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Abstract: We propose to measure the isomer shift in the self-conjugate 26Al
(N = Z = 13) nucleus along with the isotope shifts of 2*~33Al using bunched-beam
collinear laser spectroscopy at the COLLAPS beam line at ISOLDE. These isomer and
isotope shifts allow the extraction of precise mean-square charge radii, in particular the
difference in charge radius between the I = 57, T'= 0 ground state and I =0, T' =1
isomer in 26Al. This charge radius difference, in comparison with the odd-even
staggering in the Al-chain, is an excellent probe to study proton-neutron pairing
correlations, as was previously illustrated for 35Kig [1]. Furthermore, accurate knowledge
of the mean-square charge radius in 2°™Al is essential to reliably calculate its
isospin-symmetry breaking correction which is important to extract the CKM matrix
element Vq from the 0T — 0% superallowed S-decay data. Finally, the charge radii of
the neutron-rich Al isotopes will probe the development of deformation at the border of
the island of inversion.

Requested shifts: 21 shifts (split into 2 runs over 1 year)



1 Motivation

The mean-square charge radius is a fundamental property of the atomic nucleus as it
contains information on the nuclear size and shape. Notably the charge radii of self-
conjugate nuclei, having an equal number of protons and neutrons, are of considerable
interest for nuclear pairing studies as well in the search for physics beyond the standard
model. Here we propose a direct measurement of the isomer shift in 2°Al (N = Z = 13),
yielding the difference in mean-square charge radius between the I = 57 ground state and
I = 07" isomer. Additionally, the mean-square charge radii and their odd-even staggering
in the Al isotopic chain will be determined by measuring the isotope shifts of 24733Al;;_19.
These measurements are an important probe for neutron-proton pairing and provide an
accurate charge radius of 26™Al, which is a crucial input parameter for the determination
of the isospin-symmetry-breaking corrections in superallowed (3 decays. Extending the
knowledge in experimental charge radii to the Al isotopes will further give insight in
the evolution of nuclear structure in and beyond the neutron sd shell. All these science
motivations will be discussed separately.

1.1 Proton-neutron pairing

Similar to Cooper pairs in electronic systems, protons and neutrons in a nucleus can
couple to form correlated pairs. The occurrence of such nuclear pairs is a basic feature
of our understanding of the nuclear structure, for example to explain the difference in
binding energies between even-even nuclei and their odd neighbours. Whereas the im-
portance of proton-proton (pp) and neutron-neutron (nn) pairing has long since been
recognized, proton-neutron (pn) pairing is still an active research area [2]. Notably, the
role of isovector (7' = 1) and isoscalar (T" = 0) pairing correlations is of interest.
Proton-neutron pairing is most suitably studied in nuclei near the N = Z line where
protons and neutrons occupy the same orbitals, enhancing the correlations between them.
Most of the experimental information on pn pairing comes from the study of the binding
energies, where in particular the relation of pn pairing and the Wigner energy term is
debated [3, 4]. Moreover, pn pair transfer reactions are a promising tool because of the
significant cross-section enhancement of deuteron-like transfer in case a nuclear state is
dominated by pn correlations [5, 6]. Competition between 7' = 0 and 7" = 1 states is
further investigated in the low-energy spectrum of odd-odd self-conjugate nuclei. Apart
from %8Cu and 34Cl, self-conjugate nuclei with mass A > 40 have T = 1 ground states
while in A < 40 an isospin inversion is seen resulting in 7" = 0 ground states. Initially
this was seen as an indication for an increased importance of isoscalar pair correlations
in light isotopes but more recently it has been shown that these observations can also be
explained by the interplay between isovector pair correlation energy and the symmetry
energy [2]. A detailed understanding of the competing 7= 0 and T = 1 contributions to
the nuclear symmetry energy requires the systematic investigation of the T' =1 pn pairing
correlation.

Recently, also the difference in size between the 7" = 0 and 7" = 1 states has shown
to be an excellent probe for proton-neutron pairing [1]. The mean-square charge radius
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Figure 1: (a) Mean-square charge radii of the T' = 0 ground state and T' = 1 isomer of 33K
compared to the T = 1 ground state radii of the neighbouring 3$Ar;s and 35Cagy nuclei.
(b) Difference in mean-square charge radius of the **K ground state and isomer compared
to the odd-even staggering in the neighbouring K isotopes. Both figures are taken from

1].

