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Abstract: We propose to measure the ground state properties of #+%2Zn (Z = 30) using
the Collinear Resonance Ionization spectroscopy (CRIS) method. This measurement will
allow an unambiguous assignment of the ground state spin of 8!Zn (N = 51), aiming to
study the evolution and the predicted inversion of neutron single-particle orbits above
N = 50, when approaching ®Ni. The measured nuclear electromagnetic moments will
help to identify the ground state configuration and structure of the 81Zn, while the nuclear
charge radii up to ®2Zn and the odd-even staggering, 2 neutrons above N = 50, will provide
a sensitive probe of the magic nature of N = 50 near "°Ni.

Requested shifts: 16 shifts of radioactive beam and 2 shifts of stable beam (1 run)



1 Scientific context

1.1 The vicinity of Z =28 and N = 50

Magic nuclei are the corner stones of our understanding of nuclear structure. While they
are well established close to the valley of stability, they are under question in regions
with extreme proton-to-neutron ratio. In particular, the region of ®Ni with Z = 28 and
N = 50, with 14 neutrons in excess from the heaviest stable nickel isotope, and 6 S-decays
away from the stable ®Se, is the subject of scrutiny by the nuclear physics community.
The isotope "®Ni is itself very difficult to be produced with sufficient yield at current
radioactive beam facilities to allow for detailed measurements of its ground state (g.s.)
properties.

As a consequence, most of these studies have been performed with other proxies, such
as the copper isotopes with Z = 29 [1]. The study of the low-lying structure across
these odd-A isotopes has shown a steady migration of the single-particle energy levels
[2], as measured by the nuclear spin and electromagnetic moments of the g.s. of copper
and gallium isotopes [3, 4, 5]. While this first observation might suggest a structural
change close to Z = 28, the comparison with the different models actually highlights
how robust the underlying Z = 28 structure remains. This is further confirmed from the
observation of the binding energies up to “Cu. Amongst all the neutron-rich N = 50
isotones, copper shows an increased binding that suggests the trend will coincide with
a doubly magic system in "®Ni [6]. Only very recently could the the first excited state
in ™Ni be established at RIBF-RIKEN via in beam ~-spectroscopy [7]. Although this
experiment provided an evidence of the doubly magic nature of "8Ni, it also suggested
a deformed state at low energy. This result potentially echoes the earlier observation of
shape coexistence appearing in Zn (N = 49) and ®Ge (N = 48) [8, 9], and is in line
with the prediction of shape coexistence by large-scale shell-model calculations [10]. A
breakdown of the proton Z = 28 shell closure above N = 50 is predicted, that favours
deformed ground states for more exotic nickel isotopes [7]. As these neutron-rich nickel
isotopes are not yet accessible at current radioactive beam facilities, we propose to study
the ground state structure of the N = 51 isotope 8'Zn, the closest even-Z isotope to "Ni.
Through high-resolution laser spectroscopy, we can measure directly the g.s. spin, while
the moments will reveal information on the single particle (or collective) nature of this
state. The mean square charge radii up to ¥2Zn will allow to probe the magic character
of the N = 50 gap by investigating the kink at the magic number.

1.2 The zinc isotopes

1.2.1 Shell evolution of N = 51 isotones: nuclear spin of 3'Zn:

For N = 51 isotones, one neutron above the N = 50 shell closure, the spin/parity of
g.s. 5/2% and first excited state 1/27 are known experimentally from Z = 40 down to
Z =32 (Fig.1) [11, 12], with a dramatic drop in energy of the 1/2" state. This reduction
in energy difference between the 1/27 and 5/2% states can be attributed to the effect
of the tensor component of the monopole interaction on the ds/; orbit within the shell-
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Figure 1: 1/2% and 5/2% energy levels for N = 51 isotones compared with the theoretical calculations.

model framework [13, 14, 15]. The 1/27 level is predicted to become the g.s. in ¥Zn
and ™Ni from a shell-model calculation using jj45pna [16] (see Fig.1). Moreover, the
5/2% and 1/27 levels in 8!Zn are predicted to be nearly degenerate. An ab-initio coupled-
cluster calculation including the continuum also predicted an inversion of the 5/2% and
1/27% states in ™Ni [17]. A direct experimental assignment of the g.s. spin of #Zn and
™Ni is thus highly motivated but currently impossible for Ni. For 8!Zn, however, the
production yield is sufficient at ISOLDE to perform a direct spin measurement using the
collinear resonance ionization laser spectroscopy (CRIS) method [4].

