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Abstract:
To obtain a global understanding of the evolution of nuclear structure in the Ca region,

experimental efforts in collinear laser spectroscopy have been dedicated to the K
(Z = 19) and Ca (Z = 20) isotopic chain in the last few years [8-12]. As a continuation
of these studies, we propose to measure the moments and mean-square charge radii of

47−51Sc. The measurements will cross the N = 28 shell closure and constitute a
prominent test of state-of-the-art theoretical calculations developed in the Ca region.

Requested shifts: [12] shifts of radioactive beam.
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1 Introduction

The calcium isotopic chain, with a magic proton number (Z = 20) and two neutron
closed shells (N = 20, 28) has always been of great interest for both theoretical and
experimental studies [1-5]. Especially, the attention has been recently focused on the
nuclear structure evolution beyond N = 28 because of two newly suggested neutron
closed shells (N = 32, 34) [3-7]. The proposed new magic numbers have attracted a
lot of experimental and theoretical studies in the Ca region. Numerous experimental
efforts have been dedicated to the measurement of ground-state properties, such as the
masses, spins, electromagnetic moments and charge radii, in both K (Z = 19) and Ca
(Z = 20) isotopes using different experimental techniques [8-13]. Naturally, the next
experimental focus in this region comes to the Sc isotopic chain, with one valence proton
in the πf7/2 orbit above the Z = 20 closed shell. High-precision mass measurements have
been recently proposed [14], and some collinear laser spectroscopy measurements were
performed already on the less exotic Sc isotopes at Jyväskylä [15].

In the mean time, many theoretical tools have been developed to describe the nuclear
structure properties in this region. The most extensively used two body effective inter-
actions are the KB3G [16], ZBM2 [17], GXPF1 [18] and a new revised version GXPF1A
[19], which have described well the spectroscopic properties in the Ca chain. However,
as pointed out in Ref. [20], “microscopic theoretical calculations with two-nucleon (NN)
forces reproduce the standard magic numbers N = 2, 8, 20, but fail to predict 48Ca as a
doubly magic nucleus, making N = 28 the first standard magic number not reproduced
in microscopic theories with two-nucleon forces”. In the last few years, it has been no-
ticed that this was mainly due to the three body forces not being included. Therefore,
the interactions including NN and three-nucleon (3N) forces derived from chiral effective
field theory have been developed to explain the N = 28 magic number [20]. Recently,
calculations made with NN+3N interaction have been compared with experimental nu-
clear moments of 41−51Ca isotopes [10]. It turns out that, for N ≥ 27, the calculations
made with the NN+3N have an excellent agreement with the experimental magnetic and
quadrupole moments. The experimental information of Sc isotopes up to and beyond
N = 28, with one proton added to the Ca core, will be an important test for further
developments of microscopic interactions.

Therefore, we propose to perform the measurement of nuclear moments and charge
radii of 47−51Sc, crossing the N = 28 shell closure. The known information on nuclear
spins, magnetic moments and quadrupole moments of Sc isotopes, measured by various
experiments, are summarized in Table 1 [15, 21-27].

The single particle magnetic moment (also called the Schmidt moment) for a valence
nucleon in an orbital with angular momentum j and orbital momentum l, can be
estimated using the expression µ = (gll + gss)µN where gs and gl are the spin and
orbital g factors, respectively. For isotopes having a single odd nucleon outside a
double-magic core (doubly magic +1), such as 41Sc and 49Sc, the experimental magnetic
moment is found to be very close to the Schmidt moment, as deviations due to configura-
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Table 1: Available information for the 41,44−52Sc isotopes. CLS refers to Collinear Laser Spectroscopy,
and NMR refers to Nuclear magnetic resonance. µ and Qs values from Refs. [23,24] are used as a reference
in Ref. [15] to deduce the magnetic and quadrupole moments of 43−46Sc.

