Study of octupole correlations in *°Zr and °'Zr isotopes
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The B(E3) transition strengths in °°Zr and %' Zr isotopes were determined based on the half-life
measurements of the first 37 and (11/2) states, i.e., T}/, = 7.8(16) ps and 500(16) ps, respectively.
The plunger method and fast-timing techniques were employed. The B(E3) values of 16(3) and
20.5(7) W.u. for °°Zr and ' Zr were derived, pointing to a sizable octupole collectivity in both cases.
The “°Zr value complements the systematics of the octupole strength in even-even Zr isotopic chain,
revealing a smooth trend between A = 90 and 96, which is in agreement with the pattern of octupole
strength predicted by Quasiparticle Random Phase Approximation (QRPA) calculations. In *'Zr,
the Hybrid Configuration Mixing (HCM) model describes the (11/2)~ low-energy strength in terms
of a coupling of the unpaired neutron with the 3~ octupole excitation of the °Zr core, predicting a
slight decrease of octupole strength which is in contrast with the experimental result. This suggests
a more complex structure for the (11/2)~ state in **Zr than predicted by the weak-coupling limit.

I. INTRODUCTION

In closed-shell nuclei, for neutrons and /or protons, low-
energy excitations with angular momentum and parity J™
= 3~ and enhanced B(E3) transition rate to the ground
state often appear [1, 2]. They are viewed as collective,
reflection-asymmetric oscillations (phonons) of octupole
type around the spherical equilibrium shape, as no in-
dications of static octupole deformed shapes have been
found so far, in semi-magic nuclei [3, 4]. Investigations of
these octupole excitations along isotopic/isotonic chains
of semi-magic nuclei can provide information on the mi-
croscopic nature of phonon states. In addition, in nuclei
composed of one-valence particle and a magic core, the
coupling between a phonon and the valence nucleon re-
sults in a multiplet of states which are also very useful
probes of the phonon character [5-13].

Prominent examples for the existence of octupole-
phonon excitation are the doubly magic 2°8Pb and semi-
magic *6Gd (with the closed N = 82 neutron shell and
Z = 64 proton sub-shell). In these systems, the 37 level
is the first excited state, with similar enhanced B(E3)
transition probabilities to the ground states (i.e., 34.0(5)
and 37(2) W.u. [1], respectively), although of different
microscopic origin. In 298Pb, the 3~ level arises from a
coherent superposition of many particle-hole excitations,
none of them contributing to the wave function with an
amplitude larger than 10% [14]. As a consequence, the
E3 excitation energies observed in nuclei of the 2°°Pb re-
gion do not exhibit any regular trend, although in 2°4Pb,
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206ph, and 2%8Pb they appear rather close to the 2615-
keV 208Pb 3~ state.

In contrast, in the 6Gd nucleus, the collective 3~
state is dominated by the proton hq; /2d5_/12 particle-hole
excitation across the Z = 64 sub-shell gap, and the
two extra neutrons in '**Gd, filling the f;/o orbital,
contribute to further enhance the B(E3) strength with
f7/2 = i13/2 excitations within the neutron N = 82-126
shell [7]. Moving along the N = 82 isotones, a regular
change of the lowest 3~ level energy and B(E3) values
is observed. In the Z < 64, N = 82 isotones (!*®*Ba,
140Ce, 12Nd, 4Sm, up to 14°Gd), the successive fill-
ing of the d5/, proton sub-shell increases the hy; /2d5_/12
contribution, and the respective 37 level energies exhibit
a regular decrease from 2881 keV in '38Ba to 1579 keV
in 116Gd. At the same time, the measured B(E3) rates
go from 16.8(17) to 37(2) W.u., respectively [1], reveal-
ing a significant increase of collectivity. Above 146Gd, in

Z > 64 isotones, the filling of the hy;/, proton subshell
-1
5/2
the 3~ level energy increases again (no B(E3) strength
is measured in 48Dy, OEr, and 52YDb nuclei).

