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The electromagnetic structure of ®Zn at low excitation energy was investigated via low-energy Coulomb
excitation at INFN Legnaro National Laboratories, using the Gamma Array of Legnaro Infn Laboratories for
nuclEar spectrOscopy (GALILEO) y-ray spectrometer coupled to the SPIDER (Silicon Ple DEtectoR). A set of
reduced E2, E3, and M1 matrix elements was extracted from the collected data using the GOSIA code, yielding
12 reduced transition probabilities between the low-spin states and the spectroscopic quadrupole moment of
the 2, state. The B(E2) values for transitions depopulating the 0," state have been determined for the first
time, allowing for the lifetime of this state to be deduced and, consequently, the p?(E0;0,* — 0,7) monopole
transition strength to be extracted. In addition, the B(E3;3,~ — 0;") value has been determined for the first time
in a Coulomb excitation experiment. The obtained results resolve the existing discrepancies between literature
lifetimes and demonstrate that ®*Zn cannot be described by using simple collective models. Therefore, new
state-of-the-art beyond-mean-field and large-scale shell-model calculations were performed in order to interpret
the structure of this nucleus. Both the experimental and theoretical results suggest that the triaxial degree of
freedom has an important impact on electromagnetic properties of °Zn, while the unique features of the 0, "
state indicate its distinct and rather isolated structure.

DOI: 10.1103/PhysRevC.103.014311

L. INTRODUCTION magic Ni nuclei (Z = 28) and close to the neutron mid-
shell between N = 28 and N = 50, these nuclei provide ideal
opportunities to study the interplay of microscopic and macro-
scopic degrees of freedom in nuclear matter, particularly with
respect to shape coexistence and shape transition phenomena.
The former has been established in the neighboring Se, Ge,
and Ni isotopes [1-5], while no clear evidence has yet been

The collective properties of stable zinc isotopes have been
in focus of detailed experimental and theoretical studies for
the past decades. Being located only two protons above the
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FIG. 1. Energy systematics of low-lying states in Zn isotopes with N = 32-40. All energies are given in keV.

reported in the Zn isotopic chain. The only exception is %%Zn,
where the 0, state has been suggested to be the bandhead
of a more deformed structure than that built on the ground
state [6]. A shape transition from the almost spherical nuclei
near °Zn (N = 40 subshell closure) to the y-soft lighter Zn
isotopes has also been predicted [7,8], although firm experi-
mental evidence supporting this scenario is still missing.

Traditionally, the structure of even-even stable Zn isotopes
was ascribed to the vibrational motion [9,10], mainly on the
basis of the energy pattern of the first few excited states.
The presence of possible two-phonon triplets (0, 2,™, 4,
states) at about twice the energy of the first excited 2, states
(Fig. 1) seems to support such picture. However, while the
energies of the 2,%, 2,%, and 4, states evolve slowly and
smoothly as a function of the neutron number, the 0," state
follows a different pattern, with a much more rapid decrease
of its excitation energy from ®Zn to "°Zn, interrupted by a
sudden jump observed for %Zn. The vibrational interpretation
definitely fails when other electromagnetic properties are
taken into account, such as transition probabilities and
quadrupole moments, similar to what was found for instance
in the Cd isotopes [11,12]. Quasirotational K =0 and
K =2 bands were suggested in ®*Zn and ®Zn, based on
the enhanced in-band transitions (ie., 6,7 — 4,7 — 2;*
and 6,7 — 4,7 — 2,7) and weak intraband transitions
[13,14]. In addition, the B(E2) and B(M1) values from 2"
and 17 states in ®Zn agree reasonably well with the y-soft
interpretation [15].

Notably, all the main paradigms of collective nuclear ex-
citations have been considered to describe the structure of
the stable Zn isotopes over the past decades, particularly in
the case of ®Zn. One of the reasons why multiple inter-
pretations seem to fit the experimental data equally well is
related to the contradictions present in the literature regarding
some key observables in %7n, such as the B(E2; 4,7 — 2,1),
B(E2;2," — 21"), and Q5(2,™) values. In addition, for tran-
sitions de-exciting the 0, state, only upper limits of the E2
transition strengths are known, while no decays from higher
lying 2+ states to the 0,™ state have been identified.

In order to investigate the collective properties of %°Zn
at low excitation energy, a dedicated low-energy multistep
Coulomb-excitation experiment was performed. This exper-
imental technique is ideally suited to determine reduced
transition probabilities between low-lying states as well as

their spectroscopic quadrupole moments, which can be ex-
tracted in a model-independent way. Furthermore, thanks to
the unique information on relative signs of matrix elements,
which can be obtained solely with multistep Coulomb excita-
tion, it is possible to apply the quadrupole sum rule method
to determine the quadrupole deformation of the nucleus in
its individual states [16]. In view of the experimental results,
the electromagnetic properties of ®°Zn have been interpreted
in the framework of state-of-the-art microscopic calculations
within the beyond-mean-field theory and various large-scale
shell-model approaches, with a particular focus on the collec-
tive properties of the observed states.

This paper is organized as follows: The experimental de-
tails are presented in Sec. II, while the Coulomb-excitation
data analysis and the experimental results are described in
Sec. III. In Sec. IV, those results are discussed in the context
of the quadrupole sum rules analysis (Sec. IV A), beyond-
mean-field theory (Sec. IV B), and large-scale shell models
(Sec. IV Q).

II. EXPERIMENTAL DETAILS

A dedicated experiment to study the structure of ®Zn at
low excitation energy was performed at the INFN Legnaro
National Laboratories (LNL) in Italy [17]. A continuous 7n
beam of 240-MeV energy was delivered by the XTU-Tandem
accelerator and impinged on an enriched 2%*Pb target. The
beam energy was chosen to be as high as possible while
still fulfilling the Cline’s safe distance criterion [18], which
ensures a purely electromagnetic interaction between the col-
lision partners if their surfaces are separated by at least 5 fm.
The energy used in the present experiment corresponded to
the distance of 7 fm between the nuclear surfaces in head-on
collisions. Thanks to the use of a heavy target, the prob-
ability of multistep excitation and reorientation effects was
enhanced, increasing the experimental sensitivity to spectro-
scopic quadrupole moments and relative signs of transitional
matrix elements [19]. Additionally, the choice of 2*®Pb as
a target material ensured that there was no overlap of y
rays resulting from target excitation with transitions in %Zn.
The Gamma Array of Legnaro Infn Laboratories for nuclEar
spectrOscopy (GALILEO) spectrometer [20,21] was used to
detect y rays depopulating the Coulomb-excited states, while
the scattered %Zn nuclei were detected in the Silicon Ple
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DEtectoR (SPIDER) array [22], used for the first time in the
present experiment. Signals coming from both detector arrays
were collected and processed using a fully digital acquisition
system, operating in a self-trigger mode [21]. Single y-ray
and particle spectra were acquired, while the final y-particle
coincidences were reconstructed in the offline analysis. The
dead time for each channel was kept below 1% throughout the
experiment. In total, data were collected during ~68 h with an
average beam intensity of 1.3 pnA.

During the experiment, the GALILEO spectrometer con-
sisted of 24 HPGe detectors arranged in four rings: 4 detectors
were placed at 152°, 5 at 129°, 5 at 119°, and the remaining
10 detectors at 90° (all angles given relative to the beam
direction). Each HPGe detector was enclosed in a BGO anti-
Compton shield. A 22-cm-diameter vacuum chamber hosting
the target and the SPIDER array was positioned in the center
of the GALILEO spectrometer, resulting in a 25(1)-cm dis-
tance between the target and the HPGe front surface. Lead
collimators were placed in front of every GALILEO HPGe
crystal to avoid the direct detection of y rays by the BGO
shields, limiting the active surface of each detector to 17.3
cm?. The y-ray energy and efficiency calibrations where
performed up to 1.8 MeV energy, using the standard 2*Na,
>Mn, ®°Co, 8y, 3"Ba, '¥7Cs, and ">Eu sources. For the full
GALILEO array, an energy resolution of 0.2% and an absolute
efficiency of 2.0% were measured at 1332.5 keV.

SPIDER is an array of independent silicon detectors, in-
dividually segmented on the front surface into eight annular
strips. These detectors are characterized by an excellent en-
ergy resolution (about 1% for 5.5-MeV « particles, when
coupled to the GALILEO array) and a segmentation suffi-
cient to achieve about 1% resolution for y-ray energy after
applying Doppler-correction procedures in the present ex-
perimental conditions. The energy calibration of individual
SPIDER segments was performed with a triple-o source
(**Pu +?*' Am + **Cm) and a pulse generator, and the mea-
sured calibration was extrapolated to the energy range of
scattered particles (which reached ~75 MeV in the present
experiment). This SPIDER initial calibration was refined by
minimizing the Doppler broadening of the measured 2;" —
0;" transition in ®*Zn. During the experiment the SPIDER
array was positioned at backward angles with respect to the
beam direction, in order to reduce radiation damage effects.
Such a configuration also enhances the effect of spectroscopic
quadrupole moments and relative signs of transitional matrix
elements on the measured excitation cross sections. In the
present experiment, a total of seven trapezoidal silicon detec-
tors were arranged inside the scattering chamber in a cone-like
configuration described in detail in Ref. [22]. The exact posi-
tion of the SPIDER frame with respect to the beam direction
was again found by minimizing the Doppler broadening of
the 2,7 — 0,7 transition of %°Zn, and the detector was found
to be off center by less than 5 mm. The angular coverage in
the present experiment was 123.57)3 to 161.3"]% deg, where
the error bars reflect the off centering. In such geometry, the
SPIDER array covers about 17% of 47 solid angle.

In the multistep Coulomb-excitation process, excited states
in the nuclei of interest can be populated via various paths,
involving different intermediate states. Consequently, the
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FIG. 2. y-particle coincidence spectrum. The gate used to select
the prompt coincidences is marked in green (light gray), while the
two regions considered for the random-coincidence subtraction are
marked in red (dark gray).

measured excitation cross sections may depend on multiple
matrix elements in a complex nonlinear way. In order to
disentangle their individual contributions, the subdivision of
the experimental data with respect to the projectile scattering
angle was performed. Eight different angular ranges could be
selected thanks to the SPIDER segmentation: 123.5-127.5°,
127.5-131.8°, 131.8-136.4°, 136.4-141.2°, 141.2-146.1°,
146.1-151.2°, 151.2-156.3°, and 156.3-161.3°.

