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The structure of neutron-rich ***Sr nuclei was investigated by low-energy safe Coulomb excitation of
radioactive beams at the REX-ISOLDE facility, CERN, with the MINIBALL spectrometer. A rich set of
transitional and diagonal E2 matrix elements, including those for non-yrast structures, has been extracted
from the differential Coulomb-excitation cross sections. The results support the scenario of a shape transition at
N = 60, giving rise to the coexistence of a highly deformed prolate and a spherical configuration in *3Sr, and
are compared to predictions from several theoretical calculations. The experimental data suggest a significant
contribution of the triaxal degree of freedom in the ground state of both isotopes. In addition, experimental
information on low-lying states in Rb has been obtained.

DOI: 10.1103/PhysRevC.94.054326

I. INTRODUCTION

Neutron-rich, A ~ 100 nuclei are among the best examples
of the interplay of microscopic and macroscopic effects in
nuclear matter. A rapid onset of quadrupole deformation is
known to occur at around N = 60 in the neutron-rich Zr
and Sr isotopes, making this region an active area for both
experimental and theoretical studies. Already in the 1960s,
Johansson investigated properties of light fission fragments of
252Cf and observed an island of large, constant deformation
around A = 110 [1]. Later, mass measurements in this region
of the nuclear chart showed that the binding energy of Rb,
Sr, Y and Zr isotopes rapidly increases at N = 60 [2]. This
onset of stability has been interpreted as a consequence of a
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dramatic increase of the ground-state deformation. The low-Z
border of this phenomenon has been recently established by
means of mass measurements in the Kr isotopic chain, where
no deviation from the standard trend toward the drip line was
observed at N = 60 [3]. The systematics of the excitation
energy for the first 27 states in the Sr and Zr isotopic chains
also show a sudden drop at N = 60, and by applying a simple
geometrical model one can relate it to a change of deformation
from B, = 0.1 to B, = 0.4. On the other hand, the energy of the
first 2 state decreases smoothly between 94Kr s and P°Kr ¢,
consistent with the evolution of their masses, which confirms
the local character of this phenomenon [4] and suggests
that it is related to the interaction between specific proton
and neutron orbitals. Finally, low-lying O states, indicating
possible shape coexistence [5], have been identified in the Zr
and Sr chains and, similar to the ZT state, an abrupt drop of
the 05 energy is observed at N = 60. A shape coexistence
scenario was, therefore, proposed, where the 02+ states for
N < 60 correspond to a deformed configuration, which then
becomes the ground state at N = 60, while the spherical
configuration of the ground state for N < 60 becomes
non-yrast.

Published by the American Physical Society
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Shape coexistence phenomena [5] represent some of the
most striking changes in nuclear structure observed in either
particular atomic nuclei or between neighbors of an isotopic
chain. They are often associated with islands of inversion,
where spherical configurations, corresponding to doubly-
closed shells, compete with deformed configurations. In the
deformed shell model approach, the onset of collectivity be-
yond N = 58 can be understood as a result of the competition
between the spherical gaps at Z = 38,40 and N = 56, and the
deformed subshell closures at Z = 38,40 and N = 60, 62, and
64. In the Sr and Zr isotopic chains, a spherical-to-deformed
transition takes place when going from 58 to 60 neutrons, thus
when the vg7,, orbital is being filled. Shell model calculations
were performed for the Zr isotopic chain in an extended model
space [6,7] and pointed to the w-v interaction between the
spin-orbit partners w0g9/, and v0g7/, as the main mechanism
for the shape change: as the v0g7/, orbital is being filled,
the Z =40 subshell gap between the 70fs,, and w0go/»
effective single-particle energies (ESPE) is reduced, giving
rise to multiple particle-hole excitations across the gap. In
the calculations, the O; states below N = 60 result from two-
particle—two-hole (2p-2h) proton excitations (with a possible
4p-4h contribution) from the pf shell into the 70go/> orbital.
A similar mechanism is known to be responsible for the rapid
onset of deformation and shape coexistence in neutron-rich
isotopes around N = 20, 28, and 40, with different spin-orbit
partners [5,8,9].

The structure of neutron-rich Sr isotopes beyond the first
2* state has been studied extensively in the past. In **Sr,
the ground-state band was shown to have a vibrational-like
character, and the small B(E2;2] — 0) value extracted
from the lifetime of 7(4) ps [10] is consistent with a nearly
spherical ground state. Two low-lying 0" states at 1229 and
1465 keV were established by Jung et al. [11] and interpreted
as candidates for a deformed band head, supporting the shape
coexistence scenario. An extremely strong electric monopole
transition of pZ(E0) = 0.185(50) was observed between
these two states [12,13], indicating the presence of a sizable
deformation and strong mixing between the configurations.
In 8Sr, the ground-state band has a rotational character,
and the large B(E?2) values between its members, deduced
from lifetime measurements [10,14—19], are consistent with
a deformed character of the ground state. A low-lying 0;
state at 215.3 keV was established by Schussler ez al. [20]
and interpreted as the band head of a presumably spherical
structure. A strong electric monopole transition of p?(E0Q) =
0.053(5) was measured between the 0;“ and the OT states, again
supporting the shape coexistence scenario [20,21].

We reported in a recent Letter on the spectroscopic
quadrupole moments and reduced transition probabilities
in **%Sr measured by low-energy Coulomb excitation of
post-accelerated radioactive ion beams at REX-ISOLDE,
which provided firm evidence for shape coexistence and
configuration inversion in the neutron-rich Sr isotopes [22,23].
In the present paper, we give a more in-depth description of the
experiments, the data analysis procedures, and the theoretical
calculations performed using the Gogny DIS interaction in
a five-dimensional Hamiltonian. We also present detailed
comparisons of measured transition strengths in **%Sr with
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several other model predictions. The paper is organized as
follows: the experiments are described in Sec. II, the data
analysis is presented in Sec. III A for **°®Sr and in Sec. III B
for a beam contaminant, *®Rb, and the determination of
electromagnetic matrix elements from Coulomb excitation
data is presented in Sec. IV. The results are discussed in
Sec. V. Finally, the conclusions of this work are summarized
in Sec. VL.

II. EXPERIMENTAL DETAILS

Post-accelerated radioactive beams of *°Sr and *®Sr were
delivered by the REX-ISOLDE facility at CERN with average
intensities of 7 x 103 pps (particles per second) at 275.5 MeV
and 6 x 10* pps at 276.3 MeV, respectively, to the Coulomb
excitation setup of the MINIBALL high-purity germanium
(HPGe) detector array [24]. Several different targets were used
for this study in order to exploit the dependence of the Coulomb
excitation cross section on the atomic numbers of the collision
partners: '“Ag (of thickness 1.9 mg/cm?) and '*°Sn (2.0
mg/cm?) in the case of *°Sr, ®*Ni (2.1 mg/cm?) and 2%®Pb (1.45
mg/cm?) for *8Sr. The scattered Sr ions and recoiling target
nuclei were detected with an annular double-sided silicon
strip detector (DSSSD) covering an angular range from 20
to 55 degrees in the laboratory frame, which corresponds to
54°-166°, 37.5°-139.9°, 35.9°-139.9°, and 29.2°-139.9° in
the center-of-mass (CM) system for the 0N, 109Ag, 1208p, and
208ph targets, respectively. Deexcitation y-ray spectra were
sorted in prompt coincidence with scattered particles detected
in the annular silicon strip detector. Cline’s safe energy
criterion [25], ensuring a purely electromagnetic process, was
fulfilled for all angles covered by the particle detector for
scattering on the Ag, Sn, and Pb targets, while for the 0N
target center-of-mass angles above 112.9° degrees had to be
excluded from the analysis. Doppler correction was applied
on an event-by-event basis using both the position information
from the particle detector and the electric segmentation of the
MINIBALL detectors.

Two different methods of beam purification were used
for **Sr and *3Sr in order to suppress the strong isobaric
contamination of rubidium. A pure *®Sr beam was delivered
thanks to molecular extraction of *Sr 'F* from the primary
UC, target. The HRS mass separator was set to the mass of the
molecule (A = 115) and the %SrF beam was transferred to the
EBIS charge breeder, where the molecules were broken up in
the electron beam. The A/Q spectrometer, installed between
the charge breeder and the REX linear accelerator, was tuned
to A/Q = 4.17 in order to suppress the ''°In contamination
stemming from the HRS setting. The beam composition was
monitored by using the Bragg chamber developed within the
MINIBALL Collaboration that provides mass (A) and element
number (Z) for heavy ions of below mass A >~ 130 [24]. The
calibration of the Bragg chamber was validated using a stable
8Sr beam. In the second experiment, the BSr secondary beam
was produced using the in-trap S-decay technique developed
at REX-ISOLDE [26]. Among the A = 98 isobars that were
extracted from the UC, primary target, the short-lived *Rb
was found to be by far most intense, amounting to 95% of
the total intensity. The ions were collected and cooled in
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FIG. 1. (a) Total y-ray spectrum from MINIBALL, following
Coulomb excitation of the **Sr beam impinging on the ' Ag target,
Doppler corrected for the projectile. (b) Same spectrum for the
excitation of **Sr on the '2°Sn target. The inset shows a zoom on
the weak 03 — 2] transition.

the REX-TRAP for 161 ms and then charge boosted in the
EBIS charge breeder for 158 ms. The average processing time
exceeded the half-life of ®Rb (T}, = 114(5) ms [27]) by a
factor of 2, therefore, most of the *Rb nuclei decayed in trap
to *Sr. The beam composition after post-acceleration was
monitored using a A E-E detector consisting of a low-pressure
ionization chamber and a silicon detector [24], and was
determined consistently to be 5% *Rb, 80% *%Sr, 15% %y
for mass A = 98. Other weak, stable contaminants which
originate from the EBIS were also identified: 'SN**, %Ni!'7+,
%47n!7*+, and ¥*Kr??*; however, they amounted to less than
7% of the total beam intensity.