The N = 88 isotones represent another interesting re-
gion in terms of studying the intrinsic electric octupole
moments. In this isotonic chain, the excitation energy of
the 3~ state gradually increases from *4Ba (838 keV)
to ¥SEr (1304 keV) [1]. However, the corresponding
B(E3) strengths do not exhibit a clear regular trend, cor-
responding to 52(17), 33(3), and 34(3) W.u. for 52Gd,
1508m, and '#8Nd, respectively [1]. In particular, in
144Ba and its neighbour “6Ba, recent Coulomb excita-
tion measurements of E3 transition matrix elements show
large B(E3) values of 48727 W.u. [15] and 48135 W.u.
[16], indicating an enhancement of octupole collectivity.

reduces the involvement of the hyy/od; ., excitation and
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It is worth mentioning that in these isotopes, the sta-
bilization of octupole deformation at high spin, around
10-12 A, has been proposed by R. V. Jolos and P. von
Brentano [17].

Phonon excitations have also been studied along the Zr
(Z = 40) isotopic chain, starting from “°Zr with closed
N = 50 neutron shell. In analogy with the N = 82 iso-
tonic chain, discussed above, the successive filling of the
ds 2 neutron orbital leads to an increase of the 37 collec-
tivity, resulting in B(E3) rates of 18.1(11) [18], 24(8) [1]
and 42(3) W.u. [19] in 92Zr, 4Zr, and ?9Zr, respectively,
the latter being among the largest in the nuclear chart.
The increase of octupole correlation is also reflected by
the lowering of the 37 excitation energy from 2340 keV
in 92Zr, to 2058, and 1897 keV in “4Zr and “%Zr, iso-
topes, respectively [1]. The energy of the 3~ state in
907y at 2748 keV follows this trend, however, the very
large B(E3) value, 28.9(15) W.u. reported in Ref. [1], is
out of the expected systematics.

Theoretical calculations, based on the Monte Carlo
shell-model approach, reproduce well the experimental
B(E3) value for %Zr, and indicate that the octupole col-
lectivity in this nucleus arises from both protons and neu-
trons excitations [19]. Therefore, the decreasing number
of neutrons in the ds/, orbital in lighter Zr isotopes may
be responsible for the corresponding lowering of B(E3)
rates in these Zr nuclei. In this context, the surprisingly
large value of B(E3) strength in %°Zr [1], with the closed
N = 50 neutron shell, is puzzling.

The current work focuses on the re-examination of the
B(E3) rate in %°Zr. In addition, for the first time, the
strength of the octupole collectivity in the odd ?'Zr iso-
tope is also established.

In 99Zr, the first two negative-parity states in the level
scheme are the 5~ and (4)~ states, located at 2319 and
2739 keV excitation energy, with dominant 7 (p;/299/2)
two quasiparticle structure, the 3~ state being only the
third in sequence at 2748 keV. The high-statistics (n,n’y)
measurement of Garrett et al. [20] reported that the 3~
state has a 93.8(3)% E1 branch to the 2% state, a 0.5(1)%
E2 branch to the 5~ level, and a 5.7(3)% E3 branch to
the ground state. These values have been adopted in the
current analysis. Although the relevant E3/FE1 branch-
ing in the depopulation of the 3~ state is known with a
good accuracy, the 37 half-life was not measured. What
is known on the reduced transition probability of the E'3
branch, B(F3), comes from several light charged parti-
cle inelastic scattering experiments which had been con-
ducted since early 1960’s (see appropriate references in
[1] and [21]). We note that most of the inelastic proton
scattering data on the E3 strength, reported in [1], agree
with the value obtained in the current analysis. However,
the largely different values B(FE3) = 28.9(15) W.u. and
B(E3) = 8.071% W.u., which are based on (e,e’) [22] and
(170,170’) [23] inelastic scattering cross section measure-
ments, respectively, were adopted in most recent compi-
lations [1] and [21].

