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Abstract: We propose to measure the changes in the mean-square nuclear charge radii
of exotic aluminium (Z = 13) isotopes with the Collinear Resonance Ionization
Spectroscopy (CRIS) method. Using the CRIS technique the charge radii across the
neutron shell closure at N = 20 can be obtained by performing measurements on 3331Al,
with N = 20 and N = 21 respectively. These results will provide the first insight into
the evolution of the nuclear charge distribution across N = 20 in the vicinity of the
island inversion.

Requested shifts: 15 shifts of radioactive beam and 1 shift of stable beam



1 Introduction

The aluminium (Z = 13) isotopes *3734Al are located at the edge of the island of inversion
around N = 20 [1, 2] as depicted in Fig. 1. This name refers to the region on the nuclear
chart where the ground-state structure is dominated by particle-hole (p-h) excitations
of neutrons across the reduced N = 20 shell gap, leading to unexpected ground-state
deformation. These so-called ‘intruder’ configurations can become the ground state, as
their energy lowers due to enhanced quadrupole and pairing correlations [3]. When the
ground state wave function of an isotope is dominated or strongly mixed with intruder
configurations the isotope is said to be within the island of inversion. Experimental
signatures of the onset of deformation in this region have initially come from measured
binding energies across N = 20 and charge radii up to N = 20 in Na [4, 5]. The presence
of deformation, despite the magic N = 20 shell closure, also prevails in Mg. This has
been identified in the measured energy of the 2 states of 3234Mg [6, 7], the appearance
of shape coexisting 0" states in **Mg [8], and later in the charge radii and moments of
3132Mg [9, 10] and the binding energies [11]. In the latter, the smallest observed shell
gap was reported for any nuclide with a canonical magic number. In contrast, the next
even-Z Si (Z = 14) isotopes maintain a spherical ground state [12]. Aluminium is thus
wedged between the deformed Mg (Z = 12) and the spherical Si (Z = 14) isotopes.
The structure of the 3334Al isotopes has been inferred from their measured g-factors and
nuclear quadruple moments: the isotopes have a mixed wavefunction, composed of normal
and intruder configurations, and thus form a gradual transition into the island of inversion
below Z = 13 [1, 2, 13, 14].
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Figure 1: The region of the island of inversion in the vicinity of N = 20. The white
rectangles represent isotopes for which the configurations are unknown, the gray have
normal ground-state configurations without neutron excitations across N = 20. The dark
isotopes have a ground-state structure which is dominated by (or heavily mixed with)
2p-2h configurations.

The two-neutron separation energies extracted from precise mass measurements are known
in and around the island of inversion, as presented in Fig. 2(a), and play an important
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Figure 2: (a) The measured Sy, in the region. (b) The measured charge radii in the island
of inversion and across N = 20. Figure (a) is taken from [15].

role in understanding the evolution of the shell structure in the region [4, 11, 15, 16, 17].
Interestingly, at N = 21 the only crossover in the Sy, trends was detected on the nuclear
chart between the 34Al and 33Mg isotopes [16], which is highlighted in the inset of Fig. 2
(a). In contrast, there are no measurements of the charge radii above N = 20, as shown in
Fig. 2(b). Nevertheless, the available results for Na and Mg stretching up to N = 20 have
revealed a striking correlation between the trend in the charge radii and the occupation
of the neutron orbitals [5, 9], demonstrating the sensitivity of this property to the details
of the nuclear structure in the island of inversion, as will be discussed below.

2 Physics Motivation

The Al isotopes are well-positioned to investigate the evolution of the charge radii across
the N = 20 neutron shell gap in the island of inversion. Charge radii are considered to
be sensitive probes of changes in the nuclear structure such as deformation [18] and shell
closures [19]. In general, the stabilizing effect of a magic shell results in a significant
change in the nuclear charge distribution before and after the magic number. The
available experimental data across N = 20 so far is limited to 3 isotopic chains, Ar
(Z = 18) [20, 21], K (Z = 19) [22, 23], and Ca (Z = 20) [24]. In all of these N = 20
occurs close to stability. Interestingly, from these data no clear signature of a shell
closure at N = 20 is detected in the charge radii. This finding has been attributed
to the cancellation of the monopole and quadrupole polarization of the proton core as
neutrons are added [20]. Laser spectroscopy experiments on more exotic isotopes below
Ar with N = 20 could not be performed thus far, as the production and extraction of
these isotopes at radioactive ion beam facilities is very challenging due to their chemical
properties. In addition, laser spectroscopy of Cl (Z = 17), S (Z = 16) and P (Z = 15)
is not trivial with current laser systems and measurements methods. Therefore, going
south from Ar, the first element which can be studied is the Al chain.
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Figure 3: The differential mean-square charge radii are sensitive to the structural changes
in the island of inversion, in particular to the filling of specific neutron orbitals and
excitation across N = 20. While a similar trend is observed in between N = 16 and
N =18 in the Al and Mg chain, a different behavior is present approaching N=20.

