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Abstract. The low-spin structure of the nearly spherical nucleus *Gd was studied using the
1419m(“He, 2n) fusion-evaporation reaction. High-statistics -7 coincidence measurements were performed
at iThemba LABS with 7 x 10° -+ coincidence events recorded. Gated ~-ray energy spectra show evidence
for the 6; — 3, — 0 cascade of E3 transitions in agreement with recent findings by Caballero and
co-workers, but with a smaller branching ratio of I, = 4.7(10) for the 65 — 37 1905.1keV v ray. Al-
though these findings may support octupole vibrations in spherical nuclei, sophisticated beyond mean-field
calculations including angular-momentum projection are required to interpret in an appropriate way the
available data due to the failure of the rotational model assumptions in this nucleus.

1 Motivation

According to Bohr and Mottelson’s description of surface
vibrations, the lowest-lying collective excitations in nu-
clei near closed shells arise from quadrupole and octupole
surface vibrations; A = 2 and A = 3, respectively, in the
multipole expansion of the nuclear surface [1]. However,
the breakdown of A\ = 2 multi-phonon structures in the
Cd isotopes (see ref. [2] and references therein) demands
a re-examination of low-excitation surface vibrations. This
work aims at the exploration of two-phonon octupole vi-
brations in the nearly spherical nucleus ¢ Gdss.

The simple harmonic oscillator predicts a two-phonon
3~ ®3™ quartet (J™ =071, 2%, 47 and 6T) of states at ap-
proximately twice the excitation energy of the first 3] oc-
tupole phonon state to decay with B(E3) transition prob-
abilities about twice that of the 3] — 07 transition [3,1].
Anharmonicities may arise from particle-phonon couplings
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and the effect of the Pauli principle between the particle-
hole components of the phonons [4-6]. Although many ex-
amples of low-lying 3] excitations which decay with large
E3 strengths are known [7], observation of multi-phonon
excitations of the octupole type are scarce.

A firm candidate for a two-phonon octupole excitation
built on the ground state of 2°Pb has been observed [8,
9] as a cascade of two F3 transitions from a 07 state at
5241keV (07 — 3~ — 07). More complicated two-phonon
octupole excitations built on single-particle excitations
have also been identified in nuclei near N = 82 [4-6,10].
In 7Gd, the two-phonon octupole mode was first charac-
terized from a cascade of two enhanced E3 transitions as-
sociated with the stretch-coupled (v f7/o ® 3~ ®37)19/2~
configuration [4]. Additional cascades of E3 transitions
have been identified in the neighbouring N = 84 isotones
144Nd [10], 146Sm [10], and 48Gd [5,6], but only in the lat-
ter case are the states fully characterized with E3 transi-
tion rates. In each of these nuclei, the identifications by the
characteristic E3-F3 cascades were possible because the
two-phonon states are fortuitously yrast. Because these
states involve the coupling of particles to the two-phonon
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octupole excitation (e.g., v> ® 37 ® 3~ in *8Gd) their
descriptions are complex.

The nucleus "6Gd is the only known even-even nu-
cleus besides 2°°Pb with a 3~ first-excited state, thus
two-phonon octupole excitations have long been sought.
However, only recently, based on experimental evidence
from the '4*Sm(*He,2n) reaction, has the 3484.1keV 63
state in 146Gd been identified as the highest-spin member
of the 3~ ® 3~ quartet by Caballero and co-workers [11].
A 1905.8(6) keV + ray, representing a small branch from
the 3484.1keV level, is observed to feed the 3] state at
1579.4keV, and is the first observation of a 6™ — 3= — 0T
E3 cascade in an even-even nucleus. Angular distribution
and ~-ray linear polarization data firmly supported the
J™ =67 assignment [11]. Additional candidates for these
two-phonon octupole states were also suggested [11]; how-
ever, a complete characterization of the crucial 1905.8 keV
~ ray is still desirable [11].