odd-even

Isotopes spins µ (µN) Qs(b) Comments
41Sc 7/2- 5.431(2) [21] (-)0.156 (3) [22] NMR
43Sc 7/2- +4.528(10) [15] -0.27(5) [15] CLS
45Sc 7/2- +4.756487(2) [23] -0.220(2) [24] Reference in Ref.[15]

-0.236(2)[22] NMR
45mSc 3/2+ +0.360(11) [15] +0.28(5) [15] CLS
47Sc 7/2- 5.33(2) [25] -0.22(3)[25] atomic-beam MR
49Sc 7/2- 5.616(25) [26] — NMR
51Sc (7/2-) — — —

odd-odd
44Sc 2+ +2.499(5) [15] +0.16(4) [15] CLS
44mSc 6+ +3.833(12) [15] -0.21(9) [15] CLS
46Sc 4+ +3.042(8) [15] +0.12(2) [15] CLS
46mSc 1- — — —
48Sc 6+ 3.785(12) [27] — NMR
50Sc 5+ — — —
50mSc (2+,3+) — — —
52Sc (3+) — — —

tion mixing are minimal. This is illustrated by the dashed line in the upper panel of Fig. 1.

The known experimental magnetic and quadrupole moments of Sc isotopes are plotted
in Fig. 1, where they are compared with different shell-model calculations using the
GXPF1A [19] and KB3G [16] effective interactions, as well as shell model calculations
presented in Ref. [28]. The magnetic moments are obtained with effective single-
particle g−factors (geffs = 0.9gfrees ), as shown in the upper panel of Fig. 1. The
quadrupole moments (lower panel of Fig. 1) are calculated using effective charges
(eπ = +1.486, eν = +0.840), which were proposed in Ref. [28]. All three interactions
use 40Ca as the core and the pf shell as the model space for protons and neutrons, and
they all predict a similar trend in the nuclear moments towards N = 28. Experimentally,
the magnetic moment of 49Sc is closer to the Schmidt value than predicted by all these
calculations. For the quadrupole moments, few data are available and their error bars
are too large to make firm conclusions. Thus we propose to re-measure the hyperfine
spectra of all odd-Sc isotopes using a transition that is more sensitive to the quadrupole
moment, and we propose to extend the earlier studies up to 51Sc, which will give us mag-
netic and quadrupole moments across the N = 28 shell gap, allowing to probe its magicity.

Figure 2 shows the root mean-square (RMS) charge radii in this mass region, including
recent results on K [12,29], Ca [11] and Sc isotopes [15] from bunched-beam collinear
laser spectroscopy experiments using fluorescence detection. The data for Ar and
Ti isotopes are taken from Ref. [30,31]. The charge radii in the Ca chain, between
N = 20 and N = 28, are characterized by a parabolic shape with a large odd-even
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Figure 1: Experimental magnetic moments, taken from Refs. [15,21,23,25,26], compared with shell-
model calculations using GXPF1A and KB3G interaction, the calculations from Merwe et al in Ref.
[28], and effective Schmidt value, using effective g−factor (geffs = 0.9gfrees )(upper panel of Figure).
Experimental quadrupole moments, taken from Refs. [15,22,24,25], are compared with shell-model cal-
culations using GXPF1A and KB3G interaction and the calculations of Ref. [28], using effective charges
(eπ = +1.486, eν = +0.840) which is used in Ref. [28] (lower panel).

staggering. Such a parabolic shape is much less pronounced in the K and Ar iso-
topes, with respectively one and two proton holes with respect to Z = 20. For the
Sc and Ti isotopes with one and two protons outside the Ca core, the trend is not
clear as not sufficient data are available. Above N = 28, the charge radii of K and Ca,
with a similarly increasing slope, show their sensitivity to the shell closure around N = 28.

In the case of Sc, only limited information is available and does not reach any of the
shell closures (N = 20, 28). The RMS charge radii measurements of 47−51Sc isotopes
across/beyond N = 28, will provide important information to advance our understand-
ing of the nuclear structure evolution around N = 28, in particular to study in more
detail the apparent different behaviour for isotopes with proton particles and proton holes.

