary electron capture (EC) decay experiment used
to extract y-ray branching ratios needed to calculate the final
electromagnetic transition strengths. In Sec. II, we describe
the experimental setups and the details of the two experiments.
Experimental results are given in Sec. III, and compared
in Sec. IV to theoretical calculations within the quasipar-
ticle random phase approximation (QRPA), time-dependent
Hartree-Fock (TDHF) calculations, the mean-field mapped
interacting boson model (m-IBM), the quadrupole-octupole
collective Hamiltonian (QOCH), and the TPSM.

II. EXPERIMENTAL DETAILS
A. RDDS experiment

Mean lifetime measurements were performed using the
recoil distance Doppler shift method [44]. Excited states
of 'Gd were populated with the “°Ce('3C,3n) fusion-
evaporation reaction with 62 MeV '3C ions delivered by the
Tandem accelerator of the “Horia Hulubei” National Insti-
tute for Research and Development in Physics and Nuclear
Engineering (IFIN-HH) near Bucharest. The average current
was kept at about 5 particle nanoamperes (pnA) throughout
the experiment and impinged on a thin 0.5 mg/cm? °Ce
layer deposited on a stretched 3 mg/cm? Au foil facing the
beam. The stopper consisted of 4 mg/cm? Au, which was
sufficient to stop the recoiling ions with an average velocity
of v/c =0.70(4)%.

Measurements were taken over ten separate target-stopper
foil distances, ranging from 20 to 500 um to cover a broad
range of lifetime sensitivity. Emitted y rays were detected
with the ROSPHERE array [43], consisting of 14 HPGe de-
tectors and 11 LaBr3(Ce) scintillators. The HPGe detectors
were arranged in four rings, covering four polar angles: 37°
(five), 90° (three), 110° (one), and 143° (five). The LaBr;(Ce)
scintillators were mounted in the remaining positions.

In the present paper, we show the results obtained with
the HPGe detectors and the plunger method using the spec-
tra collected with the detectors placed at 37° and 143°. The
full-energy peak detection efficiency of the setup was about
1.1% for the HPGe array at 1332 keV [43]. The HPGe and
LaBr;(Ce) detectors were calibrated in energy and efficiency
using a '>?Eu standard source. In addition, a run-by-run gain
matching procedure was applied to correct for additional
shifts during the experiment.

Data were analyzed using the differential decay curve
method (DDCM) [45,46]. We employed the y-y coincidence
version of this technique which is well suited for elimi-
nating the feeding of the level, which affects single y-ray
measurement. The shifted (called “s”) and unshifted (called
“u”) intensities of the depopulating transition (called A) are
determined from the measured y-ray intensities. In the case
of direct feeding, the gate is set on the shifted component of
the populating transition (called B) of the level of interest and
ensures that the depopulating transition is emitted in flight.
The mean lifetime t is determined with the following equa-
tion [46]:
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FIG. 1. Evolution of the shifted (“s”, dashed green line) and
unshifted (“u”, dashed red line) components of the 496-keV y line
(3= — 27T transition), measured at 37° relative to the beam axis.
Spectra were obtained by gating on the shifted component of the
566-keV transition (5= — 37) at 143°.

where I35 and the I!¥ are coincident intensities, namely, the
unshifted and the shifted component of transition “A” when
gated by the shifted component of transition “B”, respectively.
Since the denominator involves the derivative of shifted com-
ponents, which is not directly measured, I*) components are
fitted piecewise with easily derivable functions. In the present
case, second-degree polynomials were used, and the program
Napatau was employed [47]. In the case of the indirect gating,
on a higher feeding transition (called “C”), the gate is set on
the shifted component of the transition “C” and Eq. (1) can be
rewritten as [46]

IS(d) — oI35 (d)
Ti(d) = % ()
valx (@)
where « is defined as [46]
15 (d) + 15 ()
= - 3)

- LE@) + L)

Sample spectra obtained from the current experiment are
presented in Fig. 1. The region around 500 keV is magni-
fied to illustrate the evolution with distance of the shifted
(“s”) and unshifted (“u”) components of the main transition
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FIG. 2. Relevant part of the level scheme of °Gd showing low-
lying excited states up to J* = 117, with the width of the arrows
proportional to the experimental intensity (see Table I for exact
values). The mean lifetimes deduced from the present experiment
are shown in red next to the corresponding level.

(496 keV) depopulating the first 3~ level at 1134.3 keV [33]
(see Fig. 2). The spectra are gated by the shifted component
of the 57 — 37 transition (566 keV) located just above the
3~ level. The separation between the shifted and unshifted
components is about 3.5 keV at this energy, which is enough
to distinguish between the two peaks. To ensure a clean gate,

only half of the shifted feeding peak was used as a gate, the
one further apart in energy from the unshifted component (i.e.,
the highest energy for the forward direction and the lowest for
the backward direction). The width of the gate was modified
until a component of the stopped peak was clearly observed
in the gated spectra (the shifted/unshifted ratio was changed
because of the additional presence of a stopped component).
A relevant part of the low-lying '*°Gd level scheme, for both
the positive- and negative-parity levels up to around 3.5 MeV,
is presented in Fig. 2. The mean lifetimes are indicated on
the figure close to the levels they represent. The width of the
arrows is proportional to the y-ray intensities obtained from
the electron capture decay experiment described in the next
section. The current values are more precise, and most of
them agree with the previously determined branching ratios
in Ref. [33], with some discrepancies in the case of the decay
of the 5~ level at 1699.9 keV (see Table I).

An important point in the DDCM analysis is the normal-
ization of data for different distances. One of the possible
normalizations is to the total number of events in each
angle-gated y-ray energy coincidence matrix. This number is
usually proportional to the time data were collected for each
distance and the beam intensity during that period. However,
in the present experiment, the target material was deposited
on an Au backing. At 62 MeV, the B¢ beam induced an-
other reaction on the backing, producing mostly 2*°At, which
decays back to 2%°Po with a half-life of T} 2 = 30.6(8) min
[49]. The decay chain continues down to 206pp_ with half-lives
of several days (7} /2(206P0) = 8.8(1) days and T} /2(206Bi) =
6.243(3) days [49]). As such, the total number of counts in the
spectrum slightly increases over time as the target is activated

