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The first experiment using radioactive beams post-accelerated by the HIE-ISOLDE facility has enabled to
obtain a precise set of B(E2) transition probabilities in neutron-rich "*75Zn isotopes. The resulting B(E2;
27 — 07) values are consistent with those determined in earlier REX-ISOLDE measurements. While the B(E2;
4 — 27) transition probability in "*Zn is also in agreement with earlier Coulomb-excitation results, the value
obtained for 7Zn is considerably lower. For the first time, a spectroscopic quadrupole moment of the 27 state
was measured for an exotic nucleus in this mass region. A detailed comparison is presented with large-scale
shell-model and Monte Carlo shell-model calculations.
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I. INTRODUCTION

The region around the doubly magic nucleus "®Ni, with
the Z = 28 and N = 50 shell closures, is particularly interest-
ing for testing the validity of contemporary nuclear models
and for unraveling new aspects of the interactions used in
these models (see, e.g., Refs. [1-5]). In particular, the evo-
lution of single-particle and collective phenomena between
the harmonic oscillator shell closures at N = 40 and the spin-
orbit shell closure at N = 50 challenges our understanding of
nuclear structure [6]. In this region the transition from the har-
monic oscillator to the spin-orbit shell closure is manifested
and the neutron gy, orbital plays a crucial role in this process
[1-7].

Recently, large-scale shell-model calculations predicted
the appearance of shape coexistence in "®Ni and its link to
a new island of inversion around 7*Cr [8], similar to that
observed around ®Cr [9]. The shell evolution [6,10] and the
shape coexistence driven by type-II shell evolution [5,7] have
been experimentally identified in the Ni and Cu isotopes as
consequences of the varying occupation of the neutron gg/»
orbital, not only in lighter isotopes [11-20] but also in heavier
Cu isotopes towards N = 50 [21,22]. In fact, the data for the
lowest states of 77-7Cu seem to suggest that their neutron shell
structure is dominated by the filling scheme with the closed
pf shell and valence neutrons in the go/, orbital. Even though
some evidence of core excitations has been observed in the
region [23], to first order the f7,, orbital in the proton shell
is almost fully occupied, and the proton p3,, and f5,, orbitals
are nearly degenerate due to the shell evolution, favoring the
development of collectivity. The shapes of the nuclei with
N = 4648 are sensitive to this scenario, and experimental
data related to them help us to understand the structure evolu-
tion up to "8Ni.

Low-lying states of 78Nji, observed in Ref. [24], were inter-
preted as belonging to two distinct configurations, a spherical
and a deformed one, in accordance with the results of conven-
tional large-scale shell-model and Monte Carlo shell-model
calculations [24]. However, the progression towards the most
exotic systems around ®Ni demands detailed measurements
to reveal their structures, probe the reliability of theoretical
calculations and provide a more robust basis to extrapolate
to the yet unexplored region. The collectivity of the Zn iso-
topes with N = 46-48 is expected to appear more distinctly.
Moreover, contrary to the more exotic nuclei, they offer the
possibility to measure electromagnetic properties of excited
states, such as transition probabilities and quadrupole mo-
ments, with good precision.

In this paper we present the results on the electromagnetic
structure of "*76Zn obtained using low-energy Coulomb ex-
citation in the first experiment performed at HIE-ISOLDE.
Section II summarizes recent experimental results on heavy
Zn nuclei. In Sec. III the experimental setup is introduced,
and the properties of the beams used in the experiment are
discussed. The data analysis and the extraction of electromag-
netic matrix elements using the GOSIA code are presented in
Sec. IV. The experimental results are compared with those
obtained in previous measurements, as well as with the theo-
retical predictions, in Sec. V.

II. RECENT EXPERIMENTAL RESULTS
ON HEAVY Zn NUCLEI

The fragility of the N = 40 subshell gap is reflected by the
developing collectivity in the neutron-rich Zn isotopes. Unlike
in the Ni isotopic chain, where a sharp peak in the 2 energy is
observed for the N = 40 %Ni, the 2| level in the Z = 30 Zn
nuclei slowly decreases in energy from 1077 keV at N = 38
to the minimum of 599 keV at 7°Zn, see Fig. 1. The sudden
increase of the 2] energy observed for 807n [30] is consistent
with a strong shell closure at N = 50. This is further supported
by the energy of the 4 state in this nucleus, recently identified
using proton knockout [27], corresponding to a sharp decrease
of the E(4])/E(2]) ratio, Raj, to a value of 1.31(2), far
from what is expected for collective nuclei. The systematics of
low-lying states in even-even Zn has recently been extended
beyond N = 50, with the 2] and 4] states in 82.8471 identified
using in-beam y-ray spectroscopy following proton knockout
[28], and the measured excitation energies show that collectiv-
ity sets in rapidly when moving from N = 50 towards heavier
nuclei in the Zn isotopic chain.

The R4/, are remarkably constant for all Zn isotopes from
%7n to 84Zn, with the above-mentioned exception of 3°Zn.
Their values fall in between those predicted by two simple
collective models: R4/, = 2 for spherical vibrators and 2.5 for
y-soft nuclei (Wilets-Jean model [31]). Indeed, the 05, 25, 4]
states at roughly twice the energy of the ZT state are observed
in ®Zn and "Zn, see Fig. 1. However, the 05 state in ®7°Zn
appears much lower in energy, closer to the 2T state than to
47 It seems, in fact, that the energy of the 05 states in the
66.68.70.72.74 71 nuclei follows a parabolic trend as a function of
neutron number between two closed shells at N = 28 and 50,
characteristic for intruder configurations. This interpretation
is consistent with the results of multistep Coulomb-excitation
studies of %©%8Zn [32-34] that show weak coupling of the
05 states to those below, and suggest that their structure may
be influenced by the excitation to the v1gy/,, in contrast to
other low-lying states in these isotopes. Consequently, it is
more likely that the 0 states in Zn isotopes result from
multiparticle-multihole excitations rather than being members
of vibrational triplets. Removing the O;” states from consider-
ation, the positions of the 4T and 2; states in all Zn isotopes
from %Zn to 7Zn are approximately consistent with what is
expected for y-soft nuclei. The recent identification of col-
lective states built on the 0F and 2; band heads in 7*Zn [29]
further supports the role of the triaxial degree of freedom and
configuration coexistence in the heavy Zn nuclei.

While excitation energies of low-lying excited states pro-
vide general information about the evolution of collectivity
in an isotopic chain, more insight can be gained from mea-
suring the transition probabilities and static electromagnetic
moments. The systematics of g factors of the 2 states in even-
even Zn isotopes has recently been extended to ">Zn [35,36].
The values for 72Zn [25,36] fall along the g = Z/A line, as
expected for collective nuclei. In particular, no indication of a
structural change is observed for N = 40 7°Zn.

