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Abstract: We propose to probe shape coexistence in 8°Zn, located along the N = 50
shell closure and only two protons away from the doubly-magic ®Ni nucleus, by searching,
in particular, for the 0] excited state. The latter is predicted by shell-model calculations
at 2.15 MeV, with sizable deformation originating from two-particle-two-hole excitations
across the N = 50 shell gap. We intend to employ the ®Zn(t, p), two-neutron-transfer
reaction which will selectively favour the population of such neutron configurations. The
experiment will be performed with the Isolde Solenoid Spectrometer, using a "®Zn beam
at 6 MeVA impinging on a 3H radioactive target. The 8°Zn excitation energy will be
reconstructed through the detected energy and angle of emitted protons, whereas 0" states
will be identified by measuring proton angular distributions with distinctive features of a
AL = 0 transfer.

Requested shifts: 24 shifts (3 setup + 21 experiment)
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1 Physics case

Nowadays, shape coexistence is considered to be a well-established phenomenon, expected
to appear in the majority of atomic nuclei located in the proximity of closed shells [1, 2].
The experimental study of shape coexistence far from stability, where only few spec-
troscopic data are available, is of paramount importance to benchmark modern nuclear
models and interactions aimed at providing a theoretical microscopic description of nu-
clear shapes [3, 4]. This is ultimately related to the nature of nuclear forces, which drive
shell evolution and proton-neutron correlations, leading to the stabilization of both de-
formed configurations and spherical structures at similar excitation energy.

In the medium-mass region of the nuclide chart, remarkable results were achieved along
the Ni (Z = 28) isotopic chain, in the vicinity of the N = 40 subshell closure. A triple
shape coexistence was established in ®Ni [5] and several excited 07 states, with different
degrees of deformation, were discovered to coexist at low energy in %Ni and %Ni [6, 7].
These are well described by Monte-Carlo Shell-Model calculations, which point to the role
of the monopole component of the tensor force to steady deformed structures [8]. On the
other hand, experimental information on shape coexistence around the next — and much
more exotic — shell closure at N = 50 is still rather scarce. In-beam ~-ray spectroscopy
data in "®Ni revealed its doubly-magic nature, probing, at the same time, the existence of
a side band along with yrast states [9]. The latter were interpreted by shell model calcula-
tions to be of spherical shape, built on one-particle-one-hole (1p — 1h) neutron excitations
across the N = 50 shell gap, whereas the measured (2;) state at 2.91 MeV was suggested
to be prolate deformed. Its wave function is predicted to be dominated by 2p — 2h neu-
tron excitations and, although not observed, a 03 deformed bandhead state is proposed
by shell-model calculations, using the PESDG-U interaction, at 2.65MeV [4, 10, 11] and
by Monte-Carlo Shell-Model calculations at 2.61 MeV [9].

In the region around "®Ni, only a few cases of possible shape coexistence were reported
up to now. The deformed nature of the low-lying 1/2" isomeric state in Zn at N = 49
was established in a g-factor measurement with LASER spectroscopy at ISOLDE [12].
Its large isomer shift points to a quadrupole deformation with Sy = 0.22, twice as large
as the ground state one (fy ~ 0.14). This state is interpreted as a N = 50 intruder
level with a v(gg351/,) configuration. Moreover, in ¥Ge at N = 48, a 03 deformed state
was originally proposed in a (-decay measurement at 639 keV [13], yet a more recent
f-v experiment disproved the existence of such a state [14]. The non-observation of a
low-lying 0" state was supported by shell-model calculations, predicting the 03 state at
2 MeV of excitation energy. This makes "Zn the only firm example of shape coexistence
in the close proximity of ™Ni.

In this experiment, we would like to search for the 05 state in 8Zn (Z=30), and pos-
sibly other 0 excited states, to potentially extend the shape coexistence paradigm to
this N=50 even-even system, closer to the doubly-magic "®Ni nucleus. Probing shape
coexistence in 8Zn will shed light on the robustness of the N=>50 shell closure and on
the interplay between the possible quench of the single-particle gap and the effect of
quadrupole correlations to stabilize deformed structures in this exotic mass region.