TABLE I. Summary of relevant experimental results for '*°Gd. The state energy (E;), the mean lifetime (t), the initial (J7) and final spin
and parity (J7), the energy of the final state (Ey), the decay transition (£,), the multipolarity (Mult.), the branching ratios from the present
experiment (normalized to the most intense y ray for each level) (I, expt.) and the corresponding literature values (/, lit.), the conversion
coefficient ajcc calculated with the brice code [48], and the corresponding transition probabilities are listed. The multipolarity of the 1061-keV
transition (in square brackets) is not given in Ref. [33] and is assumed in the present measurement as having an E3 character based on spin

difference.
E;(keV)[33] T(ps) J7I[33] J7I[33] E;(keV)[33] E, (keV)[33] Mult.[33] I, expt. I, lit.[33] aicc [48] B(EA)) (W)
638.045(14) 9(4) 2f 0f 0.0 638.050(16) E2 100 100 0.00754 1916
1134.297(17) 32.3(24) 37 2f 638.045(16)  496.242(15) El 100(2) 100 0.00479  8.7(7) x 107°
0 0.0 1134.1(1) E3* 0.27(2) 0.00439 45(5)
1288.42(3) 5.6(24) 4f 37 1134.297(17)  154.07(6) (E1) 1.5(1) 1.84)  0.0911 2508 x 107
2F 638.045(16) 650.36 E2 100(2) 100 0.00720 267
1699.912(25) 11.0(17) 57 4f 1288.42(3)  411.490(15) El 46(1) 77(4) 0.00738  1.4%3 x 10~
37 1134.297(17)  565.64(2) E2 100(2) 100 0.01015 18(3)
2f 638.045(16) 1061.5(1) [E3]>  0.10(2) 0.00513 53713
2211.11(14)  12.520) 77 65 2115.75(9) 95.5(2) (E1) 1.3(1) 2.04) 0331 3.878 x 107
6/ 1936.31(16) 274.9(3) El 6.1(1) 8(3) 0.0199  7.47}5 x 107
57 1699.912(25) 511 E2 1002)  100(16)  0.01318 3671
2554.14(12) 45(3) 8 (N 2392.06(17) 162.0(2) M1 14(2) 14(4) 0.513 0.0125(18)
i 2211.11(14)  343.07(10) El 62(5) 59(19)  0.01142 6.3(6) x 1073
65 2115.75(9) 438.37(10) E2 100(2)  100(45)  0.0199 12.8(10)

2From current work.

®Assumed in the present measurement based on spin difference.
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and decays toward stability. Therefore, the present experiment
used a normalization to the main Au lines Coulomb excited in
the reaction, for each angle-gated y-ray energy coincidence
matrix.

The mean lifetimes determined in the present experiment
are summarized in Table I, together with their initial and final
states and spin values, the decay transition energy and mul-
tipolarity, the deduced intensity in the present experiment in
comparison with the literature values, the internal conversion
coefficient, and the transition strengths. The mean lifetimes
were calculated as a weighted average of all possible ring-ring
combinations where they could be determined without inter-
ference from contaminating peaks. A systematic uncertainty
of 5% is added in quadrature to the quoted mean lifetimes to
account for the uncertainty in the velocity distribution, except
for the mean lifetime of the 7] level at 2211.1 keV for which
an additional 5% is added to account for the presence of
possible random coincidences, as discussed below.

B. Electron capture decay experiment

A precise measurement of the branching ratios necessary
to extract the reduced transition strengths was performed fol-
lowing an electron capture decay measurement of '>°Tb. The
parent nucleus was produced in the 'Y’Sm(°Li,3n) fusion-
evaporation reaction with an incident energy of 33 MeV
impinged on a 9.4 mg/cm? 4’Sm target enriched to 94%
(Qrc = 4.7 MeV). "°Tb has a J™ = (2)7, Ti» = 3.48(16)h
[33] ground state and will mainly populate low-spin states
havingaspinof J = 1,2,3,andaJ”™ = 9%, T, = 5.8(2) min
[33] isomer populating mostly high-spin states with J = 8, 9,
10. The large time difference between these two competing
EC decay branches from '°Tb makes it easier to disentangle
them and to measure clean decay spectra arising primarily
from the ground-state decay branch. Therefore, two beam-on
and beam-off settings were used to separate them. To enhance
the isomer production, a 10 min/10 min beam-on/beam-off
period was used, while for the ground-state decay, we used a
5-h activation period, followed by 1 h of cooling without data
taking, and 5 h of ground-state decay measurement. Data were
collected with the ROSPHERE array in a configuration with
21 HPGe detectors placed at 37° (five), 70° (five), 90° (one),
110° (five), and 143° (five). The detectors were calibrated
with '2Eu and 3°Co standard radioactive sources, followed
by a gain matching for each run. In the present paper, we
only show the results from the decay of the high-spin isomer
necessary to complement the plunger data and extract the
transition strengths. A detailed analysis of both the isomer and
ground-state decay of °Tb will be given elsewhere [50].

II1. RESULTS OF THE ANALYSIS

A. Mean lifetimes of the positive-parity states

The mean lifetimes of three positive-parity states were
measured in this experiment: the 2] at 638 keV, the 4] at
1288 keV, and the 81+ at 2554 keV. The lifetime of the first 2+
level was determined from an indirect gating on the 566 keV
57 — 37 transition. This was the only viable gate that could
be used in the present study and offered sufficient statistics. A

clean direct gating on the 47 — 2% 650-keV transition is not
possible because of the presence of the 67 — 41 648-keV y
ray, with a difference of only 2 keV (see Fig. 2). A possible
solution can be a gate on the 496-keV 3~ — 2% transition.
However, the mean lifetime of the intermediate 3~ state is
longer than that of the 2% level, so the unshifted component
of this transition is extremely small in the region of sensitivity
of the 27 state. As a result, the mean lifetime of this level is
determined with a large uncertainty (see Table I). The mean
lifetime and the evolution of the shifted and unshifted com-
ponents corresponding to the 2% state are shown in Figs. 3(a)
and 3(d) in the case of a forward-backward matrix.

The mean lifetime determination of the first 4T level (1288
keV) suffers from the same lack of a clean gate because of the
contaminating 6 — 4Ty transition. Therefore, the lifetime
was determined from a direct gate on the 411-keV 5~ — 4+
transition. However, due to the low statistics, clear shifted and
unshifted components of the 650-keV transition are visible
at only three angles, resulting in about 40% uncertainty (see
Table I). The extracted mean lifetime and the evolution of
the shifted and unshifted components corresponding to the
4" state are shown in Figs. 3(b) and 3(e) in the case of a
forward-backward matrix.

