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Hyperfine spectra of 27–32Al (Z = 13) have been measured at the ISOLDE-CERN facility via collinear laser
spectroscopy using the 3s23p 2Po

3/2 → 3s24s 2S1/2 atomic transition. For the first time, mean-square charge radii
of radioactive aluminum isotopes have been determined alongside the previously unknown magnetic dipole
moment of 29Al and electric quadrupole moments of 29,30Al. A potentially reduced charge radius at N = 19 may
suggest an effect of the N = 20 shell closure, which is visible in the Al chain, contrary to other isotopic chains in
the sd shell. The experimental results are compared with theoretical calculations in the framework of the valence-
space in-medium similarity renormalization group using multiple sets of two- and three-nucleon forces from
chiral effective field theory. While the trend of experimental magnetic dipole and electric quadrupole moments
is well reproduced, the absolute values are underestimated by theory, which is consistent with earlier studies.
Moreover, both the scale and trend of the charge radii appear to be very sensitive to the chosen interaction.

DOI: 10.1103/PhysRevC.103.014318

I. INTRODUCTION

Laser spectroscopy performed at radioactive ion beam fa-
cilities is a powerful technique to study isotopes all across
the chart of nuclei [1]. By measuring atomic (or ionic) hyper-
fine spectra, ground, and isomeric state spins, electromagnetic
moments and differences in mean-square charge radii can be

*hanne.heylen@cern.ch
†Present address: Massachusetts Institute of Technology, Cam-

bridge, Massachusetts, USA.
‡Present address: National Superconducting Cyclotron Laboratory,

Michigan State University, East Lansing, Michigan 48824, USA.

Published by the American Physical Society under the terms of the
Creative Commons Attribution 4.0 International license. Further
distribution of this work must maintain attribution to the author(s)
and the published article’s title, journal citation, and DOI.

obtained in a nuclear-model-independent way. Since these
observables probe different nuclear structure aspects, laser
spectroscopic studies are ideal to systematically investigate
the performance of state-of-the-art nuclear theories.

In the last few decades, tremendous progress has been
made in solving the nuclear many-body problem from first
principles. Chiral effective field theory [2,3] provides micro-
scopic interactions rooted in QCD, the fundamental theory
of the strong interaction, while novel methods to solve the
many-body Schrödinger equation in medium- and heavy-mass
nuclei have been developed. Combined with the advances
in computing power, a rapidly growing number of nuclides
can be described within such an ab initio framework [4].
Particularly, the valence-space in-medium similarity renor-
malization group (VS-IMSRG) method [5–8] has emerged as
a versatile tool to study open-shell nuclei in the medium-mass
region. Its scope now reaches up to the tin region [8–10] and
recently also isotopes requiring multishell valence spaces,
e.g., nuclei in islands of inversion, have become accessible
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FIG. 1. Schematic depiction of the COLLAPS collinear laser spectroscopy setup at ISOLDE-CERN. More details can be found in the text.

[11]. Not limited to (near-)magic nuclei, the VS-IMSRG tech-
nique allows the exploration of the microscopic origins of
global features such as the driplines [12], new magic numbers
[13], and Gamow-Teller quenching [14], or local features
along an isotopic chain, e.g., odd-even staggering in binding
energies and radii [15] or the development of E2 strength
[16,17]. These studies illustrate the importance of observables
beyond binding energies to gain complementary insights in
the validity of a theoretical approach. Nevertheless, a com-
prehensive investigation of a wide range of properties and
isotopes using ab initio machinery has only just begun.

In this article, we focus on the magnetic dipole moments μ,
electric quadrupole moments Qs, and changes in mean-square
charge radii, δ〈r2〉, of the ground states of the aluminum
isotopes 27–32Al (Z = 13). Because a proper treatment of cor-
relations is important to describe the structure of midshell
nuclei like Al, these isotopes are interesting candidates to
gauge the performance of the latest advances in VS-IMSRG
calculations.

Experimentally, the aluminum isotopic chain has been
studied extensively in the past (see e.g., Refs. [18–24]) but the
magnetic moment of 29Al and quadrupole moments of 29,30Al
were not yet determined. Furthermore, the collinear laser
spectroscopy experiment performed in this work provides for
the first time charge radii of radioactive Al isotopes. In partic-
ular, the development of these radii towards the N = 20 shell
closure is of interest.