difference §(r?)9™ between the I = 3%, T = 0 ground state and I = 0%, T = 1 isomer in
BK (N = Z = 19) was obtained via a precise isomer shift measurement using collinear
laser spectroscopy at COLLAPS. To explain the larger mean-square charge radius of the
T = 1 isomer compared to the T'= 0 ground state, an intuitive interpretation in terms of
pn pairing was put forward, similar to the explanation of normal odd-even staggering in
terms of pp and nn pairs. The consistently larger mean-square charge radius in even N
(or Z) nuclei as compared to their odd (or odd-odd) neighbours is generally understood
as due to scattering of nn or pp pairs to less bound, i.e. spatially more extended, orbitals
while in odd(-odd) nuclei this scattering is blocked by addition of an odd proton or
neutron. Because of the charge independence of the nuclear force, T'= 1 pn-pairs should
be treated on equal footing as the pp and nn counterparts' and pair scattering of the
isovector pn-pair therefore leads to a larger charge radius of the T = 1 isomer in %K.
Indeed, as shown in Fig. 1(a), the isomer lies nicely on the N = Z line established by
the T'= 1 ground states in the even-even neighbors, while the 7' = 0 3¥K ground state is
smaller due to the blocking of pair scattering. Likewise, the difference in charge radius
between ground state and isomer is larger than the normal odd-even scattering because
the blocking by the odd proton in the K isotopes, is removed for the 7" = 1 isomer in
3K due to pn-pair scattering, illustrated in Fig. 1(b). The role of pn pairing was further
investigated by large-scale shell-model calculations using the modified ZBM2 interaction,
which supported the conclusions above.

So far the difference in mean-square charge radius between the ground state and isomer is
only known in 2 other self-conjugate nuclei: 52Mnys [7] and 33Scy; [8]. When taking into
account a different sign due to the isospin inversion above A > 40, the measured value
for ®*Mn is almost identical to **K, while the value of ?Sc is more than twice as large.

Due to the Pauli principle like-nucleons can only couple to 7' = 1 pairs.



At the moment, this apparent mass dependence of §(r?)9™ is not understood. Although
shell-model calculations using the modified ZBM2 interaction were reasonably successful
at predicting 6(r?)¢™ in 3K, they predict only a moderate increase in §(r?)%™ for *?Sc,
at variance with the experimental observations. It is also a priori not clear whether such
shell-model calculations can be generalized to other mass regions in a straightforward way.
Hence, more experimental input is essential to shed light on these issues and to provide
a more global picture on the size of the phenomenon in different self-conjugate nuclides.
As such, the N = Z = 13 nucleus 2°Al provides an excellent candidate for the next mea-
surement to benchmark pn-pairing in self-conjugate nuclides, especially as it represents
the lightest case with a long-lived T" = 1 isomer. Measurements of the mean-square charge
radii of 24733Al,;_19 will further allow the determination of the odd-even staggering in the
Al-chain. As illustrated for *K in Fig. 1(b), this information is essential to thoroughly
test the proposed interpretation in terms of pn-pairing.

1.2 Superallowed 8 decays, V.4, and the charge radius of 2°" Al

Superallowed 07 — 0% 3 decays remain the preferred way to access V,q of the Cabibbo-
Kobayashi-Maskawa (CKM) quark mixing matrix [9]. Combined with the other matrix
elements of the top row, it establishes the most demanding unitarity test in the CKM
matrix, |Viq|? + [Vis|®> + [Van|®> = 1 which poses stringent limits on physics beyond the
Standard Model of particle physics [9]. Recently, the uncertainty contribution of |Vis| to
the test was reduced by lattice QCD calculations [10, 11, 12], which now demands further
progress on V,q and to scrutinize its associated uncertainties.

Among the 14 cases considered in the determination of V4 from superallowed [ decays,
26m A carries special weight as its superb precision rivals all other cases combined. This is
illustrated in Fig. 2 which shows the fractional uncertainties to the corrected Ft values,
the quantity to determine V,q, for the lighter and more precisely known superallowed [
emitters. The dominating uncertainty in Al (and in most other cases) is not due to
experiment but is found in theoretical corrections which take into account that isospin
symmetry is slightly broken. Within the shell model, these isospin-symmetry-breaking
(ISB) corrections, d¢, are separated into two parts, dc = dc1 + dco2, where 0o reflects
configuration mixing within the restricted shell model space and dco represents the ra-
dial overlap correction. The latter is generally larger in value, for instance, in 26™Al the
ISB corrections account for dc1 = 0.030(10) % and dce = 0.280(15) % when considering
Saxon-Woods radial functions for the determination of dce [13]. In these calculations,
the Saxon-Woods potential is constructed utilizing the nuclear charge radius of the su-
perallowed [ emitter as an input parameter. However, the charge radius of superallowed
[ emitters is in many cases not known experimentally. For the determination of dco
with Saxon-Woods radial functions, the charge radius is then extrapolated from stable
isotopes and the associated uncertainties are generously inflated to account for the lack
in experimental data [13, 14]. Consequently, uncertainties in charge radii enter into the
error estimate of dco and are a significant contribution to the uncertainty of dco. Indeed,
when an updated compilation of experimental charge radii [15] was considered in the lat-
est survey of superallowed (3 decays [9], the value of dce was noticeably shifted (although
within previously quoted uncertainties) for all three superallowed § emitters with a new
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Figure 2: Fractional uncertainties to the corrected Ft values of the lighter superallowed
[ emitters. Figure from [9].