Previously, the neutron-rich Al isotopes have been studied at ISOLDE using collinear
laser spectroscopy, where measurements up to **Al (N=19) were performed [25]. The
extracted charge radii of Al are presented in red in Fig. 2(b), together with the
neighbouring isotopic chains. The charge radii of Mg and Na have been measured up
to N = 20 [5, 9], and a proposal to study the Mg isotopes beyond N = 20 has been
accepted for the new MIRACLS experiment [26]. The charge radius at 3?Al (N = 19),
unexpectedly deviates from the trend approaching N = 20. Though the uncertainty on
this value is large, a 20 deviation is observed from the gradually increasing sizes in the
region. This could result from reduced correlations at the N = 20 closed shell in the Al
isotopes, as pointed out in [25]. On the other hand, both electromagnetic moments of
3A1 (N = 20) and 3Al (N = 21) suggest that cross-shell excitations play an important
role in their structure [1, 2, 13]. The authors of Ref. [25] therefore pointed out that
a more precise measurement of the charge radius of 32Al is required to derive a firm
conclusion.

In addition, the changes in the mean-square charge radii are good indicators
of the structural changes in the island of inversion [5, 9]. In Fig. 3, the differential
charge radii of Al and Mg are compared. This quantity is essentially the increase in the
mean-square charge radii when two neutrons are added. Indeed, a clear correlation is
present between the occupation of particular neutron orbitals and the proton distribution
[9]. Furthermore, in the case of Mg a significant increase is observed for the isotopes in
the island of inversion (**Mg and 3?Mg). It is apparent that the measured charge radius
of 32Al deviates from the trend of the Mg isotopes. We thus propose to re-measure the
nuclear charge radius of *?Al and extend the measurements across N = 20, using the
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more sensitive collinear resonance ionization spectroscopy method. The charge radii of
3334 A1 will not only shed further light on the structure change when crossing N = 20,
but will also allow us to observe the odd-even staggering at N = 20. This quantity has
proven to be a sensitive probe for the details of the nuclear force and to detect shell
effects [18, 24, 27, 28, 29].

From the theoretical point of view, configuration interaction calculations (e.g. large-scale
shell model) and mean-field methods were most often employed to test our understanding
of the island of inversion [30, 31, 32, 33, 34]. Until recently, ab initio coupled cluster (CC)
calculations could only be performed in the vicinity of magic numbers of even-Z isotopes
[35, 36]. However recent advances allowed for the calculation of the properties of isotopes
across neutron shells and odd-Z systems as well [28, 37]. Thanks to this progress, the
region of the island of inversion can now be investigated using these state-of-the-art
potentials and computational methods. In Ref. [38], of particular interest was the trend
of the charge radii across N = 20, to investigate the impact (or lack thereof) of this
magic number and the onset of deformation. However, the predictions of CC calculations
beyond N = 20 could not be tested due to the lack of experimental data. Furthermore,
calculations employing the Valence Space In-Medium Similarity Renormalization Group
(VS-IMSRG) method are also available for the region we propose to study [39]. This
method successfully predicted the odd-even staggering of the nuclear charge radius
and binding energies in the Cu isotopes [27]. Furthermore, VS-IMSRG calculations are
readily available for the Al chain [25]. These are thus perfectly suited to examine the
trend of the charge radii across N = 20. The comparison of new experimental data to
predictions of the state-of-the-art theoretical calculations will be a stringent test of the
advances on this front.

In summary, we propose to provide the first measurement of the charge radii
across N=20 in the vicinity of Mg, probing the evolution of the nuclear charge
distribution and the effect of the reduced shell gap at the edge of the island
of inversion.

3 Experimental details

The proposed isotopes will be studied using the Collinear Resonance Ionization Spec-
troscopy setup (CRIS). Previously, laser spectroscopy on Al isotopes has been performed
using the optically detected collinear laser spectroscopy method at both ISOLDE [25] and
the IGISOL facility [40]. In addition, the first proof-of-principle experiment of the CRIS
technique was performed on ?"Al with an efficiency of 1 in 500 at the IGISOL [41]. As a
result, there is a solid understanding of the efficiency of different stages of the experiment.