II. EXPERIMENTAL DETAILS

The experiment has been performed at the COLLAPS
collinear laser spectroscopy beam line [25] at ISOLDE-CERN
[26]. A schematic of the setup can be seen in Fig. 1 and
more details can be found in Refs. [25,27]. Neutral atoms
of 27–32Al were produced by bombarding a uranium carbide
target with 1.4-GeV protons from the PS booster. These iso-
topes were subsequently extracted from the target, ionized by
ISOLDE’s resonance ionization laser ion source (RILIS) [28],
accelerated to 30 keV, and mass separated. Afterwards, the
ion beam passed through ISCOOL [29], a He-buffer-gas-

filled radiofrequency quadrupole (RFQ) cooler and buncher,
where the ions were accumulated for approximately 50 ms
and released in time bunches of a few μs. These ion bunches
were then guided to the COLLAPS beamline where they
were spatially overlapped with a copropagating laser beam.
Before neutralising the singly charged ions to neutral atoms in
an alkali-vapor-filled charge exchange cell, a Doppler-tuning
voltage was applied to alter the ions’ velocity and, hence, to
scan the laser frequency in the reference frame of the atoms.
Laser spectroscopy was performed on the 3s23p 2Po

3/2 →
3s24s 2S1/2 atomic transition at 25 235.696 cm−1. This tran-
sition was probed with around 2 mW of continuous-wave
(cw) laser light generated by the frequency-doubled output
of a titanium-sapphire ring laser. Laser-induced fluorescence
was detected by a light collection system placed around the
laser-atom interaction region. It consists of two rows of two
photomultiplier tubes (PMTs), each associated with their cor-
responding imaging lens arrangement [27]. By gating the
fluorescence signals on the passage of the atom bunches
through the interaction region, background from continuously
scattered laser light and PMT dark counts was suppressed by
four orders of magnitude.

III. RESULTS

Experimental hyperfine spectra of 27–32Al are shown in
Fig. 2. As illustrated for 27Al in the first panel of the figure,
each resonance corresponds to a transition between a hyper-
fine level of the 2Po

3/2 lower and 2S1/2 upper state level. The
position of these resonances νF,F ′ is described by

νF,F ′ = ν0 + �νF ′ − �νF ,

where ν0 is the unperturbed transition frequency between the
fine-structure levels, referred to as the centroid frequency.
�νF and �νF ′ are the frequency differences between the hy-
perfine states and their respective fine-structure levels. These
depend on the hyperfine parameters AJ and BJ for each atomic
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FIG. 2. Fluorescence counts as a function of frequency obtained
for 27–32Al on the 3s23p 2Po

3/2 → 3s24s 2S1/2 atomic transition. The
red line represents the best fit. The centroid frequency ν0 for each
isotope is indicated with a vertical dashed line. On top of the figure,
the hyperfine levels of an I = 5/2 nucleus like 27Al are shown and the
transitions probed using laser spectroscopy are indicated with gray
arrows.

state J according to

�νF = AJ
C

2
+ BJ

3C(C + 1) − I (I + 1)J (J + 1)

8(2I − 1)(2J − 1)IJ
.

Here, I , J , and F (F = I + J) are the nuclear, atomic and total
angular momenta, respectively, and C = F (F + 1) − I (I +
1) − J (J + 1).

The SATLAS analysis library [30] was used to fit the
hyperfine structures using a χ2-minimization procedure. In
the fit, the centroid ν0, and hyperfine parameters A(Po

3/2)
and B(Po

3/2) were taken as free parameters while the ratio
A(S1/2)/A(Po

3/2) = 4.5701 was fixed to the value determined
for the 27Al reference isotope (obtained with an uncertainty
of 0.0014). The intensities of the individual hyperfine peaks
were left to vary freely in the fit. The asymmetric peak pro-
files, related to inelastic processes in the charge exchange cell

[27,31,32], were found to be best described by a Voigt profile
including four satellite peaks at an empirically determined
energy offset. This peak shape was applied to each of the hy-
perfine peaks. The relative intensities of these satellite peaks
were constrained assuming Poisson’s law.

For 27Al, a statistically reasonable agreement with the
known hyperfine parameters of the Po

3/2 state was ob-
tained [33–35], see Table I. The precision on the A(S1/2) =
431.11(9) MHz value of 27Al deduced in this work was im-
proved by more than two orders of magnitude as compared
with the low-precision value in Ref. [36].