The target thickness was precisely determined from the
online particle spectra acquired with the SPIDER array, re-
sulting in d = 0.616(11) mg/cm? [23]. A similar result [d =
0.640(30) mg/cm?] was obtained in an independent measure-
ment performed at the INFN LABEC laboratory in Florence
[24] using the Rutherford back-scattering technique. Further-
more, a built-up carbon layer was identified on the surface of
the target, with a measured thickness of 0.114(12) mg/cm?
[23]. The reduction of the projectile energy caused by this
layer, equal to 4.3(5) MeV, was taken into account in the data
analysis.

The Compton suppression and pile-up rejection procedures
were applied for all individual GALILEO detectors during
the online data acquisition process and then optimized in the
offline analysis. Additionally, pile-up rejection was imple-
mented for each SPIDER strip. The y-particle coincidences
were selected using three different software filters based
on particle energy, event multiplicity, and y-particle time
coincidence. Since in the present experiment SPIDER was po-
sitioned at backward angles, and consequently only the scat-
tered ®°Zn ions were detected, the particle-energy selection
was used solely to eliminate the noise appearing in the low-
energy region of the spectrum, which could be associated with
random coincidences. Hence, only the events with multiplicity
equal to 1 for the ®Zn scattered projectiles were selected. A
time interval of 100 ns for the y-particle coincidence gate
was required in the offline analysis and a random-coincidence
subtraction was performed, as presented in Fig. 2.

Spectra collected in the individual HPGe detectors were
summed up in the offline analysis process. Figure 3 shows
the total GALILEO y-ray spectrum in coincidence with back-
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FIG. 3. Experimental spectrum of y rays detected in the
GALILEO spectrometer in coincidence with back-scattered ®Zn
ions detected in the SPIDER array, Doppler-corrected for the projec-
tile velocity. Doppler-broadened transitions resulting from excitation
of target contaminants are marked with circles (full for 2*Pb and
open for 2°’Pb). The structure marked with an open diamond results
from Compton back-scattering of y rays on materials surrounding
the detectors. The inset shows the high-energy portion of the spec-
trum with three weak y-ray transitions of ®Zn.

scattered ®°Zn particles, after the Doppler correction for the
velocity of the projectile nuclei. The velocity was determined
event by event from the energy and position registered in
SPIDER. After all optimization procedures applied to the
collected data, an energy resolution of 1.1% was achieved for
the 1039-keV 2,% — 0, transition in *°Zn.
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FIG. 4. Low-lying level scheme of the ®*Zn isotope relevant for
the present work. The number of counts in the transitions marked in
red (light gray) was sufficient to subdivide the data into eight angular
ranges, exploiting the segmentation of the SPIDER detector to the
fullest, while for the transitions marked in blue (dark gray) the total
number of counts in coincidence with the SPIDER array was used
in the analysis. Transitions marked in black have not been observed
in the present experiment; however, the corresponding matrix ele-
ments were considered in the Coulomb-excitation data analysis with
the GOSIA code. The hypothetical 27 state introduced in the GOSIA
analysis as a buffer state for the 0," level (see the text for further
details) is not shown.

TABLE I. Total numbers of counts in the observed y-ray transi-
tions and their relative efficiency-corrected intensities, normalized to
that of the 2] — 0] transition.

Transition Energy (keV) Counts Relative intensity
2t =0t 1039  1.49(4) x 10° 1

2t — 2, 833 3.7(4) x 104 2.2(3) x 1072
47 - 2,F 1412 6.4(5) x 10° 5.1(5) x 1073
0,V —2,F 1333 6.8(13) x 10? 5.3(10) x 10~*
2,7 — 2, 1741 75(30) 7(3) x 1073
37 =2, 1787 66(20) 6.0(19) x 1073
2,7 — 0" 1873 60(17) 5.6(17) x 1073

The low-energy level scheme of %Zn relevant for the
present data analysis is shown in Fig. 4. The observed y-ray
transitions are marked in red and blue and their intensities are
reported in Table I. For the transitions marked in red (i.e.,
21+ — 01+, 41+ — 21+, 22+ — 21+, and 02+ g 21+), the
registered number of counts was sufficient to exploit the full
segmentation of the SPIDER array, and thus to divide the data
into eight angular ranges defined by the width of each strip.
Furthermore, three weaker transitions were observed, namely
237 — 2,7, 3,7 = 2,7, and 2,7 — 0, (marked in blue in
Fig. 4, and presented in the inset of Fig. 3). As the numbers of
counts in those transitions were insufficient to subdivide the
data into angular ranges, they were analyzed in coincidence
with the full detection range of the SPIDER array.

III. COULOMB-EXCITATION DATA ANALYSIS

A set of reduced electromagnetic matrix elements was ex-
tracted from the measured y-ray yields using the GOSIA code
[18,25], which performs a multidimensional X2 minimization
constrained by complementary spectroscopic information,
such as branching ratios, E2/M 1 mixing ratios, and lifetimes
measured in previous experiments.

The level scheme of ®*Zn considered in the current analysis
(presented in Fig. 4) is known from previous experiments:
Coulomb excitation, 8~ decay of °Cu, electron capture de-
cay of %Ga, elastic and inelastic scattering, as well as from
reactions induced by light and heavy ions (see Ref. [26] and
references therein).

In order to properly extract the electromagnetic matrix ele-
ments using the GOSIA code, it is recommended to consider the
influence on the excitation process of at least one state above
each of those observed in the experiment [25]. Introduction
of these so-called “buffer states” provides means of account-
ing for virtual excitation of unobserved states and avoiding
coupled-channel truncation effects. To this end, three buffer
states were considered in %Zn: 4,7 (2766 keV), 451 (3576
keV), and (6;) (4183 keV). The unobserved 4,7 — 2,™
transition was also included in the analysis; however, no buffer
state above the 3;~ level was declared. The only possible 2+
state reported in the literature that could decay to the 0,™
state is located at 3882-keV excitation energy; however, the
spin assignment of this level is only tentative [27] and the
branching ratio for the transition populating the 0," state is
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unknown. A hypothetical 27 state was therefore introduced in
the present analysis in order to evaluate the possible impact
of unobserved 27 states on the electromagnetic properties of
the 0,™ level. Its energy was estimated from the systematics
of neighboring isotopes, taking into account also the available
theoretical predictions. Furthermore, the influence of the ex-
citation energy of this additional 2% state on matrix elements
related to the 0, level was tested by varying itin a wide range
(30004000 keV).

The energy of the 23" — 2, transition (1741 keV) is
relatively close to those of the 4,7 — 2, and (6;7) — 4;*
transitions (1726 and 1733 keV, respectively). It was not pos-
sible to resolve this triplet under the present experimental
conditions and the level of statistics collected in the corre-
sponding energy range (see Fig. 3) precluded a y-y-particle
coincidence analysis. Hence, simulations were performed
using the GOSIA code in order to evaluate the relative con-
tributions of these three transitions to the peak observed at
around 1735 keV. The adopted transition probabilities from
Ref. [26] were initially assumed, considering all possible
combinations of matrix elements if more than one value was
reported (i.e., for the 4, — 2% and 2," — 2,7 transitions).
When only upper limits of the B(E2) values were known
(i.e., for transitions de-exciting the 4,% and 0, states), both
the limit and a value corresponding to the half of it were
considered in the calculations. These simulations show that
the 237 — 2% transition is at least two orders of magnitude
more intense than the 4,™ — 2, transition, and four orders
of magnitude more intense than the (6;") — 4,7 transition.
The same conclusions were reached assuming the set of ma-
trix elements extracted from the present experiment (Table II).
This large intensity difference can be qualitatively explained
by the fact that the 23 state can be reached from the ground
state via a single E2 transition, while the excitation of the
4,% and 6," states requires two- and three-step excitation
processes, respectively (the role of multipolarities higher than
E3 in the excitation process is considered to be negligible).
Consequently, all of the counts in the peak observed at the
energy around 1735 keV were attributed to the 237 — 2,
transition.

Known branching ratios, E2/M1 mixing ratios, and life-
times of yrast and nonyrast states measured in previous
experiments were included in the GOSIA analysis as additional
spectroscopic data points (Table III), entering the multidi-
mensional x? fit in the same way as the y-ray intensities
measured in the present experiment. These complementary
experimental data increased the sensitivity of the analysis to
second-order effects, such as spectroscopic quadrupole mo-
ments and relative signs of matrix elements, as well as helped
to correctly evaluate the influence of nonobserved transitions
on the measured excitation cross sections.

The lifetime of the 2, state was previously measured in
Coulomb-excitation experiments, yielding values of 2.33(15)
[14] and 2.25(14) ps [32], which are in good agreement with
other values deduced from the (y, y’) reactions (2.51(16) ps
[33-36]), Doppler shift attenuation method (DSAM) mea-
surements following Coulomb excitation (2.44(4) [37] and
2.43(5) ps [38]), (e, €') scattering (2.39(14) ps [39]), and
DSAM following the *Cu(a, py) [40] and the (o, @'y) [41]

reactions [1.9(12) and 2.2(10) ps, respectively]. A weighted
average of all these values has been assumed in the present
analysis.

The lifetimes of the 2," state reported in the litera-
ture vary from 0.27(10) ps (DSAM, ®*Cu(w, py) [40,42])
through 1.2103 ps (DSAM, *Ni(«a, 2ny) [43-45]) t0 2.5(7) ps
(Coulomb excitation [14]). The lifetime of the 4, state was
measured in several experiments resulting in the following
values: 0.27(9) ps (DSAM, ®Cu(a, py) [40,42]), 0.25700%
ps (DSAM, (n, n'y) [46-49]), 0.52(2) ps (Coulomb excitation
[14]), and 1.1(2) ps (DSAM following Coulomb excitation
[37]). Due to the large discrepancies of the 7(2,%), 7(4;™)
values reported in the literature, none of them were used in
the first stage of the present GOSIA analysis.

A weighted average of the values determined in (y, y’)
[50] and DSAM after (n, n'y) [49] was used for the lifetime of
the 237 state. The lifetime of the 3, state was measured with
DSAM following Coulomb excitation (0.260(10) ps [37]),
(ar, @'y) (0.26(6) ps [41]), *Cu(e, py) (0.33(20) ps [40,42]),
and (n, n'y) (0.25(6) ps [49]). The weighted average of these
values was assumed in the analysis.