charge radius. In addition, “Rb’s charge radius determined in recent laser-spectroscopic
work lead to a reduction of the uncertainty on dco by 20 % [16].

%6m Al is among those cases without a measurement of its nuclear charge radius. The out-
standing situation found in 2 Al as the most precisely studied superallowed 3 emitter,
comparable in precision to all other cases combined, calls for an experimental determi-
nation of its nuclear charge radius. Currently, the size of the uncertainty in dco due to
the extrapolation to 2™Al’s charge radius is about one third of the uncertainty in dco
(compare [14] and [13]). Our proposed measurement will effectively eliminate the charge
radius as a source of uncertainty in the isospin-symmetry-breaking corrections d¢ of 2™ Al.
Most importantly, an actual measurement will place 2 Al’s charge radius as used in the
Saxon-Woods radial functions and hence its d¢ on solid experimental grounds which we
consider as vital and adequate given the level of precision and accuracy achieved in studies
of fundamental symmetries with superallowed § decays.

1.3 Nuclear charge radii to probe evolution of nuclear structure

Due to their sensitivity to the size and shape of a nucleus, systematic measurements
of nuclear charge radii along isotopic chains have provided important signatures for the
evolution of nuclear structure all across the nuclear chart. However, as shown on Fig. 3,
between Mg (Z = 12) and Ar (Z = 18) the charge radii are known experimentally only
for stabile nuclides. Hence, the proposed measurements of the mean-square charge radii
of 2433Al; 99 isotopes will be a first step to fill this gap.

While in the heavy mass regions the charge radii generally vary smoothly with Z and NV,
in the light and medium mass nuclei this is no longer the case due to the rapid change and
rich variety in nuclear structure. For example, in the Ne (Z = 10) isotopes the charge
radii highlight effects of a proton-halo nucleus, clustered configurations, classical shell
gaps, new subshell gaps and deformation within the mere range of 12 neutron numbers
between N =7 to N = 18 [21]. Towards N = 20 there is a marked onset of deformation
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Figure 3: The experimentally mean-square charge radii (r?) between Ne (Z = 10) and
Ca (Z=10), data taken from [17, 18, 19, 20]

in the so-called island of inversion, clearly seen in the increase in the charge radii of the
Na (Z = 11) and Mg (Z = 12) isotopes [18], confirming the observations from measured
moments that the 3133Mg and 3%3'Na have intruder ground state structures [22, 23].
Measuring the Al charge radii will therefore be important to further characterise the
nuclear structure in this region. Similar to Ne and Mg, clustering effects might play a
role for the neutron-deficient Al isotopes. The neutron-rich Al isotopes around N = 20
on the other hand are known to lie on the border of the island of inversion between
the spherical Si and deformed Mg nuclei. The transitional character of Al was already
studied in g-factor and quadrupole moment measurements which have shown a significant
amount of intruder admixtures in the ground state of the neutron-rich 3*3*Al isotopes
[24, 25, 26]. As the quadrupole moment of Al is of the same size as that of 3'Al, it was
argued however that these intruder configurations are not associated with an increase in
static deformation. Contrary to quadrupole moments, mean-square charge radii are also
sensitive to dynamical deformation and hence the charge radius of 3*Al will provide an
essential and complementary piece of information to study the development of deformation
in the island of inversion.

2 Experimental method

For the proposed measurements, standard methods of collinear laser spectroscopy of
bunched beams will be followed as they are routinely being employed at COLLAPS
(e.g. [1]). These measurements will reveal the hyperfine structures of the studied Al
isotopes yielding hyperfine parameters and isotope shifts 64", From the latter, changes



in mean-square charge radii (r?) are extracted according to
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where M and F are mass and field shift factor, respectively. For 269:26mA]  collinear
laser spectroscopy allows the direct measurements of the isomer shift since the hyperfine
structure centroids for both the ground state and the isomer can be determined in a single
hyperfine spectrum. The advantage of this direct determination was clearly demonstrated
for K [1] where a previous indirect determination of the isomer shift by the combination
of two data sets, led to large error bars and as a consequence, to the wrong conclusion on
the relative size of the ground state and isomer.