III. DATA ANALYSIS AND RESULTS
A. %%Sr

The y -ray spectra following Coulomb excitation of the **Sr
beam are presented in Fig. 1. In both spectra, the 2? — OT
transition in *°Sr is present at 815 keV, together with target
excitation at 1171 keV for '**Sn and 311 and 415 keV for
194 For the '2°Sn target, where the level of statistics is
greater, an additional weak transition corresponding to the
02’ decay was observed at 414 keV, as shown in the inset. A
partial level scheme of *®Sr is presented in Fig. 2, showing the
transitions considered in the Coulomb excitation analysis.

In order to determine matrix elements from the differential
Coulomb excitation cross section, the data collected on the
1208n target were divided into three subsets corresponding
to different ranges of scattering angles. The y-ray intensities
extracted for each of the data sets are summarized in Table L.
It should be noted that the decay of the 05 state, populated
in a two-step excitation process, was observed only at high
CM angles, and even then the corresponding transition was
at the detection limit. The relative precision of the 0; — ZT
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FIG. 2. Partial level schemes of *°Sr (left) and *®Sr (right), show-
ing the transitions observed in the present measurement. Transition
and level energies are given in keV. Arrow widths reflect the total
measured intensities. The intensity of the transition at 870 keV,
marked with a dashed arrow, was too low to be included in the
Coulomb excitation analysis (see Sec. IV).

intensity in coincidence with the particles scattered in the entire
angular range covered by the silicon detector does not improve
as compared to that obtained only for high CM angles (Table I).

The y-ray spectra following Coulomb excitation of the
%Sr beam are presented in Fig. 3. The rotational ground-state
band was populated up to spins 67 and 8% using ®Ni and
208pp targets, respectively. The decay of the 27 state via
transitions at 655, 726, and 870 keV was also observed. The
Doppler-broadened 2 — 0 transition in 0N is visible at
1332.5 keV. Excitation of the 2®Pb target was too weak to
be observed, but the Pb x rays are present in the spectrum
at 72 and 75 keV. Several unknown transitions, marked with
asterisks, are present in the spectra. Their origin is discussed
in Sec. III B.

The 144-keV y-ray line, corresponding to the 2] decay,
exhibits additional structures on both the low- and high-energy
sides. This is due to the fact that the lifetime of the 2] state
[T/, =2.78(8) ns] [14] is comparable to the time of flight
between the target and the annular silicon detector. Hence,
part of the 2| decay occurs in flight and is properly Doppler
corrected, while certain y quanta are emitted after the *8Sr

TABLE L. Observed y-ray transitions in **Sr and target nuclei of
1208n and '%° Ag, with their intensities (without efficiency correction).
For the 'Sn target, values for three ranges of center-of-mass
scattering angles used in the analysis are given.

Data set I 1 }’ E, (keV) Counts Error
35.9°-71.0° %S 2f  of 815 167 15
2080 2F  of 1171 20 7

71.0°-103.8°  **sr 2/ 0f 815 240 30
2080 2F  of 1171 45 7

103.8°-139.9°  *sr  2f  0f 815 280 30
0y 2 414 8 6

208n  2F o 1171 63 9

37.5°-139.9°  %sr 27 0 815 350 20
WAg 3727 1/2° 311 1410 40

5/2 1/2- 415 1430 40
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FIG. 3. (a) Total y-ray spectrum from MINIBALL, following
Coulomb excitation of the **Sr beam impinging on a ®Ni target,
Doppler corrected for the projectile. (b) Same spectrum for the
excitation of **Sr on the *®Pb target. The origin of the unknown
transitions marked with asterisks is discussed in the text. Reproduced
from Ref. [28].

ion has been stopped either in the silicon detector or in the
target chamber, and consequently their energies appear shifted
following the Doppler correction procedure. The ratio between
the stopped (shifted) and in-flight (unshifted) component
evolves as a function of the scattering angle, according to the
lifetime of the state. This is due to the increase in the time of
flight, related to a longer flight path, as well as to the velocity
of *8Sr ions decreasing with scattering angle. We applied the
RDDS method [29] in order to extract the 21+ lifetime from the
intensities of the stopped and in-flight components, requesting
relative angles between the scattered Sr ion and the emitted y
ray to fulfill the criterion |cos(y/prj—y, )| = 0.5, which assured
good separation between the components. The spectra for three
ranges of scattering angles, i.e., three distances between the
target and the silicon detector, are presented in Fig. 4. The
spectra are Doppler corrected for the projectile. The central
peak, at the correct energy, corresponds to in-flight decay,
while the two peaks at lower and higher energies correspond
to the decay occuring at rest for backward and forward
MINIBALL clusters, respectively. For clarity, the spectra are
normalized to the intensity of the in-flight peaks. The blue
spectrum corresponds to lower scattering angles, i.e. a shorter
distance covered at higher velocity, and the green spectrum
to higher scattering angles, i.e., a greater distance covered at
lower velocity. A coherent evolution of the intensity ratio of
the shifted and the unshifted component is clearly visible.
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FIG. 4. Doppler corrected spectra for *Sr on 2®Pb, for three
ranges of scattering angles (blue: 15°-22°; red: 23°-30°; green: 31°—
39°, in the laboratory frame) zoomed in on the 27 — 0/ decay in
8Sr. In the inset the RDDS analysis for the 2 state is presented.
Top: Standard decay function as a function of the target-to-DSSSD
distance. I; denotes the intensity of the shifted component, while
I,s that of the unshifted one. Bottom: Deduced 2 lifetime for each
distance and the global fit.

In the inset, a standard decay curve as a function of
the distance is shown, as well as the 2] lifetime obtained
using the differential decay curve method [29]. The extracted
lifetime of 7 = 2.9(3) ns is shorter than the literature value
T =4.01(11) ns [27]. A possible reason for the disagreement
is an important decrease of the MINIBALL efficiency for
decays occurring after implantation in the silicon detector: as
the number of counts in the stopped peak is underestimated, the
deduced lifetime appears shorter. Due to this effect, which is
difficult to quantify, some y -ray intensities had to be excluded
from the Coulomb excitation analysis as described in the
following section.

As in the case of %°Sr, the data for *®Sr were divided into
several subsets, corresponding to different ranges of scattering
angles. The y-ray intensities extracted for each data set are
summarized in Table II, and the partial level scheme of **Sr,
showing the observed transitions, is presented in Fig. 2. The
2;“ — OT transition at 870 keV, although visible in the total
spectrum, was too weak to be reliably fitted in the spectra
corresponding to separate subranges of scattering angles.

B. %Rb

The spectra presented in Fig. 3 display unknown transitions
at 50.2(3), 94.7(14), 99.1(13), 113.8(2), 258.4(2), 318.3(8),
and 378.4(14) keV. The analysis of y-y coincidences shows
that they are not in coincidence with any known transition
in ?8Sr or in *®Yy. We therefore assume that these transitions
belong to the beam contaminant 98Rb, for which no excited
states have been firmly established. This assumption is
supported by the fact that similar low-energy y rays, in mutual
coincidence, were identified in neighboring nuclei: in *°Rb,
a cascade of 59.3- and 89.5-keV transitions, deexciting to
the ground state, was established [30], while in the N = 61
isotone 'y the two lowest transitions in the band built on the
10.7-keV, 17 state have energies of 65.5 and 95.9 keV [31].
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TABLE II. Intensities (without efficiency correction) of y-ray
transitions in **Sr following Coulomb excitation on 2*Pb and *’Ni
targets, for the ranges of center-of-mass scattering angles used in the
analysis.

PHYSICAL REVIEW C 94, 054326 (2016)

TABLE III. Intensities (without efficiency correction) of y-ray
transitions in *Rb following Coulomb excitation on **Pb and *°Ni
targets, as a function of center-of-mass scattering angle. All energies
are given in keV.