The lifetime of the (6;™) state was included as a weighted
average of the values measured with DSAM following the
Cu(a, py) [40,42] and **Ni(«, 2ny) [43—45]) reactions.

Only lower limits are available for the lifetimes of the 0,
and 4,7 states (>0.30 ps and > 10 ps, respectively [50]), and
no value is reported for the 45 state. Therefore, no lifetimes
could be included in the present analysis for these three states.

The 237 — 4;7/237 — 0,7 = 11(3)% branching ratio
from Ref. [47] was not included, because assuming the
B(E2;25 — 0;) value calculated from 7(23™) would result
in B(E2;23" — 4;") = 2600(700) W.u., indicating that this
result is likely to be incorrect. The effect of the 437 — 2,
and 437 — 37 transitions on the global fit was verified to be
negligible; therefore, these two transitions were not included
in the analysis.

Coulomb-excitation cross sections for all considered states
are calculated in the GOSIA code taking into account the
geometry of the GALILEO and SPIDER arrays. Positions
(i.e., the polar and azimuthal angles with respect to the beam
direction) and relative efficiencies of all 24 HPGe detectors
forming the GALILEO array were used to account for the
angular distribution of y rays following Coulomb excitation.
The attenuation of the y-ray angular distribution due to phys-
ical sizes of the HPGe detectors and the deorientation effect
during recoil into vacuum were also considered. The integra-
tion of the calculated Coulomb-excitation cross sections over
the angular range covered by the particle detector required a
full description of the SPIDER array in terms of polar and
azimuthal angles covered by the particle detectors. During the
experiment, one of the SPIDER detectors was disabled and
one strip was powered off, resulting in an asymmetric shape
of the particle detector. Furthermore, the off-centering of the
beam spot with respect to the symmetry axis of the SPIDER
array had to be taken into account. The description of the
active particle detection surface in the GOSIA analysis was
achieved by providing its boundaries in the (6, ¢) plane, as ex-
plained in Ref. [51]. An alternative approach was also tested:
Each of the 47 individual SPIDER strips was described as a
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TABLE II. Reduced E2, E3, and M 1 matrix elements extracted in the present analysis, presented together with the corresponding reduced
transition probabilities, B(¥,1), and spectroscopic quadrupole moments, Q;. The relative signs of the matrix elements obtained from the present
analysis are given as well. When no sensitivity was achieved for a specific sign this is indicated as . The signs were determined relative to
those of the matrix elements listed without any sign, assumed to be positive (see the text). The present experimental results are compared with

previous measurements, large-scale shell-model (SM) and beyond-mean-field (BMF) calculations.

(IFIE2(1L;) (e fm?)

L — Iy Present Present Previous SM-1 SM-II SM-III BMF
2;F—0," 37.2° 17.5° 17.5(4) 18 12 17 30
2" = 2,* 53(10) 35(13) 41(14) [14] 14 11 12 45
330(130)¢
2,7 —0,F +0.48+0% 0.00290:900¢ 0.004(18) [14] 0.050 0.59 0.68 0.018
0.032(12)¢
0,7 — 2," —5.1(10) 1.6(6) <22° 0.10 1.5 3.1 16
0,7 —2,* 6.9(12) 3.0(10) <40° 1.1 1.7 2.1 18
4t = 2t 2.7 3.2 3.9 0.031
4T — 2, " 34(3) 8.1(12) 8.4(15) [37] 0.92 0.21 L1 44
17.5(7) [14]
358)"
4yt — 2, <4¢ 0.011 0.18 0.4 22
4" -2t <0.13¢ 22 9.3 20 3.0
2t > 4F +(25-60) 8-33 2600(700)" 0.31 0.068 6.4 6.7
2,7 — 2,F +9*2 1.0799 0.40(3)! 0.72 0.30 0.9 3.1
2,7 —2,F 2,742 0.09708 0.13%3%! 0.40 0.41 0.3 1.2
25— 0," —6.4(5) 0.52(8) 0.54(15)’ 0.97 0.012 1.0 0.071
3t = 2," 24 9.6 22 65
(IFIE3|L) (e fm?) B(E3;1; — Iy) (Wu)!
37 = 0," 71T 2.8108 20(3) [57-59] 5.0 22
(IAIMNE) ] BM1:I; — Iy) [Wu.]*
2," =2t —0.1879%3 0.003570-0012 0.004(3) [14] 0.00094 2.9 x 107 0.008 0.0061
0.056(23)¢
2t = 2" +0.33(0.13) 0.012(7) 0.012(3)’ 0.00011 0.0010 0.0014 3.5x 1073
2,7 — 2, " +0.141063 0.0022+5 001 0.0022(7)! 0.12 0.0084 0.10 0.0027
(LIE2|IL;) (e fm?) O, (I;) (efm?)
2t —2,F +32(12) +24(9) +24(8) [14] -23 —14 -23 -9.2
—8.1(13) [60]
2,7 — 2,* <0 <0 +21 +13 +20 +13
4,7 = 4" >0 >0 +47 +38 22 —-26
4" — 4t -29 —43 -21 —11
37— 3" -1.8 -1.0 -3.3 -0.23

For %Zn: | W.u. (E2) = 15.84 ¢ fm*, 1 W.u. (E3) = 258.8 ¢? fm®, 1 W.u. (M1) = 1.790 p2.

This quantity was used to normalize the Coulomb-excitation cross sections and, therefore, should not be considered as a result of the present
analysis. For this reason, it is reported without error bars (see the text for further explanation).

*Deduced from the weighted average of 7(2;") from Refs. [14,32-39], see the text for the values.

9Deduced from the average of the lifetimes measured in Refs. [40,42] (adopted value in Ref. [26]), E2/M 1 mixing ratio from Ref. [15] (-1.6(2),
adopted value in Ref. [26]) and branching ratios from Refs. [28,29], see the text for the values.

°Deduced from limits on widths measured in Ref. [50] and branching ratios from Refs. [28,29], see the text for the values.

fDeduced from the weighted average of 7(4,1) from Refs. [40,42,46-49], see the text for the values.

¢Deduced from the 7(4,™) lower limit from Ref. [50] and branching ratios from Ref. [47], see the text for the values.

"Deduced from the average of the lifetimes measured in Refs. [49,50] (adopted value in Ref. [26]), E2/M 1 mixing ratio from Ref. [15] and
branching ratios from Refs. [28-30], see the text for the values.

iDeduced from the average of the lifetimes measured in Refs. [49,50] (adopted value in Ref. [26]), E2/M 1 mixing ratio from Ref. [15] and
branching ratios from Refs. [28,29], see the text for the values.
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TABLE III. Known branching ratios, E2/M 1 mixing ratios, and
lifetimes included in the present GOSIA analysis (column 3) and their
values calculated from the obtained set of reduced electromagnetic
matrix elements reported in Table II (column 4).

Branching ratios

Transitions Energies (keV) Literature (%) GOSIA fit (%)
2, — 0,7/2," — 2,7 1873/834  0.39(3) [28,29] 0.38(19)
0,7 — 2,7/0,7 — 2,7 500/1333  0.41(10) [28,29] 0.40(20)
4,7 - 4,7 /4,7 — 2,7 315/893 36(2) [47] 36*

4,7 — 2,7 /4, — 2,7 1727/893 87(3) [47] 87"

23t — 4,7/2;7 — 0,7 329/2780 0.03-0.20
23t — 2,7/2;7 — 0,7 907/2780 17.7(12) [28,29] 20(3)
23t — 2,7/2;7 — 0,7 174172780 23.1(3) [28,29] 20(6)
317 — 2,%7/317 — 2,7 954/1787 11.3(13) [30] 112

4,7 — 237 /437 — 2,1 796/1704  53(12) [28,29] 53¢
4,7 — 2,7 /437 — 2,7 2537/1704  93(20) [28,29] 93¢
E2/M1 mixing ratios

Transitions Energies (keV) Literature GOSIA fit
2,7 —=2," 834 —2.08(4) [31] —2.1(7)
27— 2,7 907 +0.13(24) [15] 4+0.20(13)
2,7 — 2,7 1741 +0.33(28) [15]  +0.3(3)

Lifetimes
Level Energy (keV) Literature® (ps) GOSIA fit (ps)

2," 1039 2.42(3) 2.42°¢

2,7" 1873 2.9(10)
0,* 2372 4.1(14)
4," 2451 1.13(17)
257 2780 0.38(10) 0.42(6)
3" 2827 0.260(10) 0.26*
6,7) 4183 0.22(9) 0.232

#This quantity should be considered as a parameter of the mini-
mization procedure and not as a result of the present analysis. For
this reason, it is reported without error bars (see the text for further
explanation).

"Weighted average (see the text for further explanation).

“This quantity was used to normalize the Coulomb-excitation cross
sections and, therefore, should not be considered as a result of the
present analysis. For this reason, it is reported without error bars (see
the text for further explanation).

circular detector positioned at the center-of-mass angle of the
strip, with a radius fitted to obtain the same Rutherford cross
section as in the previous description [51]. These two methods
to include the SPIDER geometry in the GOSIA code provided
fully consistent results in terms of reduced electromagnetic
matrix elements.

The experimental y-ray yields were normalized to the
2,7 — 0, transition intensity, as the t(2,7) in ®Zn is
known with a high precision. They were also corrected for
internal conversion using coefficients from the Band-Raman
Internal Conversion Coefficents (BRICC) database [52]. The
uncertainties of the relative efficiency calibration (1-3% de-
pending on the y-ray energy) were added in quadrature to the
statistical uncertainties of the y-ray yields. The evolution of

excitation cross sections as a function of the interaction depth
in the target, due to the beam nuclei slowing down in the target
material, was also accounted for, assuming stopping powers
calculated using the SRIM code [53].

