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An enhanced electric octupole (E3) strength of 45(5) W.u. has been measured for the 3− → 0þ transition
in 150Gd, providing direct evidence for large octupole collectivity in this nucleus. The value was determined
following two sensitive experiments, to measure the mean lifetime of the Jπ ¼ 3− level and the weak E3
decay branch direct to the ground state. The systematics of the E3 strength across the Gd isotopic chain
reveals that enhanced octupole collectivity is obtained for 150Gd. The increasing low-lying octupole
strength in the Gd isotopes is analyzed with five state-of-the-art theoretical models. It is found to be best
reproduced by quasiparticle random phase approximation calculations, providing a good understanding of
octupole collectivity in the rare-earth region.
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Negative-parity states in heavy atomic nuclei were
discovered as early as the 1950s and led to the idea that
nuclei can assume reflection asymmetric shapes [1,2].
Much experimental and theoretical work has been devoted
since then to identifying the regions of the nuclear chart
with enhanced octupole collectivity [3,4]. Traditionally,
experimental and theoretical studies to search for octupole
collectivity have been focused on the neutron-deficient
actinides and the neutron-rich lanthanides. This is due to
the existence of single-particle orbitals that differ by total
and orbital angular momenta Δj ¼ Δl ¼ 3.

The interplay between the quadrupole and octupole
degrees of freedom leads to the formation of level sequences
characterized by alternating parities [3], connected via
strong E1 and/or E3 transitions. Typically, the negative-
parity sequence resides at higher excitation energies relative
to the positive-parity sequence and the two structures evolve
into a single octupole band only at higher angular momenta.
The Gd isotopes serve as a good example of alternating
parity structures at low excitation energies, particularly in
148Gd and 150Gd, demonstrating the clear interplay between
the quadrupole and octupole modes.
Large electric octupole strength has been found across

the nuclear chart around specific proton and neutron
numbers N, Z ≃ 34, 56, 88, 134. These large values, often
on the order of several tens of Weisskopf units (W.u.),
provide compelling evidence for the presence of octupole
instability within atomic nuclei. Consequently, they re-
present a key ingredient, in conjunction with the behavior
of negative-parity excited states, that can determine the
nature of this instability, specifically, whether it is stable
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(the nucleus assumes a permanent octupole shape) or
dynamic (the nucleus undergoes octupole vibrations) in
character. The best examples of octupole-deformed nuclei
have been found in the actinide region [4,5]. Recent
measurements of E3 strengths in this region have revealed
that 224Ra [42(3) W.u] is an example of permanent octupole
deformation, while 220Rn (33(4) W.u.) has only octupole
instability [6]. Another region where evidence for increased
octupole collectivity has been found is the one of rare-earth
nuclei centered around quadrupole-deformed Ba isotopes
[7–9]. More recently, reduced B(E3) transition probabilities
have become available, providing evidence of enhanced
octupole collectivity in this region. However, they appear to
have an octupole vibrational nature [4,5]. Nevertheless,
with values of 48þ25

−34 W:u: and 48þ21
−29 W:u: in 144Ba [10]

and 146Ba [11], respectively, these are, to date, the highest
B(E3) values in this region. Identifying such regions is of
particular importance for the search of the atomic electric
moment (EDM) [12]. The best proposed candidates are
octupole deformed nuclei, as the quantity behind the EDM,
the Schiff moment, is predicted to be enhanced by octupole
deformation [13].
The Gd isotopic chain presents some particular charac-