Data set I Iz E, (keV) Counts Error Data set E, (keV) Counts Error
*Sr-+%Pb 2f o 144 38000 500  **Rb+*®Pb 50.2 2790 180
29.2°-41.9° 4f 2f 289 1410 50 29.2°-41.9° 94.7 520 120
6/ 4 433 56 13 99.1 600 130
%Sr+%Pb 27 of 144 38100 500 113.8 2530 190
45.2°-68.1° a7 2f 289 4680 80 258.4 550 40
6 47 433 380 30 318.3 60 60
25 0F 655 47 9 %Rb +%Pb 50.2 2890 130
%Sr +2%%Ph 27 of 144 39870 1480 45.2°-68.1° 94.7 1440 150
84.4°-127.3° a7 2f 289 10820 140 99.1 1570 130
6F 47 433 1910 50 113.8 3050 300
8F 6 565 140 40 258.4 730 60
b 2t 727 42 13 318.3 170 30
25 07 655 110 30 378.4 50 16
%Sr +2%Ph 2 o 144 4730 440  *Rb+Pb 50.2 3790 130
132.5°-139.9° ving 2F 289 1390 60 84.4°-127.3° 94.7 4130 140
6/ 4f 433 390 20 99.1 4330 180
8F 6F 565 45 10 113.8 5000 500
25 2F 727 12 5 258.4 1200 200
27 07 655 29 7 318.3 800 300
%Sr +Ni 2f of 144 26700 900 378.4 210 80
54.0°-69.9° 4 of 289 2510 100 *Rb+®Pb 50.2 440 220
67 4 433 200 20 132.5°-139.9° 94.7 630 50
2 of 655 51 12 99.1 640 60
%Sr +Ni 27 of 144 17700 900 113.8 600 60
72.7°-97.5° 4f 2f 289 4140 80 258.4 180 20
6F 4t 433 610 30 318.3 101 14
27 0F 655 60 10 “Rb+%“Ni 50.2 2050 80
%Sr +Ni 2fof 144 5700 500  54.0°-69.9° 94.7 1110 110
100.0°-112.9° 4f 2f 289 1410 50 99.1 1050 120
6 4f 433 250 30 113.8 2500 150
2 of 655 24 6 258.4 410 30
%Rb +“Ni 50.2 1500 150
72.7°-97.5° 94.7 1580 120
99.1 1550 120
The measured intensities of y-ray transitions in **Rb, 113.8 2090 110
Coulomb excited on ®Ni and 2*®Pb targets, are presented in 258.4 380 30
Table III. The data were subdivided into several ranges of 318.3 210 20
scattering angle in order to distinguish between single-step and o8 e 3784 20 12
multistep excitation processes and thus enable correct ordering Rb +7Ni >0.2 430 60
i . L . 100.0°-112.9° 94.7 560 40
of transitions observed in the y-y coincidence analysis. The i 640 50
proposed **Rb level scheme is presented in Fig. 5. 1?2.8 640 10
The transitions at 50.2, 94.7, and 99.1 keV are mutually in 258.4 131 16
coincidence in our experiment, as well as the 113.8-318.3 keV 31 8:3 31 1
and the 258.4-378.4 keV lines. Transitions at 51, 95, and 378.4 36 9

115 keV have been observed in a multinucleon transfer study,
where a “®Rb beam was used to bombard a '2C target [32],
and they were tentatively assigned to **Rb. Since the beam
energy used in Ref. [32] was close to the Coulomb barrier,
and inelastic scattering of “*Rb was observed on a target much
lighter than those used in the present work, the probability of
multistep excitation was strongly reduced, and consequently
the transitions observed in this experiment can only correspond
to one- or two-step excitations from the ground state. One can
conclude that the 50.2- and 94.7-keV transitions depopulate

the first two excited states in a cascade, while the 99.1-keV
transition corresponds to the decay of the third excited state
in the same cascade, populated by multistep excitation with
the heavier target. The same conclusion can be drawn for the
113.8- and 318.3-keV sequence. In addition, as explained in
detail in Sec. IV, from the inconsistency between the y-ray
yields of the 433-keV 6T — 4;“ transition in *®Sr, measured at
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FIG. 5. Proposed level scheme of **Rb. Arrow widths reflect
total intensities of transitions observed in the present experiment.
Transition and level energies are given in keV.

forward and backward scattering angles, we concluded that it
overlapped with a line in **Rb of similar energy. We therefore
propose a state in Rb at 432.1 keV that decays either directly
to the ground state, or via subsequent 318.3- and 113.8-keV
transitions. We also note an enhancement of the 378.4-keV
transition in coincidence with particles scattered at high CM
angles, which suggests that this line corresponds to a decay
of a state populated in multistep excitation. In contrast, the
intensity of the 258.4-keV transition changes as a function of
scattering angle in a way similar to that observed for the 113.8-
and 50.2-keV transitions, hence we postulate a sequence of
excited states in **Rb at 258.4 and 636.8 keV.

These observations can also be compared with the results
obtained from the delayed y-ray spectroscopy of fission
fragments [33,34], where isomers with lifetimes ranging from
a few hundreds of nanoseconds to a few microseconds were
studied in mass-separated fission products.

In both experiments, 124- and 178-keV y-ray transitions,
correlated with detection of **Rb nuclei in the focal plane
of the spectrometer, were interpreted as two decay paths of
a 700-ns [33] or 358-ns [34] isomer at 178 keV, with the
former feeding an intermediate state at 54 keV, which could
not be observed due to the low detection efficiency at this
energy. This intermediate state could be the 50.2(3)-keV level
observed in the present experiment. In addition, a 116-keV
transition was also observed in Ref. [33], possibly compatible
with the 113.8(2)-keV line observed in the present work, but
ruled out in Ref. [34]. It should be noted that the Coulomb
excitation cross section for populating a long-lived isomeric
state would be extremely low and it is, therefore, not surprising
that the lines corresponding to the decay of the isomer were
not observed in the present experiment.

Since the observed states in “*Rb are populated in low-
energy Coulomb excitation, they must be linked to the ground
state by a sequence of E2 or E3 transitions, with possible
admixtures of other multipolarities. In particular, all transitions
linking the ground state and the proposed states at 113.8 and
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FIG. 6. Measured y-ray energies, after Doppler correction for
the velocity of %Rb /QSSr nuclei, as a function of the cosine of the
angle between the velocity vector of the scattered projectile and the
direction of the y-ray emission.

432.1 keV should have an E2 component, otherwise it would
not be possible to observe all three due to different timescales
for E1, E2, and E3 decays. This implies the same parity for
the states at 113.8 and 432.1 keV and for the ground state, and
if the spin of the ground state is equal to zero [27,35] it leads to
the assignment of spin 2 for the state at 113.8 keV, and either
1 or 2 spin assignment for the 432.1-keV state.

Estimates of some of the lifetimes of excited states in **Rb
can be made using the effect demonstrated in Fig. 4: if the
time of flight between the target and the silicon strip detector is
comparable to the lifetime of the given state, the corresponding
y-ray line will exhibit extra peaks on both sides, as observed
for the 144-keV transition in **Sr. Figure 6 shows measured
y-ray energies, after Doppler correction for the velocity of
%Rb /98Sr nuclei, as a function of the cosine of the angle
between the velocity vector of the scattered projectile and
the direction of the y-ray emission. Three different patterns
are observed. First, for the 144-keV transition in %Sr and
the 114-keV line in *Rb some y rays are properly Doppler
corrected and appear at the correct energy for all combinations
of angles (horizontal lines in Fig. 6), while others correspond
to the decay at rest and appear as diagonal lines on the plot. For
these two transitions it is clear that the corresponding lifetimes
are comparable to the time of flight between the target and the
particle detector. Second, the 50.2-, 94.7-, and 99.1-keV lines
in ®Rb are properly corrected for the Doppler effect for all
combinations of angles, which means that the decay takes
place in flight. Finally, Pb x rays appear wrongly Doppler
corrected, since the kinematics of the projectile was assumed
in the Doppler correction procedure.

An RDDS analysis, similar to that carried out for the 2
state in 28Sr, which was presented in Sec. IIT A, can be per-
formed for the 114-keV state in **Rb. Such an approach yields
a mean lifetime of T = 1.2(3) ns, but it clearly suffers from a
similar problem of reduction of the MINIBALL efficiency for
the decays taking place at rest, as observed for the 27" state in
%8Sr. A proper estimate of this correction factor would require
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knowledge of the multipolarity of the 114-keV transition,
which influences particle-y correlations and thus the measured
y-ray intensities. As a first approximation, we propose to
simply scale the obtained mean lifetime by a factor of 1.4,
which corresponds to the difference between the literature
value of the ZT lifetime in *®Sr [4.01(11) ns] and that obtained
in the present RDDS analysis [2.9(3) ns]. This yields a value
of T = 1.7(5) ns, which, assuming a pure electric quadrupole
character for the 114-keV transition, would correspond to a
transition probability exceeding 500 Weisskopf units. Hence,
we conclude that the 114-keV transition must have a significant
M1 admixture. This, however, would exclude a 0" spin-parity
for the ground state, since the selection rules do not permit a
mixed E2/M1 transition decaying to a 0" state. The only
possibilities would be transitions of pure M1 or pure E2
character. The former is inconsistent with the population of
the 113.8-keV state in one-step Coulomb excitation observed
in the work of Bottoni et al. [32], and the latter with the
obtained lifetime.