In particular, the value of B(E3) = 28.9(15) W.u. for

the 3= — 0% transition (from (e,e’) scattering) would
correspond to a half-life of 7', = 4.2(4) ps of the 3~
state, after considering the branching ratio of gamma
decay from that state given in [21]. It is worth noting
that a very similar result of 4.7(6) ps for the 3~ half-
life was quoted by Garrett et al. [20], based on the (e,e’)
data alone [22]. In turn, the value of B(E3) = 8.071%
W.u. (from (}70,}70’) scattering) would correspond to
a half-life of T}, = 15.2(28) ps of the 37 state [21]. The
issue became even more complex, since J.R. Beene et al.,
[26] obtained significantly higher transition rate B(E3)
= 21.1 W.u. (corresponding to the 3~ half-life of 5.8(6)
ps), based on the same (}70,170’) dataset [23], but using
a different angular distribution fitting procedure.

There is no doubt that this situation calls for a model-
independent determination of the B(E3) transition rate
in 99Zr to probe the octupole correlation in this isotope.
In the present work, the octupole collectivity in “°Zr was
determined by direct measurement of the half-life of the
37 state.

The lifetime of the yrast (11/2)~ state in *1Zr, located
at 2170 keV, also becomes a key quantity in the context of
quantifying the octupole collectivity of the °°Zr core. A
sub-nanosecond value would imply a large B(E3), which
may indicate a particle-octupole phonon coupling char-
acter for this state. On the contrary, a large value around
10 ns would correspond to a B(E3) strength of ~1 W.u.
and would indicate that this state is simply a member
of the multiplet arising from the coupling of a neutron
in ds/ with the low-lying, negative-parity two quasi-
particle states of the core. So far, only an upper limit
of ~2000 W.u has been established for the B(E3) tran-
sition rate based on the Tj,5 > 5.5 ps measurement of
the (11/2)~ state, using the Doppler shift attenuation
method [27]. In the current study, the fast-timing tech-
nique was employed to pin down the half-life of (11/2)~
level and thus the strength of possible octupole correla-
tions.

The paper is organized as follows. In Sec. II, the two
different experiments performed to assess the half-life of
the 3~ and (11/2)~ states in °°Zr and ?1Zr are described,
while the analyses and the experimental results are pre-
sented in Sec. III. A comparison with theory predictions
based on Quasiparticle Random Phase Approximation
(QRPA) calculations for ?°Zr and on the Hybrid Con-
figuration Mixing (HCM) model for *'Zr is presented in
Sec. IV, confirming the collective octupole nature of the
(11/2)~ state.

II. EXPERIMENTAL PROCEDURE

To investigate the nature of octupole collectivity in
907r and 'Zr isotopes, two independent experiments
were conducted at the Tandem Laboratory of the Ho-
ria Hulubei National Institute for Physics and Nuclear
Engineering (IFIN-HH) in Bucharest.

To populate the 3~ state in 2°Zr, the 3Y ("Li,a2n)?Zr



reaction was employed, where a “Li beam, at the sub-
Coulomb barrier energy of 17 MeV, bombarded a 3Y
target with 1 mg/cm? thickness. The v-rays of interest
were recorded by the ROSPHERE array [28], equipped
with 20 HPGe detectors, while the 6 solar cells of SOR-
CERER particle array [29] was used to tag on the a-like
ejectiles. The SORCERER detectors were mounted in-
side the scattering chamber at backward angles where the
maximum distribution of « particles is observed. The
rays were emitted from the nuclei stopped in the plunger
Ta stopper (5 mg/cm? thickness), providing Doppler-free
spectroscopy. The ~-v coincidences were collected at 7
plunger-target distances, i.e., 14, 40, 65, 130, 260 pum,
and 1 and 3 mm.