The evolution of nuclear shapes and collectivity in even-even Zn isotopes has attracted
much attention in the last decade [15, 16, 17, 18, 19]. In %9Zn, shape coexistence was
predicted by shell-model calculations performed with the PFSDG-U interaction [10, 11].
A valence space made of the full pf shell for protons and the full sdg shell for neutrons
was employed, using a ®°Ca inert core. Two low-lying 07 states were found, namely the
spherical ground state and a deformed 0] state, with 3, 0.2, calculated at 2.16 MeV
of excitation energy. The predicted proton and neutron occupancies for these two states
are presented in Tab. 1, while the DNO-SM expansions in the (/3,y) plane are shown in
the left panel of Fig. 1 [20]. From its wave-function composition, one can note that the
structure of the 03 state is dominated by 2p — 2h neutron excitations across N = 50,
mainly from the gg/, orbital to the ds/» and s/, orbitals, with an average number of
2.7 neutrons above the shell gap. On the other hand, both the 0] and 05 states have a
similar number of protons in the f5/2p3/2p1/2 shells, with a very little amount of particles
promoted across the Z = 28 shell gap for the 05 state.

J" | Eexp  Etheo | V902 vdsja  VS12 VG2 vdzs | T Tfsie T3 mpig
01" 0.0 0.0 950 023 0.03 019 0.04 | 752 190 0.44 0.14
0;' - 216 | 726 1.20 071 052 031 | 6.92 133 1.28 0.47

Table 1: Occupation of orbitals in the full proton pf and neutron sdg valence space for low-
lying 07 states in 80Zn. Eexp and Etpeo (in MeV) are the experimental and predicted excitation
energies, respectively [10].
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Figure 1: (Left) Discrete Non-Orthogonal shell-model (DNO-SM) expansions in the (3,y) plane
for the predicted 07 and 03 states in ®Zn [10]. (Right) Proton and neutron occupancy differences
for excited states in Zn, 8Zn and "®Ni with respect to their ground states [10].

It is very interesting to note the striking similarities of the calculated 05 state in 8Zn
with the predicted structure of the 1/2% state in ™Zn and the one of the 03 state in "Ni,
pointing to a similar deformation mechanism in these nuclei. The proton and neutron
occupancy differences with respect to their ground states are shown in the right side of
Fig. 1. The same dominant (ds;2)? and (s12)* neutron configurations are found, while
the energy of the 0 state in ®Zn is predicted to lower down compared with the 03 state
in ®Ni. This is due due to protons already occupying the f; /2 orbital in ®Zn, while p — h
excitations from the f;/5 are required in "™Ni. Therefore, probing the 03 state in **Zn
will also allow us to gain insights into the structure of the yet unobserved 05 state in the
doubly-magic "®Ni nucleus [9].



2 Proposed experiment

Given the expected v(2p — 2h) nature of the 0 state in °Zn, involving excitations from
the g/ orbital across the N = 50 shell gap, we propose to use the ®Zn(t, p) two-neutron
transfer reaction to enhance the population of such a state. We note that (¢, p) reactions
in inverse kinematics were already employed successfully at ISOLDE to study the 05 state
in 32Mg [21], “°Ar [22], and %°Ni [23], even with low-energy and low-intensity radioactive
beams.

The experiment will be performed at HIE-ISOLDE with the Isolde Solenoid Spectrometer
(ISS) using a ®Zn beam at 6 MeVA. Such a beam was already used in the IS491 experi-
ment, with a reported intensity of 7.8(7) - 10° pps after post-acceleration and a purity of
75 % [24]. The beam will impinge on a tritium-loaded titanium foil, with a Ti thickness
of 0.5 mg/cm?, as the one used in Refs. [21, 22, 23]. The target is being produced by
the SODERN company which already achieved a 3H/Ti ratio of 0.4, with the aim of
doubling it [25]. For the current proposal, we considered an average loading ratio of 0.6,
corresponding to an effective 3H thickness of ~ 20 ug/cm?.

Protons from the ™Zn(t,p) reaction will be detected and identified at backward angles
using the silicon array of the ISS setup. By setting the solenoid magnetic field to 2.5T
and placing the array between -200 mm and -700 mm from the target, we will be able to
fully cover an angular range from about 8° to 50° in the center-of-mass reference frame
(CM) for excitation energies in 8°Zn around 2 MeV, where the 05 state is expected. In
general, we will be able to cover from 8° to 40° in the CM frame of reference for excitation
energies up to 4 MeV. The calculated proton kinematic lines and the proton orbits in ISS
are shown in Fig. 2. Light particles will be distinctively identified using their cyclotron
frequency in the solenoid while heavy recoils will be detected by the newly-developed fast-
counting ionization chamber mounted downstream. Moreover, the (¢, 1) elastic scattering
will be also measured by a monitor detector and used as a normalization to determine
absolute cross sections.