The x? minimization procedure was performed with 35 ex-
perimental yields, in addition to the set of 15 complementary
spectroscopic data listed in Table III. A total of 28 matrix
elements were free to be varied: 2 E1, 22 E2 (including 4
diagonal), 1 E3, and 3 M 1. The resulting reduced electromag-
netic matrix elements and the corresponding B(§;1) values
are presented in Table II. As the 2" — 0;% transition was
used to normalize the Coulomb-excitation cross sections, it is
not surprising that the B(E2;2;+ — 0;7) value was perfectly
reproduced by the fit (17.5 W.u.). However, the use of such
normalization implies that this value [and the corresponding
7(2;1)] cannot be considered to be an outcome of the present
analysis and, consequently, it is not reported in Table II. The
transitional and diagonal matrix elements are listed in Table II
only if they are related to transitions directly observed, or if
their extraction was possible by combining the y-ray yields
measured in the present experiment with previously known
branching ratios, £2/M1 mixing ratios or lifetimes. For in-
stance, the B(E2;0," — 2,%) value could be determined
since the 0, — 2, transition has been observed and the
branching ratio 0,* — 2,%/0," — 2,% is known. Similarly,
by combining the measured E1 3;~ — 2,7 yield with the
3,7 — 2,7/3;7 — 2, branching ratio, it was possible to
determine the 3;™ excitation cross section. In contrast to the
electromagnetic decay of opposite parity states that proceeds
predominantly via fast E'1 transitions, Coulomb excitation of
such states involves almost exclusively £3 and E2 transitions
[54] and, consequently, the obtained cross section could be
directly related to the B(E3;3;~ — 0;1) value. At the same
time, the present experiment was not sensitive to £ 1 matrix
elements, and their values in the fit were constrained by the
known 7(3;7) value.

The statistical uncertainties were obtained by sampling
the x? surface and applying the x2. + 1 condition around
the minimum, corresponding to a 68.3% confidence limit
on each matrix element. In this way, correlations between
matrix elements were taken into account in the error estima-
tion. Systematic effects related to uncertainties of the target
thickness, beam energy, stopping powers, and geometrical
description of SPIDER were found to be negligible. Only
the uncertainty on the relative efficiencies of the HPGe de-
tectors had an impact on the final uncertainties. In order to
estimate the influence of the buffer states on the obtained set
of matrix elements, the matrix elements involving the 4,7,
45" states were varied, while keeping the known branching
ratios listed in Table III fixed. No significant effect has been
observed. Also, the extracted matrix elements do not depend
on the values of the (2,7 ||E2||4,™) and (23 7||E2||25T) matrix
elements, and the effect of the hypothetical 2% buffer state
decaying to the 0,% was found to be negligible within the
obtained uncertainties. All the matrix elements that were not
related to the y-ray yields observed in the present experiment
or to the additional spectroscopic data included in the analysis
were, however, constrained during the GOSIA minimization by
imposing a global upper limit for the intensities of related
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y-ray transitions [25]. This detection limit was estimated from
the fluctuations in the experimental spectrum by applying the
method of Ref. [55] to the high-background region below
the 2,7 — 0;% transition (see Fig. 3), at the energy of the
4,7 — 2,* transition (893 keV).

Relative signs of E2 matrix elements may have a strong
influence on multistep Coulomb-excitation cross sections
[51,56]. The wave function of each state has an arbitrary
phase that can be selected by fixing the sign of one matrix
element involving this state, which ensures a consistent phase
convention. The following sign convention has been imposed
in the present analysis: Signs of all in-band transitional E2
matrix elements, both in the ground state and in the side
bands (see Fig. 4), were assumed to be positive, as well as
those of the (2, *||E2|[227), (217 1IE2]1027), (217 11E2]1257),
and (01+||E3||31_) matrix elements. Signs of all remaining
matrix elements were determined relative to those. Signs of
the M1 matrix elements were given by the known E2/M1
mixing ratios. The obtained signs, presented in Table II, were
verified by performing the x2 minimization with the same
values of matrix elements but different signs, testing all pos-
sible combinations. When opposite signs with respect to the
ones shown in Table II were imposed, a larger x2 value
was found, exceeding the Xr%nn + 1 condition. For the small
(0, 7]|E2]|2,™) matrix element, the present measurement did
not provide enough sensitivity to determine its relative sign,
which is, in principle, relevant for the determination of the
spectroscopic quadrupole moment Q,(2;"). Indeed, the sign
of the following interference term

Py = (00 (IE21120) (20T (IE211227) (22 T 1E2110, )

can, in general, influence the populations of the 2;* and
2,% states, which also depend on the quadrupole moments
of these states. In order to evaluate the impact of this
sign on the Q;(2;%) extracted from the present data, the
(0, 7||E2||2,") matrix element was varied within the limits
given by the estimated error on its absolute value, covering
a wide range of negative and positive values. This analysis
indicated that the sign of Q(2,7) is not affected by the sign
of the (0;%]|E2||2,") matrix element within the determined
uncertainties. This is due to the small magnitude of the P; term
in the present case, which does not impact the final Q(2;™)
value, consistent with the results of the previous Coulomb-
excitation study of 667n [14].

The 7(4,%) value obtained in this analysis [1.12(16) ps]
was found to be in agreement with the lifetime reported in
Ref. [37] [1.1(2) ps]. Hence, the value of Ref. [37] was in-
cluded as an additional spectroscopic data point in the second
phase of the analysis in order to enhance the sensitivity to
the spectroscopic quadrupole moment of the 4, state. Even
though no transitions decaying to that state were observed in
the present experiment, a positive sign of the (4, [|E2||4;T)
diagonal matrix element was found, since an initial oppo-
site sign was always restored to positive following the x?
minimization. A similar effect was observed for the sign of
the (2,%||E2[|2,™) matrix element. Even though the 237 —
2, transition was observed and the 237 — 2,7/2;7 — 2,
branching ratio is known, it was not possible to determine the
0,(2,") value due to the large uncertainties of the measured
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FIG. 5. Comparison between the y-ray yields measured in the
present experiment for the three most intense transitions (circles)
and those calculated using the final set of reduced electromagnetic
matrix elements resulting from the x? minimization performed with
the GOSIA code, listed in Table II (dashed lines). The calculated
y-ray yields for the local minimum obtained from a fit imposing
opposite signs of the Q;(2;"), O;(2,"), and Q;(4,") quadrupole
moments with respect to the ones of Table II (see the text for further
information) are plotted with dotted lines. The calculated yields are
integrated over the target thickness and the particle detector angular
coverage. All yields are efficiency corrected and given relative to
those of the 2, — 0, transition.

237 — 2,7 yield and the fact that the influence of possible
coupling to the 4, state on the excitation cross sections was
not sufficiently constrained. However, it has been established
that this quadrupole moment is negative: As in the case of
the Q,(4,"), if the sign of the (2,7||E2||2,") matrix ele-
ment was imposed to be positive, the minimization routine
would always restore it to negative. Furthermore, even though
the (4,%||E2||23™") matrix element was not constrained by
any known branching ratio, it was possible to set lower and
upper limits on its absolute value, as it was found to im-
pact the calculated yields of the observed transitions. Only
if the (4,7 ||E2||25™) matrix element was between the limits
reported in Table II, the calculated x2 did not exceed the
Xr%lin + 1 condition.

Figure 5 shows a comparison between the measured y -ray
yields (efficiency-corrected and normalized to the 2;* — 0,
yield) and those calculated from the obtained set of matrix el-
ements for the three most intense transitions, represented with
dashed lines. An agreement within 1o uncertainty is obtained
for the whole angular range. For the 237 — 2,%,3;7 — 2,7,
and 2,7 — 0, transitions, analyzed in coincidence with the
full SPIDER detector, the y-ray yields calculated by the GOSIA
code are equal to 1.8 x 1073, 6.0 x 1073, and 7.3 x 1075,
respectively (also in this case efficiency-corrected and normal-
ized to the 2;* — 0,7 yield). When compared with the values
presented in Table I, an agreement within 1o uncertainty is
found, except for the 237 — 2,7 yield, which agrees with the
experimental value within 20

For comparison, Fig. 5 also shows the calculated yields
for the 2,7 — 2,7, 4,7 — 2,7, and 0,7 — 2,7 transitions
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when opposite signs of the Q;(2;%), 0,(2,7), and Q,;(4,™)
quadrupole moments are imposed with respect to the ones of
Table II. Such combination of signs of the quadrupole mo-
ments provides a better reproduction of the measured y-ray
intensities and spectroscopic data than, for example, a solution
where the signs of Q;(2;%) and Qy(4,") are different, or
where those of Q,(2;") and Q,(2,™) are identical. However,
the total x2 for the corresponding local minimum exceeds
by &3.5 the value obtained for the global minimum, i.e., the
solution presented in Table II. This is mostly related to a worse
reproduction of the angular dependence of the y-ray yields, in
particular for the 2,* — 2,7 transition. Additionally, this so-
lution yields the lifetime of the 2,7 state close to 10 ps, which
is not consistent with any of the previous measurements.

As shown in Table III, the final set of reduced electromag-
netic matrix elements reproduces all the spectroscopic data
included in the present analysis within 1o uncertainty. Those
related to the buffer states cannot be considered as an output of
the present analysis, as these states were not observed and they
had no influence on the measured yields. They should rather
be seen as parameters of the minimization procedure, which
is bound to reproduce them. Therefore, their values resulting
from the GOSIA fit are reported without error bars in Table III.
Similarly, as the present experiment was not sensitive to E'1
matrix elements, the t(3;7) and the 3;” — 2,7 /3,7 — 2;*
branching ratio resulting from the fit cannot be considered as
outcomes of the analysis.

IV. DISCUSSION

The B(f,,k) values deduced from the set of matrix ele-
ments presented in Table II are in good agreement with the
values obtained in the previous measurements, except for
B(E3;3;” — 0;1) (here it should be noted that both previ-
ous studies [58,59] used a fundamentally different method to
determine this quantity, i.e., electron scattering) and the limits
of the B(E2;23" — 4,7) value. When more than one value
was available in the literature, the achieved precision allows
for the discrimination between them. The B(E?2) values for
transitions de-populating the 0, state and, consequently, its
lifetime have been deduced for the first time, and they are
compatible with the limits reported in the literature. Further-
more, relative signs for the (0,1]|E2|12,7), (231]1E2](2,T),
and (251]|E2]|0;") matrix elements have been determined, in
addition to the signs of the spectroscopic quadrupole moments
of the 2," and 4,7 states.

