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Abstract: We propose to perform high-resolution in-source laser spectroscopy
measurements on the actinium isotopic chain 222−233Ac, to extract changes in

mean-square charge radii as well as nuclear magnetic dipole and electric quadrupole
moments with high precision. The results will pin down the border of octupole

deformation in this part of the nuclear chart and validate state-of-the-art energy
functional density calculations, incorporating reflection symmetry breaking. The

measurements will be achieved by using a new operation mode of the LIST ion source.

Requested shifts: 19 shifts (1 run)
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1 Introduction

Octupole collectivity, i.e. pear-shaped intrinsic configurations of nuclear ground states,
have been prominently observed in the region around 222Ra (Z = 88, N = 134) [1]. They
are caused by strong correlations between nucleons in single-particle states of opposite par-
ity near the Fermi surface, differing in three units of orbital and total angular momentum
[2]. These systems with their breaking of reflection symmetry offer unique opportunities
to study physics beyond the standard model, such as the search for permanent atomic
electric dipole moments [3].
Recently, investigations in this part of the nuclear chart were extended to the neutron-rich
side of the actinium isotopic chain. Nuclear ground state parameters were deduced by
laser spectroscopy of hyperfine structure splittings and isotope shifts on 212−215,225−229Ac,
including in-gas cell (212−215Ac) [4] and high-resolution gas jet work (214,215Ac) [5], high-
resolution in-source data (225,227Ac, to be published in [6], results already in [7]) and
lower resolution in-source work at TRIUMF (225−229Ac) [8, 7]. The results were compared
to theoretical models [7]: The magnetic dipole moments can be explained by mixing of
close-lying proton orbitals of opposite parity through an octupole field. Changes in mean-
square charge radii were compared with different state-of-the-art energy density functional
(EDF) calculations, where reflection symmetry breaking had to be incorporated [7].

2 Physics Interest

2.1 Changes in mean-square charge radii

An instructive picture of the present situation in the neutron-rich actinium region is given
in Fig. 1a. The extracted changes in mean-square charge radii are compared to three
different self-consistent EDF calculations, namely the DD-MEB2 [9] parametrization of
a relativistic Lagrangian with density-dependent meson couplings, as well as the BSk31
[10] and SLy5s1 [11] parametrizations of the non-relativistic Skyrme force.
While the first two parametrizations are symmetry-restricted, the latter one allows for in-
corporation of reflection symmetry breaking, i.e. octupole deformation. On the neutron-
rich side, the comparison shows an under- and overestimation, respectively, for the BSk31
and DD-MEB2 calculations, while SLy5s1 reproduces the experimental values best. On
the neutron-deficient side below the N = 126 shell closure, all calculations perform sim-
ilarly. The SLy5s1 calculations were carried out with and without forced reflection sym-
metry, strongly hinting to the necessity of incorporating the octupole degree of freedom to
reproduce the experimental values (Fig. 1b). Here, the region where octupole deformation
is expected to be present in the actinium isotopes is evidently shown as well: Starting at
N = 131 (220Ac), the trend continues up to 228Ac, gets less pronounced from there on and
vanishes again in the transition over 230−232Ac, i.e. N = 141 - 143. It will be extremely
valuable to trace the evolution of the mean-square charge radii along the neutron-rich end
to pin down the onset of octupole correlation in the ground state of these nuclei. The
pronounced ”kink” at N = 141 will enable us to confidently validate the applicability of
the model, and thus the occurrence of reflection-symmetry breaking in this region. Ex-
pansion to the onset point at lower masses (around N = 131) is out of reach from an
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Figure 1: (a) Comparison of experimental changes in mean-square charge radii δ〈r2〉N,126

with different EDF calculations as described in the text. (b) SLy5s1 calculations with and
without forced reflection symmetry. (c) Comparison of the staggering parameter γN with
predictions from the SLy5s1 calculations. A precise measurement at N = 139 will pin
down the range of inverted staggering, with N = 141 being a powerful case to discriminate
the models. All figures adapted from [7].