Finally, from the fact that the 50.2-, 94.7-, and 99.1-keV
transitions can be properly Doppler corrected, we can estimate
that the mean lifetimes of the 50.2-, 114.9-, and 224-keV levels
in 28Rb are shorter than 1 ns. For comparison, the lifetime of
the second state in a similar cascade in N = 61 isotone 'y
is equal to 72(8) ps [36].

IV. COULOMB EXCITATION ANALYSIS

The Coulomb excitation analysis was performed using the
least-squares fitting code GOSIA and its version capable of
handling the mutual excitation of collision partners, GOSIA2
[37-39]. Both versions of the code use a standard x?2
function constructed from the measured y -ray yields and those
calculated from a set of electromagnetic matrix elements,
both transitional and diagonal, between all states involved
in the excitation process. Known spectroscopic data, such
as lifetimes, mixing and branching ratios, can be used as
additional data points in the minimization procedure.

For *°Sr, where prior to the present experiment the lifetime
of the first 27 was known with a large uncertainty (7(4) ps
[10]), normalization of measured y -ray intensities to the target
excitation was necessary. The GOSIA2 code was used to find
a set of matrix elements that optimally reproduced the y-ray
yields listed in Table I for both target and projectile excitation.
The lifetime of the excited 0" state [10] was included in
the minimization, as well as transitional and diagonal matrix
elements for the '?°Sn and the '’ Ag target nuclei [27]. The
statistics collected using the '2°Sn target were sufficient to
subdivide the data into three angular ranges and, in this way,
to study the influence of the quadrupole moment of the 2} state
on its excitation cross section via the reorientation effect. Only
the 2 and 05 excited states were included in the minimization
process; due to the high excitation energy of the 4] state,
it does not affect the population of lower-lying states in the
Coulomb excitation process. As the statistics obtained for the
0;“ — 2;” transition were low, the influence of the two-step
excitation of the 05 level on the excitation probability of the
2| state, competing with the reorientation effect, was further
constrained by including the known lifetime of this level [10]
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FIG.7. A two-dimensional x° surface with respect to
(2T E2[107) and (2] E2]|2]) in *°Sr, obtained for Coulomb ex-
citation of *°Sr on 'Sn. A 1o cut is applied with the condition that
x% < x2., + 1. The vertical green lines correspond to the previously
reported value of the 2 lifetime (solid) and its uncertainty (dashed).
The black dotted lines illustrate how the uncertainties of matrix
elements were determined. The red open square and the circle
represent the results of theoretical calculations using the complex
excited VAMPIR approach [40] and beyond-mean-field calculations
with the Gogny D1S interaction, respectively (see Sec. V).

in the minimization procedure. The E0 decay of the 05 state in
96Sr was not considered in the GOSIA analysis, since in electron
spectroscopy measurements that yielded a very strong electric
monopole transition between the 0;’ and the 0; states [11-13]
no EO transition from any of the excited 0" states to the ground
state was observed. Since only two transitional matrix elements
are needed to describe the observed excitation, interference
effects are not present and thus only absolute values of these
matrix elements could be determined.
Figure 7 presents the 2 surface resulting from the compari-
son of the measured and calculated y -ray intensities in *°Sr and
1205, as well as the spectroscopic data mentioned above, with
respect to the (2}L I E2||OT) and (2}L ||E2||2T) matrix elements
in “®Sr. The uncertainties of the target matrix elements and the
statistical errors of the y ray intensities are taken into account
in the calculation of the x? function. A minimum x?2 value of
1.15 was found for a combination of matrix elements presented
in Table IV. Following the prescription described in Ref. [39],
the 1o uncertainties of both matrix elements were obtained
by projecting the contour corresponding to x2;, + 1 on their
respective axes, as illustrated by the black dotted lines in Fig. 7.
The green vertical lines in Fig. 7 correspond to the mean value
and related error bars for the (2;r I|E 2||Of') matrix element,
deduced from the earlier measurement of the 21+ lifetime [10].
The transitional matrix element is in perfect agreement with
the value calculated from the previously reported lifetime, and
its precision is significantly improved. The diagonal matrix
element is found to be negative and small, which can be
interpreted as an indication of a weakly deformed prolate
shape.
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TABLE IV. Transitional and diagonal E2 and M1 matrix ele-

ments in **%Sr.

Ir IF %Sr %S¢
(LIE2|1)) (eb)

2f 0f 113456 0.47+008

4f 2f 1767003

6/ 4f 246751

8 67 2377917

2F 0F 0.4175%3

2F 0f —0.101+0:508

07 2f 0.404 10014

2f 2f 10.077549

27 4f 0.2375%

2f 27 —0.63%032 —0.3070%;

4f 45 —2.8210%,

61 6} —1.8670%

8 8/ — 140773

2 2; +0.047050

Iy Iy (LIMINL) (uw)

2% 2t 10.09799}

Due to a lower level of statistics and the inability to
distinguish between *°Sr and '®Ag particles detected in the
DSSSD, a similar analysis of the data collected with the
109 A g target could not be performed. From a single angular
range it is impossible to determine both the transitional
and diagonal matrix elements without additional constraints.
Howeyver, the transitional matrix element extracted from this
data set, assuming (2| E22]") within the rotational limits,
has been found to be consistent within 1o with the result
obtained using the '*°Sn target.

For %8Sr, the known lifetimes of the 2?, 41+, 8?, 101+, and
02+ states [10,14—19] (see Table V) and the branching ratios for
the 0; and 2; decays [17,20,21,27] were used as additional
data points in the GOSIA fit.

The (0 — 21)/(03 — 0;) branching ratio, measured in
electron spectroscopy following the 8 decay of *Rb [20,21],
was also included in the analysis. Since it is not currently
possible to introduce data related to E0Q decay directly into the
GOSIA input files, an indirect method was utilized. In addition
to the known level scheme of **Sr, an extra level of spin
and parity 17 was declared below the 2] state, at 130 keV

TABLE V. Lifetimes in *®Sr known from earlier measurements,
used in the present Coulomb excitation analysis as additional data
points, and those resulting from the GOSIA fit.

I T (ps) T (ps) (GOSIA)
ZT 4.01(11) x 10° [14] 4.00(8) x 103
4fr 115.4(86) [14] 113.8(29)
6fr 11.34(08)
ST 4.32(72) [18] 4.24(51)
();r 32.8(2) x 10° [17,20] 33(11) x 10°
2; 12.4(20)
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excitation energy, and connected to the 0] state by a 85-keV
M1 transition. Since population of excited states in *®Sr
proceeds almost exclusively via E?2 transitions, introduction of
such an additional state does not affect the calculated excitation
pattern. The (11| M 1||O;r) matrix element has been fitted in
such a way that the intensity of the 0; — 1% transition,
normalized to that of 0;’ — 2?’, R, reproduces the EQ/E?2
branching ratio measured in electron spectroscopy [20,21], R,
corrected for internal conversion as follows:

L7 > 1Y)
L] = 2))

I+ ag271kev

= R(E0/E2) x (1

I + ap1,85kev

In this way, an alternative decay path of the 05 state has
been included in the calculation, which does not modify the
direct population of excited states in the Coulomb excitation
process. It is worth noting that the partial lifetime for the
virtual M1 decay corresponds to that for the EO decay, and
consequently the experimental value of the total 05 lifetime
can be used as a constraint in the Coulomb excitation procedure
without need for any corrections. This procedure has been
tested and validated in Refs. [41-43]. In particular, in Ref. [43]
the EO component of the 25 — 2 transition was taken into
account in addition to the 03“ — OT decay. In this case, it
has been additionally verified that changing the multipolarity
of the virtual transition simulating the E0 branch from M1 to
M?2 does not affect the final values of matrix elements. This
shows that the multipolarity of the feeding transition affects the
population of magnetic substates in a way that has a negligible
influence on calculated y -ray intensities, at least in comparison
with experimental uncertainties of measured y -ray yields. This
effect may only play a role when the £0 decay feeds an excited
state, and not for E 0 transitions decaying directly to the ground
state. For **Sr, we assumed that the 25 — 2/ hasan E2/M1
character without any EQ admixture, as in earlier electron
spectroscopy studies [12,20,21] no electron peak was observed
corresponding to the decay of the 27 state at 871 keV.