The extracted Q,(2;") value indicates a moderate de-
formation and is in excellent agreement with the previous
Coulomb-excitation result [14], being, however, three times
larger in terms of magnitude than the value obtained from
an electron scattering measurement [60]. A systematic dis-
crepancy between the values obtained in Coulomb-excitation
and electron-scattering experiments is apparent from Fig. 6,
particularly regarding the sign of the Q,(2;") [negative
for #469687n from (e, ¢') measurements, while positive for
6.687n and compatible with zero in ®Zn from Coulomb
excitation]. The deduced sign of the Q,(4;") is the same
as that of Q,(2,"), while the Q;(2,™) has an opposite sign.
This is in agreement with what would be expected for a rigid
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FIG. 6. Systematics of the experimental Q,(2,") values in Zn
isotopes with N = 34-38. The results of the present experiment are
compared with those resulting from other measurements [14,60,62].
For clarity, some values are slightly offset on the X axis.

rotor, assuming K = 2 for the 2, state. Although a rotational
interpretation may not be the most appropriate for the ®°Zn
isotope, it is worth noticing that the signs of spectroscopic
quadrupole moments deduced from the present analysis agree
with it, supporting a positive sign of Q,(2;7).

The resulting reduced transition probabilities for transi-
tions depopulating the 2,™ state are in good agreement with
those of Ref. [14]. The exceptionally large B(E2;2," —
2;%) = 330(130) W.u. adopted in Ref. [26] would be difficult
to explain, especially in the context of the existing systematics
in light Zn isotopes [see Fig. 7(a)]. Instead, the presently
extracted value is close to those observed in **Zn and %Zn,
which indicate a moderately collective character of the 2,"
states. The relatively large uncertainties for the transitions
depopulating the 2, state reflect strong correlations of the
corresponding matrix elements with the Q;(2;™) value (ob-
served also in Ref. [14]). Furthermore, the uncertainty of
the 2,™ — 2,7 transition yield is affected by the fact that
the corresponding peak is located on the Compton edge of
the much more intense 2;" — 0; % transition. The systematic
uncertainty resulting from the fit was carefully evaluated using
the GEANT4 simulation code [17,61] and included in the value
reported in Table I.

The extracted B(E2;0,"™ — 2,™) and B(E2;0," — 2, ™)
values are small and of similar magnitude. The latter is
consistent with the data available for the neighboring iso-
topes, exhibiting an almost exponential increase from Zn
to "°Zn, as shown in Fig. 7(b). The description of the neigh-
boring ®*Zn as a nucleus possessing E(5) symmetry was
explored by using the IBM [63], and it was suggested that
the 0, states in °%Zn could also be identified as the 0;
states predicted within this approach. The obtained value
of the B(E2;0," — 2,%)/B(E2;0," — 2;) ratio, 0.5(3), is
indeed close to theoretical predictions for a O; state (0.12)
and rules out the interpretations of the 0,™ state as a part-
ner of a y-unstable structure (for which the ratio should
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FIG. 7. Systematics of the adopted [26] experimental
B(E2;2," — 2¢), B(E2;0,7 — 2,™), B(E2; 4T — 211,
and By, values in Zn isotopes with N = 32—40 [note the logarithmic
scale for panels (a) and (b)]. For %7n, the results of the present
experiment are also shown and compared with those resulting from
other measurements [14,37,40]. The adopted values are connected
by dashed lines. For clarity, some values are slightly offset on the X
axis.

go to infinity) or a member of a vibrational-like structure
(which would imply this ratio equal to 0). However, in the
model reported in Ref. [63], a value of 0.49 was predicted
for the B(E2;0," — 2,7)/B(E2;2," — 0,%) ratio, while
the present experimental results yield 0.17(6). Combining
the 7(0,") value deduced from the measured matrix ele-
ments with the X (EQ/E2) value measured in Ref. [10], the
monopole transition strength p*(E0;0,7 — 0,7) x 10° =
4.0(15) can be extracted. This value is similar to those mea-
sured in *Zn (p2(E0; 0,7 — 0,7) x 10° = 3.8(4) [10]) and
in %Zn (p2(E0;0,* — 0,7) x 10° = 7(4) [10]). It indicates

a similar deformation of the 0; " and 0, states or/and a small
mixing between them.

The B(E2;4;" — 2;") value obtained in the present
analysis is in agreement with the lowest of the previously
measured values. The corresponding By, = B(E2;4,7 —
2:M)/B(E2;2;" — 0;7) = 0.46(7) ratio indicates low col-
lectivity of the 4, state. Interestingly, anomalously low
B,j; < 1 values are also known in the %7n and %Zn isotopes
[see Fig. 7(d)] and in "*Zn [64].

Although the experimental quantities obtained in the
present analysis confirm the collective character of ®°Zn, their
pattern prevents drawing a consistent picture of the low-lying
states within any simplified geometrical approach. Hence,
the extracted set of matrix elements was analyzed using the
quadrupole sum rules method, in order to investigate the role
of triaxiality in the ®Zn ground state and the deformation
of the 0,7 state. Furthermore, new microscopic calculations
using beyond-mean-field (BMF) and large-scale shell-model
(SM) approaches were performed and confronted with the
obtained experimental results.

A. Quadrupole sum rules

The quadrupole sum rules method can provide informa-
tion on the charge distribution of the investigated nucleus
in its specific states. It is based on the fact that the electric
quadrupole operator, E2, is a spherical tensor and thus its
zero-coupled products are rotationally invariant. Such invari-
ants can be linked to deformation parameters in the intrinsic
frame of the nucleus, namely Q, the overall quadrupole de-
formation parameter (equivalent to the elongation parameter
B in the Bohr’s model) and 8§, which is related to the triax-
iality parameter y. The lowest order shape invariant, (Q?),
is proportional to the sum of squared E2 matrix elements
(i||E2]|t)(t||E2]||i) over all intermediate states |¢) that can be
reached from the state |i) with a single E?2 transition:

5
<i||Q2||i>=J%ZMuMﬁ{,Zi ; ?} (1)

where M, = (a||E2||b), I; is the spin of the state i, and {} is
Wigner’s 6-j symbol. The next-order invariant, (Q® cos(38)),
is constructed from triple products of E2 matrix elements,
(i||E2]|t){t||E2||u) {u||E2]|i), where |i) is the state in question
and |¢t) and |u) are the intermediate states:

(illQ* cos(38)] i)

35 1 2 2 2
= ~ MiuMu Mi s 2
Ty 221,~+1; ’ t{li L Iu} @

where the negative sign corresponds to an integral spin sys-
tem, while a positive sign should be used for a half-integral
spin system. The diagonal matrix elements (i.e., |t) = |u)),
including their signs, have to be known in order to extract this
shape invariant, as well as the relative signs of all relevant
transitional matrix elements. The relations (Q?) = q(z)(ﬂz)
and (Q? cos(38)) = qg(ﬂ3 cos(3y)) (where gy = A%ZR2) can
be used to calculate the 8 and y collective shape parame-
ters from the shape invariants, assuming (B8) ~ /(82) and
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TABLE IV. (Q?) quadrupole shape invariants for the Offz and 2] states in ®*Zn, calculated using experimental and theoretical values of E2
matrix elements. All products of matrix elements contributing to the final values of (Q?) are listed. The invariants are formed by summing all
products of matrix elements and then multiplying the sum by a spin factor, equal to 1 for the 07, states, and to 1/5 in the case of the 2 state

[see Eq. (1)].

Contribution to

Component (Q?) [e*b?]

State E2 x E2 Experiment SM-1 SM-II SM-III BMF
(01T 1E2]12: ) (2171 E2110,T) 0.14 0.14 0.094 0.14 0.24

(01T 11E2]12,1) (2,1 E2110:T) 2.3 x 1073 3.9x 107 4.7 x 1073 53 %1073 1.0 x 107*

0t (01T 1E2]125%) (25| E2]10,T) 4.2 x 1073 7.7 x 1073 1.2 x 1074 8.3 x 1073 6.1 x 1074
(0% 0.143(8) 0.15 0.098 0.15 0.24
(B) 0.224(6) 0.23 0.19 0.23 0.30
(21T11E2]10, )0, F||E2][2,T) 0.14 0.14 0.094 0.14 0.24
(21T11E2]10,1) (0,1 |E2](12,T) 4.8 x 1073 1.8 x 1073 2.7 %1073 3.4 %1073 0.028
(21T1IE2]12, 1) (21 |E2](12,T) 0.28 0.11 0.088 0.093 0.36

(21 TE2]1251) (231 |E2][12,T) 7.0 x 1074 3.2x 1073 3.2x 1073 2.4 %1073 9.5%x 1073
2" T E2|| 4 M) (4 1 |E2](12,T) 0.12 0.013 3.0 x 1073 0.016 0.62
(21T |E2|14:, ) (42T | E2112,T) 0.31 0.13 0.28 0.042

2 1IE2[14: %) (4511 1E2(12,F) 73 x 1073 0.021 6.9 x 1073 1.5x 1073

M E2(13:%) 3 IIE2]12, ) 1.7 x 1073 6.6 x 1073 8.9 x 1073 4.9 x 1074

(21 1E2]12:0) (21T E2112,T) 0.10 0.090 0.032 0.09 1.5x 1073
(0% 0.13(3) 0.14 0.077 0.13 0.26
(B) 0.21(3) 0.22 0.16 0.21 0.30
(02T1E2]12: 1) (2, 1| |E2]]0,T) 4.8 x 1073 1.8 x 1073 2.7 %1073 3.4 %1073 0.028
0, (02T1E2]12,1) (2,1 ||E2]]027T) 2.6 x 1073 2.1 x107* 23 %1073 4.8 x 1073 0.023
(0% 7.4(19) x 1073 2.0 x 1073 5.0 x 1073 8.2 x 1073 0.054
(B) 0.051(7) 0.026 0.042 0.054 0.14

(B3 cos(3y)) & (B2)3?(cos(3y)) [65,66]. A detailed descrip-
tion of the quadrupole sum rules method can be found in
Refs. [16,18,65-68].