Multiple experimental proposals [13, 14] and investigations [18] have been motivated and
performed at ISOLDE in order to determine (indirectly) the spins of the low-lying states
of 8'Zn, but until now, the g.s. spin of 3'Zn remains controversial [18]. High-resolution
laser spectroscopy is the only method that allows for a direct measurement of the 8'Zn
g.s. spin, and it is currently only possible at ISOLDE, thanks to the high sensitivity offered
by the CRIS method.

1.2.2 Nuclear moments of %'Zn:

This predicted 1/2% g.s. in "Ni and *!Zn may come from a single neutron in the 3s; /5 orbit
or have a rather mixed configuration, e.g., with [27 ® dé/2]1/2+. The nuclear magnetic
moment is a sensitive probe of the wave-function in near-magic isotopes. The quadrupole
moment can also reflect the single-particle effect or configuration mixing. Therefore, to
study experimentally the evolution or inversion of v3s; /5 and v2d5 /5 orbits above N = 50,
the nuclear spin and the moment measurements of 'Zn are essential. These results
will also provide stringent tests for recently developed large-scale shell model [19] and
microscopic ab-initio [17] calculations.

1.2.3. Nuclear charge radii of zinc isotopes beyond N = 50:

Approaching Z = 28 and above N = 50, the charge radii data are very limited (Fig.2).
The closest isotope to Z = 28 with a measured radius beyond N = 50 is *Ga (N = 51)
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Figure 2: (Left): Experimental charge radii in the nickel region. (Right): Odd-even staggering of
isotopes around N = 50. The statistical errors are not included in the plot for a better visualization.

[20, 21]. For the nickel isotopes, results from measurements up to N = 42 [22] are
currently being analyzed and these could be extended at most up to N = 44 using the
CRIS method. Recent charge radii measurements of copper isotopes up to N = 49 [1]
and zinc isotopes up to N = 50 [19] have provided prominent tests for ab-initio and
density functional calculations, which were applied in this mass region for the first time
[1], as well as for shell-model calculations [19]. The magic shell effect can be identified
by the characteristic kink in the charge radii of isotopes beyond N = 50, as seen in
the krypton, rubidium, strontium and gallium isotopes (Fig.2 (Left)). This magic
effect can be better observed as a local inversion of the odd-even staggering (OES)
(A®)y = S(=1)N*rygy — 2ry +7y-1][21]), as seen in Fig.2 (Right), which seems to
increase in gallium. In order to investigate how the shell gap effect evolves towards
Z = 28, we aim to measure the charge radii of 8%2Zn. This measurement will also
provide a further test of the state-of-the-art nuclear theories [1].

In summary, in this proposal, we shall perform high-resolution laser spectroscopy
measurements of 81:%27n isotopes to address the following questions:

1. What is the g.s. spin in 3Zn (evolution of 1/2" level in N = 51 isotones)?

2. Is the g.s. of 81Zn a single-particle state?

3. How does the charge radii trend and the local OES behave above N = 507

2 Experimental method

2.1 Beam production and yields

Zinc beams can be produced by impinging the 1.4 GeV proton onto a UCx target and
then laser-ionized with the RILIS. The zinc beam production rates are well known and
documented at ISOLDE. Experimental yields have been measured up to ®'Zn, see Ta-
ble 1. The yield for 82Zn has been determined from the ActiWiz in-target production