Data collected using the °*Ni and 2%Pb targets were fitted
simultaneously in order to enhance sensitivity to higher-order
effects, such as quadrupole moments and relative signs of
electromagnetic matrix elements. In total, 17 matrix elements
were fitted to 31 data points. Although the 2] — 4] transition
was too weak to be directly observed, the corresponding
matrix element could be determined from the measured y -ray
intensities as a function of the scattering angle and atomic
number of the target, combined with known branching ratios,
as it affected excitation cross sections of observed states, in
particular those of the 25 and 4 states. For the 27 — 0
transition, 29(7) counts were observed using the 208pp, target, in
coincidence with particles scattered in the 45.2°-139.9° CM
angular range (experiments 2—4 in Table II). This intensity
was included in the GOSIA fit, together with that of the
47 — 27 transition measured for the same angular range,
which ensured proper normalization [39]. However, as the
uncertainty of the (2; — OT)/ (23L — O;) branching ratio
(16%) is significantly lower than that of the 25 — O intensity
(24%), it is not surprising that including this intensity in the
minimisation process did not affect the final set of fitted matrix
elements, nor their uncertainties.
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The signs of all in-band transitional matrix elements were
chosen to be positive, as well as that of (2;r [|E2]| 0;'). The signs
of remaining transitional matrix elements were determined
relative to those. Changing the sign of the (25 || E20]) matrix
element resulted in tenfold increase of the X2 value, while a
sixfold effect was observed when the sign of (4?’ IE2]| 2;“ ) was
changed. No sensitivity to the signs of the (25 | E2[2]) and
(25 1IM 1/|2{ ) matrix elements was observed.

As mentioned in Sec. III, due to the long lifetime of the ZT
state, the 2] — 0 y-ray yield was affected by the reduction
of the MINIBALL efficiency for decays taking place far from
the target. The measured yields for this transition were found
to be in disagreement with what would be expected assuming
the known lifetime of the 2] state. The disagreement was most
important for low center-of-mass (CM) angles: experimental
27 — 0] yields were too low by a factor of 2.1 and 1.5 for
the first and the second angular range, respectively, for the
208pp target and by a factor 1.7 for the first set collected with
the ®Ni target (Table II). For the remaining angular ranges,
the measured 2] — 0] y-ray intensities could be reproduced
within 1o . The range of scattering angles, where the calculated
and measured yields disagree, corresponds to the direct
scattering of %8St into the DSSSD, with a velocity that assures
that a substantial fraction of the decay occurs at rest. This
effect is fully consistent with the conclusion drawn from the
RDDS analysis. As a consequence, the 2] — 0] yields were
included in the minimisation procedure only for the two data
sets for each target that corresponded to the highest CM angles.

Another transition, for which a systematic disagreement
was observed for lower CM angles, was the 6 — 4] decay
at 433.2 keV. The energy of this transition is very close to
the sum of the 2;“ — OT and 4;“ — ZT energies (144.2
and 289.3 keV, respectively). The contribution arising from
summing of these two transitions within a single MINIBALL
cluster during the add-back procedure was deduced from the
y-y matrix, constructed within a single cluster, to be below
3% of the 433.2-keV line intensity, which cannot explain
the magnitude of the observed effect nor the fact that it
changes as a function of particle scattering angle. Another
possible reason for this disagreement could be an overlap
with a transition in a beam contaminant. As described in
Sec. III B, two mutually coincident transitions of 113.8(2) keV
and 318.3(8) keV energy have been observed in the spectra
and assigned to %Rb. A state at 432.1 keV is, therefore,
proposed that decays either directly to the ground state via a
432.1-keV y ray or by a cascade of two transitions at 113.8(2)
and 318.3(8) keV. The Coulomb excitation analysis further
supports this assumption as the disagreement is observed only
at low CM angles, where three-step excitation to the 6 state
in *8Sr would be less favored than one- or two-step excitation
of the hypothetical 432.1-keV state in ®Rb. As the magnitude
of this effect is difficult to estimate, the 6;’ — 4;“ transition
intensities measured for the first two datasets for each target
were excluded from the minimisation process. In addition, a
systematic error of 3%, arising from the add-back procedure,
was added to statistical uncertainties for the 6] — 4
transition for the remaining data sets.

The calculation of y-ray yields within the GOSIA code
includes effects influencing y -ray intensities, such as internal
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conversion, the finite size and relative efficiency of Ge
detectors, and the attenuation caused by the deorientation
effect during recoil in vacuum. Conversion coefficients for
the observed transitions were calculated using the BRICC
calculator [44] except for the 50 keV 05 — 2] transition
lying below the K edge, where the measured ICC value [45]
was used. Influence of the g factor of the 2 state in *3Sr
on measured y-ray yields due to deorientation effect was
also investigated. Since this g factor has not been measured,
the approximation g = Z/A was initially used in the GOSIA
calculations. However, a recent measurement for $°°Sr has
shown that the g factors in Sr nuclei behave identically as a
function of the neutron number to those in the Zr isotopes [46],
thus the g factor in *®Sr should be close to the value of +0.30(3)
measured for '%Zr [47]. y-ray intensities calculated using
the standard g =Z/A = 0.38uy value and those assuming
g = 0.30uy agree within error bars, and consequently this
change has no effect on extracted matrix elements.

As a result of the minimization process, a set of matrix
elements was found that allows for the reproduction of all
experimental y-ray yields as well as other spectroscopic data
within 1o. The obtained transitional and diagonal electromag-
netic matrix elements are presented in Table IV. Lifetimes
of the 6] and 27 states have been determined for the first
time, while the precision of those for the 4?’ and 8;’ states
was improved, as presented in Table V. From the obtained E2
and M1 matrix elements, a §(E2/M 1) mixing ratio equal to
0.7(10) can be extracted for the 2; — ZT transition.

It should be noted that the errors presented in Tables IV
and V are statistical only, and in particular that the error for
the 2] — 0] transition in **Sr reflects the precision of the
earlier lifetime measurement. The systematic error of matrix
elements extracted from Coulomb excitation data, resulting
from approximations used in the GOSIA code, is estimated to
be smaller than 3% [38,39].

V. DISCUSSION

The measured spectroscopic quadrupole moments and
transition probabilities confirm the shape coexistence scenario
and the shape change from a nearly spherical ground state in
%Sr to a high-deformed ground-state band in *8Sr [22,23].

The matrix elements have been further analyzed using
the quadrupole sum rules approach [25,48]. This method
relates experimentally determined E2 matrix elements to
deformation parameters, defined in the intrinsic frame of
the nucleus, by constructing quadrupole invariants (Q?) and
(@3 cos(368)). The Q parameter describes the magnitude of
the deformation, while the § parameter measures triaxiality.
In order to determine the (Q?) invariant for a O state, one
has to measure absolute values of all E2 matrix elements
that couple the state in question with low-lying 2% states. To
obtain the triaxiality parameter, (cos(35)), more experimental
information is needed, namely transitional matrix elements,
together with their relative signs, between the state in question
and 2% states, those coupling the 27 states one to another, as
well as diagonal E2 matrix elements of the 2% states.

The results for *°Sr and *®Sr are presented in Fig. 8.
For the %°Sr case, the matrix elements connecting the Of
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FIG. 8. Quadrupole deformation parameters obtained with the
sum-rule method for the 07 , states in **Sr and 0] in *°Sr.

to the 2{3 states at 1506 and 1628 keV, respectively, are
unknown. In principle, the quadrupole invariants (Q?) and
(@3 cos(38)) for the ground state in %Sr cannot be deduced
from our measurement. However, as shown in Ref. [48], the
(Q?) invariant for the ground state in even-even nuclei is
dominated by the contribution of the (07| E2(2]) matrix
element. In particular, it was shown in a recent study of the
neighboring N = 58 nucleus '°"Mo [42] that the (0} | E2/|23)
and (0f || E2||27) matrix elements contribute less than 2% to
the final Q? value for the ground state. Assuming a similar
scenario for “°Sr, a (Q?) value equal to 0.22(4) e?b? can be
deduced from our measurement, corresponding to a rather low
quadrupole deformation in agreement with the spectroscopic
moment of the 2? state. The situation is more complex for the
higher-order quadrupole invariant (Q3 cos(38)). Again, for a
07" ground state only limited information is required, compared
to higher-lying states. Reference [49] demonstrates that this
invariant can be derived with good accuracy using only four
matrix elements: (Of [|E2(2]), (2] I1E2I12]), 2T 1E2(25),
and (25 | E2]/0]). This is again confirmed by the results on
1000 [42], where other matrix elements amounted to less
than 10% of the calculated (cos(36)) value. However, the
contributions of (07 || E2(12]) (27 1E2(127) (2] IIE2/0]) and
(OF IE2112]) (2] I1E21125) (25 [|E2]|0F) products were similar
in magnitude. Since the (2;r ||E2||2§') and (2;’||E2||0f') matrix
elements in *®Sr are not known, we cannot report any (cos(38))
value for the ground state in this nucleus.