The 8% level at 2554 keV is the lowest energy state with
this spin and, therefore, can be considered a part of the yrast
band. However, a careful examination of its decay pattern
reveals a dominant decay to a second 67 state at 2116 keV. In
fact, no direct transition to the 6T state has been observed so
far [33]. This suggests that the structure of the first 8 state is
vastly different from the lower-spin states (27 to 67). A strong
transition above the 8% level is seen (734-keV line depopulat-
ing the 107" state at 3288 keV. Therefore, the lifetime of this
state is determined with below 10% uncertainty. Figs. 3(c) and
3(f) show the lifetime of the 87 level and the evolution of the
shifted and unshifted components of the 438-keV transition.

B. Mean lifetimes of the negative-parity states

In the present experiment, we deduced the mean lifetimes
of three negative-parity states: 3] at 1134 keV, 5| at 1700
keV, and 77 at 2211 keV. All the values in the present section
are determined using Eq. (1) from direct gating. The three
levels of interest are all part of the octupole band, so the deter-
mination of their mean lifetimes is essential for the discussion
in the following section. The values for the 3] and 5] states
have been reported previously in Ref. [34], so in the following,
we only review these results.

The mean lifetime of the 3] level is determined from a
gate on the 566-keV 5~ — 37 direct feeder and is presented
in Fig. 4(a), while the evolution of the shifted and unshifted
components of the 496-keV transition is shown in Fig. 4(d).
Since the mean lifetime of the 3] level is relatively long
compared to the other low-lying states in this nucleus, the
shifted and unshifted components are seen at seven distances.
As aresult, a precise measurement with an uncertainty below
10% could be performed.

The mean lifetime of the 57 level at 1700 keV was de-
termined from direct gating on the shifted component of the
77 — 57 511-keV transition. The evolution of the shifted and
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FIG. 3. Top: Mean lifetimes of the low-lying positive-parity states (first 2+, 4%, and 8*) of '*°Gd as a function of plunger distance. 1o
uncertainties are given as dashed lines. Bottom: Relative intensities of the shifted and unshifted components and their corresponding fit with
second-degree polynomials for a forward-backward matrix (see text for details).

unshifted 5~ — 37 566-keV y-ray components was followed
for all distances in the sensitivity region (five distances) and is
presented in Fig. 4(e).

The 77 level at 2211 keV decays mainly by a 511-keV
y ray to the 57 state. The other two decay transitions, lo-
cated at 95 keV (I, = 1.3(1)%) and 275 keV (I, = 6.1(1)%)
(see Table I and the following section), are located at lower
energies (their shifted and unshifted components cannot be
separated with the present energy resolution of the detectors)
and are too weak to show any significant statistics. Therefore,
the mean lifetime determination of the 7| level has to rely on
the 511-keV transition. Of course, the well-known annihila-
tion line has, unfortunately, exactly the same energy and will
contribute to the present spectra in the stopped component of
the 7~ — 57 transition. Although this will be much reduced
for coincident events, we cannot exclude the contribution
of this component through random coincidences. Therefore,
gated spectra on transitions that are not in “true” coincidence
with the 7= — 57 transition were inspected. The forward-
backward matrix at 20 um was chosen and the obtained
spectra are presented in Fig. 5, with a gate on the 438-keV
8] — 65 transition in Fig. 5(a), and a gate on the 827-keV
6, — 4, transition in Fig. 5(b). The main transitions are

indicated in the figure, while it can clearly be seen that there
is hardly any contribution of the 511-keV line in the spectra
(dashed line indicates the location of the supposed 511-keV
y ray). Nevertheless, we decided to add an additional 5%
systematic uncertainty to our determined lifetime to account
for this possible contamination. The results are presented in
Figs. 4(c) and 4(f).

We note that the full horizontal lines in Figs. 3(d)-
3(f) and 4(d)—4(f) represent the values extracted only from
the forward-backward combination of detectors as explained
above, while the mean lifetime indicated on each panel is the
weighted average value extracted from all possible detector
combinations.

C. Determination of the branching ratios

Branching ratios were determined using the y-y coinci-
dence data from the EC decay experiment. All the results
presented in Table I are obtained by “gating from above.”
This method implies placing a gate on a transition above
the one of interest and dividing the intensity of the y ray of
interest by the intensity of the strongest transition out of that
level, corrected by efficiency. To check the accuracy of the
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FIG. 4. Similar to Fig. 3, but for the 3|, 5;, and 7, negative-parity states.

results, the “gating from below” method was also employed,
as described in Ref. [51]. Angular correlation effects were
neglected in the present analysis.

—_
W
(=)

—
ol
=}

[
(=]

(=}

100+

[
(=]

Counts/0.5 keV  Counts/0.5 keV

550
E, (keV)

FIG. 5. Relevant part of the y-ray spectrum gated by (a) the 438-
keV transition and (b) the 827 keV transition). The main y lines in
the spectra are indicated. The dashed line corresponds to the position
of the 511-keV transition from random coincidences.

The 3~ — 0" transition was observed in the EC decay
experiment and reported for the first time in Ref. [34]. Since
only limited information could be given in that paper, we
present below a complete description of the determination of
this branching ratio.

A gated spectrum on the 566-keV transition (5= — 37) is
presented in Fig. 6(a). A clear 1134-keV peak can be seen.
This corresponds to the 3= — 07 transition, as well as to the
case when the two individual y rays at 638 and 496 keV,
corresponding to 27 — 01 and 37 — 2%, are detected in the
same detector in the same time window. This process is called
summation and has to be subtracted in order to obtain the
“true” intensity of the 3= — O transition. To estimate the
level of summation, we rely on the summation observed be-
tween transitions 638 and 566 keV, gated on the 496-keV line.
The summation peak is shown in Fig. 6(b) and has an energy
of 1204 keV. In addition, we also estimated the branching ratio
from gating on the 343-keV transition (87 — 77), as well
as on the 566-, 343-, and 511-keV lines on a y-y-y matrix,
and looking for the summation of the 3= — 2+ and 2t — 0%
transitions. The branching ratio is taken as a weighted average
of all these cases. Another “contamination” source of the
1134-keV transition is the presence of a so-far-unobserved
transition at 1132 keV. This is shown in Fig. 6(c) in the gated
spectrum on 650- and 648-keV lines. Based on the y-y-y
coincidence data analysis, we propose the existence of a new
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FIG. 6. EC decay experimental data. Left: (a) Part of the y spectrum of '*°Gd in coincidence with 566-keV (5~ — 37) transition showing
the region around the 1134-keV (3~ — 0F) y line. (b) Part of the y spectrum gated on the 496-keV (3~ — 2[") transition showing the region
around the summation peak (1204 keV) corresponding to the 5~ — 37 and 2* — 0% y rays. Note that this peak is absent in panel (a),
the location being indicated by an arrow. (c) Gated spectrum on the 4™ — 2% and 6T — 47 transitions showing the new 1132-keV line.
(d) 37 - 2f — 0f experimental (black points) and theoretical (red line) angular correlation assuming pure E1 and E2 multipolarities.
(e) 57 = 37 — 0 experimental (black points) and theoretical (red line) angular correlation for E2 and E3 multipolarities, respectively.
(f) 8§ > 63 — 4 experimental (black points) and theoretical (red line) angular correlation for the newly determined state at 3069 keV
(E2 multipolarities assumed). Angular correlations are normalized to the 67 — 4] — 27 cascade. Right: Partial level scheme relevant for the
determination of the previously unreported state J* = 8+ at 3069 keV.