Differential cross sections for the ®Zn(t,p) reaction were calculated with the FRESCO
code using a DWBA approach [26]. In particular, for the 03 state, the direct transfer
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Figure 2: (Left) Proton kinematic lines for two states at 0 MeV and 4 MeV of excitation energy.
(Right) Proton orbits for two states at 0 MeV and 5 MeV and center-of-mass angles from 8° to
40°. The coverage of the ISS Si array is displayed in yellow.



of a (ds/2)* and (s1/2)? neutron pair was considered, according to the shell-model wave
function shown in Tab. 1. The resulting total integrated cross section for the population
of the 07 in 89Zn is ~0.3mb. Preliminary second-order DWBA calculations were also
performed to evaluate the relative contribution of the sequential and direct pair transfer
and the possible interference of different two-nucleon amplitudes (TNA). Their impact on
the absolute cross section turned out to be of the order of 30-40 %.

The 05 state will be identified by studying the angular distribution of the emitted protons,
which will show the characteristic features of a AL = 0 transfer. Its shape is well distin-
guishable from that of AL = 2 transfers, which are also expected to be observed with the
selected reaction. The response of the ISS setup in terms of efficiency and resolution was
evaluated through GEANT4 simulations performed within the NPTool framework [27],
for the population of the 07, 2] and 0 states in 8Zn. The total efficiency of the array
turned out to be about 30% for AL = 0 and 40 % for AL = 2 transfer. The excitation
energy resolution is ~ 300keV (FWHM), mainly determined by the target thickness.

3 Counting rate estimates and beam time request

For the counting rate estimates we considered:
e Beam intensity: 5 - 10° pps;
e 3H target thickness: 20 ug/cm? (4.8-10'® atoms/cm?);
e A total integrated cross section for the 05 state in #Zn of 0.3 mb;

e A total ISS efficiency of ~ 30% for AL = 0 transfer, with the Si array covering
from -700 to -200 mm.

To detect approximately 100 protons coming from the transfer to the 05 state, 7 days of
beam time are required. The expected excitation energy spectrum is shown in the left
panel of Fig. 3, while the right panel shows the angular distributions for AL = 0 and
AL = 2 transfers. The experimental points and error bars are derived from the analysis
of the simulated data with the statistics expected in the requested beam time. This will
allow us to clearly distinguish between AL = 0 and AL = 2 transfer and to extract the
relative contributions of the (ds)? and (s1/2)* components to compare with shell-model
predictions, as done in Refs.[21, 22, 23]. We also intend to explore the higher excitation
energy region of 8Zn, up to 4 MeV, to possibly identify other low-spin states which are
currently unknown.

Summary of requested shifts: we request a total of 24 shifts, divided in: 3 shifts for
detector setup and 21 shifts to perform the experiment.
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Figure 3: (Left) Simulated excitation energy spectrum for 8Zn with the expected statistics in
the requested beam time. (Right) Angular distributions for the AL = 0 transfer to the 0] state
(red) and AL = 2 to the 2] state (blue).
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DESCRIPTION OF THE PROPOSED EXPERIMENT
Please describe here below the main parts of your experimental set-up:

Part of the experiment Design and manufacturing

ISOLDE Solenoidal Spectrometer X To be wused without any modification

If relevant, describe here the name | O Standard equipment supplied by a manufacturer
of the flexible/transported equipment | O CERN/collaboration responsible for the design
you will bring to CERN from your In- | and/or manufacturing

stitute

[Part 1 of experiment/ equipment]

[Part 2 of experiment/ equipment)] O Standard equipment supplied by a manufacturer
O CERN/collaboration responsible for the design
and/or manufacturing

[insert lines if needed]

HAZARDS GENERATED BY THE EXPERIMENT
Additional hazard from flexible or transported equipment to the CERN site:

Domain Hazards/Hazardous Activities Description
Pressure O | [pressure| [bar|, [volume][l]
Vacuum O

Mechanical Safety | Machine tools O
Mechanical energy (moving parts) O
Hot/Cold surfaces O

Cryogenic Safety | Cryogenic fluid O | [fluid] [m3]

. Electrical equipment and installations O | [voltage] [V], [current] [A

Electrical Safety High Voltage equipment O %voltagej %V} [ -
CMR (carcinogens, mutagens and toxic . .
to repr(oduction) 0 | [fluid], [quantity]
Toxic/Irritant O | [fluid], [quantity]

Chemical Safety Corrosive O | [fluid], [quantity]
Oxidizing O | [fluid], [quantity]
gtlinrggz;ll;i /S Potentially explosive O | [fiuid], [quantity]
Dangerous for the environment O | [fluid], [quantity]

Non-ionizing Laser O | [laser], [class]

e UV light O

radiation Safety Magnetic field X | 2.5 [T]
Excessive noise U
Working outside normal working hours | O

Workplace




Working at height (climbing platforms,
etc.)

Outdoor activities

Fire Safety

Ignition sources

Combustible Materials

Hot Work (e.g. welding, grinding)

g gogl o

Other hazards