The transition probabilities between low-lying states
of most stable Zn isotopes are reasonably well known
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FIG. 1. Systematics of 2}, 41, 2, and 0] states and B(E2; 2] — 07) values in even-even Zn isotopes from *Zn (N = 36) to #Zn
(N = 54). Widths and labels of the arrows represent the measured B(E2; 2] — 07) values, taken from ENSDF [25], with the exception of
the values for 7*78Zn taken from Ref. [26], and expressed in Weisskopf units. Level energies, taken from ENSDF [25] and Refs. [27-29], are
given in keV, and their uncertainties are plotted if they are larger than line width.

from multiple lifetime and Coulomb-excitation studies. The
same experimental techniques were applied to neutron-rich
Zn nuclei [26,27,30,37-44]. The B(E2; ZT — OT) tran-
sition probabilities in 7>7*Zn were measured using the
recoil-distance method [40-42], low-energy [26,30,44] and
intermediate-energy Coulomb excitation [37,38], and the
obtained results are in good agreement. The low-energy
Coulomb-excitation study [26,30] extended the B(E?2; ZT —
07) systematics in neutron-rich Zn isotopes to 88071, see
Fig. 1. Similar to what is observed for the ZT energies, no
effect of the N = 40 subshell closure is visible, while the
observed decrease of transition probabilities towards %°Zn is
consistent with the strong shell closure at N = 50, in agree-
ment with shell-model predictions using various model spaces
and interactions [26,30].

Important discrepancies, however, are present between
some of the B(E2; 4;’ — 2?) results obtained using different
methods. Direct lifetime measurements [41,42] yielded B(E2;
47 — 27) values in "»7*Zn that are consistently lower than
those obtained in the Coulomb-excitation studies [26,30,44],
with the difference of 30 observed for "#Zn. A similar dis-
agreement is observed between the B(E2; 4T — 2?’) values
in 7°Zn resulting from a Doppler-shift attenuation method
(DSAM) study following low-energy Coulomb excitation [39]
and the recoil-distance Doppler-shift (RDDS) measurements
[41,42]. The origin of the systematic discrepancy between
lifetime and Coulomb-excitation results is not understood and
prevents firm conclusions on the structure of neutron-rich
Zn nuclei. The present measurement was performed with the
goal of providing new data with increased precision on the
evolution of collectivity in the Zn isotopic chain.

III. EXPERIMENT

The radioactive "#7%Zn nuclei were produced via fission
induced by 1.4-GeV protons, accelerated by the PS-Booster at

CERN and impinging on a UC, primary target. The reaction
products diffused out of the heated target through a transfer
line to the resonant ionization laser ion source (RILIS) [45].
The laser ionization process is highly selective, however other
reaction products with a low ionization potential are surface
ionized when passing through the hot cavity of RILIS, which
led to the presence of isobaric gallium contaminants in the
beam. After extraction from the ion source, the 17 ions were
mass separated with the general purpose separator (GPS) prior
to being injected into the Penning trap (REXTRAP) [46] for
bunching and cooling. Subsequently, they were charge bred in
the electron beam ion source (REXEBIS) [47] in preparation
for post-acceleration. The charge-breeding time was 196 ms
for 7°Zn with a 22 charge state, while for "*Zn in the initial
stage of the measurement it was equal to 496 ms, and later
reduced to 96 ms with a change of the charge state from 25%
to 217,

The present experiment was the first to benefit from
the increased energy of post-accelerated beams at ISOLDE.
The previous post-acceleration system at ISOLDE, REX
LINAC, was able to deliver beams with energy up to 2.9
MeV /nucleon. In 2015, the first superconducting cryomod-
ule has been installed after the REX LINAC, increasing the
available beam energy to 4.3 MeV /nucleon [48,49]. A slightly
lower energy of 4.0 MeV /nucleon was used in the present
experiment in order to maximize the excitation cross sec-
tion, integrated over the scattering angles covered by the
particle detector, for events corresponding to “safe” Coulomb
excitation. In order to select the “safe” Coulomb-excitation
events, the separation between the nuclear surfaces was re-
quired to be larger than 5 fm at the distance of the closest
approach, as postulated by Ref. [50]. This condition assures
that the influence of nuclear interactions on the observed
population of excited states is negligible and consequently
the well-established Coulomb-excitation theory can be used
to relate the measured cross sections to electromagnetic
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matrix elements. In order to enhance the differences between
single- and multistep Coulomb excitation, measurements at
2.85 MeV /nucleon were performed as well.

The beam energies were determined using a Si detector
that measured the energies of scattered beam particles, as
described in detail in Ref. [51]. An upper limit of 0.7%
was obtained for the full width at half-maximum (FWHM)
relative to the centroid energy of the beam, which, for the
4.0 MeV /nucleon beams, translates into an uncertainty of 2
MeV on the incident beam energy of 296 MeV (for "4Zn) and
304 MeV (for °Zn).

The y rays depopulating Coulomb-excited states were
detected in eight triple clusters of the Miniball array [52],
working in coincidence with an annular, compact-disk (CD)
shaped, double-sided silicon strip detector (DSSSD) [53]
placed 23 mm downstream of the target and used for detection
of scattered Zn projectiles and recoiling target nuclei. Effi-
ciency calibration of Miniball was performed using standard
152Ey and '*Ba radioactive sources. The y-ray efficiency at
1.3 MeV was measured to be 7.7%. The DSSSD consists
of four identical quadrants, each of them subdivided into 24
radial sectors, coupled pairwise, and 16 annular strips. The
detector covered an angular range from 21° to 61° in the
laboratory frame, which corresponds in center of mass to
28.8°=79° for projectile detection in the DSSSD, and 79°—
138° for recoil detection. All events with the scattered Zn
nuclei detected in the DSSSD corresponded to the “safe”
Coulomb-excitation process. The same is true for those with
detection of target recoils at 2.85 MeV/nucleon beam en-
ergy, while at 4.0 MeV /nucleon the maximum center-of-mass
scattering angle satisfying the criterion for “safe” Coulomb
excitation [50] equals 116° and 109° for 747Zn and "°Zn,
respectively. Consequently, events corresponding to the detec-
tion of recoils at laboratory angles lower than 32.5° for "4Zn
(35.5° for "°Zn), i.e., in the three (four) innermost rings of the
DSSSD, were excluded from the analysis.

Coulomb excitation of "*7°Zn was induced by two dif-
ferent targets: '°°Pt of 2.0 mg/cm? thickness and 2°*Pb,
4.0 mg/cm? thick. The first one enabled the normalization
of the measured Coulomb-excitation cross sections to the
observed excitation of the °°Pt nuclei, in order to provide an
independent measurement of the B(E2; 2] — 07) transition
probabilities. In contrast, the population of excited states in
208ph was negligible under the present experimental condi-
tions, and as a consequence possible y-ray peaks due to the
decay of states in "*°Zn other than 2, and 4] would not be
obscured by y rays originating from the target nuclei. The
total y-ray spectra for "*Zn and "°Zn impinging on the 2*®Pb
target are shown in Fig. 2. No transitions other than 2] — 0
and 4] — 2 were observed.