In the case of 2'Zr, excited states were populated by
the 82Se(*3C,4n)? Zr fusion-evaporation reaction. The
CASCADE code was employed to calculate the cross sec-
tions for different exit channels indicating about 400 mb
for the 4n evaporation channel at 42 MeV beam energy,
which represents ~80% of the total fusion cross-section.
The 82Se target was 5 mg/cm? thick, with a 5 mg/cm? Au
backing dimensioned to stop the °'Zr products, consid-
ering their optimum energy range for production. The v
rays were detected with the ROSPHERE array assem-
bled in a mixed configuration, with 14 HPGe and 11
LaBrs(Ce) scintillator detectors.

III. EXPERIMENTAL RESULTS

The partial level scheme of the “0Zr isotope, together
with a v-ray spectrum gated on the stopped component
of the 2186-keV 27 — 07 transition, is shown in Fig. 1.
The spectrum was constructed by summing the spectra
taken at all 7 target-to-stopper distances. Each plunger
distance was normalized to the 532-keV line in %Mo
(from the 2956-keV, 8T isomeric state, with T3 ;o = 98(2)
ns [30]) produced in the "Li + 8°Y fusion-evaporation
reaction. In this case, coincidences with « particles in
the SORCERER detectors were not required. The nor-
malization factors were also verified by considering the
184-keV transition from the 162(7) ns 5T isomer, located
at 1121 keV in '8F [31]. The latter was produced via
reactions on a small amount of 0 contaminants in the
89Y target. In the °Zr spectrum, the 562- and 891-keV
peaks correspond to the decay of the 3~ and 4™ states,
respectively. A weak 47 — 37, 329-keV line (from the
2.91(28)-ps level [32]) is also observed, representing about
4% of the 37, 2748-keV state population. It has been es-
timated that this feeding could increase the half-life of the
37 state by about 0.2 ps, and it was taken into account in
the final uncertainty. No other feeding of the 3~ state is
observed in our data, although numerous higher located
levels that decay to the 2748-keV state are reported in
the NNDC database [21]. The half-lives of the lowest
ten of these states are known and do not exceed 0.28 ps.
Therefore, even assuming their population at the limit
of observation in our experiment (~1%), their decay to
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FIG. 1. Left: spectrum of %°Zr in coincidence with the 27
— 0T, 2186-keV transition, obtained by summing over all 7
plunger distances. Right: partial decay scheme of °Zr, as
observed in this work, including also the 3= — 07, (4)” —
57,57 — 2%, 57 — 0" branches from Ref. [21]. Moreover, the
half-lives of the 2" and 5~ states have been adopted from [21],
while the half-life of the 4™ level has been taken from Ref.
[32].

the 37 would not affect the measurement of the half-life
of this state in any significant way. We note that in the
plunger spectra only lines corresponding to the stopped
components are observed, as a result of the gating on the
stopped component of the 2% — 07 transition which col-
lects the intensities from the decay of longer-lived states.

The thin 1 mg/cm? 39Y target was made to maximize
the reaction products that can exit the target and reach
the plunger stopper. Nevertheless, a fraction of *°Zr nu-
clei were found to be stopped inside the target, thus
giving an additional contribution to the stopped peak,
regardless of the stopper distance. This effect was quan-
tified by analyzing the spectra collected at the large dis-
tances of 1 and 3 mm. They correspond to a recoil time-
of-flight of more than 140 and 420 ps, respectively, for
an average recoil velocity v/c ~2%, as resulting from the
kinematics. For such long distances the number of events
in the stopped peak is constant, as it originates from the
decay of the recoils stopped inside the target. Therefore,
this contribution can be subtracted from the intensity
measured at each given distance.