75769.3 cm-1

4565 3S;
65432.29 cm-1

32890.33 cm-1
4s4p 3Py, ,

Figure 3: (Left): Laser resonant ionization schemes. (Right): Hfs spectra of 57Zn from the offline test.

information, accounting for the trend in release efficiency extrapolated from the “"~8!Zn
isotopes with half-lives below 3s. For a high sensitivity laser spectroscopy measurement,
it is important to limit isobaric contaminants if possible against overloading ISCOOL
during bunching. In these 81%2Zn beams, near-stability rubidium isotopes appear as the
major contaminants. Through the years, many techniques have been used to suppress the
rubidium from the zinc beams, such as the use of the proton-to-neutron converter, of a
quartz transfer line, or of both combined [23, 24, 25, 26]. In each case, the suppression
of rubidium is far superior than the suppression of the zinc beam. When combining the
neutron converter and the quartz transfer line, the suppression of the zinc would be too
severe. Therefore, we suggest to use the quartz transfer line only. It offers the best com-
promise in contaminant suppression, yet keeping the yields of the zinc isotopes of interest
(81%2Zn) high enough, as shown in the Table 1.

2.2 High-resolution CRIS experiment

The zinc beam, after being cooled and bunched in a linear Paul trap (ISCOOL), is de-
livered to the CRIS experiment. It first passes through a charge exchange cell to be
neutralized [27]. A deflector and field ionization unit cleans away remaining ions and
highly excited atoms, so that a pure atomic bunch is delivered to the laser-atom inter-
action region [28], which is maintained at ultra-high vacuum (107! mbar) to minimize
non-resonant collisional ionization. The atom bunch is overlapped in space and in time
with the lasers to resonantly excite and ionize the atom. One of the transitions is scanned
with a narrowband laser to reveal the hyperfine structure (hfs). The resonantly ionized
bunch is then deflected towards an ion detector. The hfs spectrum is reconstructed by
counting the ion rate as a function of the laser frequency.

2.3 Zinc ionization scheme

Figure 3 (left) shows possible laser ionization schemes of zinc atoms. The transitions of
3P0,1,2 —>3D172,3 and 3P071 —35, (marked with stars) have been tested offline with a laser-
ablation ion source at CRIS [29] in order to determine the most suitable ionization scheme.



One of the tested schemes (> P,—3 D), is found to have a good signal-to-background ratio
and a good sensitivity of the hfs constants and field shift to the nuclear observables. A
well resolved hfs spectrum is observed, as shown in Fig. 3 (right). For this transition, the
narrowband laser light at 280 nm could be provided by an injection-seeded laser as used
before to study copper [4]. The non-resonant ionization step (1064 nm) can be obtained
from a high-power Nd:YAG laser at CRIS.

Another two additional transitions marked with shadow will be tested before the experi-
ment. Our recent investigations have also demonstrated that excitation to Rydberg states
just below the IP, followed by field ionization, could lead to a further reduction in colli-
sional background, while maintaining the ionization efficiency [30]. We have investigated
preliminary the field ionization of zinc with low-resolution tunable lasers during the offline
test, and multiple series of the Rydberg states have been clearly observed. This will also
be further tested with high resolution.

2.4 Decay tagging

The neutron-rich zinc isotopes have known isomers as observed in previous studies up to
™7n [31]. In 37Zn, no isomer has been reported so far, but the discrepancies in the mea-
sured half-lives, as well as the diverging interpretations by the different groups who have
investigated its decay into 8'Ga [18], cannot exclude that this isotope may display iso-
merism too. At the CRIS experiment, we have demonstrated that laser-assisted radiation
detection can be used to study the decay of resonantly-ionized isomers in clean conditions,
e.g., using a-decay from neutron-deficient francium isotopes [32, 33, 34]. Moreover, the
CRIS decay spectroscopy station has recently been adapted to study the hfs of the exotic
22K isotope via its B-decay [35]. This allowed for a higher sensitivity measurement, as the
[-decay detection is not sensitive to the high amount of stable isotopes that were present
in this beam. A similar detection strategy can be applied for the short-lived neutron-rich
zinc isotopes, in case the background is found to be stable or very long-lived. In a future
addendum, a dedicated decay spectroscopy study of the 3 7Zn g.s. and eventual isomeric
state is considered.