Figure 3 presents a comparison of y-ray spectra observed
for Coulomb excitation of the *Zn beam on the '*°Pt target
measured at two beam energies with the same experimen-
tal conditions. Although the duration of the data collection
with the 2.85 MeV/nucleon beam exceeded that for 4.0
MeV /nucleon by a factor of three, significantly higher statis-
tics were collected for the low-energy transitions in "*Ga (171
keV) and 'SPt (336 keV) only. The number of counts in

HGa PZn2— 0" (a)

>
210t

— K-X rays (Pb) —=

“(b)
76Ga

Counts / 4.0 keV

0 200 400 600 800

1000
y-ray energy [keV]

1200

FIG. 2. Total y-ray energy spectra for (a) "*Zn and (b) "*Zn
impinging on *®Pb at 4.0 MeV /nucleon, background-subtracted and
Doppler-corrected for the projectile. The “safe” energy criterion was
imposed on the selection of the events, see text for details.

the 2] — 0 transition in "*Zn (606 keV) is approximately
equal for both spectra, illustrating the important gain in cross
section for one-step Coulomb excitation of states at higher
excitation energy that has been obtained due to the increase
of beam energy. The gain is more evident for the two-step

> B 19675, ~+ . 74 TR
£1000~ Pt2"— 0 530 Zn4'—?2
2 B %50
8001 2
@ B § 10
=) L
2 600 © oE I TEn .
Q C 780 800 820 840
- "Ga y-ray energy [keV]
400 74 + ot
C Zn2"—0
200 Tizn 4'> 2
0 L P B | i .
0 200 400 600 800 1000

y-ray energy [keV]

FIG. 3. Background-subtracted y-ray spectra for "*Zn impinging
on a Pt target, Doppler-corrected for the projectile. The spectrum
plotted in blue was collected for a duration of 5 h at the beam
energy of 4.0 MeV /nucleon. A spectrum obtained under the same
experimental conditions, but at 2.85 MeV /nucleon and during 16 h
of data collection is presented in red. The inset shows the 770-850
keV portions of the spectra, evidencing the enhancement of the
47 — 2 transition at 4.0 MeV /nucleon. The “safe” energy criterion
was imposed, see text for details.
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FIG. 4. Cross sections for Coulomb excitation of the 2; and 47
states in "*Zn on 2%Pb, calculated as a function of the beam energy
assuming the values of matrix elements obtained in the present work.
The integration was performed over the scattering angles covered
by the particle detector, excluding those corresponding to nonsafe
Coulomb-excitation process (see text for details). Dashed lines indi-
cate the beam energies used in the present experiment.

excitation of the 47 state in *Zn, which is almost negligible
at 2.85 MeV /nucleon and prominent at 4.0 MeV /nucleon.

This is quantified in Fig. 4, which presents the cross sec-
tions for Coulomb excitation of the 2, and 4] states in "*Zn
on 2%Pb, calculated as a function of the beam energy, for
the particle detection geometry of the present measurement.
The calculations were performed using the GOSIA code [54,55]
assuming the values of matrix elements obtained in the present
work. At beam energies below 4 MeV /nucleon, the excitation
cross section for the 4] state experiences a greater relative
increase as a function of beam energy than that for the 2
state. In particular, when going from 2.85 MeV /nucleon to
4 MeV /nucleon, a gain of a factor of 8 is observed for
the 4T state, as compared to a factor of 2 for the ZT state.
The integration over scattering angles covered by the par-
ticle detector was limited to the events corresponding to
“safe” Coulomb-excitation process, and thus a gradual de-
crease of cross sections is observed for beam energies above
4 MeV /nucleon.

The beam intensity measured upstream of Miniball was
5 x 10° and 10° pps for "*7Zn, respectively. This represents
an enhancement of one order of magnitude as compared to the
previous Coulomb-excitation measurement of 7*7Zn at REX-
ISOLDE [26], achieved thanks to dedicated target-ion source
developments [56,57]. The beam composition was monitored
by performing regular measurements with the RILIS lasers
periodically switched ON and OFF. Figure 5 shows a com-
parison of spectra acquired with and without laser ionization.
The 2] — 0 transition in 747n is not present in the spectrum
collected with the lasers switched off. However, from the com-
parison it is evident that a substantial fraction of the observed
2] — 0] intensity in '*°Pt is related to its excitation by "*Ga.
This has been taken into account when using the observed
excitation of ”°Pt to normalize the cross sections measured
for "Zn, as explained in Sec. IV A. No transitions from beam
contaminants other than "*Ga are visible in the spectra.

©350 (a)
=300
(gl
250
5200
0150
100

‘74Ga‘1 | | T | (b)

l%Pt 2+% 0+

(9,1
(=) (=]

600 800 1000
v-ray energy [keV]

200 400

S

FIG. 5. y-ray energy spectra for the A = 74 beam impinging
on '°Pt at 2.85 MeV /nucleon, background-subtracted and Doppler-
corrected for the projectile. The spectrum in (a) was collected in laser
ON mode, while that in (b) was collected during laser OFF periods.

From a comparison of the data collected in laser ON
and OFF modes, the beam purity was estimated to be
90(2)% for "*Zn and 70(5)% for "°Zn, and in both cases the
only contaminants observed were the Ga isobars. A similar
beam composition was observed in the previous Coulomb-
excitation measurement of "+7°Zn at ISOLDE (82(1)% purity
for 7Zn and 79(2)% for 7°Zn [26]).

The REX/HIE-ISOLDE facility provides a bunched exotic
beam with a certain repetition rate and time duration. These
numbers are dependent on the ion species, the beam intensity,
and the optimal charge state for acceleration [58]. In the first
experimental campaign with the HIE-ISOLDE accelerator,
the choice of the time structure of the beam was limited due to
the use of a temporary amplifier with limited capabilities for
the last cavity of the REX LINAC (9GAP), which prevented
us from using the EBIS slow extraction mode. A repetition
rate of 5 Hz (10 Hz) for "Zn ("Zn) and an EBIS bunch
length of 200 ms was used. Within the 200-ps bunch, the beam
intensity was furthermore not constant, but had a strong time
dependence, with 30% of the beam intensity concentrated
in the first 10 us. Combined with the higher average beam
intensity of 5 x 10° pps for #Zn, this led to an instantaneous
rate higher than 5 x 10° pps impinging on the target.

IV. DATA ANALYSIS

The "*7°Zn beam structure had a negative impact on the
quality of the recorded data, as for most of the events particle
multiplicity was higher than 1 for each CD quadrant. As a
consequence, the standard time-gating procedure applied in
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TABLE 1. Literature values of matrix elements between the
low-lying states in '°Pt, used in the normalization of the Coulomb-
excitation cross sections measured for 7+7°Zn.

Matrix element Value [eb] Ref.
2FIIE2)07) 1.172 (3) [25]
(27 IE2]12]) 1.356 (3) [25]
@rIE2)12]) 1.911 (14) [25]
@21 1E2)12]) 0.82 (10) (62]
(25 1E2]125) —0.52 (20) [62]
(4T IE2)14F) 1.36 (16) [62]

previous experiments with Miniball, see Ref. [52] for details,
could not be used, as it did not allow making proper particle-y
correlations. In order to overcome this problem, the timing
information of the time-to-digital converter (TDC) modules
were used to identify genuine multiplicity-one events and only
those events were included in the analysis.

A. Determination of E2 matrix elements

The electromagnetic matrix elements between the observed
states in 7+76Zn were extracted from the Coulomb-excitation
data using the GOSIA code [54,55] and its version handling
mutual excitation of collision partners, GOSIA2. The code
calculates excitation cross sections for individual states for a
given set of matrix elements and the scattering kinematics,
defined by the particle detection geometry and the beam en-
ergy. The subsequent calculation of the y -ray decay intensities
takes into account effects such as internal conversion, angular
distribution of y rays and its attenuation related to the finite
size of y-ray detectors as well as to the deorientation effect
during recoil in vacuum. In order to compare the calculated y -
ray intensities with those measured experimentally, the former
are integrated over the range of scattering angles covered by
the particle detectors, as well as over the range of incident
energies due to the beam slowing down in the target material.
A x? fit is then performed, yielding a set of matrix elements
that optimally reproduce the Coulomb-excitation data.