level with an energy of 3069 keV, decaying with the 1132-keV
transition on the 6/ level at 1936 keV, and with an energy of
953 keV on the 6, level at 2116 keV (see the right part of
Fig. 6 for a partial level scheme).

In addition to the statistical uncertainty, a systematic
uncertainty derived from the efficiency curve and angular
correlation effect was considered. We estimate that the effi-
ciency curve introduces a 2% systematic uncertainty, while
the systematic uncertainty from the angular correlations is
calculated to be less than 1%. These effects are important for
the determination of the 3= — 07 transition, as explained
in Ref. [34]. By adding all these contributions we obtain an
intensity of 0.27(2)% relative to the 496-keV transition.

We performed angular correlation calculations to verify
that the observed transition at 1134 keV corresponds to the
decay of the 3| level. HPGe detectors were arranged in eight
groups according to their relative angle, and y-y matrices
were created for each group. The angular correlation was
normalized to the 6] — 47 — 2 cascade. To verify the
normalization, the 3] — 2 — 0] angular correlation is
calculated and shown in Fig. 6(d). Figure 6(e) presents the
results for the 57 — 37 — OT angular correlation. The
experimental data are consistent with a 5-3-0 cascade (solid
lines are the theoretical angular correlation curves for pure
multipolarities, supporting the spin assignments). Finally, in
Fig. 6(f), we show the 953-827-keV angular correlation corre-

sponding to the decay of the newly observed state at 3069 ke V.
As this level is populated in the EC decay of the 9% isomer,
the most probable spin range is J = 8§, 9, 10. Since this level
decays to the first two 67 states, we propose that this state has
a J = 8 spin. The angular correlation presented in Fig. 6(f) is
consistent with a J = 8 assignment. On the right-hand side of
Fig. 6, we present the relevant level scheme for the decay of
the 3069-keV level.

The results for the intensities of the transitions depopulat-
ing the low-lying states of '"°Gd agree in general well with
the ones in the literature [33] and are more precise. The only
significant difference occurs for the transitions decaying out
of the 5] level at 1699.9 keV. The adopted values for the
mass chain A = 150 [33] lists three y rays with energies
411, 566, and 1061 keV, with normalized intensities of 77(4),
100, and 15(3), respectively. In the present experiment, the
three transitions depopulating the 57 level have intensities
of 46(1), 100(1), and 0.10(2), respectively. The largest dif-
ference appears for the 1061-keV transition, with a factor of
150 smaller in the present study. Considering the mean life-
time measured in the present study and the intensity given in
Ref. [33], the transition strength would resultina B(E3; 5] —
2;“) larger than 6100 W.u., far exceeding the recommended
upper limits with a value of 100 for this mass region. With
our new branching ratio, we obtain a value of 53713 W.u.
The origin of this y ray in the ENSDF file is claimed to
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come from two proceedings papers [52,53], which report on
the properties of the high-spin structure of '°Gd with the
1248n(*%Si, 4ny) reaction. However, no y ray of 1061 keV
was reported in these two publications. The transition was
reported in the previous e-decay study of '**Tb [54], but only
from y-ray singles measurements. We trace back the origin of
this transition to the A = 150 mass chain evaluation published
in 1995 [55] and note that the evaluation done in 1986 [56]
did not list this y ray. The two transitions depopulating the 57
state were 412 and 567 keV with intensities of 50 and 100,
respectively, and are closer to what we observe in the present
measurement. We conclude that the intensity of the 1061-keV
y ray was overestimated in the singles experiment, based on
the huge B(E3) value that would result from our measured
lifetime. Therefore, the new y-ray intensities of this study are
used to deduce the corresponding transition strengths and are
given in Table L.

IV. DISCUSSION

In the current work, the structure of the Gd isotopes is
interpreted via the framework of the (i) quasiparticle random
phase approximation, (ii) time-dependent Hartree-Fock cal-
culations, (iii) quadrupole-octupole collective Hamiltonian,
(iv) the mean-field mapped IBM, and (v) the triaxial projected
shell model. In addition to these five models, a literature
survey was performed for all available theoretical predictions
in this region, for Gd isotopes and for N = 86 isotones.
In the following, we present first a brief description of the
theoretical models, and then we compare the calculations
for the energies and transition strengths to the corresponding
experimental data.

A. Theoretical models

1. Quasiparticle random phase approximation and
Time-dependent Hartree-Fock model

Collective excitations in atomic nuclei are well described
by the random phase approximation (RPA) or, in the case of
open-shell nuclei, by the quasiparticle random phase approxi-
mation (QRPA). The QRPA is a well-known tool discussed in
many textbooks and studies; therefore, we will not delve into
its details here and instead refer the reader to Refs. [57-61].
In this work, we perform calculations to study the low-lying
states of '4148.150G( using nuclear EDFs based on relativistic
and nonrelativistic frameworks, assuming spherical symme-
try. It should be noted that the low-lying excitations are quite
sensitive to the details of the levels near the Fermi surface
and thus to the interaction used in the calculations. First, we
use Hartree-Fock Bardeen-Cooper-Schrieffer (HF-BCS) plus
QRPA [60] with the nonrelativistic Skyrme-type SkX inter-
action [62] in the calculations. The SkX interaction provides
low-lying states that are in good agreement with experimental
data. We also perform calculations by employing the relativis-
tic Hartree-Bogoliubov (RHB) plus relativistic quasiparticle
random phase approximation (RQRPA) (see Refs. [58,59]
for more information). The relativistic point-coupling inter-
action, denoted as DD-PCX, is used in the calculations. It
was optimized not only using the ground-state properties but

also the excitation properties of nuclei, including the dipole
polarizability in 2%Pb [63].