A. Nuclear moments

Table I shows the measured hyperfine A(Po
3/2) and B(Po

3/2)
parameters of 27–32Al along with the magnetic dipole mo-
ments μ, and electric quadrupole moments Qs extracted
according to

μ = μref
AI

ArefIref
, Qs = Qs,ref

B

Bref
.

Reference values for 27Al were taken from Refs. [37,38]
for the magnetic and quadrupole moment, respectively. The
hyperfine anomaly was assumed to be negligible in the extrac-
tion of the magnetic moments. The present data provide for
the first time an internally consistent set of Al moments deter-
mined with respect to a single reference isotope and measured
in the same experimental conditions. This avoids potential
discrepancies related to the applied shielding corrections or
inconsistent electric field gradient calculations present when
extracting magnetic and quadrupole moments from (β)-NMR
experiments [39,40]. No systematic deviations between our
moments and the available literature values were observed.

As seen from Table I, the previously unknown quadrupole
moment of 30Al (I = 3) and magnetic and quadrupole mo-
ment of 29Al (I = 5/2) are similar to the moments of the Al
isotopes with the same spin, suggesting a comparable nuclear
structure. In general, it has been found that the aluminum
ground states between N = 14 and N = 19 are well described
within an sd picture [20].

B. Isotope shifts and mean-square charge radii

The measured isotope shifts, defined as δν27,A = νA
0 − ν27

0 ,
are shown in Table II. By alternating measurements of ra-
dioactive isotopes with those of the stable 27Al reference,
effects from drifts in experimental conditions largely cancel
out. A systematic uncertainty on the deduced isotope shifts
accounts for a 1.5 × 10−4 relative uncertainty on the beam
energy.

From the measured isotope shifts, differences in mean-
square charge radii, δ〈r2〉27,A = 〈r2〉A − 〈r2〉27, can be ex-
tracted via [41]

δν27,A = Fδ〈r2〉27,A + M
mA − m27

m27(mA + me)
,

where mA and m27 are the nuclear masses obtained by sub-
tracting 13 electron masses from the atomic masses and me

is the electron mass. The binding energy of the electrons has
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TABLE I. Measured hyperfine A(Po
3/2) and B(Po

3/2) parameters and corresponding magnetic dipole moments μ and electric quadrupole
moments Qs for 27–32Al ground states. The hyperfine anomaly is expected to be small relative to the experimental precision and is neglected
in the extraction of μ. The reference moments from 27Al are taken from Refs. [37,38], which take into account recent atomic and molecular
calculations of the hyperfine magnetic field and electric field gradients, necessary to extract μ and Qs, respectively. Literature values for the
other isotopes are reevaluated with respect to these reference values in Refs. [39,40]. References to the original experimental papers can be
found in there.

A N Iπ T1/2 A
(
Po

3/2

)
(MHz) B(Po

3/2) (MHz) μexpt (μN) μlit (μN) Qs,expt (fm2) Qs,lit (fm2)

27 14 5/2+ stable +94.33 (4)a +18.1 (2)a Reference +3.64070 (2) Reference +14.66(10)
28 15 3+ 2.24 m +70.07 (6) +18.1 (8) +3.245 (3) 3.241 (5) +14.7 (7) 17.2 (12)
29 16 5/2+ 6.56 m +94.97 (5) +18.2 (6) +3.665 (2) +14.8 (5)
30 17 3+ 3.62 s +65.36 (7) +14.9 (10) +3.027 (4) 3.012 (7) +12.1 (8)
31 18 5/2+ 644 ms +99.0 (3) +19.3 (17) +3.822 (11) 3.832 (5) +15.6 (14) 13.40 (16)
32 19 1+ 33 ms +124 (3) + 2 (6) +1.92 (4) 1.953 (2) + 1(5) 2.5 (2)

aTo be compared with the average of the literature values: A(Po
3/2) = 94.25(4) MHz and B(Po

3/2) = 18.8(3) MHz [33–35].

been neglected in this calculation. The atomic field shift and
mass shift factors F and M, respectively, can be empirically
calibrated via a King-plot procedure if the absolute charge
radii of at least three isotopes are known from other tech-
niques; see, for example, Ref. [42]. For chemical elements
with a single stable isotope such as Al, only one absolute
radius is known and one has to rely on atomic calculations
instead. In these cases, a precise extraction of δ〈r2〉 is often
challenging since the mass shift, which dominates the isotope
shift for relatively light elements like Al [43], is difficult to
evaluate.