teristics. In 146Gd (N ¼ 82, Z ¼ 64, a quasi-doubly magic
nucleus [14,15]), the first excited level is a Jπ ¼ 3− state at
1579 keV, analogous to the 2614 keV state in 208Pb. This
state decays directly to the ground state via a collective E3
transition with BðE3Þ ¼ 37ð4Þ W:u: [16], similar to the
value in 208Pb (34(1) W.u. [17]), and is therefore, inter-
preted as being an octupole vibrational excitation. In 148Gd
(N ¼ 84), a B(E3) strength of 41(6) W.u. was measured
in [18], suggesting that the contributions arising from the
f7=2 − i13=2 neutron orbital pair within the N ¼ 82–126
shell increase the B(E3) strength as compared to 146Gd.
This trend of increased collectivity is expected to continue
for heavier nuclei, as long as deformation plays only a
minor role. However, prior to the current work, the
corresponding values in 150Gd (N ¼ 86) and 152Gd
(N ¼ 88) were absent in the published literature, while
the octupole strength in the heavier quadrupole-deformed
nuclei (154–160Gd) lies much lower, around 15-20 W.u. [19].
In this Letter, we present the first results of two dedicated
experiments to extract the low-lying E3 strength in the
N ¼ 86 isotone, 150Gd, providing direct measurements of
the octupole collectivity in this region.
In the present work, the E3 transition strength was

extracted from measuring the mean lifetime of the Jπ ¼ 3−

state and the weak direct decay branch to the ground state
[19]. Mean lifetime measurements of excited states in 150Gd
were conducted using the recoil distance Doppler shift
method (RDDS) [20]. The experiment was performed at
the Tandem accelerator of IFIN-HH in Bucharest using
the 140Ceð13C; 3nÞ fusion-evaporation reaction and the
Cologne-Bucharest plunger device [21]. The beam energy
of the 13C ions was 62 MeV, with an average beam intensity

of around 5 pnA. The beam was directed onto a thin
0.5 mg=cm2 140Ce layer, deposited on a 3 mg=cm2 Au foil
facing the beam. A 4 mg=cm2 Au stopper foil was used to
stop the recoiling ions.
Measurements were taken over ten separate target-

stopper foil distances, ranging from 20 μm to 500 μm to
cover a broad spectrum of mean lifetimes. The γ rays
depopulating the excited states were detected using the
ROSPHERE array with the standard configuration [22].
Data measured in HPGe detectors at 37° and 143° were
analyzed in coincidence mode with the differential decay
curve method (DDCM) [23] (see Ref. [24] for a review).
We remind the reader that the γ − γ coincidence version of
the DDCM technique employs a gate on the shifted
component of the transition above the level of interest,
in order to remove all the feeding contributions, either
discrete or unobserved feeding.
Sample γ-ray spectra collected at 60 μm and 200 μm are

presented in Figs. 1(a) and 1(b). The spectra show the
region around the 496 keV 3− → 2þ γ ray, at forward
angles (37°), gated above on the shifted component of the
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FIG. 1. Shifted (“s”) and unshifted (“u”) components of the
496 keV γ ray (3− → 2þ transition), measured at 37° relative to
the beam axis, at 60 μm [panel (a)] and 200 μm [panel (b)];
(c) Relative intensities of the shifted and unshifted components of
the 3− → 2þ transition and their corresponding fit with second-
degree polynomials; (d) Mean lifetime of the 3− level as a
function of the plunger distance.
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566 keV 5− → 3− γ-ray transition in the backward direc-
tion (143°).
In the following, we only discuss the case of the forward-

backward matrix, namely the spectra shown in Figs. 1(a)
and 1(b). Similar spectra were measured for the other ring-
ring combinations and were analyzed independently. The
results of the analysis of the relative intensities of the
shifted and unshifted components of the 496 keV 3− → 2þ
γ ray at each distance, for the forward-backward case, are
presented in Fig. 1(c). The lifetime determined for each
distance is presented in Fig. 1(d), while the average value of
all these statistically independent points is used to calculate
the mean lifetime of the forward-backward angles combi-
nation. The final value (τmeanð3−Þ ¼ 32.3ð24Þ ps) is
obtained as the weighted average of the four mean lifetimes
extracted from all possible ring-ring combinations (for-
ward-forward, forward-backward, backward-forward,
backward-backward). We note that the horizontal line in
Fig. 1(d) represents the value extracted only from the
forward-backward combination of detectors as explained
above, while the mean lifetime indicated on the figure is the
weighted average value extracted from all four possible
detector combinations.
A full description of all the results obtained will be given