2.5 Beam time request

The details of the zinc beam production and the required shifts for this proposal are
summarized in Table 1.

In order to have a consistent determination of the charge radii, a few isotopes overlapping
with the previous studies [19] have to be measured. We will re-measure the even-even
72-807n (single resonance only) and even-odd ™&™Zn isotopes. For laser spectroscopy
experiments on isotopes with yields above 10* pps, the data taking time is mostly de-
termined by the frequency range that has to be scanned to observe all hfs peaks, which
depends on the nuclear moments and the atomic hyperfine fields. The frequency range
for the hfs spectrum of the ®Zn isotope is ~7 GHz for the most appropriate transitions,
based on the offline test and the previous studies at COLLAPS [31]. For &™Zn, 1.5 shifts
are needed to scan the 10 GHz frequency range, thus covering the hfs components of the
ground and isomeric state [8]. The times are calculated by considering: 10 MHz/step;



Table 1: Zinc yields using protons on target or on converter, without and with a quartz transfer line,
and requested shifts. * Only 3°Zn has measured yields with protons on target and a quartz transfer line
and has been used as a reference to rescale the main yields. Yields with a quartz line are used to estimate
the required beam time (taking into account the reduced isobar contamination).

Isotope T2 [s] Yield [uC~' | Yield [uC~1] | Yield [uC~'] | Shifts
with quartz | with converter
728071 > 10* > 10* * > 10* 1
Memzn 10.995/ > 0.2 > 10* > 10* * > 10* 1.5
817n 0.29 5.5 x 103 1.3 x 103 * 7.5 x 102 7
827n 0.28 1000 250 * 650 2.5
07n Stable Reference isotope for isotope shift 4
Total: 16
Stable beam: for the optimization of the experimental setup 2

15s/step including 5 s laser stabilization time for each frequency change and three inde-
pendent hfs measurements. For the even-even ">~8Zn isotopes, with only 1 resonance
in the hfs (I = 0), another 1 shift is requested. To measure isotope shifts, each hfs
measurement has to be done relative to a reference isotope (typically a I = 0 isotope).
Therefore, sufficient time for reference isotope measurements is needed, which typically
amounts to 25 — 50% of the total beam time (50% when more isotopes are scanned).
Therefore, we request 4 shifts for regular measurements on a reference isotope. For the
exotic 8'Zn isotope, the production yield is 2-3 orders of magnitude lower than the Zn
and the existence of an isomeric state is not excluded. Thus the hfs should be scanned
over a sufficiently large range to cover both a possible 1/2% and 5/2% hfs, estimated to be
10 GHz based on the effective single-particle g-factors of 1/2% and 5/2% states. Due to the
low production yield, scans of about 60s per step (10 MHz/step) and three independent
hfs measurements are required in order to obtain sufficient statistics with reliable error
determination. Thus, about 7 shifts are requested for the study of ' Zn including 0.5 shift
for searching the resonance peaks. The study of 32Zn (I = 0) will require only 2.5 shifts
because of the single-resonance, although its production is 10 times less than that of 8!Zn.
Additionally, 2 shifts with stable beam before the run are requested for optimizing the
experimental set-up and laser scheme.

Summary of requested shifts: 16 shifts are requested using a UCx target
with a quartz transfer line for the study of neutron-rich zinc isotopes. In
addition, 2 shifts of stable beam time prior to the online run is requested for
the optimization.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: (name the fized-ISOLDE installations, as well as
flexible elements of the experiment)

Part of the Availability | Design and manufacturing

CRIS X Existing | X To be used without any modification

HAZARDS GENERATED BY THE EXPERIMENT Hazards named in the document
relevant for the fixed CRIS installation.
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