An in-depth investigation of the atomic factors for the
3s23p 2Po

3/2 → 3s24s 2S1/2 transition has previously been per-
formed in the multiconfiguration Dirac-Hartree-Fock frame-
work [44]. Two computational techniques (RATIP and RIS3)
were adopted to study different electron correlation models:
the core-valence + valence-valence (CV + VV) and core-
valence + valence-valence + core-core correlations (CV +
VV + CC), respectively. After analysis of the normal and
specific contributions to the mass shift factor, it was found
that the CV + VV model was the most reliable. Additionally,
the effect of a common or separate optimization of the orbital
basis sets for the lower and upper atomic states was explored.

TABLE II. Aluminum isotope shifts δν27,A measured in the
3s23p 2Po

3/2 → 3s24s 2S1/2 transition. The relative mean-square
charge radii δ〈r2〉27,A with respect to 27Al are extracted from these
isotope shifts using M = −243 GHz u and F = 76.2 MHz/fm2.
Systematic uncertainties due to a 1.5 × 10−4 relative uncertainty
on the beam energy are indicated with square brackets, while the
uncertainties on the δ〈r2〉27,A arising from the atomic calculations of
M and F are shown in curly parentheses.

A N δν27,A (MHz) δ〈r2〉27,A (fm2)

27 14 0 0
28 15 −321.9 (8)[33] + 0.003 (10)[43]{72}
29 16 −610.7 (6)[64] +0.141 (8)[84]{134}
30 17 −889.5 (12)[101] +0.164 (15)[132]{196}
31 18 −1141.0 (12)[136] +0.301 (16)[178]{250}
32 19 −1401 (7)[17] +0.12 (9)[22]{31}

Although the CC effects were more balanced in the common
optimization strategy, a separate optimization was necessary
to properly treat orbital relaxation (i.e., to allow for an inde-
pendent reorganization of the spectator electrons of the lower
and upper states during the excitation process). Within the
CV + VV correlation model, the separate optimization strat-
egy was therefore preferred. Based on these considerations, in
this work we selected the results of the CV + VV correlation
model with separate optimization of basis states. The spread
between the RIS3 (F = 74 MHz/fm2 and M = −239 GHz u)
and RATIP (F = 78.4 MHz/fm2 and M = −247 GHz u) com-
putational methods is a good indication of the uncertainty on
the calculations. Note that, due to a different sign convention,
the sign of M is opposite here as compared with Ref. [44].

Figure 3 shows the changes in mean-square charge radii
of Al obtained this way alongside the experimental charge
radii of chemical elements below and above Al. The good
agreement between the Al radii and the regional system-
atics supports that the relevant physics is captured in the
atomic calculations. For the extraction of the final δ〈r2〉, see
Table II, the average between the two computational meth-
ods was adopted: M = −243 ± 4 GHz u and F = 76.2 ± 2.2
MHz/fm2. Here, ± refers to the range determined by the
two methods, rather than to a 1σ uncertainty interval. This
range established a systematic uncertainty on the extracted
results. Additionally, the uncertainty on the isotope shift due
to incomplete knowledge of the beam energy was propagated
to the charge radii, shown by the shaded red band in Fig. 3.
It is important to note that the systematic uncertainties, due to
the beam energy as well as the atomic factors separately, act
the same way and result in a slope of the charge radii which
can change as a whole, but which does not affect the local
details, like odd-even staggering and discontinuities.

Absolute mean-square charge radii 〈r2〉 along the isotopic
chain were extracted by combining our values for the dif-
ferences in mean-square charge radii δ〈r2〉 with the absolute
mean-square charge radius of 27Al. To obtain the latter, exper-
imental data from muonic atom spectroscopy were combined
with elastic electron scattering measurements according to
the procedure laid out in Ref. [48]. We started from the Bar-
rett equivalent radius Rμ

kα
= 3.9354(24) fm deduced from the

2p-1s transition energy in the muonic atom [48]. To extract
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FIG. 3. Changes in mean-square charge radii of Al isotopes with
respect to N = 14 obtained by combining the isotope shifts mea-
sured in this work with the atomic field and mass shift factors
F = 76.2 MHz/fm2 and M = −243 GHz u determined in Ref. [44],
see text for details. The red shaded band indicates the systematic
uncertainty due to a 1.5 × 10−4 relative uncertainty on the beam
energy. Results using the F and M for the RIS3 and RATIP compu-
tational methods are separately indicated by the dotted and dashed
lines, respectively. Data for neighboring isotopic chains are taken
from [45–47]. The charge radii of Na (Z = 11) are not included in
the plot because of the large systematic uncertainty on the slope [48].