In order to extract electromagnetic matrix elements from
Coulomb-excitation data, the measured y -ray intensities have
to be converted to absolute cross sections. The data collected
with the %Pt target were normalized to the observed exci-
tation of target nuclei, which could be accurately described
using the literature information on the electromagnetic struc-
ture of '°Pt, see Table I. The (2] | E20]) matrix elements
in 77%Zn determined in this way were, in turn, used to
obtain the proper normalization of the data collected with
the 29%pPp target. To achieve this, an iterative GOSIA-GOSIA2
analysis was performed, as proposed in Ref. [59] and tested in
Refs. [60,61]. In order to make use of the dependence of the
Coulomb-excitation cross sections on the scattering angle, the
data were subdivided into subsets corresponding to different
angular ranges as listed in Tables II and III.

In the first step of the analysis, the (2f||E 2||OT) and
(2] IIE2/12{) matrix elements were determined using GOSIA2

TABLE II. Yields of observed y-ray transitions in *Zn and
target nuclei (without correction for y-ray detection efficiency), fol-
lowing Coulomb excitation on '*°Pt and 2 Pb targets, as a function
of center-of-mass scattering angle. The intensities measured for °°Pt
result from excitation of this nucleus by "*Zn and "Ga; in the anal-
ysis, they were corrected for the 7*Zn beam purity equal to 90(2)%.
Beam energies are expressed in MeV /nucleon.

Ebveam Oc.m. Nucleus Transition Counts Label
Target
2.85  28.8°-44.3° "Zn  2F > 0f 1130 (50) A
196 pg 9P 27 — 0F 4630 (180)
44.3°-59.5° "Zn  2F > 0f 1550 (40) B
Ypy  2F — 0f 5260 (100)
59.5°-79.0°  ™zZn 2} — 0O 2240 (50) C
%pg - 2F — of 7800 (220)
79.0°-114.8°  ™Zn  2{ — 0f 2060 (50) D
Ype 2F — of 7400 (210)
114.8°-138.0°  ™Zn 2] — 0f 1010 (40) E
Ppe - 2F — of 3750 (100)

40  28.3°-61.8°  *Zn 2 — 0} 1.281 (12) x 10* A’

208pp 4F — 2f 97 (16)
61.8°-78.2°  ™zZn 2} — 0} 9.73(11) x 10° B
4f —2f 270 (20)
78.2°-114.8°  ™Zn 2/ — 0/ 6.58(9) x 10° C
4f —2f 300 (30)
40  28.7°-108.1° ™Zn 2 — Of 730 (50) D’
196pg 4F — 2f 26 (10)

from the data collected with the '"°Pt target at 2.85
MeV /nucleon. The y-ray intensities measured for '*°Pt, listed
in Tables II and III, were corrected for beam purity, deter-
mined from the laser ON/OFF measurements (see Sec. III).
The level schemes for Zn nuclei, which were included in
the calculations, were limited to the ground state and the 21*
state, coupled by only two matrix elements; the transitional
E?2 matrix element between them, and the diagonal £2 ma-
trix element of the 2 state. The GOSIA2 code performs the
minimization of the x2 functions for the target and projec-
tile, sharing the normalization factors as parameters across
both functions, as described in detail in Ref. [59]. The nor-
malization constants are constrained by the measured y-ray
intensities of the target de-excitation combined with the liter-
ature values of relevant matrix elements in the target nucleus.
The vicinity of the minimum in the total x?2 surface, defined
as the sum of the X2 functions for both reaction partners, was
then investigated as a function of the two matrix elements
in the projectile nucleus: (2 [|E2[0]) and (2{]E2|]2]).
The minimum in the total x? surface (x2.) corresponds
to the optimum values of these two matrix elements, while
their 1o uncertainties can be determined by requesting that
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TABLE III. Yields of observed y-ray transitions in "°Zn and % 0.44k— 4
target nuclei (without correction for y-ray detection efficiency), fol- =
lowing Coulomb excitation on '*°Pt and 2°®Pb targets, as a function o
of center-of-mass scattering angle. The intensities measured for Pt~ &F 38
result from excitation of this nucleus by "°Zn and "®Ga; in the anal- = 0 431
ysis, they were corrected for the 7°Zn beam purity equal to 70(5)%. S
Beam energies are expressed in MeV /nucleon. 3.6
Ebeam Oc.m. Nucleus Transition  Counts  Label
b 0.42 3.4
Target
2.85 29.0°-44.6° Zn 2F = of 4038 A
196py Ypt 27 — 07 270 (30) 0.41 32
44.6°-59.3° ®Zn 27 — 0F 55(10) B
Spt  2F — 0f 290 (40) i T -3
59.3°-79.9° 762n 2-l'— - OT 81 (16) C 0 i L b b s |”vi~"'-‘u| L \‘ PRSI
pr 2f — 0F 390 (50) '—Lb. -0.1 -0.05 0 0.05
+ +
79.9°-114.8°  Zn 25 > 0F  55(10) D @lIE2112 [eb]
Ype - 2F —0F  313(25) _
9
114.8°-138.0°  Zn 2} — 0F 336) E o 044
%pe 2F — 07 185 (20) g—
N 042
4.0 28.5°-108.1°  "zZn 27 — 07 1050 (60) =
o
208pp 4f — 2f 44 (8) ~ 0.4
2 2 g . 0.38
X~ < Xpmin + 1 and projecting the resulting 1o~ contour on the
respective axes.
The values of (2][|E2]|0]) and (2] |[E2||2]) obtained in 0.36
the first step represent just an approximation, as the influence
of multistep excitations of higher-lying states was not in- 034
cluded in the analysis. Hence, in the second step the standard '
GOSIA code was used to analyze the data collected on both

targets in order to determine the (4] | E2]|2;") matrix element.
All data sets listed in Tables II and III were included in the
analysis for 74Zn and 7°Zn, respectively. Relative normaliza-
tion factors, determined from the analysis of target excitation,
were introduced to link the subsets measured on '*°Pt at 2.85
MeV /nucleon in order to preserve the sensitivity of those
data to the (2] ||[E2|2]) matrix element. The (2][|E2|0])
value determined in the first step of the analysis, together
with its uncertainty, served for absolute normalization of the
measured y-ray intensities, i.e., their conversion to absolute
cross sections. No other spectroscopic information, in partic-
ular lifetimes of excited states, were included in the fit.

The population of the 4] state in Coulomb excitation de-
pends primarily on the magnitude of the (4] ||E2||2]) matrix
element, but in the present experimental conditions the in-
fluence of the quadrupole moment of the 4] state on the
measured excitation cross section was not negligible. For
747n, in this step of the analysis it was possible to subdivide
the data collected at 4.0 MeV /nucleon into three angular
ranges and estimate the (4] ||[E2||4]) matrix element from the
observed angular dependence of the 4;” excitation cross sec-
tion. Figure 7 presents the distribution of x 2 values calculated
for "Zn as a function of the (47 |E2||2]) and (4] |E2]|4])
matrix elements. Such analysis was not possible for "°Zn

0.4
@!lIE2][2") [eb]

FIG. 6. Two-dimensional x? surfaces with respect to the
2FIE2)10F) and (2][|E2]]2]) matrix elements, for (a) "*Zn and
(b) "Zn, obtained in the final step of the analysis as explained in the
text. A 1o cut is applied with the condition that x> <x2, + 1. The
data are normalized to the excitation of a 2.0-mg/cm? %Pt target at
a beam energy of 2.85 MeV /nucleon. The lines represent individual
1o limits for each data set used for this analysis, listed in Tables 11
and III: A—black dashed, B—blue dotted, C—green dotted-dashed,
D—gray dotted-dashed, and E—magenta dashed.

due to limited statistics. Consequently, it was assumed that
the absolute value of the diagonal matrix element for the
47 state does not exceed the rotational limit calculated from
the (47||E2||2]) matrix element resulting from the present
fit, with both negative and positive signs being considered:
[(4FIE2|14])] < 0.52 eb.