in a forthcoming publication [25]. However, in addition to
the mean lifetime of the Jπ ¼ 3− state, we also mention
here the value obtained for the Jπ ¼ 5− state
(τmeanð5−Þ ¼ 11.0ð17Þ ps), for which the 5− → 2þ E3
strength has also been extracted. The results for the states
of interest in 150Gd are summarized in Table I.
Precise branching ratios used to extract transition

strengths were determined in this work from a comple-
mentary electron capture decay experiment from 150Tb
(QEC ¼ 4.7 MeV). The parent nucleus was produced via
the 147Smð6Li; 3nÞ fusion-evaporation reaction at an inci-
dent energy of 33 MeV on a 9.4 mg=cm2 147Sm target
enriched to 94%. 150Tb features two β-decaying states, a
ground state with Jπ ¼ ð2Þ−, T1=2 ¼ 3.48ð16Þ hours, and

an isomeric state with Jπ ¼ 9þ, T1=2 ¼ 5.8ð2Þ minutes
[27]. To extract precise branching ratios of transitions
decaying from the 3− and 5− states, a 10-minute-on/10-
minute-off cycle was employed to enhance the isomer
production. Data was collected using the ROSPHERE array
in a configuration with 21 HPGe.
The determination of E3 branching ratios is usually

hampered by two factors: (i) the low intensity carried by
these transitions and (ii) the so-called “summation effect.”
We note that these two effects are correlated, as the low
intensity carried by the E3 transitions makes the summing
of high-intensity γ transitions relevant. The spectrum
around the 1134 keV peak (3− → 0þ) is presented in
Fig. 2(a). This is obtained by gating on the 566 keV, 5− →
3− transition. The peak seen around the energy of 1134 keV
has two contributions that must be removed. The first one
concerns the summation effect, the case when the two
individual γ rays at 638 keVand 496 keV, corresponding to
2þ → 0þ and 3− → 2þ transitions, are detected in the same
detector in the same time window. To estimate the magni-
tude of this effect, we used the summation observed
between transitions 638 (2þ → 0þ) and 566 keV
(5− → 3−), gated on the 496 keV line (3− → 2þ). From
this analysis, we could accurately establish the summation
contribution to the 1134 keV transition at 37(2)% of the
peak area. The second contribution was related to the
presence of a so far unobserved transition at an energy of
1132.1 keV. Based on the γ − γ − γ coincidence data
analysis, we propose the existence of a new level with
an energy of 3068.7 keV. After subtracting these two
contributions, the 3− → 0þ branching ratio has a value
of 0.27(2)% relative to the 496 keV transition. A summary
of the uncertainties used in the determination of the
branching ratio is given below: (i) �7% statistical uncer-
tainty; (ii) �2% systematic uncertainty for the efficiency
curve, based on the comparison of the fitted areas of well-
known peaks from the decay of 150Tb with the adopted
values; (iii) �1% systematic uncertainty from the angular

TABLE I. Summary of relevant experimental and theoretical results for 150Gd. The state energy (Ei), the mean lifetime (τ), the initial
(Jπi ) and final spin (J

π
f), the final state energy (Ef), the multipolarity, the branching ratios (normalized to the most intense γ-ray for each

level) (Iγ exp), the conversion coefficient α calculated with the BrIcc code [26], and the experimental transition probabilities in
comparison with the calculated values with the QRPA, TDHF, QOCH, m-IBM, and TPSM models (in W.u.) are listed (see text for an
explanation of the model labels). Experimental data are taken from [27], except for the mean lifetimes and branching ratios, which are
from the current work. The multipolarity of the 5− → 2þ transition is assumed in the present measurement as having an E3 character
based on spin difference.

BðEλÞ↓ (W.u.)