a model-independent root mean-square radius
√

(〈r2〉μe), this
Barrett equivalent radius was divided by the ratio of radial
moments

V e
2 = Re

kα√
(〈r2〉e)

using the same values for α and k as in the muonic data.
In the evaluation of both Re

kα and 〈r2〉e, the charge density
distribution ρ(r) measured in electron scattering experiments
was used. Specifically, ρ(r) determined from the Fourier-
Bessel coefficients measured by Rothhaas and collaborators
tabulated in Ref. [49] has been chosen since it has the ben-
efit of being model-independent. Using this form of density
distribution gave a value of V e

2 = 1.2858(26). An accurate
evaluation of the error on this value would require full knowl-
edge of the uncertainty matrix associated with the calculation
of these coefficients, which was unfortunately not available.
Instead, the uncertainty was conservatively estimated by cal-
culating the V e

2 values using model-dependent charge-density
distributions determined with data from two different elec-
tron scattering experiments [50,51] yielding V e

2 = 1.2847 and
V e

2 = 1.2832, respectively. The maximal difference between
the V e

2 values computed from the three data sets gave the final
error. Following this procedure, a root mean-square charge
radius of

√
(〈r2〉) = 3.061(6) fm was obtained for 27Al, cor-

responding to 〈r2〉 = 9.37(4) fm2.

IV. δ〈r2〉 DEVELOPMENT TOWARDS N = 20

The mean-square charge radii relative to 27Al are presented
in Fig. 4. These charge radii show a normal odd-even stagger-
ing on top of a generally increasing trend between N = 14
and N = 18. At N = 19, however, the observed decrease in
charge radius appears larger than expected from the odd-even
staggering alone. Due to the relatively large uncertainty on
the 32Al value, the deviation from a normally increasing trend
is only around 2σ . Nevertheless, it is interesting to discuss
briefly what such a decrease might implicate if confirmed
by a more precise measurement. Typically, a local dip in the
trend of charge radii is seen in the vicinity of magic num-
bers, which is related to the reduced correlations at closed
shells. It would therefore be natural to interpret the decline
at N = 19 as the start of the dip leading up to the N = 20
shell closure. However, N = 20 is a peculiar case; such an
effect is absent in the isotopic chains for which the charge radii
are known so far. Above Al, the smoothly increasing charge
radii of Ar, K, and Ca (Z = 18–20) across N = 20 have been
interpreted as due to a balance between the monopole and the
quadrupole proton-core polarization effects when neutrons fill
the sd shell below N = 20 and the f7/2 orbital above [47,52].
Below Al on the other hand, a sudden increase in charge
radii seen for Na and Mg (Z = 11, 12) is explained by the
onset of deformation in the island of inversion around N = 20
[45,53,54]. In this region, deformed intruder states in which
neutrons are excited across N = 20 into the p f -shell become
the ground state below the normally expected (spherical) sd
states. The Al isotopes form the northern border of this island
of inversion, with 33Al at N = 20 being the transition point
for which intruder configurations become significant [20,23].
Based on these observations, a dip at N = 20 in the Al charge
radii trend would be quite unexpected. Hence, more precise
measurements of the mean-square charge radii of 32Al and
beyond are needed to clarify this issue.

V. COMPARISON WITH VALENCE SPACE IN-MEDIUM
SIMILARITY RENORMALIZATION GROUP RESULTS

We now compare the new measurements to calculations
from the ab initio valence space in-medium similarity renor-
malization group method (VS-IMSRG) [5,6,8]. Since this
method combines the broad applicability of the standard shell-
model approach with microscopic interactions derived from
two- and three-nucleon forces, it is an attractive option to
study the structure of virtually all medium-mass isotopes,
including open-shell isotopic chains like aluminum, in an ab
initio framework.