In %8Sr, an abrupt change in deformation is observed
between the ground state [(Q%) = 1.30(4) e’b?] and the
low-lying 05 state [(Q?) = 0.33(3) ¢?b?] consistent with the
spectroscopic quadrupole moments measured for the 2T2
states. One can observe that the deformation of the ground state
in ?°Sr and that of the low-lying 05 state in **Sr are similar,
supporting the scenario in which these two configurations
interchange at N = 60. The triaxiality parameters (cos(345))
for both 0f and 0 states in *®Sr, extracted from the present
data, suggest a non-axially symmetric prolate shape, with the
deformation parameter y =~ (1/3) arccos{cos(36)) equal to 21°
and 23° respectively. In view of the similarity between the 05
state in *®Sr and the OT state in *°Sr, one might also expect
significant triaxiality for the ground state in *°Sr, which is
consistent with the low negative value of the 2 spectroscopic
quadrupole moment. However, more information on the 2; 3
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TABLE VI. Mixing amplitudes for the 0" and
27 states, intrinsic quadrupole moments for the two
pure configurations (prolate and spherical), and
diagonal E2 matrix elements of the unperturbed
27" states determined using the two-level mixing

model.

cos26, 0.87(1)

cos?6, 0.99(1)
o +3.85(6) b

oF" —0.5(3) b

2FIE2)127) —1.45(2) eb

(2FI1E2]12)) +0.18(10) eb

states is clearly required to firmly establish the role of
triaxiality in *°Sr.

Triaxiality is often associated with the mixing of wave
functions, hence we attempt to interpret the measured reduced
matrix elements in *Sr using a simple two-state mixing model.
In this model, the observed physical states |I;") and |I,")
may be expressed as linear combinations of pure prolate and
spherical configurations, |/ p+ ) and |17 respectively:

") = +cos O x |I7) +sin6; x |I]), )

|17) = —sin6; x 1) +cos b x |1]7). )

Experimental data, in particular £2 matrix elements, can
then be used to calculate the mixing amplitudes, cos26;,
between the two pure (unperturbed) configurations. Such a
model has been applied to *®Srin the past, but with less detailed
experimental data. Schussler et al. [20], using the measured
lifetime of the 2] and 05 states and the axial rotor model,
extracted mixing amplitudes cos?6y = 0.90 and cos>6, = 0.99
for the 0 and 2] states, which suggest a very low degree of
mixing between the two configurations. Similar conclusions
have been obtained in Refs. [14,50]. More recently, Park ez al.
[21] deduced cos?6y = 0.91 and cos?6, = 0.98 from the new
measurement of *Rb B decay combined with a systematic
study of neighboring Kr, Zr, and Mo isotopes. Following the
method described in our previous work [41], we have extracted
from the complete set of E2 matrix elements the mixing angles
for the 0 and 2% states wave functions [22,23], which are
presented in Table VI. This model also yields intrinsic (unper-
turbed) intraband E?2 matrix elements that can be converted
to unperturbed transitional quadrupole moments Qy. From
those, under the assumption of the rotational model, one can
calculate diagonal E2 matrix elements for the pure intrinsic
configurations. The resulting values are presented in Table VI.

The transitional quadrupole moment Q) can be calculated
from measured E2 matrix elements using the following
formula:

: 167 1 (LIIM(E2)| )
eQp =+ — . “)
5 V2L +1 (I1K20|K>»)
The obtained transitional quadrupole moment of the prolate

state, Q{", equal to 3.85(6) eb, can be compared to those
calculated from the measured transitional matrix elements

054326-10



LOW-ENERGY COULOMB EXCITATION OF °5%Sr BEAMS

[eb]

L N=58 N=60
oo (% o 9Ky n %K,
1; o %gr o %Bgy
- %87, 1005,
C A 0 a2\
ol I I I I I I I I I
2+ 4* 6* 8" 10*

FIG. 9. Transitional quadrupole moments Q calculated from the
B(E2;J — J — 2) values in the ground-state band for Mo, Zr, Sr,
and Kr N = 58 and N = 60 isotones. Some of the values are slightly
displaced on the x axis for clarity.

in the ground-state band: Qf, = 3.5(2) eb, 3.4(1) eb, and
3.8(6) eb for the 27 — 0F, 4t — 2% and 6+ — 47T
transitions, respectively. The agreement is good, and improves
with increasing spin, as one would expect for a rotational
band exhibiting weak mixing at low spin. On the other hand,
the diagonal matrix element (2| E2(|2) for the pure prolate
configuration, equal to —1.45(2)eb, is much higher than the
experimental value for the the 2;” state (—0.631'8:% eb). This
disagreement shows the limitations of the two-state mixing
model. A possible reason for the observed reduction of the
diagonal matrix element (2T||E2||2T), as compared to the
value obtained for the unperturbed prolate configuration, could
be a certain amount of triaxiality, which is suggested by the
results of the sum-rules analysis.

The transitional quadrupole moment for the second pure
configuration, as well as the deduced diagonal matrix element
(2111 E2||12}), correspond to a much lower quadrupole defor-
mation than that of the prolate configuration, in a qualitative
agreement with the measured values of the (0;r IE 2||2§r ) and
(2511E2/125) matrix elements. A quantitative comparison of

Qgph with the transitional quadrupole moments in the high-spin
part of the band built on the 0F, which are expected to be
non-perturbed by the mixing, is unfortunately not possible as
it is not clear how this band develops beyond the 2; state.
The systematics of transitional quadrupole moments Qy
in the ground-state band, as a function of spin, for the
Mo, Zr, Sr, and Kr isotones with N =58 and N = 60 is
presented in Fig. 9. It includes the results obtained in the
present work for °>%8Sr, as well as preliminary results for
2{ in ®Zr [51] and 6] in '"Mo [52]. The Q) values
in N =060 'Zr and *Sr are large [an average value of
(Qp) = 3.38(8) eb], similar in magnitude for both nuclei and
rather constant for all states, as expected for a rotational band.
Both Mo isotopes, while exhibiting deformation similar to
those of '%Zr and *®Sr, present systematic changes of 0y} as
a function of spin. The Qf, moment in 100Mo increases with
spin; it has been established, however, that 100010 possesses
a significant contribution of the triaxial degree of freedom at
low excitation energy, which could reduce the Qf, value at low
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FIG. 10. Spectroscopic quadrupole moments Q, calculated from
diagonal E2 matrix elements measured for Mo, Sr, and Kr isotopes.
Some of the values are slightly displaced on the x axis for clarity.

spins [42]. An inverse trend is observed for '%*Mo, interpreted
as a rotational-to-vibrational transition at high spin. On the
other hand, transitional quadrupole moments for the N = 58
isotones are considerably lower: the values for the 2 state in
%S and **Kr are close to 1.5 eb, and those for *Zr are lower
still. Finally, the Q} value for the 2| state in %Kr significantly
deviates from what is observed for the heavier N = 60 isotones
and is comparable to the values obtained for the N = 58 *°Sr
and **Kr nuclei, confirming that the Kr isotopes lie outside the
region of this shape change.

The systematics of experimentally determined spectro-
scopic quadrupole moments in the ground state bands of
N =58 and N = 60 Kr, Sr, and Mo nuclei, as a function
of spin, is presented in Fig. 10. These results were obtained
in safe Coulomb excitation experiments of 10Mo [42] and
949K [4] or determined in the present work. The results for
the first 2 states in all nuclei are consistently low. The present
data for *®Sr show a sudden increase of the spectroscopic
quadrupole moment atJ* > 47 that stabilises for higher spins,
with an average value (Q;) = —1.6(3) eb corresponding to
an axial deformation B, = +0.5(1). Such a large quadrupole
deformation is not observed for N = 58 Mo, where the
quadrupole moment of the 4/ state remains similar to that of
the first excited state. In the shape coexistence framework, the
increase in Q; beyond the 2| state can be associated with the
mixing of the 2T wave functions that reduces the spectroscopic
quadrupole moment of the 2 state. However, the two-state
mixing model analysis indicates weak mixing. Hence, we
tentatively attribute the observed reduction of the Q; of the 2?'
state to a certain level of triaxiality at low excitation energy.
In order to estimate the y deformation needed to explain the
experimental value of the Q, we studied the dependence of the
(2;r |E 2||2T) matrix element on the y deformation parameter
in the framework of the Davydov-Filippov model [53]. The
calculations were performed for the energy of the first excited
state in *®Sr equal to the experimental value of 144.2 keV, and
B = 0.36 that reproduced the measured value of (2;r | E 2||0f')
for axial symmetry (y = 0 degrees). In order to account for
the fact that the (2] || E2[0]) value predicted by the model
slightly decreases with increasing y parameter, the evolution
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FIG. 11. Diagonal matrix element (2] | E2|2) in %8Sr, normal-
ized to the (2| £2]|07"), as a function of the y deformation parameter.
The black dashed line represents the results of the Davydov-Filippov
model, the blue shaded area corresponds to the values of matrix
elements determined in the present study (with 1o uncertainty), and
the yellow shaded area to the result of the quadrupole sum rules
approach for the 0] state in %8Sr.

of the ratio (2;r ||E2||2f')/(2;r ||E2||0f') is presented in Fig. 11.
These results are compared to the values of matrix elements
determined in the present study, as well as to the result of the
quadrupole sum-rules approach for the ground state in *®Sr.
Although the results are not fully consistent, it is clear that y
deformation of about 25 degrees could explain the observed
reduction of the quadrupole moment of the 2 state. However,
at the same time, one would expect to observe a low-lying
gamma-vibrational 27" state, and possibly other members of
the gamma band. No candidate for such a structure is known
in *®Sr and, as a consequence, the triaxiality of this nucleus
remains an open question. It should be noted, however, that
predictions of recent beyond-mean-field calculations using a
relativistic PC-PK1 interaction [54] are strikingly similar to
what is observed experimentally: the ground state is calculated
to have a significant y deformation of about 20°, while the
other members of the ground-state band are more axially
symmetric (y =~ 10°). Although in these calculations the y
degree of freedom clearly influences the structure of *®Sr at
low spin, they predict the K = 2 band to appear as high as
1.2 MeV, which is not much lower than the measured energy
of the first candidate for a 23+ state (1539 keV [27]).