2 Experimental details

Yrast and non-yrast states in '#Gd have been populated
at the iThemba Laboratory for Accelerator Based Sci-
ences (iThemba LABS) using the 44Sm(“He, 2nvyv)*6Gd
fusion-evaporation reaction at beam energies ranging from
Ejqp = 26.1 to 26.8 MeV, with an energy spread of about
0.2MeV. An optimum beam energy of about 26.3 MeV
was chosen from excitation-function measurements by
Yates and co-workers [12] to enhance the population of
non-yrast states in *6Gd. The “He™ ions were delivered
by the K = 200 Separated Sector Cyclotron with beam
pulses separated by 60 ns and bombarded a self-supporting
3mg/cm? 144Sm target enriched to 85.9%, with small
contributions from the heavier Sm isotopes. Time corre-
lated v-ray events were collected using the AFRODITE ar-
ray [13] comprising eight escape-suppressed clover detec-
tors, four positioned at 90° and four at 135° with respect
to the beam axis. Each clover detector consists of four
n-type coaxial HPGe crystals with dimensions of 70 mm
length and 50 mm front diameter. The crystals are placed
19.6 cm from the target centre position in the AFRODITE
standard configuration for -y coincidence measurements.

A ~-v trigger with a prompt time window of At =
150ns between two ~y rays being detected by two sepa-
rate clovers in the AFRODITE array characterized the -
~ coincidence events. Beam currents from 15 to 50 pnA
were used and a total of about 9.5 x 10? 4-v coincidence
events were accumulated after add-back corrections dur-
ing nine days of beam time. Four 7-v coincidence experi-
ments were performed using the 14*Sm(*He, 2n) reaction:
1) two consecutive weekends in November-December 2011
(Ejap = 26.3 and 26.8 MeV, respectively) using an analog
electronics system, and 2) two weekends in early July and
late August 2012 with a XIA digital electronics system
(Ejap = 26.1 and 26.7 MeV, respectively). Prior to these
experiments, the digital parameters were optimised for de-
tector resolution. Higher statistics were collected with the
digital system at the end of the experiment reaching a
maximum of 40kHz coincidence rate and 60 kHz singles
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Fig. 1. Partial level scheme of *Gd based on the 381.9 and
1579.4keV gated vy-ray spectra. The thicknesses of the arrows
are proportional to the competing branches (relative intensi-
ties).

count rate (per clover). Comparatively, only about 6 and
13kHz coincidence rates and 15 and 30 kHz singles rates
were collected on average during the previous runs us-
ing the analog and digital systems, respectively. For each
experiment, decay data from °Co and '°2Eu radioactive
sources were taken for energy and efficiency calibrations.

3 Data analysis and discussion

In the offline analysis, -y coincident events were un-
folded from the raw data and replayed into RADWARE for-
mat [14] for subsequent analysis. Relevant contaminants
in this work included 47Gd from the 44Sm(*He,n) re-
action, "4Sm from Coulomb excitation, and ®Gd from
the 1°4Sm(*He, 2n) reaction (2.1% of 1**Sm was present in
the target). The total projections indicate a larger back-
ground arising from random ~-7v coincidences in the dig-
ital system. In order to minimize the effects of randoms,
time windows of At = 100, 150 and 200ns were set to
construct different coincidence matrices offline. A shorter
time coincidence window of 100 ns presented considerably
fewer randoms and a better peak-to-background ratio for
gated spectra. Therefore, At = 100ns was applied to all
the matrices constructed in this work with a correspond-
ing reduction of the total coincidence events to 7 x 10°. In
addition, a delayed matrix which included random events
with another 100 ns time window was subtracted from the
prompt matrix. Summing effects were investigated and
found to be negligible with the standard configuration of
the AFRODITE array. The partial level scheme confirmed
by this work is shown in fig. 1.
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Fig. 2. Gamma-ray spectrum gated on the 381.9keV ~ ray. The top panels are expansions of regions of interest.

Figure 2 shows a background-subtracted ~-ray spec-
trum gated on the 381.9keV + ray, as deduced from the
total (analog+digital) data. Besides v rays from 46Gd,
there are additional v rays de-exciting Coulomb-excited
states up to 2.324 MeV in *4Sm and, because of isotopic
impurities in the target, transitions from the ground-state
band in '°6Gd. In '#4Sm, there is a 380.7keV ~ ray in co-
incidence with the 150.2, 132.6 and 1660.0keV ~y rays [15].
More problematic, regarding the background around the
502.6 keV peak depopulating the 6] state of interest in
146(Gd, is the 380.4keV v ray in '"9Gd which is in coin-
cidence with the 508.3 keV transition. Figure 2 shows the
502.6 keV and 826.6keV v rays (fig. 2(a) and fig. 2(b), re-
spectively) depopulating, as shown in the decay scheme in
fig. 1, the 3484.5keV level of interest in '46Gd, in agree-
ment with the previous work [11]. The 1905.8keV ~ ray is
not clearly observed in fig. 2(c). Slightly lower statisitics
but a superior peak-to-background ratio were achieved in
the 381.7keV gated spectrum of Caballero et al. [11,16].
Note that the «y rays of interest in this work were assigned
energies of 381.7(3), 502.6(1), 826.7(1), and 1905.8(6) keV
in ref. [11].