The spectra of ?°Zr, in coincidence with the 2+ — 0T
transition, measured at plunger distances of 14 and 40
um are shown in panel (a) and (b) of Fig. 2, respectively.
A fast decrease of the 891-keV transition intensity rela-
tive to the 562-keV line is observed, indicating that the
half-life of 3~ state (deexcited by the 562-keV ~ ray) is
longer than the 2.9-ps half life of the 41 state (deexcited
by the 891-keV transition) [32]. The decay curves of the
4% and 3~ excited states in ?°Zr, as a function of target-
to-stopper distance (upper x axis), are plotted in Fig. 3
in blue and red, respectively. Knowing the half-life of
the 4T state (17, = 2.91(28) ps, from Recoil Distance
Doppler Shift (RDDS) techniques) [32], the plunger dis-
tances can be translated into decay times (lower x axis
in Fig. 3). Next, by employing a fitting procedure the
Ty = 7.8(16) ps half-life of the 37, 2748-keV state was
obtained.

Turning now to !Zr, this isotope was also strongly pro-
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FIG. 2. Coincidence spectra in °°Zr gates on 2+ — 01 2186-
keV. Spectrum (a) and (b) represent a portion of «y coinci-
dence events collected at target-stop distances of 14 um and
40 pm, respectively.

duced in the “Li + 89Y reaction. However, only a small
decrease of the intensity of the 2170-keV, (11/2)” —
5/2% transition was observed over all target-to-stopper
distances, leading to the T /o > 220 ps limit for the half-
life of the (11/2)~ state.

To improve the sensitivity to lifetimes in hundreds of
ps range, a second experiment was performed in which
the 91Zr isotope was produced via the 13C + 82Se fusion-
evaporation reaction, and the fast-timing technique was
employed using the LaBrs(Ce) detectors present in the
array (see Sec. II). Details about the technique can be
found in Ref.[33]. The LaBr3 data were sorted into asym-
metrical Evys — Ev; — AT coincidence cubes, where Ev;
and E~s are the energy of gamma transitions in coinci-
dence, and AT their difference in time. Special care was
taken to keep the amplitude linearity of the LaBrs(Ce)
detectors and correct for constant fraction discrimina-
tion walk over a wide energy range. By applying two-
dimensional energy gates on the v rays feeding and de-
caying from the state of interest, time distributions were
obtained for selected states in ?°Zr and 9'Zr. The LaBr;
energy gating conditions were also checked by using the
HPGe detectors, in order to monitor possible contami-
nants with higher energy resolution.

The 2% state in 99Zr produced in 32Se(**C,5n)%°Zr
fusion-evaporation reaction was used to validate the
method. The time spectrum in Fig. 4(a) is constructed by
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FIG. 3. Decay curves of 3~ and 4" states in °°Zr in red and
blue, respectively. The upper x-axis corresponds to target-
to-stopper distances estimated on basis of the half-live of 4T
level (i.e., Ty = 2.9(3) ps), adopted from Ref. [32].

selecting the 133-keV, 5= — 27 line as a START signal
for the fast-timing analysis, while the 2186-keV transi-
tion to the ground state was the STOP. In this way, the
experimental timing response of the setup was precisely
determined since the half-life of the first 21 state of 9°Zr
has the 88 fs value reported in [21]. The (11/2)~ state in
917r is located at similar excitation energy, only 16 keV
lower. In this case, the 89 keV ~-ray feeding the (11/2)~
state was selected as a START signal, while the STOP
was given by the 2170-keV, (11/2)~ — 5/27 transition.
The corresponding time spectrum is shown in Fig. 4(b).
By employing the fitting procedure described in Ref.[33],
a half-life of 500(16) ps was obtained for the (11/2)~
state in 21Zr.
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FIG. 4. Right: partial level scheme of °'Zr, focusing on the
decay from the (13/2)” and (11/2)~ states of interest in this
work. Left: Time spectra used in the fast-timing analysis of
the 2% state in °°Zr (a) and the (11/2)~ state in °'Zr (b),
both populated in the reaction *C+82Se. For the 2% state,
start and stop energy gates were set on the 133 and 2186-keV
transitions (see Fig. 1), for the (11/2)~ case the 89-2170 keV
energy gates were used (see right panel).