Ei [keV] τ [ps] Jπi Jπf Ef [keV] Mult Iγ exp αð×10−3Þ Exp QRPA TDHF QOCH m-IBM TPSM

1134.30(2) 32.3(24) 3−1
2þ1 638.05(2) E1 100(2) 4.79 8.7ð7Þ × 10−5 � � � � � � 6.2 × 10−3 1.7 × 10−3 3.2 × 10−5

0þ1 0.0 E3 0.27(2) 4.39 45(5) 45.9 41.4 13.2 22.5 1.1

1699.91(3) 11.0(17) 5−1

4þ1 1288.42(3) E1 46(1) 7.38 1.4þ3
−2 × 10−4 � � � � � � 8.7 × 10−3 3.2 × 10−3 1.4 × 10−4

3−1 1134.30(2) E2 100(2) 10.15 18(3) � � � � � � 83 52.5 19
2þ1 638.05(2) [E3] 0.10(2) 5.13 53þ15

−12 � � � � � � 25.3 28 2.4
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correlations. Due to the spherical geometry of ROSPHERE,
small angular correlation attenuation factors have been
calculated, amounting to less than 1% for the cascades of
interest. No other summing out of the 1134 keV transition
with other intense γ rays was taken into account.
Angular correlation measurements were performed to

verify the multipolarity of the 1134 keV transition. HPGe
detectors were arranged in eight different groups according
to their relative angle. The results of this analysis are
presented in Figs. 2(b) and 2(c) for the 496 keV 3− → 2þ
transition (3-2-0 spin sequence) and 1134 keV 3− → 0þ
transition (5-3-0 spin sequence), respectively. The solid
lines are the theoretical angular correlation curves for pure
multipolarities, supporting the spin assignments.
With the high level of statistics from the present experi-

ment, we were also able to extract the intensity of the E3
5− → 2þ transition. In the Adopted file of ENSDF for mass
150 [27], this transition is seen with an intensity of 15(3)%
relative to the 566 keV transition. We observe a

considerably weaker intensity for this transition, amounting
to only 0.10(2)% relative to the 566 keV intensity. With the
mean lifetime measured in the RDDS experiment and the
old intensity value, an E3 strength larger than 6100 W.u.
would result. Using our value for this branching ratio, we
obtain an E3 strength of 53þ15

−12 W:u. This E3 value has a
comparable strength to that of the 3− → 0þ transition, in
line with the expectation of an octupole phonon coupled
with the 2þ state.
The BðE3Þ↓ value of 45(5) W.u. for the 3− → 0þ

transition in 150Gd is the highest and the most precise
octupole strength measured in the rare-earth region [19] for
reduced electric octupole transition probabilities starting
from the ground state. This suggests that 150Gd isotope
possesses an enhanced octupole collectivity, rivaled only by
the values in deformed 144Ba and 146Ba, although these
values have been determined with large uncertainties
[10,11].
In Fig. 3(a), we present the systematics of known

experimental octupole strength in the rare-earth region

FIG. 2. (a) Relevant part of the γ-ray spectrum illustrating the
region around the 1134 keV transition (3− → 0þ), gated by the
566 keV (5− → 3−) transition. A fit of the two components is
shown: 1132 (blue) and 1134 keV (red); (b) and (c) angular
correlations of the 3− → 2þ → g:s: and 5− → 3− → g:s: exper-
imental (full points) and theoretical (red line) angular correla-
tions, assuming E1-E2 and E2-E3 pure multipolarities,
respectively. Angular correlations are normalized to the 6þ2 →
4þ1 → 2þ1 cascade. 0

10

20

30

40

50

60

70

80
B

(E
3

; 
3

_
g

.s
.)

 (
W

.u
.)

Ba exp.

Nd exp.

Sm exp.

Gd exp.

Dy exp.
150

Gd (current work)

Nd QRPA

Sm QRPA

Gd QRPA

Dy QRPA

80 82 84 86 88 90 92 94 96 98 100

N

0

10

20

30

40

50

60

B
(E

3
; 

3
_

 g
.s

.)
 (

W
.u

.)