The multipolarity of the 826.6keV transition can be
studied with the directional correlation from oriented
states (DCO) method [17]. The experimental DCO ratio,

Rpco, can be defined as

I(71(61),72(02))
I(71(02),72(01)) ,

where 67 = 90°, #; = 135°, and ~; is the transition
whose multipolarity is to be determined when gating on
the stretched E2 ~9 transition. Rpco values of ~ 0.6
and ~ 1.0 are generally found for stretched dipole and
stretched FE2 transitions, respectively [18]. A value of
Rpco = 0.71(7) is determined for the 826.6keV -~y ray by
gating on the 1078.5keV stretched E2 transition, which
confirms the stretched dipole character of the 826.6 keV
transition.

Furthermore, the linear polarization sensitivity of the
ring of clover detectors at 6 ~ 90° [19] was utilised to
determine the character of the 826.6 keV dipole transition
depopulating the 3484.5keV level. A higher polarization
sensitivity is obtained by requiring the add-back events to
obey the Compton formula for photon scattering through
angles 6 &~ 90° [20]. The linear polarization asymmetry
A, is given by

(1)

Rpco =

_ a(Ey)NL - Ny
Ap o a(E,Y)NL -+ NH ' (2)
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Table 1. Normalized relative intensities, I, measured in this and previous work [16] for the ~ rays depopulating the 67 state

at 3484.5keV in *6Gd.

5y (keV) I, (current work) ~ [16]
381.9keV gate ‘ 1579.4keV gate 381.7keV gate
826.6(1) 100(6) 100(4) 100(7)
502.6(1) 20(2) 21(1) 16(2)
1905.1(3) <4.3 4.7(10) 6(3)
250000 A R e e T . spectrum in fig. 2 and are listed in table 1. The relative in-
T permendicular Scatters. - tensity for each v ray has been measured considering the
— Perpendicular Scatters Q . K . . . .
[ 12001 Parallel Scatters s N ~-ray efficiencies. The branching ratios are, within lim-
20000 gqol- © ] O its, in agreement with previous work [16]. An upper limit
S | for the 1905.1keV peak area has been determined using
600~ WLr“ (IR Currie’s procedure [22,23], which assumes that the back-
% 15000 40 WJHTLw h ground counts in the spectrum follow a normal Gaussian
3 oh L” L © ] distribution. The upper limit for the peak area, A, is given
O o000 O B e T , by
© © A =1.746 FWHM oy, (3)
S where FWHM is the full width at half maximum of the
50001 (\ I Gaussian and oy, is the background standard deviation,
J\ ] where o, = /=~ >, (z; — %), with N the number of chan-
] -vx_—/"\.,p/ﬂ\.x,,f\\\ b | | N
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Fig. 3. Linear polarization spectra shifted by 2keV show-
ing the distinction between perpendicular and parallel compo-
nents for known magnetic (200.5keV, 311.6keV) and electric
(324.0keV) transitions and the 826.6 keV transition shown in
the inset.

where N and N are the number of Compton-scattered y
rays in the planes parallel and perpendicular to the reac-
tion plane, respectively. The asymmetry correction factor
a(Ey) = N”
from non- polarlzed ~ rays from a '°2Eu source yielding
a(E,) = 1.01(2).

Figure 3 shows polarization spectra gated on the
1078.5 4 1579.4 keV v rays. The normalized parallel, Ny,
and perpendicular, a(E,)N |, scattered events are rep-
resented by cyan and black colors, respectively. The de-
duced magnetic nature of the 311.6keV transition based
on A, = —0.09(2) and the measured electric nature of
the 324.0 and 1078.5 keV stretched quadrupole transitions
based on A4, = +0.06(1) and +0.04(1), respectively, are in
agreement with recent work done by Krishichayan and col-
laborators using a heavy-ion reaction and the same type of
clover detector [21]. For the 826.6 keV + ray, the inset spec-
trum shows that the perpendicular-scattered events are
slightly larger, yielding a polarization ratio of +0.05(2),
hence, in agreement with the E'1 character and support-
ing the J™ = 6T assignment.