In the third step, the GOSIA2 analysis has been repeated, but
this time the level schemes for "*7°Zn included the 4] state.
The (47||E2|12]) and (4]||E2[|4]) matrix elements were
fixed in the analysis at the values determined in the previous
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FIG. 7. Two-dimensional x2 surface for "*Zn with respect to the
(4T1E2]12]) and (4] |[E2||4]) matrix elements. A 1o cut is applied
with the condition that x* <2, + 1. For this analysis, data collected
with 4.0-MeV /nucleon "*Zn beam on *Pb and !*°Pt targets was
used. The lines represent individual 1o limits for each data set,
see Table II: A’—black dashed, B'—blue dotted, C'—green dotted-
dashed, and D'—gray dotted-dashed lines.

step. This modifies the topology of the multidimensional x?
surface, and consequently the values of the (2T|IE 2||0f’) and
(27 1IE2]12]) matrix elements, obtained from the 1o cut as ex-
plained earlier, were slightly shifted. Since they influence the
extracted values of the (47 ||E2[2]) and (4] [|E2||4]) matrix
elements, steps 2 and 3 were iterated until a converged solu-
tion was obtained. Figures 6(a) and 6(b) present the total x>
distribution as a function of the (2] |E2/|0;) and (2| E2]12])
matrix elements, after the convergence has been reached, for
47n and 7°Zn, respectively, Coulomb excited on a '°°Pt target
at 2.85 MeV /nucleon.

The applied procedure ensures that the final uncertainties
of the fitted matrix elements include the statistical uncertain-
ties of the y-ray intensities measured for the projectile and
the target, uncertainties of the literature values of the matrix
elements used to describe the target excitation, as well as the
correlations between all matrix elements.

The contribution to the uncertainties of the E2 matrix
elements, related to the uncertainty of the beam energy, was

TABLE IV. Reduced transitional and diagonal E2 matrix ele-
ments in "#7Zn obtained from the combined GOSIA-GOSIA2 analysis.
The uncertainties are statistical only.

Value [eb]
E?2 matrix element 7Zn 57Zn
(2T||E2||0]+) 0.419 (10) 0.378 (36)
27 IE2)12]) —0.097512
@7 IIE2)12]) 0.52 (4) 0.55 (6)

TABLE V. Transition probabilities B(E2;J — J — 2) and spec-
troscopic quadrupole moments Q, in "*7Zn determined in the
present analysis, compared with the results of the previous low-
energy Coulomb-excitation experiment [26] and those determined
from lifetime [40,41] and intermediate-energy Coulomb-excitation
[38] studies. The results of conventional large-scale shell model
calculations with LNPS and JUN45 interactions, as well as Monte
Carlo shell model (MCSM) predictions using A3DA-m Hamiltonian
are also presented.

B(E2;J — J —2) [¢*fm*]

Present Previous Theory

JT Ref. [26] Other LNPS MCSM JUN45

Zn 27 351(24) 401 (32) 35279 [41] 390 362 309
370 (33) [40]

408 (30) [38]
45 304(52) 507 (74) 11672 [41] 527 416 314

Zn 27 285 (56) 290 (36) 340 318 276
4F 330 (70) 320 (91) 457 348 270

Jr Q, [efm?]
Present LNPS MCSM JUN45

"Zn 27 —7(9) -36 -22 —13

also evaluated. The data analysis was repeated assuming that
the beam energy increased by 0.7% (which corresponds to
lo uncertainty [51]) and then decreased by 0.7%, and the
resulting matrix elements were compared. Those obtained
from the GOSIA2 analysis of "*7Zn on °°Pt at a beam en-
ergy of 2.85 MeV /nucleon changed only by 1%. A slightly
larger effect of 2% was observed for the (47 |[E2(|2]) matrix
element, determined from the analysis of data collected at
4.0 MeV /nucleon using the standard GOSIA code. These un-
certainties were included in the statistical errors of the matrix
elements listed in Table IV. One should note that this analysis
has been done on top of the standard procedure of account-
ing for energy loss in the target, introduced earlier in this
section.

The possible influence of higher-lying states was also in-
vestigated. Including the 6] state in the calculations, with
the (67(E2||4]) matrix element assumed to be equal to
(471IE2]127), had a negligible effect on the extracted matrix
elements. The measured Coulomb-excitation cross sections in
"76Zn could also be affected by the excitation of the 27
levels. In 7*Zn this state has been identified at 1670 keV
and its decay was observed to proceed predominantly by a
1064-keV transition to the ZT state [63,64]. No transition at
this energy is visible in the present y -ray spectra, see Fig. 3(a).
An upper limit of 156 counts, corresponding to the 95%
confidence level, was obtained for the 2; — 2?’ transition
using the approach proposed in Ref. [65]. This information
was included in the GOSIA analysis together with the known
branching ratio for the transitions de-exciting the 25 state. The
fit yielded the upper limit for the B(E2; 2] — 2) transition
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probability equal to 265 ¢?>fm* (assuming negative sign of
the (07 IIE2(127) (27 IE2]125) (25 IE2|0]) interference term)
and 410 ¢?fm* for positive interference. All other matrix
elements remained unchanged. A similar analysis has not been
performed for 7°Zn since no states lying close in excitation
energy to the 4] state are known in this nucleus. How-
ever, due to important similarities of the structure of "*7°Zn
and identical experimental conditions, it seems reasonable to
assume that the impact of potential higher-lying states on the
measured cross sections in ’*Zn would also be negligible.

Figures 6(b) and 7 demonstrate that while the sensitivity
of the present data to the quadrupole moments of the 2 state
in 7°Zn and the 4T state in "*Zn was weak, the correlation
of these observables with transitional matrix elements is non-
negligible and the adopted analysis method accounts for it.
In fact, this correlation has a dominant contribution to the
uncertainty of the B(E2; 41 — 2) transition probabilities.
Hence, even though the numbers of counts in the 4] — 2
transition obtained for 7*Zn and 7%Zn differed by over one
order of magnitude, the precision of resulting B(E2) values
is comparable.

The values of transitional and diagonal £2 matrix elements
in "7%Zn obtained from the combined GOSIA-GOSIA2 anal-
ysis are presented in Table IV. The uncertainties include all
statistical contributions, including those from the uncertain-
ties on the beam energies. However, the approximations used
in the GOSIA code, in particular the semiclassical treatment
of the Coulomb-excitation process, may amount to 5% of
the calculated y-ray intensity [59]. To account for this, the
uncertainties of the B(E2) values and quadrupole moments
discussed in the following section include a systematic uncer-
tainty of 5% added in quadrature to the statistical uncertainty
calculated from the values listed in Table IV.