Gd exp.
150

Gd
QRPA
QOCH
m-IBM
TDHF

(a)

(b)

FIG. 3. (a) The systematics of measured (full symbols) BðE3Þ↓
3− → 0þ strength in the Ba-Dy region (red triangle is from the
current work). In addition, the results of the QRPA model for the
Nd, Sm, Gd, and Dy isotopic chains are presented (full lines) in
the N ¼ 82–86 region; (b) Experimental BðE3Þ↓ 3− → 0þ for
Gd isotopes are compared with state-of-the-art theoretical
calculations.
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between Ba (Z ¼ 56) and Dy (Z ¼ 66) isotopes [27–40].
We have added also in Fig. 3(a) the results of the QRPA
calculation for the Nd-Dy isotopic chains, which will be
discussed later. For the moment, we focus the discussion on
the experimental part. The values generally increase from
N ¼ 82 toward the “octupole driving number” N ¼ 88,
then decrease toward heavier isotopes. In deformed nuclei,
it is believed that a reduction in the B(E3) values could arise
because the E3 strength is no longer concentrated in the
lowest octupole band [5]. A lack of precise data makes it
difficult to quantify the location of the maximum octupole
strength for each isotopic chain, but in general, the maxi-
mum appears to be realized at N ¼ 86. Nevertheless, the
result for 150Gd stands out and proposes a very strong octu-
pole collectivity for Gd isotopes, which has not been re-
cognized so far in this region.
Comprehensive theoretical calculations have been con-

ducted using a diverse array of advanced theoretical models,
each grounded in distinct assumptions: (i) Fully self-
consistent Quasi-particle Random Phase Approximation
(QRPA) calculations [41,42] were performed employing
the Skyrme-type SkX interaction [43], with the assumption
of spherical symmetry. (ii) In the case of the time-dependent
Hartree-Fock (TDHF) model, the SkM* Skyrme interaction
was used [44] to evaluate both the ground state and the
octupole state. The octupole state was derived by exciting
the spherical or deformed ground state via an octupole boost
[45], and the B(E3) values were determined by fitting a
Lorentzian to the lowest-lying peak in the strength function.
(iii) The quadrupole-octupole collective Hamiltonian
(QOCH) serves as a collective model that expresses the
collective Hamiltonian as the sum of vibrational kinetic
energy, rotational kinetic energy, and the collective potential
[46,47]. (iv) The mean-field mapped interacting boson
model (m-IBM) employs a mapping procedure to derive
themodel parameters [48] from the bosonic potential energy
surface to the Hartree-Fock-Bogoliubov (HFB) framework
grounded in Gogny-EDF calculations [49]. (v) Lastly, the
triaxial projected shell model (TPSM) represents a semi-
microscopic approach that incorporates a deformed basis
achieved through the use of the triaxial Nilsson potential,
thereby explicitly introducing the triaxial degree of free-
dom [50].
A comparison of experimental and theoretical transition

strengths for the states of interest is shown in Table I. For
the QRPA and the TDHF, only the transition strength from
the ground state can be calculated, while for the other
models, the full set of transition strengths is shown.
Interestingly, among all five theoretical models, the
QRPA reproduces well the experimental BðE3; 3− → 0þÞ
transition strength, with a value of 45.9 W.u. as compared
to the measured 45(5) W.u. In the present QRPA calcu-
lations, the B(E3) values are calculated by summing over
the contributions of all proton configurations. The first 3−

states in Gd isotopes display collectivity, and the main

configurations that produce themajor contribution for the first
3− state in 150Gd are the two quasi-particle configurations
π1h11=2-π2d5=2 and π1h11=2-π1g7=2, with 64% and 5%,
respectively. The TDHF calculation for the E3 strength is
also in reasonable agreement with the experimental value,
with a calculated strength of 41.4W.u.We note, however, that
the calculated 3− energy is much lower than the experimental
value (Eexp ¼ 1134 keV, ETDHF ¼ 410 keV). For the other
three theoretical models, the predicted values are 22.5 W.u,
13.2 W.u., and 1.1 W.u., for the m-IBM, QOCH, and TPSM
models, respectively, thereby severely underestimating the
experimental value.
The QRPA, TDHF, QOCH, and m-IBM models have