The present experiment yielded a set of £2 matrix elements
sufficient to determine the (Q?) and (Q> cos(368)) quadrupole
shape invariants for the ground state (Tables IV and V).
Although the (2,%||E2[|2,") and (23%||E2||23") diagonal
matrix elements could not be determined, their contribution
was found to be negligible, as they enter the sum multiplied
by the (0;1||E2||2,™) and (0;"||E2||23") matrix elements,
respectively, which are small in ®Zn. Similarly, the effect of
the unknown sign of the (0;%||E2[|2,") matrix element is
negligible due to its small absolute value. In agreement with
the existing systematics [69], the (03 cos(38)) invariant for
the ground state is dominated by the following triple product:

(O 1IE211207) 20 F1E21121) (21 FIE2110: ).

The obtained values of (Q?) and (Q> cos(38)) indicate a mod-
erate triaxial-oblate deformation of the ®*Zn ground state.
The overall deformation of the first excited 2, state was
also extracted, as shown in Table IV, and found to be close to
the value obtained for the ground state in %7n. Here, however,
more matrix elements are missing (namely (2;%||E2||4,T),
(21TIE2(143T), (21 T1IE2]|3:T)) and, therefore, the extracted

value should be considered a lower limit of the overall
deformation parameter. In particular, the theoretical calcula-
tions consistently indicate an important contribution of the
(2, 7||E2||4,T) matrix element to the (Q?) invariant. The con-
tribution of higher lying states to the quadrupole invariants
for the 01 and 2;* states can be considered negligible with
respect to those listed in Tables IV and V, as no other strong
E?2 decays feeding the states of interest are reported in the
literature. This is further supported by the fact that in the theo-
retical calculations the contributions of the products involving
the 247, 3,7, and 45 states are at the level, at most, of a few
percent of the total (Q?) invariant.

The overall deformation of the 0, state could be deter-
mined from the (0,7||E2||2,") and (0,™||E2||2;") matrix
elements extracted in the present analysis. The obtained (Q?)
value indicates a much smaller deformation of the 0,™ state
with respect to the ground state. It should be noted that, apart
from the above-mentioned state at 3883 keV with a tentative
spin assignment 2%, no other higher lying 2" states are known
to decay to the 0,*. However, a contribution from them to
the (Q?) invariant cannot be firmly excluded from the present
experiment. Therefore, the value here deduced should again
be considered to be a lower limit.

The level of mixing between the 0;" and 0, states can
be extracted in the framework of the phenomenological two-
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TABLE V. (0,7|Q? cos(38)|0,") quadrupole shape invariant calculated using experimental and theoretical values of £2 matrix elements
in ®7Zn. All triple products of matrix elements contributing to (0, 7|Q? cos(38)|0,™) are listed. The invariant is formed by summing all triple
products and then multiplying the sum by a spin factor of —0.837 [see Eq. (2)]. An additional factor of two is applied to the products
of three transitional matrix elements, as they can be formed in two possible ways (e.g., (0;7[|E2]12; ) (2, |E2]12,1)(2,T||E2[]0; ) and
(01 1IE2112,) (22T |E2112:) (21T IE2110: ).

Contribution to

Component (@3 cos(38)) [e’b’]
State E2 x E2 x E2 Experiment SM-I SM-II SM-III BMF
O 1E2112:) 20 IIE2112:H) (20 [1E2110,F) 40.045 ~0.042 ~0.017 ~0.041 ~0.029
O IIE211225) 2 [IE2112.F) (22T IE21100) —7.0x 100 +1.1x 10% +7.8x 107*  +14x 1073 +24x 1075
(0, T[IE21125T) (25T |E2]1257) (251 E2]|0; ) +1.2 x 1073 —2.1x 1073 —1.7x 1073 —12x 1073 —8.8x 107
(0, HIE2112: T (20T IE2112,T) (2,11 E2]10, ) +9.3 x 10~ +5.0 x 1073 +0.012 +8.2x 1073 +3.4x 1073
0F (O TIE2120H) 20 IE2112: D) 25T [IE2110,F) —6.6x 1074 =37 x 1073 —34x10* —17x107° —1.1x 1073
(0, H1E2112, 7Y (2, 1E2]125 1) (251 E2]10, ) —2.7 x 107 —2.6x107* —6.5 x 107 +5.6 x 10~ +4.4 x107?
(@3 cos(38)) —0.039(14) +0.036 +3.4x 1073 +0.023 +0.020
(cos(36)) —-0.7(3) +0.6 +0.1 +0.4 +0.2
(y) 44(8)° 17° 28° 220 27°

state mixing model (see Ref. [70] and the references therein).
Assuming that the observed physical states can be expressed
as linear combinations of two pure structures, their mixing
is quantified by an angle, 6y. Following the procedure of
Ref. [68], by combining the p*(E0;0," — 0,7) value with
the deformation parameters for the 0; " and 0, states deduced
in the present work, cos?(6y) = 0.968(14) was determined,
indicating almost pure configurations of the wave functions
of the discussed two 0T states. Although the y deformation
parameter could not be extracted for the 0, state, the effect
of the nonaxial degree of freedom on the cos?(6y) value was
found to be negligible within the experimental uncertainties,
because the overall deformation of the 0," state is small
compared to that of the 0; " state

The deformation parameters Q and § extracted using the
sum rules method represent the mean value of the nuclear
deformation in a given state. Higher order shape invariants
would have to be considered in order to estimate possible
shape dispersions. In the present experiment, the set of ex-
tracted matrix elements is insufficient to make such analysis
for any of the observed states. Therefore, it should be kept in
mind that the reported (8) and (y) values should not be inter-
preted as measures of a static deformation, and the nuclear
wave functions may exhibit large fluctuations around these
mean values, as discussed in Refs. [68,71].

B. Beyond-mean-field calculations

The intrinsic shapes of the low-lying states in %Zn
were further interpreted in the framework of microscopic
calculations performed in a self-consistent beyond mean-
field theory. The symmetry-conserving configuration mixing
(SCCM) method [72] was applied using the Gogny DIS
interaction [73]. Within this method, the intrinsic states
are described as Hartree-Fock-Bogoliubov (HFB)-like wave
functions obtained self-consistently through particle-number
variation after projection (PN-VAP) [74]. The wave functions

are expressed as linear combinations of particle number and
angular momentum projected mean-field states, with the coef-
ficients calculated following the generator coordinate method
(GCM) [75].

The PN-VAP energies defined in the (5;, ) plane for each
of the stable Zn isotopes are shown in Fig. 8. The importance
of the triaxial degree of freedom is apparent in all the isotopes,
and it is even more evident after projecting the HFB states
onto angular momentum J = 0, as shown in Fig. 9 for ®Zn.
As seen in this figure, the ground state is characterized by a
triaxial shape with a finite dispersion around y = 30°.

The calculated level scheme agrees well with the exper-
imental one, as shown in Fig. 10. By including the shape

O¢ 60

40
3(3\ (deg)
l14
12

0 0.2 0.4 0.4

06 60

06 60 4

30\(deg) % \\36\ (deg) MeV

By -

FIG. 8. Potential energy surfaces for stable Zn isotopes result-
ing from deformation-constrained Hartree-Fock calculations with
the particle number projection method (PN-VAP) and Gogny D1S
interaction.
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FIG. 9. Same as Fig. 8 for %Zn after projecting onto angular
momentum J = 0. A triaxial shape with a finite dispersion charac-
terize the isotope and a second prolate minimum results from the
calculation.

mixing in the calculations, it is possible to describe the in-
trinsic shape of each state through collective wave functions
(CWF) obtained within the SCCM framework, which repre-
sent the weights of (8,, y) deformation for each considered
state. States with similar CWFs can then be grouped into
bands, as proposed in Fig. 11. Two excited O states are
predicted at 2181 and 2989 keV: The first one is a bandhead of
a structure that has a slightly more oblate shape with respect
to those built on the ground state and on the 2, state (that re-
sembles the bandhead of a y band related to nonaxial rotation)
and is characterized by a finite dispersion in the 8, parameter
toward the zero deformation. In contrast, a well-deformed
prolate structure is predicted on top of the 03" state. The
mixing of structures built on 0,1 and 05 states is evidenced
by the CWFs for the 2;* and 24 states.

A set of reduced E2 and M1 electromagnetic matrix
elements was extracted within the BMF framework. The re-
sulting B(E2), B(M1), and Q; values are compared to the
experimental findings in Table II. The calculated B(E2) val-
ues are generally larger than the experimental ones, with
the exception of those related to the 23 state. An enhanced
quadrupole collectivity with respect to the experimental data
is, therefore, predicted. In particular, the calculated By, =
1.47 ratio is close to the value for a rigid axially symmetric
rotor (equal to 1.43), while the experimental B(E?2) values
obtained in the present work yield B4/, = 0.46(7). This large
value of B(E2;4f — 2{) could potentially be reduced by
the inclusion of time-reversal symmetry-breaking terms in the
SCCM method that would produce a larger mismatch between
the K components of the two states involved in this transition
[76]. However, the computational cost of including cranking
states is prohibitive, making this development beyond the
scope of the present work [77]. In contrast, the B(M 1) values
are well reproduced, with an exception of the B(M1; 27—
2,%) underestimated by three orders of magnitude.

A negative sign of the Q,(2;") value is predicted, which
is in disagreement with the positive value determined in the
present measurement but in agreement with that of Ref. [60].
In addition, opposite signs of the Qy(2,") and Q,(4;™)
quadrupole moments are predicted. However, the large

dispersion of the CWFs around y = 30° suggests that the
signs of the spectroscopic quadrupole moments may not be
as useful to assess the deformation of ®Zn as they would be
in genuine axial cases. Figure 12 shows the Q(2;) calcu-
lated as a function of the (B, ) parameters. In the vicinity
of y =30°, the sign and magnitude of the spectroscopic
quadrupole moment varies rapidly, going from positive values
for y > 30° to negative ones for y < 30°. Due to its triaxial
character, the CWF for the 2, state is mostly localized within
the —20 e fm? < Q; < +20e fm? range, which is consistent
with the experimental value obtained in the present work.

Furthermore, the quadrupole sum rules method was ap-
plied to the calculated set of matrix elements in order
to extract the shape invariants following the same proce-
dures that were used for the experimental matrix elements
(see Tables IV and V). The BMF calculations confirm
that the (Q?) and (Q3cos(38)) invariants for the ground
state are dominated by the (0,||E2[|2;T)(2;T||E2||0;T)
and (0;7||E2|12:T) (21 |E212:7) (21 T||E2]10;T) products,
respectively. The overall deformation predicted for the ground
state is larger than that deduced from the experiment, mainly
because the calculated B(E2;2;" — 0,") value exceeds the
experimental result. The (Q° cos(38)) invariant, however, in-
dicates considerable triaxiality of the 0,™ state, which is in
agreement with the information deduced from the CWFs maps
(Fig. 11).