For the TDHF calculations [64,65], we used the symmetry-
unrestricted sky3d code [66], which represents wave functions
in a coordinate space basis. The nonrelativistic Skyrme-type
SkM* interaction [67] was employed in the calculations.
Low-lying octupole states were obtained by exciting the
ground state with an Y3y octupole boost, yielding the time-
dependent nuclear density and expectation value of the r3Y3
operator. A Fourier transform of the time-dependent response
provides the strength functions in the energy domain [68]. The
B(E3) values are determined by fitting a Lorentzian to the
lowest peak in the octupole strength function.

2. Quadrupole-octupole collective Hamiltonian

Low-energy spectra and transition rates for both positive-
and negative-parity states of nuclei are calculated using
the microscopic quadrupole-octupole collective Hamiltonian
[38]. The collective Hamiltonian is expressed as the sum
of vibrational kinetic energy, rotational kinetic energy, and
the collective potential, which depends on five collective pa-
rameters: the moments of inertia, the collective mass, and
the collective potential. These terms are functions of the
quadrupole and octupole deformations, 8, and B3, which
are calculated self-consistently using the constrained RHB
method [69] and are then employed in the calculation of low-
energy spectra and transition rates of the nucleus. It should
be noted that the current version of the model is restricted
to axially symmetric shapes. More details about the theoret-
ical framework used in the present calculations are given in
Ref. [38]. In this work, we focus on the Gd isotopic chain,
with detailed results presented for *°Gd.

3. Mean-field constrained interacting boson model

The interacting boson model (IBM) calculations give a
phenomenological description of the atomic nuclei based on
the premise that the main degrees of freedom can be described
by coupling pairs of fermions and treating them mathemati-
cally as bosons [70]. However, the model introduces several
parameters in the Hamiltonian and transition operators that
must be fitted to experimental data. Although the model has
proven useful in describing the low-lying structure of many
even-even nuclei (see Refs. [71-76] for selected results), the
existence of free parameters in the operators makes it less reli-
able when extrapolating to regions with no experimental data.

To address this, a new approach introduced in Ref. [77]
combines IBM with Hartree-Fock-Bogoliubov (HFB) calcula-
tions based on the Gogny EDF [78], which yields a mean-field
PES without experimental input. The IBM parameters are then
determined by matching the bosonic PES to the HFB PES.
This is achieved using s, d, and f bosons in the model. Gen-
eral results for Sm and Gd are presented in Ref. [36], and the
reader is referred to this paper for more details. This paper fo-
cuses on the description of the Gd isotopes, particularly '*°Gd.

4. Triaxial projected shell model

The projected shell model (PSM) is a semimicroscopic
approach suited for studying the structure of medium- and
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heavy-mass deformed nuclei [79]. Compared to the conven-
tional spherical shell model, the PSM uses a deformed basis
obtained by solving the Nilsson potential [S0-82]. In the case
of transitional nuclei, it has been shown that the assumption
of axial symmetry is no longer valid, and the triaxial degree
of freedom must be introduced to account for the observed
properties of these nuclei [83]. The triaxial version of the
model, known as the triaxial projected shell model, has been
successfully applied to a wide range of nuclei, including Ge,
Ce, and Nd [84,85], Er isotopes [86], and Hf, Hg, and U
nuclei [84]. Gd isotopes have recently been calculated using
the TPSM approach in Ref. [16]. In this paper, we present
updated and detailed calculations for '*°Gd.

B. Results of the calculations
1. Excitation energies

In this section, a systematic investigation of the excita-
tion energies in the yrast band of Gd isotopes (Z = 64) and
N = 86 isotones is carried out. In Fig. 7, systematics of the
available experimental data for positive- and negative-parity
states up to 101 and 9, respectively, are presented in compar-
ison to the available theoretical calculations in the literature.
The experimental data are represented by solid black points
and are taken from the adopted levels of ENSDF for mass
chains A = 148-160 [33,87-91]. Theoretical calculations are
represented by solid lines, with the exception of TPSM, for
which only calculations for '*°Gd were performed, and are
represented by dark green triangles. Theoretical results are
taken from the present calculations or from previously pub-
lished papers after a thorough scan of the literature: QRPA
(orange), RQRPA (violet, only the 3~ states), TDHF (cyan),
QOCH (red) [38], m-IBM (light green) [36], CQOM) (blue)
[40], interacting boson model calculations with s and d bosons
following a general fit of the available experimental data at
that time (IBM-sd, yellow) [92], the five-dimensional col-
lective Hamiltonian based on the covariant energy density
functional theory (SDCH-CDFT, brown) [15], the generator
coordinate method mapped onto a five-dimensional collective
Hamiltonian (SDCH, grey) [20], different versions of the co-
herent state model (CSM, violet, only positive parity states;
CSM2, dark green dash-dotted line; GCSM, magenta) [93],
and within the cranked Hartree-Fock-Bogoliubov (CHFB,
black) approach [94]. Theoretical values plotted for IBM-sd
[92], SDCH-CDFT [15], and SDCH-GCM [20] were digitized
from the figures presented in these references, as no explicit
values were presented. The data were extracted with the online
tool from [95].

Positive-parity states in the Gd isotopes are presented in
the left panels of Fig. 7. There is, in general, a good agreement
between the experimental data and the calculations for all the
positive-parity states up to 10", For the positive-parity bands,
the excitation energies decrease rapidly up to N ~ 90 and
then vary slowly with the addition of more neutrons. This
is consistent with the evolution of the average quadrupole
deformation. The QOCH model gives a fair reproduction of
the data, especially for neutron numbers N > 90, but fails
to reproduce the absolute excitation energy of the levels for
the lighter isotopes. A difference of about 400 keV is found