also been employed to study the systematics of E3 strength
across the Gd nuclei. In addition, the QRPA is employed to
calculate the B(E3) values across several isotopic chains,
from Nd to Dy, in the N ¼ 82–86 region, where the
spherical approximation remains valid. These results are
presented in Fig. 3(a), while the results only for the Gd
isotopes are given in Fig. 3(b). In each isotopic chain
studied in this work, the B(E3) strength increases with
increasing neutron number, as the contribution from neu-
tron transitions also start to increase. Moreover, for con-
stant N, the B(E3) strength is seen to increase with
increasing Z, while going from Nd to Dy isotopes, in good
agreement with the available experimental trends. We note
that the E3 strength increase from Gd to Dy is relatively
small, signaling a saturation of the B(E3) values toward the
middle of the Z ¼ 50–82 shell. Although we do not present
these results here, further calculations for Er and Yb nuclei
show that the maximum octupole collectivity is obtained
for Dy nuclei.
Coming back to the discussion on Gd isotopes, it is clear

that QRPA is not only predicting a correct value for the E3
strength in 150Gd, but it also reproduces the decreasing
trend toward 146Gd. We note that the QRPA model used in
our calculations is more suited for describing spherical
nuclei. Theoretical calculations using the HFB method [51]
indicate that 146Gd is spherical, and quadrupole deforma-
tion increases gradually with increasing neutron number.
Nonetheless, the quadrupole deformation β2 values are not
high and obtained around 0.15 for 150Gd using the SkX
interaction, allowing the QRPA model to remain valid, to a
good approximation, for the first 3− state calculations.
Therefore, applying the same model to a highly deformed
nucleus, for instance, 152Gd, results in an even higher B(E3)
value (59 W.u.) compared to 150Gd. We note that this value
is in line with the experimental data extracted for 152Gd
from inelastic scattering experiments [19] (52(17) W.u.).
However, this procedure is model dependent, and as such,
the experimental value was not included in Fig. 3.
The TDHF model produces a maximum octupole col-

lectivity for 148Gd, with a sharp decrease while going to
152Gd. All the other models predict a relatively constant
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behavior of the E3 strength, in stark contrast to the
experimental situation.
A lower E3 strength is predicted by the QOCH, m-IBM,

and TPSM models also for the 5− → 2þ transition (53þ15
−12

W.u in the experiment). The largest value is 28 W.u. in the
m-IBM, but still a factor of almost 2 lower than the
experimental data. We note, however, that the E1 strengths
are well reproduced by the TPSM. All calculated values are
summarized in Table I, and indicate that describing the
octupole collectivity remains a challenge for theoretical
calculations.
In conclusion, we provide the first direct evidence for

increased octupole collectivity across the Z ¼ 64 Gd
isotopic chain. This result was made possible using a
combination of mean lifetime measurements of the low-
lying negative-parity states with the recoil distance Doppler
shift method, as well as a precise determination of the weak
3− → 0þ and 5− → 2þ transitions. The extracted
BðE3; 3− → g:s:Þ strength is crucial for defining the boun-
daries of strong octupole collectivity in the rare-earth
region, believed so far to be realized mainly in the
deformed Ba isotopes. The comparison with five state-
of-the-art theoretical calculations indicates that, although a
complete description of the octupole collectivity in this
region is lacking, the QRPA and TDHF models come very
close to describing the E3 strength in the spherical region of
the Gd isotopic chain. The current findings pave the way for
further examining the development of octupole strength in
the rare-earth nuclei, in particular in 152Gd. Moreover, the
enhanced E3 strength measured in this work provides a
strong argument to search for double octupole states. We
note that in 150Gd, the level at 2306.2 keV [27] with Jπ ¼
ð5−; 6þÞ decays predominantly toward negative-parity
states. Future Coulomb excitation experiments with radio-
active beams could shed more light on this.
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