The ions will be cooled and bunched in the ISCOOL device, having better than 50% trans-
mission efficiency at the masses of interest. These bunches will be guided to the CRIS
beamline where neutralization will take place in the K- or Na- filled charge-exchange cell
(CEC). Both of these neutralisation efficiencies were tested in the previous COLLAPS and



IGISOL experiments. The expected population of different low-lying states are between
20% and 50% [42]. The remaining ions can be deflected from the beam using an elec-
trostatic deflector after the CEC. Next, resonant excitation and subsequent non-resonant
ionization will take place in the interaction region of the CRIS beamline. Here the atom
beam and the laser light will be overlapped in the collinear geometry. The wavelength of
the laser used for the first excitation will be continuously changed, probing all possible
hyperfine transitions. A high-power ionization laser with sufficient energy will ionize the
excited atoms. Finally, these ions will then be deflected towards a MagneToF particle de-
tector. The hyperfine structure is reconstructed by plotting the frequency of the scanning
laser and the corresponding ion count rate.

The isotope shift »44" is calculated as the difference between the centroid of the fitted
hyperfine structure of two isotopes, with one being the reference. The hyperfine structure
of the reference isotope has to be measured in regular time intervals to account for the
long-term drift in the voltage and wavelength readout [43]. The changes of the mean-

square charge radii 6(r?)44" are calculated as:
’ 1 ’ ma —mar
52AA:_<AA_K K —) 1
(r%) 7\ (Knws + Ksws) mama ) (1)

where m 4, m s are the masses of the isotopes A and A’, I is the atomic field shift, Kysg
and Kgy¢ are the normal and specific mass shifts. The latter parameters are properties
of the atomic transitions, and are obtained from atomic physics calculations.

3.1 Laser ionization schemes

Suggested ionization schemes with reasonable sensitivity to the nuclear properties are
presented in Fig. 4. All the laser wavelengths presented in this figure can readily be
produced with the current laser systems in the CRIS laser laboratory. The transition
from the J = 3/2 state at 395 nm was used in the recent experiments at COLLAPS and
IGISOL [25, 40]. Ionizing the atom after exciting with this transition however requires
the use of a 355 nm high-energy laser, which could lead to high non-resonant ionization
rates of isobaric contaminants (if present), and thus may result in high background
rates. The other transitions would therefore be more suitable. In addition, it would be
favorable to use a transition from the atomic ground state with J = 1/2, as this reduces
the number of hyperfine components to be scanned over. This is advantageous for
isotopes with low production rates, since it reduces the time required to reach sufficient
statistics. Note, that a long-lived I™ = 1% isomer has been identified in **Al with 26 ms
half life. However, at ISOLDE this isomer was not present in the 3*Al beam, and has
only been produced by in-trap decay of 3*Mg [17]. The measurement of this isomeric
state is therefore not part of this proposal.

4 Yield and shift estimates

The summary of the beam request and estimated number of shifts required for the mea-
surements is presented in Table 1. The yields were taken from the ISOLDE online yields
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Figure 4: Possible laser ionization schemes for the Al atoms. The first resonant laser
excitation is presented by arrows and the subsequent non-resonant ionization step is shown

as a shaded area. The red arrow indicates the transition previously used at COLLAPS
and IGISOL.

database [44].

The shifts requested for the re-measurement of 27 ~3' Al are necessary to enable the voltage
calibration and overlap of the dataset with previous results using the COLLAPS technique.
This will also allow for the investigation of any systematic deviations between the two
measurements with different laser spectroscopy techniques [43].

Table 1: Production yields and requested shifts for the measurement of neutron-rich
aluminium isotopes [44].

Isotope | Half life Predicted yield Shifts
2TAl | stable 0.5
B=31A1 | >500 ms 2 > 10° 2
32A1| 33 ms not listed 1.5
33A1 | 41.7 ms 4.9-102 2
34A1 | 56 ms >1-101 9
Beam tuning 1
RILIS yes
Total 16

For the extraction of precise isotope shifts, frequent reference measurements are crucial.
Based on previous successful experiments, close to 1/4 of the shifts are spent on these
measurements. This time is taken into account in the shift request. Given that in the
light isotopes such as Al, the atomic transitions are less sensitive to the changes in
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the mean-square charge radius, more precise isotope shift measurements are required
resulting in longer measurement times as compared to other CRIS measurements
performed in the past.

The production yields of 3331Al are less than 500 ions/s, which makes precision measure-
ment of their isotope shifts challenging. This is reflected in the beamtime request, where
we request 2 and 9 shifts for 333*Al respectively. Previously, CRIS has been successfully
performed on isotopes produced with such low rates [27, 28, 45], with the 20 ion/s
marking the most challenging case so far.

Summary of requested shifts: 15 shifts are requested using a UC, target and
1 shift with stable beam.
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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 experiment X Existing | X To be used without any modification

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Hazards

named in the document relevant for the fixed CRIS installation.

14