A. Details of the calculations

In the VS-IMSRG a computationally tractable valence-
space Hamiltonian is decoupled from the much larger Hilbert
space via an approximately unitary transformation [4,55],
and the resulting effective Hamiltonian is diagonalized using
traditional shell-model codes. As outlined in Ref. [7], since
the ensemble normal-ordering procedure captures 3N forces
between valence nucleons, a specific Hamiltonian is pro-
duced for each isotope separately. Other operators, including
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FIG. 4. Absolute mean-square charge radii 〈r2〉 and differences in mean-square charge radii δ〈r2〉 along the aluminum isotopic chain.
Experimental results are compared with VS-IMSRG calculations. The gray band indicates the uncertainty on the slope of the charge radii
arising due to the uncertainties on the atomic factors as well as the beam energy, as explained in Sec. III B.

those for charge radii and electromagnetic moments, can be
treated consistently in the same framework [56,57]. Note that
the M1 operator currently used does not include contributions
from meson-exchange currents. While they are naively ex-
pected to result in some M1 quenching, these effects have
so far only been implemented in light systems [58] and
must be explicitly included to definitively determine their
impact on the aluminium isotopes. In principle, all many-
body physics is captured in the decoupling procedure since
all the excitations outside of the valence space are renor-
malized into the valence-space Hamiltonian and consistent
operators. In practice, however, truncation of all operators
in the IMSRG expansion at the two-body level, the IM-
SRG(2) approximation, is necessary to keep the problem
computationally manageable. This means that higher-order
terms induced when deriving the effective operator are not
taken into account, which introduces some level of error in
the procedure. Note that, unlike in typical shell-model calcula-
tions with empirically derived effective interactions, here bare
charges and g factors are used.

In this work, the IMSRG calculations are performed in a
harmonic oscillator basis with h̄ω = 16 MeV and quantum
numbers e = 2n + l � emax = 12. A further cut off e1 + e2 +
e3 � E3max = 16 is applied for the 3N matrix elements. Using
the new multishell variation of the VS-IMSRG [11], we are
able to take 16O as a core and the valence space that includes
the sd proton orbitals and the sdf7/2 p3/2 neutron orbitals. We
also add the center-of-mass Hamiltonian to the initial Hamil-
tonian with the multiplier β = 3, as detailed in Ref. [11] to
separate the center-of-mass motion. The final valence-space-
diagonalizations are performed with the KSHELL shell-model
code [59] and the effective operators were constructed using
the IMSRG++ code [60].

We use two sets of NN + 3N interactions derived from chi-
ral effective field theory, EM 1.8/2.0 [56,61,62] and NNLOsat

[63]. The EM 1.8/2.0 interaction is only constrained by data

of few-body systems (A = 2, 3, 4) and well reproduces bind-
ing energies to the A = 100 region [9,56], including proton
and neutron driplines [12]. On the other hand, the NNLOsat

interaction was optimized, including a selected set of binding
energies and radii of carbon and oxygen isotopes (A � 25)
on top of the standard few-body data. This has improved
the simultaneous reproduction of charge radii and binding
energies, also for isotopes much heavier than those used in
the optimization [64–67].

B. Nuclear moments and charge radii

The calculated mean-square charge radii and nuclear mo-
ments together with our experimental results are shown in
Figs. 4 and 5. In general, the observed trends are fairly well
reproduced while the absolute scale deviates to varying extent,
as discussed next. Note that, for the odd-odd isotopes, the state
with the correct spin was not always calculated as the ground
state but rather as an excited state below 850 keV. Although
theoretical error bars are not yet available, this result is con-
sistent with the 647 keV rms deviation found for VS-IMSRG
calculations using the EM 1.8/2.0 interaction in the sd-shell
[8]. In the following discussion and corresponding plots, only
states with the correct spins are considered.

First, the absolute and differences in mean-square charge
radii are shown in Fig. 4. Consistent with earlier findings
[11,15,56], the absolute radii are very sensitive to the em-
ployed input interaction. As expected, the charge radii are
underpredicted using the EM 1.8/2.0 interaction while the
NNLOsat interaction generates radii in better, but not perfect,
agreement with experiment. This is in keeping with previous
studies which compare radii calculated via these interactions
to those measured from experiment [15,56]. Moreover, the
trend in δ〈r2〉 is different for both interactions. While the δ〈r2〉
obtained with EM 1.8/2.0 stay rather flat and do not reproduce
the experimentally observed increasing trend, the slope of the
NNLOsat is consistent within the present uncertainty on the
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FIG. 5. Electric quadrupole moments (top) and magnetic dipole moments (bottom) of 27–32Al. Experimental values obtained in this work
and found in the literature [39,40] are compared with calculations in the VS-IMSRG framework using the EM 1.8/2.0 and NNLOsat chiral
interactions.