Additionally, the branching ratio from the (11/2)~
state was extracted by placing a gate on the 89-keV
transition and examining the intensities of the 2131- and



2170-keV lines (see Fig. 4). It is found that 93.7(2)% of
the decay from the (11/2)~ state goes via the 2170-keV
E3 transition. The second decay branch, involving the
39-keV FE1 transition with conversion coefficient of 1.71
[34], accounts for 6.3(1)% of the intensity. It is worth
to note that the 3~ level in the %°Zr isotope was also
observed in this set of data. However, a lifetime analy-
sis based on the fast-timing technique could not be per-
formed, since no feeding to this state was observed.

IV. DISCUSSION

Half-lives and ~-ray branches for the 3~ and (11/2)~
states in 99Zr and 'Zr isotopes, respectively, were used
to extract the corresponding B(E3) transition rates to
the ground states using the formalism given in Ref. [1].
For the 3~ state in ?°Zr, assuming the branching ratio BR
=5.7(3)% [20], the result B(E3) = 16(3) W.u. was ob-
tained - significantly lower than the 28.9(15) W.u. value
currently quoted in the compilation [1]. In turn, for the
917r isotope the B(E3) = 20.5(7) W.u. value was ex-
tracted, taking into account the 93.7(2)% branching ob-
tained in the current measurement.

The new B(E3) values were included into the sys-
tematics of octupole strength in Zr isotopes, which now
displays a rather smooth increasing trend from °°Zr to
967r, accompanied by a corresponding decrease in exci-
tation energy for the 3= and (11/2)~ states, as shown
in Fig. 5(b) and Fig. 6(b). Our results are very much in
line with the systematics of excitation energy and B(E3)
values for the 3~ states in N = 82 isotopes, in which the
successive filling of the d5/, proton sub shell increases the
hi1 /ng/lz contribution to the 3~ collective wave function.
This is shown in Fig.5(a) and Fig.6(a).

For our theoretical analysis, in even-even nuclei we
have performed Quasiparticle Random Phase Approxi-
mation (QRPA) calculations. QRPA reduces to simple
RPA when there is no superfluid solution, as in °Zr.
Thus, experimental results for the 3~ state in ?°Zr were
compared with RPA calculations using different Skyrme
interactions [35], which have been widely used to de-
scribe vibrational excitations. RPA calculations were
performed on a Hartree-Fock basis in a box of 16 fm,
including sufficient unoccupied single-particle states to
guarantee the convergence of both the 3~ energy and the
B(E3) reduced transition probability. The results with
the SLy5 [36] and SAMi-m60 [37] interactions are pre-
sented in Figs. 5, 6 and Tab. I along with experimental
data. One can note that the energy of the 3~ state in 0Zr
is rather well reproduced by the SLy5 interaction, within
~200 keV, while the SAMi-m60 force overestimates the
experimental value by ~ 35% due to a lower effective
mass (m*/m=0.6). In fact, the effective mass is inversely
proportional to the single-particle level density, and lower
effective mass results in a more stretched single-particle
spectrum. The calculated B(E3; 3= — 07) value is
about 50% and 80% larger than the one measured in
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FIG. 5. Evolution of the excitation energy of the 3~ levels
across the N = 82 isotones (a) and Z = 40 isotopes (b). In
panel (b), the blue (green) curve gives the velues predicted
by (Q)RPA calculations for the even-even Zr cores using the
SLy5 (SAMi-m60) interaction. For the (11/2)~ state in “'Zr,
predictions are given by the HCM model with both interac-
tions (see text for details).

the present work, for the SLy5 and SAMi-m60 interac-
tions, respectively. This can be ascribed to a high impact
of octupole correlations, and to a large fragmentation of
the calculated wave functions whose main components
are displayed in Tab. I.