Branching ratios for the 502.6 and the 826.6keV -y
rays and a upper limit on the 1905.1keV relative inten-
sity, I,, have been determined from the 381.9keV gated

at different y-ray energies has been extracted

nels in the distribution, x; the number of counts per chan-
nel and T the mean value. As listed in table 1, the result-
ing upper limit for the normalized relative intensity is 4.3,
which is in agreement with the lower limit, I, = 6(3),
measured in previous work [16].

An additional y-ray spectrum gated on the 1579.4 keV
~ ray is shown in fig. 4. Branching ratios for the 502.6,
826.6 and 1905.1keV ~ rays have been determined from
this spectrum and are listed in table 1. In this particu-
lar case the relative intensities could be extracted directly
since there is no branching in the de-excitation of the
2981.9 and 2657.9keV levels. The broader peak centered
at around 1902 keV in the top panel of fig. 4 is a triplet fea-
ture of previously observed 1898.0, 1901.5 and 1905.1 keV
peaks [16]. A fit to the data provides three distinct v-ray
peaks corresponding to these energies. The fit considered
a fixed FWHM = 4keV, as this was approximately the
FWHM found for other single v-ray peaks in this region.
No other energy gates show evidence for the 1905.1keV
~ ray. The fit to the 1905.1keV peak shown in the top
panel of fig. 4 yields I, = 4.7(10), which is consistent
with the upper limit determined from the 381.9keV gated
spectrum and in agreement with the previous work [11].

Octupole properties of many even-even nuclei were ob-
tained [24] with the Generator Coordinate Method (GCM)
using the axial octupole moment Q39 as generating co-
ordinate. In this calculation the excitation energy of the
lowest octupole state as well as the B(E3) strength to
the ground state were obtained for the three parametriza-
tions of the Gogny force, namely D1S, DIM and DIN.
Systematic deviations were identified in spherical nuclei
with too large excitation energies and too small transi-
tion strengths. An explanation for the first is still under
debate but the reason for the small transition strengths
was traced back [25] to the breaking down of the rota-
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Fig. 4. Gamma-ray spectrum gated on the 1579.4keV ~ ray. The top panel expands the region of interest and shows the fit to

the 1905.1keV peak.

Table 2. Theoretical results obtained with GCM calculations for one- and two-phonon excitations (1p and 2p, respectively)
using the Gogny D18 force. Energies are given in MeV and B(E3) strengths in Weiskopft units (1 W.u. = 0.0594 A% ¢? fm?).

Calculation | By, | Ba, | B(E3,3;, — 0%)(ror) | B(E3, 31, — 0")(prosy | B(E3,05, — 3 )(pros | B(E3,63, — 3 )prou |

GCM-Q3 |3.19/6.40 9.57

24.44

4.35 54.07

GCM-Q2-Qs | 3.23(7.09 9.53

tional formula in soft nuclei. In those cases, the use of
full-fledged angular-momentum—projected wave functions
is required. In this GCM calculations a harmonic-oscillator
pattern emerges when the ground state is reflection sym-
metric and the energy as a function of the octupole mo-
ment resembles a parabola. The first (negative parity) ex-
cited state resembles an one-phonon octupole whereas the
second (positive parity) corresponds to a two-phonon oc-
tupole state. Other alternative descriptions of two-phonon
octupole excitations are mostly based on extensions of the
Interacting Boson Model (IBM) to include negative-parity
bosons [26-30], see also [31] for a review including addi-
tional methods.