V. RESULTS AND DISCUSSION

The B(E2) transition probabilities and spectroscopic
quadrupole moments in ’*#7°Zn, obtained in the present work,
are presented in Table V, together with the results of earlier
measurements as well as the predictions of three different
shell-model calculations introduced in Sec. V A.

The B(E2; 2] — 0]) values in "7°Zn and the B(E2;
47 — 27) transition probability in "°Zn, determined in the
present work, are in excellent agreement with those obtained
in the previous low-energy Coulomb-excitation experiment
on "*77Zn [26]. The observed substantial discrepancy be-
tween the B(E2; 47 — 27) values in "*Zn obtained in both
Coulomb-excitation experiments and that resulting from the
lifetime measurement [41] needs to be discussed in a broader
context. The available data on B(E2; 21+ — Of) and B(E2;
47 — 2{) transition probabilities in 628071 are presented
in Figs. 8(a) and 8(b), respectively. Those for most stable
Zn nuclei are well known from many independent lifetime
and Coulomb-excitation results that yielded consistent results,
and thus the evaluated values [25] are given for 62,64,66,68 77,
Starting from the heaviest stable Zn isotope ("°Zn, N =
40), discrepancies between the B(E2; 41 — 2[) values are
present, as shown in Fig. 8(b).

‘E 500:_-‘-‘-SM, LNPS
< - — MCSM, A3DA-m
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FIG. 8. Transition probabilities in even-even Zn isotopes from
%Zn (N = 36) to ¥Zn (N = 50): a) B(E2; 2 — 0) values, b)
B(E2; 47 — 27) values. For 66.87n only evaluated values are pre-
sented [25], while for heavier Zn isotopes the experimental results
are plotted individually (REX-ISOLDE [26,30,44], Coulex LISE
[37,38], RDDS LISE [40], RDDS Legnaro [41], RDDS GANIL [42],
DSAM Yale [39], DSAM RIKEN [27]). Some of the points are
slightly offset on the x axis for clarity. The experimental results are
compared to the predictions of the large-scale shell model with the
LNPS interaction (red dotted-dashed line), Monte Carlo shell model
with the A3DA-m Hamiltonian (gray solid line) and large-scale shell
model with the JUN45 interaction (blue dotted line).

The literature B(E2) values in even-even '°%°Zn iso-
topes result from either measurements of low-energy and
intermediate-energy Coulomb-excitation cross sections, or
from lifetime measurements using various reactions to
populate the nuclei of interest. Intermediate-energy Coulomb-
excitation measurements carried out with the LISE spec-
trometer at GANIL provided B(E2; 2fr — Of) values in
27n [37] and *Zn [38] [blue crosses, “Coulex LISE” in
Fig. 8(a)]. A series of low-energy Coulomb-excitation mea-
surements performed at REX-ISOLDE at beam energies of
about 2.8 MeV/nucleon [26,30,44] yielded B(E?2; 2?’ —
OT) values in 72747678807, determined relative to the ob-
served target excitation, as well as B(E2; 4]+ — ZT) values
in 727+757n [orange open circles, “REX-ISOLDE” in Figs. 8

044305-9



A.ILLANA et al.

PHYSICAL REVIEW C 108, 044305 (2023)

a) and 8 b)]. The direct lifetime measurements used nonsafe
Coulomb excitation to populate excited states in 071 [39,66]
[filled gray squares, “DSAM Yale” in Figs. 8(a) and 8(b)],
inelastic scattering and neutron knock-out at intermediate en-
ergies for states in ’>74Zn [40] [open green diamonds, “RDDS
LISE” in Fig. 8(a)], proton knock-out at intermediate energies
for states in 3°Zn [27] [open blue square, “DSAM RIKEN”
in Fig. 8(b)] and multinucleon transfer for states in '%7>74Zn
[open purple triangles, “RDDS Legnaro” [41] and filled ma-
genta triangles, “RDDS GANIL” [42] in Figs. 8(a) and 8(b)].

The B(E2; 2] — 07) values in "*"¥Zn resulting from
all previous measurements are in very good agreement, while
a striking 30 disagreement (difference of a factor of four) is
found between the B(E2; 4T — ZT) values in *Zn obtained
from low-energy Coulomb excitation [26,30] and a lifetime
measurement following multinucleon transfer [41]. A 2.7¢
disagreement (difference of a factor of three) is also observed
between the lifetimes of the 4] state in "0Zn resulting from
measurements using multinucleon transfer [42] and nonsafe
Coulomb excitation [39] to populate the state of interest. In
general, all lifetimes measured in Ref. [42] (2], 4] in *7?Zn,
6;’ in ?Zn) are in very good agreement with those determined
in Ref. [41], although in most cases the uncertainties are
larger. One should also mention that preliminary results of
the follow-up measurement of the 4; lifetimes in "*"74Zn
[43], performed under similar experimental conditions, are
consistent with the results of Ref. [42] for 7>7?Zn and with
that of Ref. [41] for "*Zn.

The origin of the observed discrepancies was investi-
gated, but without firm conclusions. The statistics collected
in the low-energy Coulomb-excitation experiments on '+7°Zn
[26,30] were insufficient to study the evolution of excitation
cross sections as a function of scattering angle, and conse-
quently the transition probabilities were extracted under the
assumption that the spectroscopic quadrupole moments of
excited states were equal to zero. The same measured integral
excitation cross section could be explained by a lower B(E2;
47 — 2{) value combined with large positive quadrupole mo-
ments. However, the present measurement does not provide
evidence for positive quadrupole moments, and in particular
that found for the 2] state is consistent with zero, in agree-
ment with the assumptions used in Refs. [26,30]. Moreover,
the B(E2; 4f — ZT) value in >Zn obtained from a high-
statistics Coulomb-excitation experiment [44] also disagrees
with those resulting from lifetime measurements [41,42], al-
though the disagreement is smaller than for "*Zn. The study
of Ref. [44] was also capable of determining quadrupole
moments of the 21+ and 4T states in this nucleus, which are
moderately sized and negative. This leads to a conclusion
that the discrepancy observed for the B(E2; 47 — 2) values
in 7274Zn cannot be attributed to the incorrect treatment of
quadrupole moments in the Coulomb-excitation analysis.

The influence of possible side feeding on the determined
lifetimes was also examined, in particular in Ref. [41], where
the effect of introducing conditions on total excitation energy
of reaction products was analyzed. Even if the lifetime analy-
sis was limited only to events corresponding to low excitation
energy, the extracted lifetime of the 4; state in 27n remained
unchanged. Unfortunately, due to lower statistics such analy-

sis could not be performed on the data for 7*Zn. One should
note here that a recent f-decay study of 7°Zn [67] found
evidence for a new 25-ns high-spin isomer at 2.6 MeV. If a
similar structure exists in ’*Zn, it could be at the origin of a
slow feeding of the 4] state, and the observed discrepancy.
The recent f-decay studies into 747n [29,68] did not find
evidence for such an isomer. This is, however, not conclusive,
as the population of high-spin states in "*Zn via B decay is
strongly hindered due to a low ground-state spin of the "*Cu
mother nucleus.