The shape transition at N = 60 in the Sr and Zr isotopic
chains has been a subject of numerous theoretical works (see
for instance Refs. [40,55—69]). Only very few predictions of
electromagnetic properties are available, and those are usually
limited to B(E2,2fr — OT) values. The theoretical models
reproduce the observed onset of deformation qualitatively,
but differ in the predictions of deformation parameters and
excitation energies at the transition between N = 58 and
N = 60. In calculations restricted to axial symmetry, potential
energy surfaces present a shallow spherical minimum at N =
58 and deformed minima at N = 60 with almost degenerate
oblate and prolate configurations. Most of the calculations
including the triaxial degree of freedom predict a slightly
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FIG. 12. Comparison between the theoretical (black) and ex-
perimental (red) systematics of excitation energies of the 05 (top)
and 2] (middle) states and the B(E2,2] — 0]) values (bottom).
The theoretical values for *?Sr are taken from [72]. For most
experimental points uncertainties are smaller than the marker size.

oblate ground state at N = 58, and a strongly deformed prolate
shape at N = 60. Our measurement suggests rather a weak
prolate deformation of the ground state in N = 58 *°Sr and
a highly deformed prolate ground-state band in *®Sr, with
triaxiality being important particularly at low spin. Large-
scale conventional shell model calculations performed for the
Zr istotopic chain [6] reproduce satisfactorily the low-spin
structure and qualitatively the B(E2,2fr — OT) values, but
they are, at present, limited to nuclei with N < 58; a much
larger valence space using a *°Ni inert core would be required
to describe nuclei beyond N = 58. Such calculations have,
however, recently been achieved with the Monte Carlo shell
model approach [7] and were found to successfully reproduce,
for the first time, the dramatic increase in B(E2,2] — 0)),
indicating the sudden onset of deformation, in the Zr isotopic
chain at N = 60. This, therefore, calls for a more global
comparison with our data for the Sr isotopes.

We have performed beyond-mean-field calculations using
the Gogny DIS interaction [70,71] in a five-dimensional
collective Hamiltonian (SDCH) formalism [72] for the *°Sr
and *8Sr isotopes in order to obtain spectroscopic quadrupole
moments and reduced transition probabilities for all states
observed experimentally. The comparison of the calculated
B(E2) and Qg with the experimental values is presented in
Refs. [22,23]. Here, we present these results in the context
of the entire Sr isotopic chain, provide some details on the
procedure applied to assign levels to specific bands, compare
them to predictions from other models for °*?¢Sr, and finally
present the theoretical results concerning monopole strengths
in 7%8Sr.

The systematics of the calculated and measured excitation
energies of the ZT and 03” states and the B(E2,2f' — OT)
values as a function of the neutron number is presented in
Fig. 12. The theoretical calculation reproduces the onset of
collectivity beyond N = 60, but its character is more gradual
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FIG. 13. Assignment of calculated levels in *®Sr to specific bands.
All J — J — 2 transitions with B(E2) values higher than 10 ¢*fm*
are marked with lines. Dotted lines correspond to B(E?2) values lower
than 100 e*fm*, while for those higher than 100 ¢2fm* solid lines are
used, and their width is proportional to B(E2; J — J — 2). Energies
of 0F and 27 levels are offset by 40 keV for clarity. For the same
reason spectroscopic moments of 0" states are presented as being
equal to those of the corresponding 27 states. Bands are labeled as in
Refs. [22,23].

than the experimentally observed sharp rise at N = 60. This
is visible both in the calculated energies of the 2] state, as
well as in the B(E2,2] — 07) values. The energy of the first
excited 0" state is rather well reproduced, except at N = 60,
as discussed in Refs. [22,23] and in following paragraphs of
the present paper.

It should be noted that in the SDCH approach band struc-
tures do not appear naturally, as states are calculated in groups
of the same spin. We present here a graphical method to assign
calculated states to specific bands that was used to construct
the level schemes presented in Ref. [22,23]. The excited states
obtained from the calculations are grouped according to the
evolution of their spectroscopic quadrupole moments with spin
and reduced transition strengths between states. The method
is illustrated in Fig. 13 for “®Sr and in Fig. 14 for *®Sr. The
calculated excitation energies are plotted on the y axis and
the corresponding spectroscopic quadrupole moments on the
x axis. The lines represent J — J — 2 transitions with B(E?2)
values higher than 10 ¢’fm*, and their width is proportional
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FIG. 14. Same as Fig. 13 but for **Sr. Energies of 2] and 4]
levels are offset by 40 keV for clarity.

to the B(E2) value. For presentation purpose, we assign to
each 0T state the spectroscopic quadrupole moment of the 2+
state attributed to the same band. From the smooth evolution of
the excitation energies, the spectroscopic quadrupole moments
and the transition strength between states, band structures can
be identified for both isotopes. The corresponding sequences
are labeled as in Refs. [22,23]. In *°Sr, the ground state
band is characterized by an increase in collectivity, starting
from a weakly deformed first 2* state and reaching large
prolate deformation for the 8 state. Two other band struc-
tures clearly emerge. A comparison of the B(E 2,0;r — 2; )
and B(E2,0; — 27) transition strengths (600 ¢*fm* versus
1200 e*fm*) leads to the assignment of the 0 state as a band
head of the band (A), while the structure (B) appears on top
of the 2 state. A large K = 2 contribution calculated for the
band (B) is consistent with smaller spectroscopic quadrupole
moments in this structure as compared to those in the (A)
band, which presents a larger contribution of K = 0. It is
worth noting that the level spacing of bands (A) and (B) is
quite similar, and calculated B(E2;(J + 2)p — (J)4) do not
change a great deal with spin. The same conclusion can be
drawn for (J + 2)gsg — (J)p transitions. In *®Sr, the ground
state band shows a similar evolution with spin to that of the
ground-state band in 98 with, however, a larger moment
of inertia and higher spectroscopic quadrupole moments,
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TABLE VII. Reduced transition probabilities in *°Sr, expressed
in Weisskopf units, and monopole transition strengths p*(EOQ)
between O states. Experimental results, including the newly mea-
sured B(E2;2] — 07), are compared with those calculated within
the beyond-mean-field approach with a five-dimensional collective
Hamiltonian and the Gogny D1S force (present study) and using the
complex excited VAMPIR approach [40].

Iy B(E2, I, — L) (W.u)
Eexperiment SDCH (Gogny)  Excited VAMPIR

2f of 17.3%39 32 30

4 2f 63 68

0y 2f 15.3(16) [10] 58 83

07y 2 0028(11)[11]

2F 2f >8.9 [10] 62 65

4 2f 13 7

4 2f 57 73

ar 4 49 47

P*(E0) (x10%)

0y of 106 66

0 of 22

0y of 185(50) [13] 95 9
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TABLE VIII. Reduced transition probabilities in *®Sr, expressed
in Weisskopf units, and monopole transition strengths p*(EOQ)
between 0T states. Present experimental results are compared to
those calculated within the beyond-mean-field approach with a
five-dimensional collective Hamiltonian and the Gogny D1S force
(present study) and relativistic PC-PK1 interaction [54].

I If B(E2, I} — L) (W.u.)

Experiment 5DCH (Gogny) 5SDCH (PC-PK1)
2f of 96 (3) 54 73.5
4 2f 12918 110 162
67  4f 175+ 150 196
85 6 123719 173 211
25 0F 13 (2) 28 39.2
0; 2f 61 (5) 120 195
2y of 0.77 (13) 0.07
25 2f 0.617522 0.78
25 4 473 19.4

P*(E0) (x10%)

05  0f 535 [21] 179 117
0y 0 40
0f 0 75

hence underlining its rotational character. As described in
Refs. [22,23], the assignment of excited states to specific
bands is more difficult in *Sr. The (B) sequence appears
as a K =2 band with large B(E2) values between states,
and the (A) band is much less collective. Both bands have
very small spectroscopic quadrupole moments in contrast to
the ground-state band, consistent with the shape coexistence
scenario.