for the 2 state, with values overestimating the experimen-
tal data for '*8Gd (V = 84) and underestimating them for
150Gd (N = 86) and '%2Gd (N = 88). One of the reasons is
that the present implementation of the QOCH model includes
only quadrupole and octupole degrees of freedom with the
additional constraint of axial symmetry. It does not take into
account other, in some cases important, degrees of freedom,
such as the two-quasiparticle configurations and triaxial de-
formations. Out of the models we used in the present paper,
the m-IBM performs the best for the whole range of isotopes
from N = 84 to N = 94. In this model, eight parameters are
used, but without a fit to the experimental data. An angular
momentum term is included for all nuclei except N = 84.
Except for the lightest Gd isotopes, where the calculations
overestimate the experimental data, a reasonable agreement
is obtained. The reason for these discrepancies is either a
too-restricted model space (only s, d, and f bosons are
used), or because a restricted Hamiltonian was used. We re-
call that the Hamiltonian used in Ref. [36] is not the most
general form, but was adopted to match the one used in
previous phenomenological calculations. Finally, the TPSM
reproduces the experimental data in '°Gd very well; the
deviation is below 100 keV up to 10*. Although not the
main purpose of this paper, we note that the TPSM also
reproduces the staggering of the excited levels in the y band
for deformed nuclei in the Nd-Dy region [16]. In addition,
the TPSM is the only one among the five theoretical mod-
els employed in the present paper that includes the triaxial
degrees of freedom. In the updated TPSM calculations of
130Gd in this paper, the model predicts the axial quadrupole
deformation of 8, = 0.284 and the asymmetry parameter,
¥ = 20.3°. This places '*°Gd in the rather deformed region,
having also a considerable triaxiality which is responsible
for the good reproduction of the experimental data. Although
outside of the scope of the present investigation, it would
be interesting to extend these calculations to the whole iso-
topic chain and benchmark the extent of the triaxial region
in the rare-earth nuclei against the Monte Carlo shell-model
calculations [5,6].

Out of all the theoretical models presented before, the
QRPA (orange) and RQRPA (violet), TDHF (cyan), QOCH
(red) [38], m-IBM (light green) [36], TPSM (dark green) [16],
and the CQOM (blue) [40] are able to calculate both positive-
and negative-parity states. Their results for the negative-parity
states are presented on the right panels of Fig. 7 for odd
spins between J* = 17 and J* = 97. QRPA, RQRPA, and
TDHF calculations are only shown for the J™ = 3~ states.
Usually, the presence of the negative-parity states in the low-
lying spectra of even-even nuclei is associated with octupole
collectivity. Experimentally, an alternating parity sequence is
observed for '**Gd and *°Gd to start already with the 2?’ and
3] states. For heavier isotopes, the octupole states are located
at higher excitation energies, and except for the 3] levels,
which have a rather constant trend, they present a decreasing
energy down to N = 90-92, and remain constant for higher N
values. Theoretical calculations predict the presence of such
states at low energies. As in the case of the positive-parity
states, the TPSM gives the best overall reproduction of ex-
perimental data across the spin range considered here. QRPA
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FIG. 7. Systematics of experimental (left) positive-parity and (right) negative-parity states in the yrast band of '*¢Gd —'*°Gd in comparison
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and RQRPA models predict a decreasing trend of excitation
energy for the 3| states with decreasing neutron number,
in good agreement with the experimental data. The TDHF
calculations mark a sharp drop of the 3| state energies at
N = 86 ('*°Gd), and a similar underestimated experimental
value is also seen in the case of "2Gd. In the m-IBM, with
the exception of N = 84, the main trend is reproduced for all
the Gd isotopes in this study. The presence of a minimum
at N = 90 for all negative-parity states is explained by the

disappearance of the octupole minimum in the mean-field
PES starting with '>*Gd, where quadrupole deformation starts
to dominate. The QOCH states are produced in general at
much higher excitation energy than the experimental values
due to a too small moment of inertia, as well as not including
triaxial degrees of freedom. The CQOM calculations have
only been performed for three isotopes, from '3*Gd to 8Gd
(90 < N < 94), but the reproduction of the experimental data
is very good, especially for high angular momenta. It would
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FIG. 8. Systematic of experimental (solid circles) positive- (up-
per panel) and negative-parity states (lower panel) in the yrast band

of the N = 86 isotones in comparison with the predictions of the
shell model (solid lines) [102].

be interesting to extend these calculations for other lighter
isotopes (N < 90).

We present in Fig. 8 the systematic behavior of the ex-
citation energies, both positive and negative parity, for the
N = 86 isotones. Experimental data (circles) are taken from
Refs. [33,88,96—-101], while the theoretical calculations (solid
lines) are those from Ref. [102] within the shell-model frame-
work with the N3LOP interaction (only positive-parity states
have been reported in Ref. [102]). The theoretical values are
extracted from Figs. 1-5 of Ref. [102]. N = 86 nuclei have
energy ratios Ey+ /Ey+ of between 2.0 and 2.5, characteristic
of transitional nuclei. The shell-model calculations support
the presence of enhanced quadrupole correlations, as will be
shown later in the case of transition strengths. Although not
included in this plot, it is worth mentioning that the model
supports the presence of triaxiality, with y =~ 10° [102].

The evolution of the experimental 37 state for the N = 86
isotones indicates that a minimum value is reached in the case
of Gd (Z = 64), implying that the octupole correlations are
stronger in the case of '*°Gd as compared to the other nuclei
in the region. This should be reflected in the B(E3) strength
distribution.

2. Transition strengths

The behavior of the B(E2) transition strengths in the yrast
band of Gd nuclei is examined in Fig. 9. We present the
experimental data (solid circles, taken from the adopted levels
of ENSDF [33,87-91]) in comparison with the theoretical val-
ues from the present calculations or from the literature (solid
lines), when they were given in their respective papers: QOCH
(red), m-IBM (light green), TPSM (dark green triangle),
CQOM (blue) [40], SDCH-CDFT (brown) [15], CSM (violet),
CSM2 (maroon), GCSM (magenta) [93], and dynamic defor-
mation model (DDM, black) [103]. In the case of °°Gd, the
best agreement with the experimental data is produced by the
TPSM, most of the time having values within the experimental
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FIG. 9. Systematic of experimental B(E2) transition probabili-
ties in W.u. (solid black circles for the literature values, solid red
circles for the values from the present work) in the yrast band
and of the lowest-lying negative-parity band of the Gd isotopes in
comparison with the predictions of different models (solid lines):
QOCH (red) [38], mapped IBM (light green) [36], TPSM (dark green
triangle) [16], CQOM (blue) [40], SDCH-CDFT (brown) [15], CSM
(violet), CSM2 (maroon), GCSM (magenta) [93], and DDM (black)
[103].

uncertainty. This implies that the essential degrees of freedom
are captured for the E2 transition strengths, and it will be
desired in the future to measure and compare the correspond-
ing values in the y band with these predictions. Among the
other two different approaches, an overall better systematic
reproduction of experimental data is found for the QOCH. Al-
though this model predicts the negative-parity states at much
higher excitation energies than observed experimentally (see
Fig. 7), the quadrupole strength is fairly well reproduced, not
only between the positive-parity states, but also between the
negative-parity levels. An exception is the 7~ — 57 transition
in ’°Gd (N = 86), which is overestimated. The m-IBM pro-
duces a flatter behavior than observed in the experiments for
the positive-parity states, but gives a reasonable reproduction
of the E2 strength of the negative-parity states. There are two
models, the m-IBM and the DDM, which produce such a flat
behavior for the E2 strength, implying that the shape/phase
transition at N = 90 is not reproduced.