The calculated B(E2) values for the 0, — 2, and
0,7 — 2,7 transitions are also larger than the experimental
findings. In addition, two 2% states at 3112 and 3441 keV
decaying to the 0," state are predicted, labeled in Figs. 10
and 11 as 237 and 247, respectively, with the computed
B(E2;237 — 0,7) =22 W.u. and B(E2;247 — 0,7) =11
W.u. values. Therefore, the predicted overall collectivity is
larger than the experimental one. The most plausible explana-
tion for this effect is the use of an interaction, Gogny D1S in
the present case, whose parameters were fitted to reproduce
experimental data without taking into account the angular
momentum projection. In general, the minima of angular
momentum projected energy surfaces are obtained at larger
deformations than the pure mean-field energy surfaces. Thus,
the SCCM calculations inherit this flaw and tend to predict
larger deformations than the experimental ones [78,79].

A p%(E0;0,% — 0,7) - 10° = 83 has been calculated with
the SCCM, which is more than one order of magnitude larger
than the experimental value found in this work [4.0(15)].
This result reflects the large overlap between the CWFs of
the 0], states visible in Fig. 11 and suggests a considerable
mixirfg between them, contrary to what was deduced from the
experimental data.

Additionally, SCCM calculations including axial
quadrupole and octupole degrees of freedom [80] were
performed in order to investigate the octupole collectivity
in %Zn. They yielded a value of B(E3;3;” — 0,7) =22
W.u., which is in agreement with the previous result from
electron scattering [20(3) W.u.] [57-59], but not with the
value obtained in the present study (2.8Jj(1):§ W.u.). Previous
GCM calculations with Gogny functionals predicted a
much lower value, consistent with the present experimental
result (2.4 W.a. [81]). However, unlike the present SCCM
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FIG. 10. Experimental level scheme of **Zn compared with those from BMF and SM calculations (see the text for details).

calculations, the previous ones did not take into account the
angular momentum projection of the energies and the full
interplay of quadrupole-octupole degrees of freedom. It was
demonstrated that including the latter led to a significant
increase of the B(E3;3;” — 0;7) value in *Zn [82].

0, 0, Q,
*Q 60 1163 “§ 80 2730 “Q 60 -

0,

(o] = 0 (]
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2080 2880 3112 %6Q0 3003 %00 4673 %920

0
-~ A
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FIG. 11. Collective wave functions for selected states in *°Zn,
obtained within the SCCM framework. The energy of each state (in
keV) is given on topleft of each CFW. The colored frames are used
to present the suggested band assignments.

Nevertheless, since the ground state of %Zn is triaxially
deformed, this puzzle will remain unsolved until full
triaxial quadrupole-octupole calculations can eventually
be performed.

C. Large-scale shell-model calculations

Prior to the present study, several large-scale shell-model
calculations were performed for %°Zn using various cores and
model spaces. In Refs. [37,38,83], the measured B(E?2) values
in %Zn were compared with shell-model predictions using
both 3°Ni and *’Ca inert cores. The authors concluded that
the role of the neutron 0Ogo/, orbital is particularly important
in the Zn isotopes and that further refinements in the effective
nucleon-nucleon interaction were required to better describe
their structure. However, the calculated B(E2) values were

0s 60 0s 60

Z ‘ 0 M.z
0 0.2 0.4 0.6 08 0 0.2 0.4 06 08 efm

Bo Bo

FIG. 12. (a) Spectroscopic quadrupole moment of the 2, state
calculated as a function of (8,, ) parameters within the BMF frame-
work. (b) Same as (a) but with the overlap of the CWF of the 2, state
shown in Fig. 11.
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reported only for the 27 — 0;+, 4,7 — 2;* and 2,* —
0,7 transitions. Since the present measurement yielded much
more information about transition probabilities between the
low-lying states in ®°Zn, new large-scale shell-model (SM)
calculations were performed, using various effective interac-
tions and considering different model spaces, in order to gain
a better insight into the structure of this nucleus:

(1) In the SM calculations referred to as SM-I, the JUN45
effective interaction [84] was used, which is suitable
for the model space f5;2pg9/2 for both protons and
neutrons, considering S6Ni as an inert core. The cal-
culations adopted effective charges from Ref. [85]
(e, = 1.8¢, e, = 0.8¢). The values ggeff') = 0.7g§free)
and ggeff') = g§free) were assumed as effective spin and
orbital g factors, taken from Ref. [84].

(2) In SM-II, a modified version of the Lenzi-Nowacki-
Poves-Sieja (LNPS) [86] effective interaction was
used, referred to as LNPSU in the following, which
has been extended towards N = 50 using a mapping
from the PFSDG-U interaction in order to properly
describe the particle-hole physics in the vicinity of
78Ni [87,88]. The model space is based on a “8Ca core
and comprises the pf shell for protons and the 1p3/,
1p12,0fs/2, 0892, and 1ds, orbitals for neutrons. The
effective charges from Ref. [89] were adopted (e, =
1.31e, e, = 0.46¢), whereas the assumed effective g
factors follow the standard prescription of Ref. [90],
ie., g = 0.75g(fr*®) and ggeff') =-0.1, ggeff') =1.1
for neutrons and protons, respectively.

(3) The SM-III calculations were performed considering
a “°Ni inert core and the model space fs /2Pgo> for
both protons and neutrons, as in the case of SM-I. The
two-body matrix elements of the effective Hamiltonian
were derived, within the framework of many-body
perturbation theory, from the high-precision CD-Bonn
NN potential [91] renormalized by means of the Vigy—x
approach [92], with the addition of the Coulomb
term for the proton-proton interaction. More precisely,
the O box folded-diagram approach was employed
(Ref. [93] and references therein), including one- and
two-body diagrams up to the third order in the interac-
tion in the perturbative diagrammatic expansion of the
0 box. The single-neutron and single-proton energies
were taken, where possible, from the experimental en-
ergy spectra of >’Ni [26] and >’Cu [26], respectively,
in order to take into account implicitly the effects of
three-body forces on the single-particle energies. The
energy of the proton 0gg/», which is not available, was
chosen to be the same as that of the neutron one, and
it has been verified that a small variation of its value
does not significantly affect the results for Zn isotopes.
It is worth mentioning, however, that within SM-IIT
the experimental excitation energy of the 9/2% state at
604 keV in ®’Zn is underestimated by about 250 keV,
which may be due to deficient monopole components
of the two-body Hamiltonian (note that also JUN45,
which includes monopole corrections and mass de-
pendence of the TBME accounting for many-body

correlations, underestimates the 9/2% energy in 577n,
but only by ~150 keV [84]). The effective E2 and
M1 operators were calculated within the same frame-
work of the shell-model Hamiltonian, by employing
the Suzuki-Okamoto formalism [94]. Further details
of this procedure, as well as the proton and neutron
matrix elements of the effective M1 operator, can be
found in Ref. [95]. The effective charges for the E2
operator are also state dependent and range from 1.8
to 1.3e for protons and from 1.4 to 0.8e for neutrons.

The SM-I and SM-II calculations were performed using
the ANTOINE shell-model code [96,97], while for the SM-III
calculations the KSHELL shell-model code [98] was used.

As shown in Fig. 10, the level energies calculated with SM-
I are in good agreement with the experimental values, with
typical differences below 100 keV. Only for the 0, state the
calculations overestimate the experimental energy by about
200 keV. In this context, it is worth mentioning that a sudden
increase of the 0, energy at N = 36 with respect to the
neighboring isotopes has also been predicted by similar SM
calculations for the Ge isotopes (JUN45 effective interaction
and *°Ni core [84]) and has been explained as a result of a
delicate balance between the N = 40 single-particle energy
gap and collective effects [84]. The principal component of
the wave functions for the low-lying states resulting from
SM-Lis v(0f5),1p53,,) ® w1p3 5, except for the 2,7, 3,7, and
4," states for which the 1p; /2 neutron orbital becomes more
important. The neutron Ogy/, orbital is particularly relevant
for the 0, state, with a calculated occupancy of 1.8 neutrons.

Similar to SM-I, the SM-II calculated level energies re-
produce the experimental values well, except for those of
the 0,7, 25T, 4,7, and 4,7 states, which are underestimated
by about 300 keV. The increased density of states stems
from the extension of the model space with respect to SM-I
and SM-IIL. In the calculations, the low-lying states have a
dominant v(0f3),1p3,,) ® (0f7,1p3,) configuration, with
contributions of the 1p; /, orbital in the 2,* and 3, * states, and
0f5)2 in the 4,7 state. The Ogo/» neutron orbital significantly
contributes to the 0,7 state: Similar to the SM-I calculations,
an occupancy of 1.5 particles is predicted, in addition to an
excitation from the 0 f7,, proton orbital to the Ofs,>. The neu-
tron 1ds;, orbital (which is the quadrupole partner of 0gy/,)
appears to be not relevant for the structure of low-lying levels
in ®Zn, with a calculated occupancy of 0.02—0.1 particles.

The experimental excitation energy spectrum is reasonably
well reproduced also by SM-III. All the calculated level en-
ergies differ by less than 120 keV from the corresponding
experimental values. The only exception is the 2;% state,
whose energy is underestimated by about 500 keV. However,
as shown in Fig. 10, a fourth 2% state is predicted, with
an energy close to that of the experimental 23" state. In
contrast to SM-I and SM-II, the main component of all the
low-lying states is v(0f52/21 p‘3‘ 1 p% p)®ml p% /2> except for
the 4,% and 3, states, which, instead, are dominated by the
v(0f3,1p321p1 ) ® 1p3, configuration. The occupancy
of the Ogg/» neutron orbital is 0.3-0.8 for all the states. In
contrast with SM-I and SM-II, this is valid also for the 05"
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state, for which the occupation of the Ogg/» neutron orbital is
0.8.