For completeness, similar calculations were performed
in 92:94.967r isotopes using a QRPA approach, after fixing
the pairing volume term to reproduce the experimental
pairing gap along Z = 40 (i.e., Vo = 740 MeV). The re-
sults are also presented in Figs. 5, 6 and compared with
experimental data. The experimental trend of the 3~
state energies is well reproduced by both interactions,
with the SAMi-m60 force better predicting 6Zr. On the
other hand, the SLy5 interaction overestimates substan-
tially the B(E3; 3= — 01) values, which are better re-
produced by the SAMi-m60 force, pointing to a strong
sensitivity of these calculations along Z = 40 on the type
of interaction. In particular, low-lying octupole config-
urations are found in these nuclei with associated large
coupling matrix elements. This lies at the origin of a
significant enhancement of B(E3; 3= — 07) transition
rates and is often referred to in the literature as onset of
”octupole correlations”.
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FIG. 6. Evolution of the B(E3) values across the N = 82
isotones (a) and Z = 40 isotopes (b), in Weisskopf units [1].
The B(E3) values in °Zr and °'Zr, obtained in this work,
are marked in red, while the dashed symbol gives the B(E3)
value for °°Zr currently reported in literature [1]. In panel
(b), the blue (green) curve gives the B(FE3) strength predicted
by (Q)RPA calculations for the even-even Zr cores using the
SLy5 (SAMi-m60) interaction. For the (11/2)~ state in ?*Zr,
predictions are given by the HCM model with both interac-
tions (see text for details).

The other negative parity states, 5~ and (4)~, in 9°Zr
are also predicted by RPA calculations, with an almost
pure 7Tp1_/12gg /2 configuration, as shown in Tab. 1. These

states might correspond to the experimental 5~ state at
2.319 MeV and (4)~ state at 2.739 MeV, respectively [21]
For the 5~ state, an experimental B(E5;5~ — 07) of
8.74(33) W.u. is reported in the literature [21], which is
well reproduced by RPA calculations with both interac-
tions.

Turning now to the odd system °'Zr, the possible
(9Zr ® v) structure of (11/2) states in 9'Zr was in-
vestigated with the Hybrid Configuration Mixing (HCM)
model [38], already used to calculate *3Sb [39] and Ca
isotopes around closed shells [40]. The HCM model is
aimed at a microscopic description of odd-even nuclei
with one particle/hole outside a doubly magic even-even
core. The model is based on a Hamiltonian of Skyrme
type, with core states, both phonons and simple 1p-1h
excitations, calculated via RPA and coupled to the pure
particle/hole states, with the coupling discussed in detail

in Ref. [41]. In the present work, HCM model calcula-
tions were performed with the same Skyrme interactions
used for the %°Zr core. The model space consisted of
core excitations up to 5.5 MeV, with angular momentum
up to L=7, and the full g7 28dh,1/2 shell above N = 50
for single-neutron states. Theoretical results for (11/2)~
states in ?1Zr are also presented in Tab. I.

Three states are found at low excitation energy with
dominant (3~ ® vds/2), (4~ ® vds)2), and (57 @ vds2)
character. While in the case of the SLy5 interaction,
the three states have a one-to-one correspondence with
the couplings mentioned above, for the SAMi-m60 force
there is some amount of mixing. The overall B(E3) value
in this low-energy region is, in both cases, comparable
with the experimental findings. However, we note that
the HCM model does not reproduce the enhancement
of octupole collectivity with respect to the °°Zr core, as
measured in this work, hinting at the possible presence
of more complicated components in the wave function
of the (11/2)~ state, beyond the 2p — 1h components
included in the HCM model space. We finally note that
a C28, spectroscopic factor of 0.40 was found for the
(=5, (11/2)~ state at 2.170 MeV in a recent *°Zr(d,p)
experiment [42], pointing to a reduced hj; /o strength at
low excitation energy in ?'Zr, in fair agreement with the
HCM model. This can again be ascribed to the (*°Zr ®
v) couplings which dominate the structure of low-lying
(11/2)~ states in *1Zr.