The accurate description of charge radii in medium mass nuclei has been a major chal-
lenge for nuclear theory [32]. There are many theoretical approaches trying to explain the
charge radii trend of isotopes in Ca region. The general trend in the Ar chain are theoret-
ically predicted by spherical Hartree-Fock calculations with the SGII Skyrme interaction
[31], while the relativistic MF calculation can reproduce the trend of charge radii in the
K chain but not the mild parabolic shape between N = 20 and 28, nor the odd-even
staggering [12]. In the Ca isotopic chain, not a single theoretical model can fully explain
the abnormal characteristics of charge radii up to N = 32 [11]. For the Sc isotopes, the
experimental charge radii of 42−46Sc [15] have been compared with theoretical calculation
using the “zbm2.renorm” interaction, which reproduced the charge radii of Ca isotopes
between N = 20 and N = 28 [17]. However, the overall trend of the mean square charge
radii of Sc isotopes can not been produced (Fig. 7 in Ref. [15]). Ab-initio calculations
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Figure 2: Root means square nuclear charge radii versus neutron number for the ground state of the
K, Ca, Sc, Ar, Ti isotopes from Refs. [6,9,15,29-31].

have been successfully applied to describe binding energies and low-lying excitation
spectra of Ca isotopes [33], but only up to recent, such calculations can be applied
to describe charge radii of medium mass nuclei in the vicinity of doubly-magic nuclei
[11,34]. As this calculation is ideally suited for nuclei with at most one or two nucleons
outside a closed (sub-) shell [11], charge radii measurements of Sc isotopes, especially
49Sc with doubly-magic nuclei (48Ca) plus one proton, will be important for testing
the Hamiltonian, and the role of many-body correlations in such ab-initio calculations [35].

2 Experimental technique

Experimental method
Using the bunched-beam collinear laser spectroscopy technique, the nuclear moments and
charge radii of isotopes can be obtained by measuring their hyperfine structure. Ion beams
(Sc II) will be produced from a nuclear reaction using 1.4 GeV protons impinging on a
thick UCx target, and then be resonantly ionized by the Resonant Ionization Laser-Ion
Source (RILIS) [36]. The extracted ion beams will be accelerated up to about 30− 40 kV
and then separated by the high-resolution HRS separator. By using the ISCOOL (RFQ
buncher), the ions can be cooled and bunched, and then delivered into the collinear laser
spectroscopy (COLLAPS) setup, as illustrated in Fig. 3. With a fixed laser frequency
which is calculated after considering the Doppler shift, the velocity of ions reaching the
observation region is tuned by scanning an applied voltage until they come into resonance
with the laser beam. The emitted fluorescence photons from the laser-excited atoms will
be collected by four photomultiplier tubes (PMTs). Recording the counts of emitted
fluorescence lights by the PMTs as a function of scanning voltage, the hyperfine structure
(HFS) of the Sc isotopes can be measured. By recording the PMT signals only in a period
of 5 µs, corresponding to the flight time of the bunched ion beam in front of the PMTs,
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Figure 3: Schematic representation of the setup for collinear laser spectroscopy at COLLAPS [9].

the background photons from scattered laser light as well as PMT dark counts can be
suppressed by a factor of 104 [8,10].