Experimental ~ (solid circles) E1 (3] — 2, 4] —
3, 5] =>4, 77 > 6], and 8] — 7)) and E3 (3] — 0))
transition strengths are compared in Fig. 10 to the theoretical
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[39].

calculations (solid lines) within the QRPA (orange), RQRPA
(violet), TDHF (cyan), QOCH (red) [38], m-IBM (light green)
[36], TPSM (dark green triangle) [16], and CQOM (blue) [40]
models. In addition, in the case of E3 transitions, the results
from Ref. [39] are included as obtained from a mean-field
calculation with the Gogny energy density functional using
the DIM (black) and D1S (magenta) parametrizations. For the
E1 transitions, the only theoretical model able to reproduce
the experimental data in '°Gd is the TPSM. With such a
good agreement, one would expect the octupole degrees of
freedom are completely captured by this model. However,
the calculated E3 strength is too low, with only 1.1 W.u. This
highlights the importance of measuring these values as a
thorough test of theoretical predictions. The other models are
having problems reproducing all the transition strengths, with
most of the experimental data being overestimated by factors
up to 100. The CQOM gives a good reproduction of the
3, — 2 strength in "°Gd (N = 92) and *Gd (N = 94),
but it predicts a value of about 10~ W.u. for '**Gd (N = 90),
which although not yet measured experimentally, is about two
orders of magnitude higher than the corresponding values in
this region. The QOCH and the m-IBM models also predict
similar values in the 1072-10~3 W.u. range.

For the E3 transitions, the best agreement with the exper-
imental values is obtained for the QRPA calculations. The
increasing trend predicted towards N = 88 is in full agree-
ment with the result from the current work. An even higher

value for ">Gd is predicted (59 W.u.) by these spherical
QRPA calculations, which still needs to be confirmed experi-
mentally. Such a value was extracted for '>2Gd from inelastic
scattering experiments [35] (52(17) W.u.), but this procedure
is model dependent, and, as such, the experimental value was
not included in Fig. 10. A similar increasing trend is also
calculated by the RQRPA model, but the absolute values are
much higher than the experimental values.

In Refs. [104,105], an interesting analysis of the compo-
nents contributing to the 3~ — O transition strength has been
performed in the case of '*®Gd. The authors have identified
the main contribution of the B(E3) value as arising from
the vij3;» — v f7,2 single-particle E3 transition. In our QRPA
calculations using the SkX interaction, the first 3~ state in Gd
nuclei is primarily formed by the proton st_/é 1hy1 2 excitation

(63.62% for 150 Gd), followed by other proton transitions, such
as 1 g;/lz 1hy1y2 and 1 g;/lz 1h11/2, with relatively small contribu-

tions. As the neutron number increases from '*Gd to '¥2Gd,
the energy of the first 3~ state decreases, and the B(E3)
strength increases, as expected. The neutron 2 f7’/éli13/2 ex-

citation also starts to play a role in the first 3~ state, although
its contribution is suppressed due to a large energy difference
between the states. Meanwhile, the contributions from proton
transitions increase as they remain energetically more favor-
able, and their coherent contribution leads to an increase in
the total B(E3) strength. Similar results are obtained using
the RQRPA with the DD-PCX interaction.
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the others are in W.u.

TDHEF is the only model that predicts a maximum octupole
collectivity in this region. However, this is located at N = 84,
slightly shifted compared to the experimental trend. The value
for 2Gd (N = 88) is considerably lower than the ones for
lighter Gd isotopes, marking an abrupt change in the popula-
tion of single-particle states. A relatively constant behavior
is predicted by all the other models in the case of the E3
3] — Of transition strengths across the Gd isotopic chain, in
contrast to the experimental situation.

Extended QRPA calculations for the Nd, Sm, Gd, and Dy
isotopic chains in the N = 82-86 region, where the spherical
assumption implied by the model is still valid, were presented
in Ref. [34]. We remind the reader that these calculations
indicated an increasing trend of the B(E3) values with increas-
ing Z, in addition to a saturation of these values towards Dy
isotopes. More extensive QRPA calculations performed only
for the N = 82 chain in this region indicate that a maximum
octupole collectivity is found for '*3Dy. The different contri-
butions of the 2ds;, — 1h11/, proton configuration is seen in
our calculations to be responsible for this behavior.

At the moment, the B(E3) value of 45(5) W.u. for the
3~ — 07 transition strength in 150Gd, obtained in Ref. [34]
and the present work, is the highest and the most precise
octupole strength measured in the rare-earth region according
to the compilation of Kibedi and Spear [35]. As noted in
Ref. [34] the maximum octupole collectivity in Sm and
Nd isotopic chains is also obtained at N = 86. In addition,
the E3 strength obtained for '°Gd (45(5) W.u.) is close
to the values obtained in the case of quadrupole-deformed

“4Ba (4873 W.u) [2] and "**Ba (4813 W.u.) [25], where
the strongest octupole transitions in the rare-earth region are
found so far.

In the present experiment, a value of 53ﬂ; W.u. was
obtained for the 57 — 27 E3 transition. The three models ana-
lyzed in this paper produce lower values than the experimental
ones: 25.3 W.u. in QOCH, 28 W.u. in m-IBM, and 2.4 W.u. in
TPSM. This emphasizes one more time that the models are
having problems reproducing the E3 strengths.