Finally, it is worth pointing out that the general picture of
three structures is similar for the two isotopes, although the mo-
ments of inertia and magnitudes of transition probabilities and
quadrupole moments obviously differ. In both cases, the defor-
mation of the ground-state band quickly develops with spin,
while the two other structures have much lower quadrupole
moments. This effect may be related to the fact that the
ground-state band corresponds to the absolute minimum of the
potential energy surface for each angular momentum projec-
tion while the other structures are built on secondary minima.

In the case of *°Sr, our results can be further compared to
those obtained using the complex excited VAMPIR approach
with a realistic effective interaction based on the Bonn A
potential in a large model space [40]. These calculations
predict a B(E2,2;r — OT) value that is similar to the result
of our beyond-mean-field calculation, and the spectroscopic
quadrupole moment of the 2| state equal to +0.095 eb. Both
theoretical values were translated into matrix elements and
plotted along the x? surface in Fig. 7 for comparison. It is
interesting to note that both models reproduce correctly the low
Q;, but tend to overestimate the B(E2,2fr — OT) value. A
more complete comparison of transition probabilities resulting
from both model approaches is presented in Table VIIL
Again, the predictions of these two fundamentally different
models are remarkably consistent and call for a systematic
comparison along isotopic chains between the two models. A

Calculated from B(E2;2] — 07) = 39.1 W.u. [54].

notable difference is observed, however, for the spectroscopic
quadrupole moments in the side band. Our present calculations
predict a rapid and constant increase of quadrupole moments
with spin in the ground-state band, reaching —104 efm? for
the 6fr state, and considerably lower values for the first side
band, decreasing with spin to —6 efm?® for 6; [22,23]. In
contrast, the Excited VAMPIR calculations [40] yield a very
large negative value of —120 efm? for the 65 state, and further
increase of spectroscopic quadrupole moments with spin in
the side band. Unfortunately, the experimental information on
transition probabilities and quadrupole moments of low-lying
states in “°Sr is scarce, and these predictions cannot be
compared to measured values.

For *%Sr, recent beyond-mean-field calculations using a
relativistic PC-PK1 interaction [54] predict transition prob-
abilities in the ground-state band that are slightly higher than
the experimental results; see Table VIII. The collectivity of
the band built on the 0; state is strongly overestimated, as
well as the 0 — 2 transition strength. It should be noted,
however, that the excitation energy of the 05 state has been
very well reproduced by this model (216 keV, as compared to
the experimental value of 215 keV), better than in the case of
earlier calculations by the same group using Sly4 interaction
(590 keV, [69]) and our present calculations that yield 692 keV.

Finally, monopole transition strengths p2(EO0) in ***8Sr
were calculated between the collective states obtained within
the SDCH approach up to spin 8. The results are presented
in Table IX, and in addition those for J = 0 are compared to
available experimental data and excited VAMPIR [40] and
S5DCH (PC-PK1) [54] predictions in Tables VII and VIIIL.
In %Sr, a large transition strength is predicted between the
02’ state and the ground state by both our calculation and
the VAMPIR approach. However, the O; — OT EQ transition
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TABLE IX. Monopole transition strengths in **°®Sr, calculated
within the beyond-mean-field approach with a five-dimensional
collective Hamiltonian and the Gogny D18 force.

%Sr, p2(E0) (x10%)

0f 0y 20 25 4 4 6/ 65 8 8
05 106 2f 28 47 83 67 82 85 60
0F 22 95[2F 117 65|4f 113 43|67 89 32|87 44 44
%8Sr, p2(E0) (x10%)

0f 0y 20 2; 47 4 6/ 65 8 8
07 179 25 81 47 43 67 27 85 20
0y 40 75[2f 120 1 (47 0 16|6; 0 27(8 2 32

has not been observed experimentally, which suggests to
the contrary a very low p*(EO0). Our calculations predict a
significant transition strength between the 05 and the 0} states
in contrast to the VAMPIR calculation and the experimental
data. The experimental EQ strength for the 0§L — O;r transition
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FIG. 15. Same as Fig. 13 but for calculated EQO transition
strengths in *°Sr. All transitions with p?(E0) values higher than 10~2
are marked with lines. Dotted lines correspond to p>(E0) values lower
than 4 x 1072, while for those higher than 4 x 1072 solid lines are
used, and their width is proportional to p*(E0). Bands are labeled
as in Refs. [22,23] and Fig. 13. The O; state, not attributed to any
of these bands, is marked with a red cross at Q,, = 0 and offset by
30 keV for clarity.
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in °°Sr ranks among the strongest known beyond A > 40.
Our calculations also predict a large p?(E0) value for this
transition, in contrast to the VAMPIR calculations that yielded
arather small E0 strength. In fact, our calculations also predict
large p2(EO) values, generally greater than 3 x 1072, for all
transitions between J > 0 states. This is illustrated by Fig. 15,
which presents calculated EQ transitions strengths between
three bands in °°Sr, defined as in Fig. 13. In Fig. 15, all
transitions with p>(E0Q) values greater than 10~2 are marked
with lines, and their width is proportional to the p*(E0) value.
In this representation one can easily see that all three calculated
states of the same spin are always coupled by significant £0
transitions, which suggests complex mixing between these
states that decreases slowly with spin.

In *%Sr, the experimental p?(E0) value of 0.053(5) for the
03 — 0 transition can be compared to about 0.02 obtained
using the SDCH (Sly4) approach [69], 0.117 resulting from the
5DCH (PC-PK1) calculation [54] and our present theoretical
value of 0.178. All calculations predict considerable p?(E0)
values, consistent with the experimental observation. In addi-
tion, our calculations predict a O;’ state coupled by strong EQ
transitions to both the ground state and the first exicted 0"
state. For spin J = 2, a very large EO strength is calculated
between the rotational 2 state and both the 25 y band head
and the 2; state. The EO transition strengths rapidly decrease

4000
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3000 ¢*

Excitation energy [keV]

1000~

-150 -100 -50 0 50
Quadrupole moment Q_ [efm?]

FIG. 16. Same as Fig. 15 but for *®Sr. Energy of the 07 level is
offset by 60 keV for clarity.
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with spin, and, moreover, above spin 2 they remain important
only between the rotational ground-state band and the y band
(B), and between the bands (A) and (B). In contrast, all EQ
strengths between the ground-state band and the band (A) are
below 2 x 1073, This is illustrated in Fig. 16, which clearly
shows a transition pattern of monopole transition strengths
very different to that obtained for *®Sr (Fig. 15), with strong
EQ transitions present only at low spin.

VI. SUMMARY

Shape coexistence in neutron-rich strontium isotopes at
N = 60 was studied in low-energy Coulomb excitation ex-
periments using radioactive *°Sr and *®Sr beams from the
REX-ISOLDE facility, CERN. Reduced transition probabil-
ities and spectroscopic quadrupole moments for low-lying
states in **%Sr were extracted from the measured y-ray
yields. Additionally, new short-lived excited states in the beam
contaminant, **Rb, are proposed.

In °Sr, the spectroscopic quadrupole moment of the first
27" state was found to be small and negative, corresponding
to a weak prolate deformation. In *3Sr, the large and negative
spectroscopic quadrupole moments in the ground state band
demonstrate its prolate rotational character, while the value
close to zero obtained for the 2;“ state confirms the shape
coexistence between highly-deformed prolate and spherical
configurations in this nucleus. The comparison of the B(E?2)
values and the spectroscopic quadrupole moments between
the 2/ state in %Sr and the 27 state in %Sr underlines
their similarity and further supports the shape inversion when
crossing the N = 60 line. The reduced E2 matrix elements
were interpreted in a phenomenological two band mixing
model. The results support the weak mixing scenario between
prolate and spherical configurations in the wave functions of
the 0 states in *3Sr, in spite of their proximity in energy. The
increase of the spectroscopic quadrupole moments observed
beyond the 2 state can be attributed to a certain level of
triaxiality in the ground state. This interpretation is further
supported by the results of the quadrupole sum rules method
applied to the 0% states in “®Sr, where the values of the
quadrupole invariant (Q3cos(38)) for both states suggest a
significant degree of triaxiality.

The experimental results were compared to SDCH calcu-
lations using the Gogny DIS interaction, which reproduce
the shape coexistence between deformed and spherical con-
figurations in *°Sr and *®Sr and the change of the ground

PHYSICAL REVIEW C 94, 054326 (2016)

state deformation at N = 60. For °Sr, a comparison was
also possible with the predictions of the excited VAMPIR
model, while for *3Sr with those obtained within the SDCH
approach with the relativistic PC-PK1 force. New theoretical
results on monopole transition strengths in **8Sr are also
presented and discussed. These call for a detailed comparison
with experimental information on EQ transition strengths in
96.98Sr, which is at present very limited.

Due to the low collectivity of the ground-state band in
%S, the presumably highly deformed structures built on the
0; 5 states could not be investigated. The measurement of the

spectroscopic quadrupole moments of the 25 and 27 states
in ?°Sr and corresponding results in the Zr and Kr isotopes
remain a challenge for future radioactive-ion beam facilities.
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