experimental slope. Nevertheless, in contrast with the experi-
mental charge radii, neither interaction yields an appreciable
odd-even staggering. Up to now, calculations of mean-square
charge radii of open-shell nuclei with the VS-IMSRG method
are limited to Cu (Z = 29) and Mn (Z = 25) [15,56] near the
Z = 28 shell closure. In these cases, results using the EM
1.8/2.0 interaction (or other interactions of the same family
like PWA 2.0/2.0) could well reproduce the observed exper-
imental trends. It is therefore remarkable that the description
of the Al isotopes seems to be more challenging. A systematic
investigation of charge radii in the VS-IMSRG method should
help to better understand this issue in the future.

Next, the quadrupole moments shown in the top row
of Fig. 5 are examined. With the exception of 25Al at
N = 12,1 the quadrupole moments are underestimated by

1Note that a verification of the quadrupole moment of 25Al, not
remeasured in this work, would be advised due to the questionable
quality of the obtained resonance in Ref. [68].

approximately 20% across the isotopic chain and both the
EM 1.8/2.0 and NNLOsat interactions give nearly identical re-
sults. This underprediction is fully in line with earlier studies
of E2-observables including static quadrupole moments and
transition probabilities [B(E2)] [8,16,17,57], which identified
the IMSRG(2) approximation as a major cause for the missing
E2 strength. Due to the truncation of the operators at the
two-body level, the effect of correlated multiparticle multihole
pairs is underestimated. Furthermore, it was pointed out that
the details of the input Hamiltonians do not have a large
influence on the scale of the deviation. This conclusion is also
supported here by the close similarity between the quadrupole
moments obtained with both EM 1.8/2.0 and NNLOsat inter-
actions.

Also for the magnetic moments in the bottom row of Fig. 5,
both input interactions give comparable results which are in
qualitative agreement with the experimental trend, while the
absolute values are too small. So far, magnetic moments have
only been studied intermittently in the VS-IMSRG approach
[57,69] and investigations into the origin of the observed
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deviation is still work in progress. Since the meson-exchange
currents show non-negligible effect on the magnetic moments
in light nuclei [58], they will contribute at least partly to
the discrepancy. Furthermore, it is reasonable to assume that
the IMSRG(2) approximation will also affect the calculated
magnetic moments, although different kinds of correlations
might be important as compared with the quadrupole moment.
Note that underestimated correlations could lead to magnetic
moments which are either too small (like in this case) or too
large (like, e.g., for 37,39Ca [69,70]). This is similar to the
effect of introducing effective g factors in phenomenological
calculations. Despite an overall deviation, the good repro-
duction of the trend for both the magnetic and quadrupole
moments suggests that few-nucleon effects in the model are
correctly taken into account.

VI. SUMMARY

The 27–32Al isotopes were studied via high-resolution
collinear laser spectroscopy at ISOLDE-CERN. State-of-
the-art atomic physics calculations in combination with the
isotope shifts measured in this work gave access to changes
in mean-square charge radii of radioactive Al isotopes for
the first time. An apparent reduction in the charge radius of
32Al was discussed in the context of a potential shell effect
at N = 20, although firm conclusions cannot be made due
to its relatively large uncertainty. Furthermore, our measure-
ments of the magnetic dipole moment of 29Al and electric
quadrupole moment of 29,30Al fill the previously existing gap
in nuclear moments near the valley of stability.

Experimental magnetic moments, quadrupole moments,
and changes in mean-square charge radii of 25−32Al were
compared with calculations within the VS-IMSRG approach
using interactions derived from chiral effective field theory.
No effective modifications to the g factor and charge were

introduced. Generally, the trends of the magnetic and
quadrupole moments were well reproduced, while absolute
values were underestimated. In this light, the large discrep-
ancy between the published value of the quadrupole moment
of 25Al, not accessible in our current experiment, and the
theoretical calculations warrants a remeasurement. The de-
scription of the mean-square charge radii proved to be more
challenging, although calculations using the NNLOsat interac-
tion are in agreement with the observed experimental slope.
Because these observables are each sensitive to distinct fea-
tures of the underlying nuclear structure, they are well-suited
to provide complementary benchmarks for ab initio calcula-
tions.
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