isotope production point of view.
Reversed odd-even staggering in the charge radii in this region has been associated with
reflection asymmetry for different elements, for example polonium [12], astatine [13],
francium [14] and radium [15] - however, its direct link is disputed [2, 16, 7]. Finally,
odd-even staggering has recently been highlighted as a particularly sensitive observable
for state-of-the-art nuclear models [17]. The staggering parameter, γN , as introduced by
[18] is shown in Fig. 1c for experimental values and those calculated from the two SLy5s1
variants.
At N = 139, inverted odd-even staggering (γN > 1) vanishes for the radium and fran-
cium isotopes [7], which could not be confirmed for the actinium chain due to the large
uncertainty in the experimental data. Enhanced spectral resolution in measurements of
227−229Ac beyond the Doppler limitation in hot cavity ion sources is crucial to determine
this point. The extreme predicted value for 230Ac is directly linked to the disappearance
of octupole deformation at N = 142, and a measurement of this value provides a sensitive
probe to differentiate between the restricted and unrestricted SLy5s1 calculations. On
the more neutron-deficient side (N < 137), the respective models can also be tested over
an extended range. Especially the ”step” predicted by BSk31 between 222Ac and 223Ac
(Fig. 1a) can be probed.
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Figure 2: Comparison of magnetic
dipole moments with theoretical values
of indicated pure orbitals. The values
of 225,227Ac can be explained by mixing
of the states, implying octupole collec-
tivity, while at 229Ac this effect strongly
decreases. See text for detailed descrip-
tion. Figure adapted from [7].

2.2 Nuclear moments

Octupole collectivity can also be investigated by comparing experimental nuclear magnetic
moments, µ, with theoretical values for pure single nucleon orbitals. Nuclear magnetic
dipole and electric quadrupole moments can be deduced from the hyperfine splitting
(HFS) parameters A and B, as described for example in [19]. The magnetic moments for
225,227,229Ac were compared in [7] to theoretical values of the low-lying, near-degenerate
and opposite-parity π(3/2− [532]) and π(3/2+ [651]) orbitals as shown in Fig. 2.
The theoretical values were calculated with input from [20, 21, 22], suggesting gs values
ranging from 0.6 to 0.8 gfrees as shown in the figure. For 225,227Ac, the experimental values
lie in between, thus requiring mixing of both opposite-parity states as implication of oc-
tupole collectivity. 229Ac in contrast coincides with the π(3/2+ [651]) orbital value, thus
implying a significant decrease in the influence of the octupole degree of freedom with
increasing neutron number. Also in this case, extending the measurements to heavier
isotopes will allow the upper border of reflection asymmetry to be ascertained. Dipole
moment calculations in [23], using an octupole-deformed Woods-Saxon model with a re-
flection asymmetric rotor (shown as green triangles in Fig. 2), also reproduce the trend
of the measured values, albeit systematically shifted to lower values. This also gives con-
fidence in the octupole deformation explanation approach, and here, once again, 229Ac
is shown to be just at the border of this range. Additionally, more accurate data from
high resolution measurements on 226,228Ac is needed to draw definite conclusions on their
octupolarity, as on the present state the interpretation in the additivity relation frame-
work remains ambiguous [7]. Furthermore, clear assignment of nuclear spins requires full
resolution of the individual hyperfine structure, as 226,229Ac are tentatively determined by
the splitting of the excited atomic state only [7].
The disentanglement of contributions from quadrupole and octupole deformation on the
structure effects is not possible without taking other observables into account. The spec-
troscopic electric quadrupole moment Qs, exhibiting only minor contributions to the hy-
perfine structure, becomes accessible only in spectroscopy methods with resolution beyond
hot cavity Doppler limitations. As already performed for 225,227Ac [6, 7] and 214,215Ac [5],
we will extract these values for the remaining isotopes with sufficient yield (224,226,228Ac)
as additional test parameter for theoretical models.
The unambiguous assignment of hyperfine A and B parameters to both electronic states
involved in the spectroscopic investigation will lastly allow us to track possible hyperfine
anomalies via the ratio of the A parameters along the isotopic chain. An influence of
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octupolarity is expected (due to similarities in its operator to the magnetic moment
operator), but has so far never been investigated.

3 Method: RILIS/PI-LIST in-source spectroscopy

The resonance ionization laser ion source (RILIS) has been proven to be a powerful tool
for laser spectroscopy measurements of nuclear parameters with unrivaled sensitivity [24].
The results presented in the previous section have been achieved with a well-established
two-step resonance ionization scheme (Fig. 3a) developed in [25, 26, 27]. It was recently
used for yield and release studies [28] and implantation of 229Ac [29] at ISOLDE . With
standard in-source resolution, only the hyperfine splitting of the excited state can be
resolved. The smaller splitting in the ground state prevents single resonance line alloca-
tion in the Doppler-broadened hot-cavity environment. The transition isotope shifts of
typically a few GHz per mass unit can be resolved.
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Figure 3: (a) Resonance ionization laser scheme for actinium, taken from [7]. (b) Cal-
culated experimental resolution (convoluted laser bandwidth and Doppler broadening at
2000 ◦C) on 227Ac for different operation modes, scaled to respective maximum. Position
and theoretical relative intensities of the resonances are shown as black bars. The red
line resembles the resolution achieved at TRIUMF [7, 8], the blue line the achievable res-
olution with 1 GHz FWHM laser bandwidth under the same conditions. The green line
illustrates the possibility to disentangle the ground state splitting, based on [6], with the
PI-LIST. While the first two can be comparable in efficiency, a loss factor of 103 can be
expected when switching to PI-LIST mode.