A. Shell-model calculations

To interpret the present experimental results, we performed
deformed shell-model calculations for the energy spectra
and E2 matrix elements in "*Zn and 7°Zn. These results
were complemented by additional deformed Hartree-Fock and
beyond-mean-field calculations within the shell-model basis.
The large-scale shell-model calculations were performed us-
ing the LNPS [9] and JUN45 [1] effective interactions. The
valence space of LNPS incorporates, at the N =40 inter-
face, the degrees of freedom necessary for the description
of collectivity and the breaking of the Z =28 and N = 40
cores. It is composed of the pf shell for protons and the
2p3/21f5/22p1/2189/22d5/2 orbitals for neutrons. The present
version of LNPS includes recent minor adjustments that ex-
tend its reliability up to N = 50 and account for particle-hole
excitations (with minor consequences at N = 40); the ef-
fective charges are e, = 1.31e and e, = 0.46¢. The valence
space for JUN4S5 is restricted to the 2p3,51f5/22p1/21g9/2 or-
bitals and we used the effective charges e, = 1.8¢ and e, =
0.8e recently deduced from a systematic analysis in this mass
region [69]. We report in Table V the B(E2) values calculated
using the LNPS and JUN4S5 interactions for "*Zn and "%Zn,
together with those obtained with the Monte Carlo shell model
(MCSM) [70,71] using the A3DA-m effective interaction [5]
with effective charges e, = 1.5¢ and e, = 0.5¢. The results
for the spectroscopic quadrupole moment of the ZT state in
747n are also listed in Table V. As level energies are not the
main focus of the present work, we do not present a detailed
comparison with the experimental values, but note here that
they are very well reproduced by all three calculations.

The systematics of the transition probabilities in the Zn
isotopic chain are reported in Fig. 8. All calculations predict
a parabolic behavior of the B(E?2; 21+ — Of) values in 7*"8Zn
with a maximum around midshell, which is well supported
by the experimental data. The consistence of the three model
predictions for 7+7787Zn is striking. However, in contrast with
the results obtained with the LNPS and JUN45 interactions, a
strong reduction of the B(E2;2] — 07) value is predicted by
MCSM at N = 40, at variance with the experimental transi-
tion probabilities. A similar discrepancy between the MCSM
predictions and those obtained with the LNPS and JUN45
interactions appears at N = 50: while the former gives almost
no difference between the B(E2;2] — 07) values for "*Zn
and 3°Zn, both LNPS and JUN45 predict a decrease at N =
50, which is more pronounced for the latter. In this context,
an independent measurement of the B(E?2; ZT — OT) values
in 788Zn would be of much interest.
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FIG. 9. T plots for the yrast states of ">7*7%8Zn presenting the results of the MCSM calculations with the A3DA-m Hamiltonian. The
distribution of the MCSM basis states is presented with the circles, whose sizes illustrate the importance of specific basis states in the total
wave function. The circular lines of constant 8, deformation correspond to 8, values given on the x axis.

Similar to the trend observed for the B(E2;2] — 0))
values, the calculations using the LNPS interaction predict
the B(E2;4] — 2{) values to peak at midshell and then
monotonically decrease towards N = 50. MCSM calculations
follow in this case a similar behavior, but again an effect of the
N = 40 subshell closure is visible. In contrast, calculations
using the JUN45 interaction predict the B(E2;4]7 — 27)
values to have a maximum at N = 40 and then gradually
decrease towards N = 50, with no peak at midshell. The
differences between the model predictions are larger for the
B(E2;4] — 27) values than for the B(E2;2] — 0)) ones,

but unfortunately the existing discrepancies between the ex-
perimental results prevent concluding if any of the model
descriptions provide a significantly better description of the
data.

The observed parabolic behavior of the B(E2; 2 — 07)
values with a maximum around midshell observed in Fig. 8 is
typical for collective nuclei. The same dependence would be
expected for the seniority scheme, and the flatness of 2? level
energies for '>7470787n  evident from Fig. 1, is consistent
with this picture. In this scheme, however, an inverse parabolic
trend would be expected for the B(E2; 4] — 2{) values,
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which correspond to seniority-conserving transitions [72]. In
contrast, the B(E2; 4T — ZT) values remain rather constant
with A up to #Zn and although there is an increase in "%Zn,
the value measured for 3°Zn [27] does not confirm the trend
expected for the seniority scheme.

We will now discuss in more detail the degree and type of
deformation that develops in the Zn isotopes by analyzing the
potential energy surfaces (PES) obtained with the A3DA-m
and LNPS interactions. In Ref. [73], the T plots [5] presenting
MCSM basis vector distributions on the potential energy sur-
faces (PES), obtained by the constrained Hartree-Fock (CHF)
calculations for the A3DA-m interaction, were shown for
the 0], 27, and 4] states of "»"*Zn. These are displayed
in the upper part of Fig. 9, together with new T plots for
76.787n shown in its bottom part. All PESs in Fig. 9 exhibit
rather flat minima, extending both in the 8 and y directions,
related to widely diffused MCSM basis vector distributions.
Such distributions imply substantial fluctuations of the wave
functions on the B-y plane. While the softness in y seems
similar for both ">7#Zn, the softness in g is less pronounced
for *Zn than for ">Zn. Similar conclusions can be drawn
from beyond-mean-field calculations using the symmetry-
conserving configuration mixing (SCCM) approach and the
DI1S Gogny interaction [36], which suggest that the triaxial
degree of freedom is important in the description of 7>-7>74Zn.
The ground states of these nuclei were predicted by SCCM to
evolve from a y- and B-soft "°Zn to a more prolate-deformed,
but still rather soft #Zn. Considerable y softness was also pre-
dicted for 4%%7n by beyond-mean-field calculations with
the relativistic PC-PK1 functional [74], and for %7°Zn by
more recent calculations with the DD-PC1 and NL3* func-
tionals [75]. Very recently, the impact of the triaxial degree of
freedom on the structure of ®Zn has been discussed on the
basis of several different shell-model and SCCM calculations
supported by experimental results [32].

The T plots for the 7>7476787n nuclei, presented in Fig. 9,
show several basic features. First, none of the states shown
are spherical: there are no circles close to , = 0. This is
very different from the patterns observed for the Ni isotopes,
presented in Fig. 3 of Ref. [5] (to facilitate the comparison,
note that B, and (Qo) can be related by B, ~ 4/3 1073 (Qy)
where (Qp) is in units of fm?). Such deviations from sphericity
contradict the assumption of the seniority scheme; indeed, as
discussed above, this scheme does not hold for the Zn iso-
topes. Secondly, neither a prolate nor oblate shape is realized,
and each state in Fig. 9 is composed of various triaxial shapes.
In the Ni isotopes, the prolate local minimum, or its remnant,
remains on the PES up to N = 48, but this is not the case
in the Zn isotopes. In the Ni isotopes, protons are excited
from the f7,, orbital to higher pf-shell orbitals creating a few
holes in the f7/, orbital. Those holes tend to generate prolate
deformation, leading to the appearance of prolate local min-
ima, or their remnants, in the PES. This mechanism is gone
in Zn isotopes because of two extra protons beyond Z = 28
suppressing the excitation from the f7,, proton shell, and
consequently the prolate minima do not appear. Thirdly, there
is no dominant shape in Fig. 9, and substantial fluctuations are
found. In ">7*Zn, the deformation increases when going from
the OT ground state to the first excited ZT state, consistent with
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FIG. 10. Potential energy surfaces from constrained Hartree-
Fock minimization in the shell-model basis for "*Zn (up) and "%Zn
(bottom). Orange circles represent the amplitudes of the final ground-
state wave functions in the DNO-SM basis.