The comparison of the experimental B(¥,1) and Q; values
obtained in this work with those resulting from the calcula-
tions is presented in Table II. The known B(E2;2;" — 0;1)
value is well reproduced by the theoretical predictions with
the exception of SM-II that slightly underestimates this tran-
sition probability. None of the SM calculations reproduce the
two features of ®Zn typically related to enhanced triaxial-
ity, namely the enhancement of the B(E2;2,T — 2,™) value
with respect to B(E2;2," — 0;), or the strong hindrance of
the B(E2;2," — 0;") value. Much smaller transition prob-
abilities for the 0,7 — 2,™ and 0, — 2, transitions are
obtained within the SM calculations than with the BMF ap-
proach, in reasonable agreement with the experimental values.
The By, ratio is predicted to be less than 1 by all SM
calculations; however, the calculated B(E2;4,T — 2,*) val-
ues are larger than the calculated B(E2; 4,7 — 2;™) values,
suggesting that the 4, and 4," states may be inverted in
the calculations with respect to the experimental data. This
suggestion is further supported by the comparison of the ex-
perimental and calculated spectroscopic quadrupole moments.
In fact, the experimental results and BMF calculations show
that Q;(4;%) and Q,(2;") have the same signs, while in all
SM calculations it is the second 4" state that has the same
Q, sign as the 2, state (note that SM-III predicts the same
sign for both the 4?2 states). This inversion could be due to
inaccuracies of the monopole component of the SM Hamilto-
nian in describing the evolution of the single-particle levels,
in particular that of the 0gg, orbital.

Similar to the BMF approach, all the SM calculations pre-
dict a negative sign of the Q,(2;"), in contrast to the present
experimental result. Furthermore, the signs of the experimen-
tal O, values of the first two 2% states are reversed with
respect to all the theoretical predictions. A similar inversion
is observed for the Qy of the 4,% state (tentatively identified
as the experimental 4;" state). Contrary to the BMF calcu-
lations, the magnitude of the Q(2;") is reproduced well by
the SM calculations, with a slight underestimation observed
for SM-IL. Since the calculated Q,(2,") has an opposite sign
with respect to Q;(2, "), in addition to the fact that Qy(3,) is
predicted to be close to zero and the B(E2;3;T — 2,7) to be
large (see Table II), the 2, state in the SM calculations can
be interpreted as the bandhead of a y band, in agreement with
the conclusions from the analysis of the CWFs in the BMF
calculations.

The excitation energies, transition probabilities and
quadrupole moments that were obtained with SM-I and
SM-III, which assume the same inert core and model space,
are rather similar. Even though the wave functions resulting
from the two calculations show different configuration mix-
ing, these results indicate that consistent renormalizations are
induced in the Hamiltonian and the bare one-body operators
by the perturbative approach within SM-III.

Typically, E3 transitions that are measurable in Coulomb-
excitation experiments are related to collective excitations
and, consequently, reproducing them lies beyond the range of
shell-model spaces that are available. Hence, both excitation
energies of negative-parity states and transition probabilities
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FIG. 13. Deformation parameters 8 (a) and y (b) of the 0, and
0,% states (green and red, respectively) calculated with SM-III as a
function of the number of considered 2* states. For the y parameter
of the 0," state, the calculations give unphysical cos(38) > 1 values
if only one or two 27 states are considered.

involving those were not expected to be well reproduced by
any of the SM calculations presented here. While they indeed
predict the 3, state to be about 1 MeV higher in energy
than observed, it is interesting to note that the B(E3;3|” —
0;7) = 5.0 W.u. calculated with SM-I is in reasonable agree-
ment with the experimental value obtained in the present
work.

The quadrupole sum rules method was applied to the
theoretical sets of matrix elements, as reported in Ta-
bles IV and V. For all the SM calculations, the deduced
(0% and (Q°cos(38)) invariants for the ground state are
strongly dominated by the (0,||E2[|2;T)(2;T||E2||0;T)
and (0;7||E2|12: 7Y (21 |E212:7) (21 T||E2]10;F) products,
respectively, as it was observed for the invariants resulting
from the BMF calculations and the experimental results. An
enhanced nonaxiality in the ground state of %Zn is also
predicted within the SM calculations, providing a possible
explanation for the observed disagreement in the sign of the
spectroscopic quadrupole moments, as has been discussed for
the BMF calculations. However, a more prolate centroid is
predicted with respect to the experimental result by SM-I and
SM-III, i.e., considering the °Ni core. Regarding the 0,%
state, a much smaller deformation is predicted by the SM
calculations with respect to the BMF approach when only
the first two 2% states are considered. However, an analysis
performed with SM-IIT showed that when more 27" states are
taken into account in the quadrupole sum rules analysis, the
deformation of this state becomes closer to that of the ground
state (see Fig. 13). This could indicate a scenario similar to
what was recently found for 2Ge, where shape coexistence
between triaxial and spherical structures was initially sug-
gested [99]. Later, however, the observation of additional 2"
states decaying to the 0," state led to the conclusion that
while two coexisting structures are indeed present in the *Ge
nucleus, they are both characterized by deformed nonaxial
shapes [100]. It should be noted that while the present cal-
culations show that matrix elements involving several higher
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FIG. 14. The B and y deformation parameters (red dots) calculated for 0% states in ®Zn with JUN45 (top) and LNPSU (bottom)

interactions. The gray areas illustrate the variance of these parameters.

lying 27 states are necessary to obtain deformation parameters
for the 0," state in %°Zn, this cannot be generalized to all
nuclei, as, for example, in Refs. [66,68] it was demonstrated
that the E2 strength related to the 0, states in '’Mo and
#2Ca, respectively, was practically exhausted by transitions to
the first three 27 states.

Finally, the § and y deformation parameters were calcu-
lated within the framework of the configuration-interaction
shell-model [71]. This novel method was developed to accu-
rately calculate higher order quadrupole invariants related to
the fluctuations of the intrinsic deformation parameters. The
advantage of this approach is that the expectation values of
these invariants can be calculated using the projected Lanczos
strength function method, naturally incorporated in the shell-
model codes. The values of the deformation parameters and
their fluctuations calculated using the ANTOINE shell-model
code [96,97] for SM-I and SM-II are presented in Fig. 14.
The calculations with both the JUN45 and LNPSU effec-
tive interactions predict large fluctuations of the deformation
parameters, with the latter systematically resulting in more
nonaxial shapes for the first three 01 states. With both inter-
actions, a similar deformation of the 0,™ state with respect
to the ground state is predicted, in agreement with the results
obtained with SM-III (see Fig. 13).

V. SUMMARY

Electromagnetic properties of low-lying states in %Zn
were investigated using the Coulomb-excitation method at
the INFN Legnaro National Laboratories. The experiment
used, for the first time, the newly installed and commis-
sioned SPIDER charged-particle array, in combination with
the GALILEO y-ray spectrometer. A set of reduced E2, E3,
and M1 matrix elements was extracted from the collected
data using the GOSIA code, allowing for the determination

of 12 reduced transition probabilities and the spectroscopic
quadrupole moment of the first excited 2% state. In addition,
the upper and lower limits for the B(E2;2;% — 4;™) value
as well as the signs of the Q;(4;"), O,(2,") spectroscopic
quadrupole moments were determined.

The obtained spectroscopic data are in general agreement
with previous measurements as well as with the systematic
trends in the Zn isotopic chain. Furthermore, when more
than one value was available in the literature, the achieved
experimental precision allowed us to discriminate between the
discrepant results.

The previously unknown reduced transition probabilities
for the transitions de-exciting the 0,™ state have been ex-
tracted. Consequently, the deduced lifetime of this state led
to the first determination of the p*(E0;0,™ — 0;) value.
Furthermore, the B(E3;3;” — 0;") value has been deter-
mined for the first time in a Coulomb-excitation measurement,
suggesting that octupole collectivity in ®*Zn may not be as
enhanced as previously thought. Thanks to the sensitivity of
the present experiment to the relative signs of several key E2
matrix elements, it was possible to apply the quadrupole sum
rules method in order to study the shape of the ground state
and the 0, state. Following these results, the obtained de-
formation parameters combined with the p?(E0;0,™ — 0;T)
value provided a measure of the mixing between the two 0
states within the two-level mixing model.

The obtained experimental results indicate a complex
structure of the low-lying states of ®°Zn, which cannot be
consistently interpreted within the framework of simple col-
lective models. Consequently, extensive beyond-mean-field
and large-scale shell-model calculations with a variety of
model spaces and interactions were performed. All the cal-
culations reproduce reasonably well the excitation energies
of the low-lying states in %°Zn. The BMF calculations glob-
ally reproduce its electromagnetic properties, even though the
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quadrupole and octupole collectivity appear to be overesti-
mated. The main conclusion from the comparison of different
SM calculations, carried out using various model spaces
with different interactions and effective charges, is that the
f5/2P89/> model space seems to be sufficient to describe the
structure of ®Zn at low excitation energy, even though the
ds; and f7,, orbitals are expected to be required to properly
describe heavier Zn isotopes and the development of larger
quadrupole collectivity. The overall reproduction of experi-
mental data by SM calculations is satisfactory, with important
similarities observed between the SM-I and SM-III results,
which use the same model space. In particular, all three cal-
culations predict a similar deformation of the 0, state with
respect to the ground state. They fail, however, to reproduce
some of the %°Zn properties, such as the ordering of the first
two 4% states and the E2 transition rates from the second
2% state, which points out to specific shortcomings in the
employed effective interactions.

The importance of the triaxial degree of freedom emerges
from the experimental and theoretical results (BMF and LNPS
calculations in particular), with the latter indicating that most
of the low-lying states in %°Zn exhibit rather diffuse shapes.
This provides a possible explanation of the disagreement be-
tween the experimental sign of Q,(2;") and the theoretical
predictions, relating it to large fluctuations of wave functions
around y & 30°. This analysis demonstrates once again that,
for nuclei exhibiting significant nonaxiality, going beyond a
simple comparison of spectroscopic quadrupole moments by
means of the quadrupole sum rules method is more conclu-
sive, in agreement with the recent results on 768e [101].

The present results indicate a spherical character of the 0,
state and its weak connection to other low-lying states. How-
ever, beyond-mean-field and shell-model calculations predict
for this state a deformation similar to that of the ground state,
related to non-negligible E2 transitions to higher lying 2%
states. In this context, further experimental studies aiming at
identification of 2 states that would decay to the first excited
O+62tate are necessary to firmly establish the coexisting shapes
in *°Zn.
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