Detection of the ionization rate with respect to the laser frequency can be carried out
with single ion counting (MagneToF detector at CA0) for the abundantly produced and
longer-lived 224−229Ac isotopes. For the α- and β-emitters on the more neutron-deficient
and neutron-rich sides, respectively, we will use the ISOLDE Decay Station (IDS) with
a fast movable tape implantation point with an annular Si detector in front and plastic
scintillators behind. In-source spectroscopy performed at ISOLDE using RILIS combined
with established nuclear decay detection methods, including IDS, has been very productive
in recent years [30]. Sensitivity down to less than 0.1 ion/s has been demonstrated [31, 32].
In order to measure hyperfine coupling constants and isotope shifts with sufficient preci-
sion in extraction of spectroscopic quadrupole moments and unambiguously determine the
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odd-even staggering behavior, we propose application of the Perpendicularly Illuminated
Laser Ion Source and Trap PI-LIST. It is based on the standard ISOLDE LIST laser
ion source for production of clean beams, that was employed for polonium [12] and re-
cently for magnesium [33]. The upgrade enables perpendicular laser irradiation inside the
LIST’s RFQ structure, circumventing Doppler broadening restrictions in the hot atomic
vapor [34]. Its capability to reach experimental linewidths down to 100 - 200 MHz has
been documented in various off-line experiments [34, 35, 36, 6]. Projected experimental
data quality is shown in Fig. 3b. The increase in resolution is accompanied by a decrease
in ionization efficiency by roughly a factor of not more than 103 compared to standard
RILIS geometry [36]. A suitable narrow-bandwidth laser system and expertise in high-
resolution, high-stability laser spectroscopy are available in cooperation between RILIS
and CRIS as demonstrated in [37], where continuous wave laser light from the CRIS lab-
oratory was used as the seed for a single-mode pulsed amplification stage in the RILIS
setup. The PI-LIST will be used on-line in the approved IS456 experiment on polonium
[38], where its performance will be validated. Measurements on the isotopes with lower
yields (222−223,230−233Ac) can be performed in standard LIST mode (resembling RILIS),
allowing deduction of the changes in mean-square charge radii on at least the same quality
level as in [7], before potentially changing to high resolution mode.
Target and yields: We propose a UC target as used for previous actinium production.
Yields were extracted during [28] for 224−231Ac, and estimations for 222,223,232,233Ac are
inferred from half-life behavior and FLUKA calculations. A summary is given in Tab. 1.
Summary of requested shifts: Tab. 1 gives a summary of the requested 19 shifts.

Table 1: Actinium yields inferred from [28], and intended measurements (isotope shifts
(IS), magnetic dipole (µ) and electric quadrupole (Qs) moments), with values known
from literature in brackets. 1000-fold reduced yield is given for PI-LIST high resolution
application, and 30-fold reduction for LIST to suppress surface-ionized Ra and Fr.

Isotope T1/2
Yield (ions/µC)

Det. Measurement ShiftsRILIS LIST PI-LIST

222Ac 63 s 2 0.1 α IS, µ 2
223Ac 2.10 min 1× 103 30 α IS, µ 2
224Ac 2.78 h 9× 105 9× 102 ions IS, µ, Qs 1
225Ac 9.92 d 3× 107 3× 104 ions Ref. 0.5
226Ac 29.37 h 3× 106 3× 103 ions (IS, µ), Qs 0.5
227Ac 21.77 y 3× 107 3× 104 ions Ref. & Setup 1.5
228Ac 6.15 h 2× 106 2× 103 ions (IS, µ), Qs 0.5
229Ac 62.7 min 3× 105 3× 102 ions/β (IS, µ), Qs 1
230Ac 122 s 3× 102 10 β IS, µ 2.5
231Ac 7.5 min 2× 103 70 β IS, µ 2.5
232Ac 1.98 min 80 3 β IS, µ 2.5
233Ac 145 s 70 2 β IS, µ 2.5

Total: 19
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Appendix

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

Part of the Availability Design and manufacturing

IDS � Existing To be modified: Addition of annular Si detector for
α decay spectroscopy

RILIS + CRIS narrow band � Existing To be used without modification

HAZARDS GENERATED BY THE EXPERIMENT (if using fixed installation:) Hazards
named in the document relevant for the fixed [COLLAPS, CRIS, ISOLTRAP, MINIBALL
+ only CD, MINIBALL + T-REX, NICOLE, SSP-GLM chamber, SSP-GHM chamber,
or WITCH] installation: No additional hazards.

Average electrical power requirements (excluding fixed ISOLDE-installation mentioned
above): No additional requirements.
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