the vibrational character of the latter. In contrast, for '®8Zn
the deformations of the 0, 2], and 4; states are similar. In
these nuclei, the PES becomes narrow, and the T-plot circles
are pushed into a small bottom area. The experimental find-
ings appear to be generally consistent with these features.
Along the same line, we have performed deformed Hartree-
Fock and beyond-mean-field calculations within the LNPS
shell-model basis for both #*Zn and 7®Zn. In Fig. 10 we
show the PES resulting from these CHF calculations. At the
mean-field level, these two nuclei exhibit nonspherical min-
ima with B deformation around 0.2. In 767n, the minimum
develops around axial shapes whereas in 7*Zn a much broader
minimum area, extending towards triaxial shapes, is observed.
The diagonalization of the Hamiltonian in the framework
of the discrete nonorthogonal shell model (DNO-SM), re-
cently developed in Ref. [76], is then obtained after rotational
symmetry restoration using the angular-momentum projection
technique. The expansion of the final ground-state wave func-
tions in the (B, y) plane is also shown in Fig. 10. Indeed,
after full shell-model diagonalization, the obtained spectra
and associated B(E?2) values are in overall good agreement
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FIG. 11. 1o contours in the B-y sextant for the ground states
of ™Zn (top) and "*Zn (bottom) obtained from the analysis of the
quadrupole invariants using the LNPS effective interaction. The red
dots represent the effective § and y values.

with experimental data as shown in Table V. The (8, y) plots
obtained from the Kumar invariants [77] using the calculated
E?2 matrix elements are provided in Fig. 11. They agree very
well with the potential energy surfaces in Fig. 10, both of them
pointing to fully correlated wave functions with triaxial shapes
and rather large fluctuations. In general, one can observe that
the results from both the DNO-SM diagonalization as well
as from the standard SM diagonalization followed by the
analysis of Kumar observables are fully consistent with the in-
terpretation resulting from the MCSM calculations discussed
above.

The quadrupole moment of the 2 state in 4Zn is consis-
tent with zero. This result is presented in Fig. 12, together with
the experimental values obtained for lighter Zn nuclei, and
those resulting from the present shell-model calculations. It
can be observed that most quadrupole-moment measurements
for even-even Zn nuclei with A > 66 yielded values consid-
erably lower than what one would deduce from the B(E?2;
ZT — OT) values assuming an axial rotor model. The same

€ e this work -- SM, LNPS

= 30— ° (ee) MCSM, A3DA-m

= B o CoulEx SM, JUN45

£ 20—

o L

g 10— 0

] S A ‘ A
~10}- ® °
20} ‘} ;
-301-
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66|Zn 68|Zn 70‘Zn 72|Zn 74Zn 7BZn 78|ZrI 80|Zn
FIG. 12. Spectroscopic quadrupole moments of the 2} states in
even-even Zn isotopes from *Zn (N = 36) to ¥Zn (N = 50). The
result of the present measurement, plotted with a red filled circle,
is compared to the literature values from electron scattering ([78],
black filled circles) and Coulomb excitation ([32-34,44], black open
circles) as well as the predictions of the large-scale shell model
with the LNPS interaction (red dotted-dashed line), Monte Carlo
shell model with the A3DA-m Hamiltonian (gray solid line) and
large-scale shell model with the JUN4S5 interaction (blue dotted line).

is true for the values resulting from the calculations with the
JUN4S5 interaction. This is consistent with an important role
of triaxiality in the Zn isotopic chain, observed in the above-
mentioned theoretical and experimental studies. The MCSM
calculations seem to predict an evolution from weak axial
oblate deformation for ¥Zn [positive value of Qs(Zfr )], via
y-soft shapes for "72Zn [Q,(2]) very close to zero], towards
axially symmetric weakly prolate-deformed ones close to N =
50 [Qq (2?’) negative and close to the rotational estimate]. This
trend of static quadrupole moments is consistent with the T
plots shown in Fig. 9. For *Zn, the present spectroscopic
quadrupole moment for the 2 state and the B(E2;4] —>
21) value are overestimated by both the MCSM and LSSM
calculations with the LNPS interaction. This could be eventu-
ally related to the extended flat PES minimum area, where
in particular K mixing could quench these two quanti-
ties, even though the exact mechanism is difficult to trace
back.

It is important to note here that for a y-soft nucleus it is
expected that the centroid of the wave-function distribution
will correspond to (y) = 30° and the quadrupole moments of
excited states will be equal to zero. However, in the vicinity of
y = 30°, small variations of this parameter translate into large
changes of the spectroscopic quadrupole moments, both in
terms of sign and magnitude. Consequently, accurate predic-
tions of quadrupole moments for nuclei exhibiting important
y softness are extremely difficult, as outlined in Ref. [32].

Finally, it is worth noting that the reduction of the Q‘Y(ZT)
in 7Zn could be also attributed to shape coexistence and
mixing. Indeed, the shape-coexistence phenomenon seems to
be prevalent in the vicinity of **Ni and "®Ni [17,24,79,80] and
the energies of the 0 states in 687072747 nuclei follow
a parabolic trend characteristic for intruder configurations,
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as discussed in Sec. II. However, the excitation energy of
the 05 state in "47Zn is considerably higher than those of its
counterparts in the lighter Zn isotopes. Consequently, it is
more difficult to imagine that a 27 state built on the intruder
configuration would strongly mix with the 21* state, leading to
the reduction of the quadrupole moment of the latter. Such a
scenario is also not supported by shell-model calculations of
Ref. [29], which suggest instead that the ground-state band
and the band built on the O; state in "*Zn correspond to
similar average deformations, but with a different degree of
softness, and that the mixing between these two structures
is weak. Clearly, more experimental work is needed to un-
derstand the origin of the low Q,(2) value and B(E2;4] —
21)/B(E2;2{ — 07) ratio in "*Zn.

VI. SUMMARY

The first experiment using radioactive beams post-
accelerated by the HIE-ISOLDE facility is reported. It has
benefited from a substantial gain in cross sections for the
multistep Coulomb-excitation process due to the increase of
available beam energy. The obtained B(E2; 2] — 0) transi-
tion probabilities in 7*7%Zn are in agreement with the results
of the previous low-energy Coulomb-excitation experiment to
study neutron-rich Zn nuclei [26]. While the B(E2; 47 — 2})
transition probability in 7Zn is also in agreement with the
earlier Coulomb-excitation result, the value obtained for "*Zn
is considerably lower. The spectroscopic quadrupole moment
of the 2} state in 747n was determined and its value is consis-
tent with zero, which can be related to shape coexistence or
triaxiality. The shell-model calculations performed in various
valence spaces show a very good agreement with the mea-
sured B(E2; 2]+ — Of) values for #7°Zn, even though there
exist minor discrepancies between the transition probabilities
in the isotopic Zn chain predicted within the three approaches.

All three calculations also agree fairly well in the predictions
for the B(E2; 4] — 27) value in "®Zn. The new experimen-
tal value for the B(E2; 47 — 2}) transition probability in
747n does not resolve the previous disagreement between the
measured values. Potential energy surfaces obtained in the
framework of constrained Hartree-Fock calculations put in
evidence the triaxial degree of deformation in both studied
Zn isotopes. Moreover, the Kumar analysis of the shell-model
wave functions shows large fluctuations in the deformation
parameters.
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