Spectroscopy scheme
To avoid a relatively low neutralization efficiency in the desired level after the charge
exchange process and thus a low overall efficiency, the measurement will be applied to
the Sc ion instead of atoms (several metastable states exist in the Sc atom, which are
populated in the charge exchange process [37]). Several excitation schemes have been
tested for Sc II at Jyväskylä [15]. The hyperfine A,B parameters in both the lower and
upper hyperfine multiplet are also available for each scheme. To obtain a high sensitivity
to the B value in both the lower and upper hyperfine multiplet and still have a relatively
high efficiency, the transition from 3D2 (67.72 cm−1) to 3F3 (27603.45 cm−1) at 363.1
nm will be used, having a relatively high transition strength of 1.58 × 108 s−1. Due to
the low excitation energy of the 3D3 and 3D2 levels with respect to the 3D1, all levels
are well populated in the Sc ion beam. Another transition, from ground state 3D1 (0
cm−1) to 3F2 (27443.71 cm−1) at 364.3 nm, is also selected as an alternative transition
with relatively high sensitivity to B value in the upper-state (transition strength:
1.521×108 s−1). Both transitions can be accessed with a frequency-doubled narrow-band
continuous-wave Ti:Sa-laser light in the 360 nm region produced using the Ti:Sapphire
laser which is available at the COLLAPS laser lab. Stable beam will be requested before
the experiment in order to optimize the laser/ion-beam overlap.

3 Production yields and beam time estimate

The neutron-rich radioactive Sc ion beams will be produced with a UCx target. From
the ISOLDE yield database, only the yield of 13 ion/µC for 52Sc is reported with 0.6

Table 2: Estimated production yield.

Isotopes half life yield Target/ion source
Neutron-rich 50−52Sc

50Sc 102.5 s > 5 × 103 UCx /RILIS
51Sc 12.4 s > 5 × 103 UCx /RILIS
52Sc 8.2 s ∼ 5 × 103 UCx /RILIS
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GeV proton energy on a UCx target and a tungsten surface ioniser [37]. However, the
development of the ionization scheme of Sc in RILIS has demonstrated that a factor
of 400 enhancement in the Sc production yield can be obtained with respect to the
surface-ionized yield [39,40]. Therefore, on the basis of the ISOLDE yield database and
the development of ionization scheme of Sc with RILIS, the production yield for the
neutron-rich Sc can be estimated as listed in Table 2 [11] . However, due to the uncertain-
ty of the estimated yield and that the radioactive Sc isotopes were not produced during
ISOLTRAP run in 2014, a yield check prior to scheduling the experiment will be requested.

For the experiments with the COLLAPS setup, the general limitation for the yield of
studied isotopes is several 1000 ions/s. The minimum amount of ions needed for an
experiment depends on the hyperfine transition that is studied (its oscillator strength
and its electronic configurations), but also on the efficiency in populating the atomic or
ionic level from which the resonant excitation takes place. For example, the sensitivity
reached a few 100 ions/s in past experiments on Ca and Cd, in which ions were laser
excited instead of atoms (thus limiting losses in the charge exchange process). In the
particular case of Sc II, where 3 low-lying states are populated in the ion beam and thus
the population from which the resonant excitation starts, is reduced by at least a factor
of 3, we expect to reach easily 51Sc. In order to determine charge radii from isotope
shift measurements, each hyperfine spectrum has to be measured relative to that of a
reference isotope hyperfine spectrum. Therefore, we count 1 shift for each set of two
isotopes (new and reference), considering that several hyperfine scans are taken in order
to reduce statistical and systematic errors.

Therefore, to study the neutron-rich isotopes and isomers between 45Sc (ref.) and 51Sc (7
isotopes and 3 isomers, of which 6 will be measured for the first time), we request a total
of 12 shifts, and an additional 2 shifts with stable beam prior to the run for optimizing
the experimental set-up and laser transitions for optimum efficiency.

Beyond 51Sc, the production yields will be too low for COLLAPS, but are still accessible
using the CRIS experiment and single-ion detection. Therefore a second proposal for an
experiment at CRIS in order to study the more exotic isotopes is submitted parallel to
this proposal.

Summary of requested shifts: 12 shifts of radioactive beam time and 2 shifts of stable
beam are requested.
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Appendix

DESCRIPTION OF THE PROPOSED EXPERIMENT
The experimental setup comprises: COLLAPS

Part of the Availability Design and manufacturing

( COLLAPS) � Existing � To be used without any modification

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

Additional hazards: None
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