Due to a lack of suitable transitions in Al ions, spectroscopy is performed on atoms which
are formed when Al ions delivered by ISOLDE are neutralized in COLLAPS’ charge
exchange cell which is filled with Na vapour. Based upon our previous work (IS457) on
Ga atoms, which have very similar structure and transitions, we expect that the two states
of the 2P° doublet are populated roughly equally in the charge exchange. Several strong
transitions can be considered (compare also with Fig. 4a). We exclude the transitions
to the 2D doublet at 308 nm and 309 nm, respectively, since the two 2D states are
very close in energy (AE =~ 0.2 meV) resulting in mixing of the two transitions [27].
This could lead to anomalies in the optical isotope shifts in analogy to what has been
observed in Sm isotopes [28]. Such complications are naturally avoided in the transitions
to the 25}/, singlet at 396 nm and 394 nm, respectively. Due to the finite probability
density of the s-electron at the nuclear site, these transitions are also more sensitive to
the nuclear charge radius. The 2P§/2 — 25 /2 transition with an Einstein coefficient
of A = 1.0 - 10%/s is stronger than 2P1"/2 — 2512 (A = 5.1-107/s). Moreover, it is
also sensitive to the quadrupole moments of the investigated Al isotopes (not known for
242930A1) and is hence the preferred transition. Laser light at this wavelength can be
produced by frequency doubling 792 nm provided by a Ti:Sa laser.

As mentioned before, the transition dependent mass and field shift M and F' are required
to extract the changes in the mean-square charge radii 5(7"2>A’A' from the measured isotope
shift. Corresponding atomic-physics calculations of M and F' for the 2P§’/2 —2 5 /2
transition are currently underway [29]. Finally, the charge radii of the studied Al isotopes
can be determined by comparing 6(r?)*4" to the root-mean-square charge radius of 27Al
[15], which is known from muonic-atom and electron-scattering measurements.

3 Beam time request

Following our science motivation, we request ISOLDE beams of *733Al (see Tab. 1).
2TAl will serve as the reference throughout the entire measurement. Two shifts of stable
2TAl beam are requested for setup and confirmation of the spectroscopic scheme prior to
the measurements of radioactive nuclides. Operation and use of HRS and the cooler and
buncher ISCOOL will be required from the beginning. Moreover, RILIS will be essential
to increase the yields of the Al isotopes.

To date, all yields for Al isotopes (see Fig. 4b) listed in the ISOLDE yield database as well
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Figure 4:
(a) Simplified level scheme and relevant atomic transitions in Al atoms.

(b) ISOLDE yields of Al isotopes. At A = 26, the displayed yields are for 2™ Al. Figure
from [30].

as with ISOLDE coupled to the PSB are based on UCx targets. While lighter targets such
as a SiC target may result to higher yields of 2626 Al the reported yields obtained by a
UCx target are sufficient for our proposed measurements. However, for 2¢Al, where yields
were only measured at ISOLDE-SC, the ISOLDE-PSB yield from UCx targets could be
lower than at ISOLDE-SC because of its potentially lower production cross section at the
higher proton energy [31]. We hence request a test for 2*Al’s yield on the UCx target to
establish the yield at the end of our first beamtime which will focus on the neutron-rich
Al isotopes. Based on these results, a second run may benefit from a lighter target and/or
the use of LIST for suppression of Na contamination in the beams of lighter Al isotopes.
Due to the similarity of the spectroscopy scheme and experimental setup, the shift request
is based on our previous experience with Ga atoms (IS457): We request 1 shift per nuclide
with higher yields (> 10° ions/uC) and 2 shifts per nuclides with lower yields. Taking
into account the expected lower yield of a few thousand ions per uC for 2433Al [31], 4
shifts will be required for the measurement of each of these nuclides. An overview over
the Al isotopes and the requested shifts is provided in Tab. 1.

Summary of requested shifts: 21 shifts (2 for setup and 19 for online measurements
of 24733 A1 split into two separate beamtimes).
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT

The experimental setup comprises:

Part of the Availability | Design and manufacturing

COLLAPS X Existing | X To be used without any modification

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

Additional hazards: no additional hazards
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