Here we report on a GCM calculation with Gogny D1S
for 146Gd, where not only the first excited state is consid-
ered but also the 0T, 27, 4% and 6T states corresponding
to the two-phonon octupole excitations. The E3 transi-
tions strengths are computed both using the traditional
rotational formula (which is hardly justified in this spher-
ical nucleus but is given here as a reference) as well as the
full-fledged method using angular-momentum—projected
wave functions. The results obtained with Gogny D1S
in the GCM-Q3 calculation are summarized in the first
row of table 2. Too high excitation energies are obtained
for the 37 state (3.19MeV) and the two-phonon oc-
tupole states located at twice the excitation energy. The
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B(E3;3;, — 07") value of 9.57 W.u. computed with the ro-
tational formula (ROT) falls too short as expected for this
nearly spherical state. However, the projected calculation
(PROJ) gives a much higher value of 24.44 W.u. The fail-
ure of the rotational formula is a direct consequence of the
sphericity of the ground state of 46Gd. Similar enhance-
ments of B(E3) transitions, as compared to the rotational
formula, have been observed, for instance, in 2°*Pb [32].
The B(E3) transition from the 0" built on the two-phonon
octupole to the 37 is 4.35 W.u. (see table caption for the
definition of a W.u.) which is severely quenched with re-
spect to the rotational formula prediction. On the other
hand, the calculation of the B(E3) transition from the
observed 6% built on the two-phonon octupole state to
the 37 yields 54.07 W.u. These results have to be com-
pared with the ones quoted in [11] and obtained with a
two-phonon octupole model: B(E3;3;, — 07) = 37 W.u.

and B(E3;63, — 37) = 56 W.u. The results of [11] are
consistent with our projected results.

A side product of the angular-momentum-—projected
calculation is that we can obtain the probability ampli-
tude of each angular momentum J in the different intrinsic
configurations considered. In the ground state the J =0
wave function probability is 87%. For the one-phonon oc-
tupole is the J = 37 state which has the largest probabil-
ity amplitude: 74%. Finally, for the two-phonon octupole
intrinsic states the probability distribution is more evenly
distributed but the J = 6% amplitude is the largest with
a 25% of probability. These numbers give us confidence
on the assignment made to the intrinsic states obtained in
the GCM.

The coupling with the quadrupole degree of freedom
has been taken into account in a GCM calculation using
the collective variables Q29 and Q3¢ as generating coordi-
nates (see refs. [33,34] for similar calculations in the rare
earths and the actinides). The results listed in the second
row of table 2 indicate that both degrees of freedom are
essentially uncoupled. The coupling between (oo and Q3
slightly pushes up the energy of the two-phonon octupole
state. Unfortunately, in this case the projected calculation
is too demanding for our present computing capabilities.
However, it can be argued that given the decoupling be-
tween the quadrupole and octupole degrees of freedom, the
projected transition strenghts should not differ too much
from the GCM-Q3 results. Work to extend the angular-
momentum—projected calculation of transition strengths
to the Q29 and @3¢ case are in progress as they will al-
low the estimation of the 67 — 5~ transition to the 5~
interpreted as a quadrupole-octupole phonon.

4 Conclusions

Summarizing, high-statistics -7y coincidence mesure-
ments have been carried out with the 144Sm(“He, 2n) re-
action in order to study two-phonon octupole excitations
in 6Gd. Angular distribution and 7-ray linear polar-
ization data supported the J™ = 6% assignment for the
3484.5keV level. Slightly higher statistics for non-yrast
states in '#6Gd are present in our gated spectra than in
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previous work [11,16]. The larger background arising from
random ~-v coincidences in the digital system prevented,
however, a more sensitive identification of the 1905.1 keV
~ ray in our 381.9keV gated spectrum. The upper limit
measured for the relative intensity of the 1905.1keV -y
ray from the 381.9keV gated spectrum, I, < 4.3, is in
agreement with the branching ratio measured from the
1579.4keV gated spectrum, I, = 4.7(10), and supports
the placement of the 1905.1keV ~ ray. Branching ratios
for the 502.6, 826.6 and 1905.1keV ~ rays depopulating
the 65 state at 3.484 MeV are in agreement with recent
work by Caballero and co-workers. These findings provide
evidence for a cascade of 67 — 3= — 0% E3 v rays. An
analysis of the spectroscopic features of two-phonon vibra-
tions in spherical nuclei using modern mean-field calcula-
tions using the axial octupole moment Q3o as generating
coordinate and the Gogny force predicts a strong B(FE3)
strength for the 67 — 37 transition. The fundamental
question about the existence of two-phonon octupole vi-
brations in spherical nuclei remains open. The fact that
quadrupole surface vibrations are currently under ques-
tion [35,36] opens up new theoretical avenues and encour-
ages additional measurements. With the large 6T — 3~
E3 strength predicted in this work, the supposedly 6%
two-phonon state in *6Gd should be easily populated via
two-step Coulomb excitation using radioactive ion beams.
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search Foundation (NRF) under Grant 93500, the Spanish
Ministry of Sciences and Technology under Grant under grant
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