V. CONCLUSIONS

In summary, the current work studied the octupole ex-
citations in the °Zr and °!'Zr isotopes in the context of
the evolution of B(E3) transition rates across the Zr iso-
topic chain. For the first time, the half-life of the 3~
state in 97Zr, Ty/o = 7.8(16) ps, was determined based
on the plunger technique, and employing a "Li + 89Y
reaction, at sub-Coulomb barrier energy. The measured
half-life of the 3~ state translates into the transition rate
B(FE3; 37 — 07) = 16(3) W.u., which points to a signif-
icantly lower octupole strength than currently adopted
in the database [1]. Now, this B(E3) value is in line
with the general monotonic increase observed along the
Zr chain, from A = 90 to 96. In °!Zr, the half-life of Ty o
= 500(16) ps, for the (11/2)~ state at 2170 keV, was
also measured employing the fusion-evaporation reaction
13C 4 828e and fast-timing techniques. As a result, the
B(E3; (11/2)~ — 5/27) = 20.5(7) W.u. transition rate
was obtained, pointing to a sizable collectivity that may
arise from the coupling of the valence d5/, neutron with
the 3~ octupole phonon of the ?°Zr core.

Experimental values were compared with RPA and
HCM model for the ?°Zr and ?'Zr isotopes, respectively.
The theoretical calculations tend to overestimate the
measured B(FE3) value for ?°Zr, and, in general, for all
even-even Zr isotopes up to A = 96, although the general



TABLE I. Experimental and theoretical results for the 37, 47, and 5~ states in °°Zr and 11/27 states in *'Zr. Excitation
energies and B(E); J™ — g.s.) are reported. The main components of the wave functions, calculated using RPA for °°Zr and
the HCM model for *'Zr, are also presented (see text for details).

3 Energy [MeV] B(E)) [W.u] Main components [%]
Exp. SLy5 SAMi-m60 Exp. SLyb SAMi-m60 SLyb5 SAMi-m60
TP3,/299/2 61.1 72.5
Tl 5902 281 5.4
3 2.748 2.550 3.603 16(3) 24.6 29.7 D1 297/2 1.3 3.3
o0 Z/pl_/12g7/2 1.0 2.7
Zr Vgg_/12h11/2 1.9 3.9
4- 2.739 1.907 3.576 - 0.8x107" 1.1x107" TPy /299/2 97.7 98.4
5~ 2.319 1.550 3.089 8.74(33) 85 9.8 Ty 599/2 99.7 98.4
11/2=  2.170 2.602 3.460 20.5(7) 19.6 14.4 3" ®vds;, 782 47.8
0" ®@vhir;  11.6 14.9
NZr 11/27  (2.320) 1.902 4.220 - 3.7x107"  0.7x107* 4" ®uvds;, 977 99.7
11/27  (2.320) 1.502 3.818 - 7.6x107" 8.9 5" ®@vds;s  94.9 64.3
3~ ®@vds)o 2.7 31.2

?Adopted from Ref. [21].

trend is well reproduced. This suggests that the nature
of the 37 states along Z = 40 is dominated by collective
octupole phonons to which neutron excitations signifi-
cantly contribute. In ?!Zr, the HCM model describes the
(11/2)~ state located at 2170 keV in terms of a coupling
of the unpaired neutron with the 3= octupole excitation
of the ?9Zr core, with a decrease of octupole strength.
Experimentally, the measured B(E3) value points to a
collectivity stronger than in the ?°Zr core, which can not
be explained in the weak-coupling limit. Further studies
of (11/2)~ excitations in the odd members of the Zr chain
would be instrumental in delineating the microscopic na-

ture of collective octupole-type excitations in these nuclei
and, more generally, to the important topic of octupole
correlations.
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