The transition strengths of the N = 86 isotones are summa-
rized in Fig. 11 for nuclei in the Z = 52 (Te) and Z = 68 (Er)
range. Experimental data are presented with solid circles and
are taken from Refs. [33,96,98-101,106,107], while the theo-
retical models used are the shell model (SM) from Ref. [102]
for the 2] — 0 and 4/ — 2 transitions, and the adiabatic
time-dependent Hartree-Fock plus zero point energy in the
cranking approximation (ATDHF) for the 3| — Ofr transition
[42]. The 2T — OT E?2 transition strength shows an increase
up to Ba nuclei (Z = 56), while a relatively constant behavior
is displayed for heavier nuclei up to Er (Z = 68). The two
notable exceptions are Gd (Z = 64) and Dy (Z = 66), but
they have a large uncertainty and need to be measured more
precisely. The shell model reproduces the increasing trend
of collectivity, saturating around Z = 56, and comes quite
close to reproducing the absolute values too. In addition, as
mentioned previously, it predicts an increased triaxiality in the
case of "9Xe (Z = 54), '**Ce (Z = 58), and '*°*Nd (Z = 60),
having y values of 10°, 6°, and 8°, respectively. It would
be interesting to expand these calculations to heavier nuclei,
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although there are considerable computational challenges. A
similar trend is observed for the 47 — 2] transition, but while
the value for Gd (Z = 64) obtained in the present paper has a
large uncertainty and can still be regarded as in line with the
other values, the one in Dy (Z = 66) has a small uncertainty
with a very low value of only 9.61’%2 W.u. [96], which is
surprising for a nucleus with the proton number in the mid-
dle of the Z = 50-82 shell. The B(E2) strength is obtained
from a recoil-distance lifetime measurement performed from
singles spectra and reported only as an annual report in Ref.
[108]. The authors knew at that time about the existence of
the 60-ns isomeric state with J* = 17T at 5088 keV, but
they mention the results might be affected by the presence
of another long-lived state between 3 and 5 MeV. Soon after,
a new state with J” = 11~ at 3160.6 keV was found with a
half-life of 4.3(9) ns [109] (revised to J* = 10~ and 3.9(9) ns
[110]). The presence of this state very likely affects the mean
lifetimes measured in singles in Ref. [108] and will need to be
remeasured. The 6;“ — 4f' strength has a relatively constant
behavior with the exception of I34Er [106], which would indi-
cate the presence of an increased collectivity starting with Er
nuclei. It would be interesting to measure the corresponding
values in Yb (Z = 68) to follow the evolution of collectivity
across the N = 86 isotonic chain.

Only a handful of experimental data on the E1 strength
in the N = 86 nuclei exist. It is difficult to draw a conclu-
sion based on these data points, which sometimes have quite
large uncertainties. However, the experimental data support
the presence of enhanced octupole correlations in the low-
lying part of the N = 86 nuclei, with E1 strengths in the
1073-10~* W.u. range. The E3 strengths known at this time
have a constant behavior within their uncertainty limits, with
values around 40 W.u., which supports the earlier claim of
enhanced octupole correlations in these nuclei. The data are
compared to the predictions of the adiabatic time-dependent
Hartree-Fock plus zero point energy in the cranking approx-
imation [42], and are lower than the experimental data by
a factor of around 4. Nuclei heavier than N = 86 are better
reproduced by this model. Clearly, more theoretical work is
required.

3. Dipole moments

150G nucleus, with N = 86, is located close to the oc-
tupole driving number at N = 88 and is therefore expected to
show increased octupole correlations. The structure of '*°Gd
presents alternating parity states starting as low as the 2% and
3~ states, which can be regarded as a signature for increased
octupole collectivity. A better signature is the presence of
enhanced E1 and E3 strengths, with E1 being usually easier to
measure and for which more extensive data exist. In general,
a B(E1) value stronger than ~107> W.u. is considered an
indicator of reflection asymmetry [111].

In addition, increased E1 strength has been found in
other N = 86 nuclei. For the 3] — 2 transition, the high-
est E1 strength is found in 1489m, with a value of I.Sf?z X
10~3 W.u. However, this was surpassed in Ref. [26], which
found in the case of '**Ce that the 6] — 5] transition strength

TABLE II. Experimental intrinsic dipole moments for '°Gd
(present paper) and **Ce [26] in comparison with the theoretical
values from Ref. [112].

Nucleus J* D™ (efm) Jh D (efm)
1Gd 37 0.041(3)
51 0.05(1)
7 0.03(1)
4f 0.06(5)
144 Ce 37 0.06(1) 0 0.17
6F 0.33(9) 5-9 0.20

has the highest E1 strength in this region, with a value of
7.2%39 x 1073 W.u., very close to the recommended upper
limit of 0.01 W.u.

More information can be gained by calculating the intrinsic
dipole transition moment from the measured B(E'1) values.
These values can be extracted using the rotational model for-
mula given in Ref. [112]:

. 4

by = 3 B(E1)<1,-010|1f0)2’ @)
where Dy is the dipole moment, /; and I, are the initial and
final angular momenta, and the (/;010|/;0) is the Clebsch-
Gordan coefficient. As pointed out in Ref. [112], although the
nucleus we are applying the formula for is not a good rotor,
it provides a unified way of extracting the dipole moments
from the data across multiple regions. The extracted values
for °Gd are presented in Table II, in comparison to the
ones in '**Ce, for which the theoretical values based on the
reflection-asymmetric Woods-Saxon model from Ref. [112]
are given too. The experimental dipole moments for the 3~
state in the two nuclei are similar and lower than the calculated
dipole moment for the ground state in '“*Ce. This indicates
once more that the octupole collectivity in this region is of
vibrational character. The only value that is close to the the-
oretical predictions, and similar to the ones in much heavier
Ra and Th nuclei, is the value for the 6% state in 1**Ce. This
might indicate that the octupole deformation starts at higher
spins. It would be very interesting to measure this E1 strength
in the case of ’°Gd.

V. CONCLUSIONS

In summary, mean lifetimes in the N = 86 '*°Gd nucleus
have been measured for the low-lying excited states using the
recoil distance Doppler shift method, while complementary
branching ratios have been extracted from an EC decay ex-
periment. The newly deduced transition strengths fit well into
the systematics of the neighboring isotopes and isotones. The
deduced B(E3;3~ — g.s.) strength provides a direct evidence
for increasing octupole collectivity in the Gd isotopic chain.
The extracted E1, E2, and E3 transition strengths have been
compared to the available models in the literature. In general,
it is found that no theoretical model is able to reproduce
the details of both the positive- and negative-parity states
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simultaneously. The QRPA and TDHF models come close to
reproducing the E3 strength, but most of the other observables
cannot be calculated yet within these models. The TPSM gives
a fair reproduction of the experimental values but is unable to
reproduce the E3 strengths. The m-IBM and QOCH calcu-
lations are in good agreement with the experimental values
for the positive-parity states and the E2 transition strengths,
but they considerably overestimate the E1 probabilities and
predict a relatively constant behavior of the E3 strength, in
contradiction with the expected peak around N = 86. Further
experimental data are required to reduce the uncertainty of the
2 and 4T lifetimes and to measure the lifetime of the 6 state.
On the theoretical side, more work is needed to understand the
structure of this region, especially for the octupole degrees of
freedom.
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