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1:106 effect. These isotope shifts, while small, were extracted from 
the data and were used to determine the changes in the mean-
squared charge radius (see Methods for more details).

Using this sequence of techniques, we could extend our knowl-
edge of the charge radii of the copper isotopes by another three neu-
tron numbers, up to 78Cu (N = 49). Our new data thus represent 
an important step towards understanding the nuclear sizes in close 
proximity to the very neutron-rich doubly magic system of 78Ni (ref. 
11). The high efficiency and selectivity of the CRIS technique allows 
the observation of signals with detection rates of less than 0.05 ions 
s–1 on resonance (Fig. 1). Thanks to the ultra-low background rates 
inherent to the method, these detection rates were sufficient for a 
successful measurement of the charge radius of 78Cu in less than one 
day, while other isotopes typically only require a few hours of beam 
time. The signal-to-background ratio obtained is similar to those 
achieved in the state-of-the-art in-source measurements12, but with 
much narrower linewidths of <100 MHz, typical for conventional 
fast-beam collinear laser spectroscopy techniques, thus demonstrat-
ing a best-of-both-worlds performance.

The changes in the mean-squared charge radii extracted from 
the hyperfine structure spectra are plotted in the bottom panel of 
Fig. 1 (white dots), complemented by literature values for 58−62,67Cu 
(ref. 9) (white diamonds). The radii of the isomeric states are shown 
with black markers. The shaded area shows the uncertainty due to 

the atomic parameters (see Methods for more details). While these 
atomic uncertainties influence the slope of the charge radii curve, 
smaller-scale effects such as the odd–even staggering (OES) of the 
charge radii are largely unaffected. Values of the three-point OES 
parameter of the radii Δð3Þ

r
I

, defined as

Δð3Þ
r ¼ 1
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Fig. 1 | Overview of the experimental results. Top: ion rate obtained during 
the laser scan of 78Cu as a function of resonant laser frequency relative to 
the hyperfine structure centroid. Error bars show the statistical uncertainty 
(one standard deviation). The solid line shows the best-fitting set of Voigt 
profiles centred at the resonance locations (see Methods). Bottom: values 
of δ r2

! "

I
 for 63−66,68−78Cu (relative to 65Cu) from this work as a function of 

neutron number N, alongside the literature values for 58−62,67Cu (ref. 9). 
The inset shows the OES of the radii defined by equation (1). Error bars 
are statistical (one standard deviation). In the main plot, these errors are 
too small to be seen except for 78Cu. The blue shaded area represents the 
systematic uncertainty due to the atomic parameters.
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and nuclear theory predictions. a–c, The data are plotted as a function 
of neutron number N (bottom axis) and mass number A (top axis). 
Experimental values are shown with white circles (error bars representing 
statistical uncertainties are too small to be visible). For the DFT 
calculations, green squares are used for the Fy(std) functional and blue 
diamonds for the Fy(Δr) functional, while the VS-IMSRG calculations are 
displayed using red squares for the PWA interaction and orange diamonds 
for the EM1.8/2.0 interaction. Panel a compares to experimental squared 
charge radii, b to binding energies28,29 per nucleon and c to differential 
squared charge radii. For clarity, only Fy(Δr) and EM1.8/2.0 results are 
shown in b and c.
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values available in Ref. [27]. The weighted averages from
the two transitions are listed in Table I. Uncertainties were
taken as the minimum from the two transitions but not
further reduced. In 134Sn, the error has been increased by
20% to incorporate a small difference in the resulting
charge radii.
The evolution of the nuclear charge radii of the even tin

isotopes is shown in Fig. 2, based on the reference value of
hr2i1=2μe ¼ Rμ

kα=V2 ¼ 4.675ð1Þ fm of 124Sn [27]. Below
132Sn, the trend is almost linear, with a small curvature.
A clear kink is seen atN ¼ 82 that is indicative of a neutron
shell closure and compared with the kink at 208Pb shown in
the inset.
Theoretical analysis.—To understand the experimental

findings, we employed nuclear DFT [50] at a spherical
Hartree-Fock-Bogoliubov (HFB) level as in Ref. [42].
Calculations were carried out using two different energy
functionals. The parametrization SV-min [51] is based on
the widely used Skyrme functional [50], while the func-
tional FyðΔr;HFBÞ recently developed in Ref. [42] is the
Fayans functional involving gradient terms in surface and
pairing energies [20,52]. Both parametrizations, SV-min
and FyðΔr;HFBÞ, were fitted to the same large set of
ground-state data achieving the same high quality in
reproducing them. As discussed in Refs. [19,20,40], the
density-dependent Fayans pairing functional involving the
gradient term explains the odd-even staggering effect in
charge radii by producing a direct coupling between the
proton density and the neutron pair density. The blocking
effect [53,54] in an odd-N nucleus yields a reduced neutron
pairing density, which in turn impacts the proton density
and, hence, the charge radius. This argument does not apply

to open-shell systems, in which deformation effects on odd-
N nuclei can be dramatic, as is observed, e.g., in the
mercury chain [55–57].
To facilitate the discussion, we introduce the three-

point indicator of an observable O: Δð3Þ
kn OðZ;NÞ≡

1
2 ½OðZ;N þ kÞ − 2OðZ;NÞ þOðZ;N − kÞ&, where the
odd-even staggering in O corresponds to k ¼ 1 while
the curvature (or kink) parameter is given by k ¼ 2. In
the case of charge radii (O ¼ r), the staggeringΔð3Þ

1n rðZ;NÞ
is usually negative for even-N semimagic systems; i.e., the
charge radii of odd-N proton-magic nuclei are usually
smaller than the average of their even-N neighbors. Since
in the Fayans model the magnitude of Δð3Þ

1n r is explained by
the reduced neutron pairing in odd-N nuclei, this suggests a
simple explanation of the kink in charge radii at magic
numbers. Indeed, for the magic neutron number N, the
neutron pairing is absent, while it is significant for theN ' 2

neighbors, resulting in a distinct kink Δð3Þ
2n rðZ;NÞ > 0.

The results of SV-min and FyðΔr;HFBÞ for the charge
radii along the tin isotopic chain are shown in Fig. 2; there
is a significant difference between the two models. Namely,
SV-min produces a flat trend (Δð3Þ

2n r ¼ 0.0014 fm), while
FyðΔr;HFBÞ predicts a kink of 0.0119 fm for 132Sn in
accordance with the experiment (0.0078 fm) and earlier
Fayans-model predictions [20,22]. This is similar for the
parabolic behavior of the radii below the N ¼ 82 shell
closure, which is visible in the experimental data, almost
absent in SV-min, and overexpressed in FyðΔr;HFBÞ.
Figure 2 compares experimental data for the kinks in

132Sn and 208Pb (inset) with our SV-min and FyðΔr;HFBÞ
predictions. It is seen that also in this case SV-min
(Δð3Þ

2n r ¼ 0.0021 fm2) significantly underestimates the kink
(experiment, 0.0043 fm2) while FyðΔr;HFBÞ slightly
overestimates it (0.0075 fm2). This result is consistent
with our working hypothesis about the nature of the kink
and the systematic analysis of Ref. [40]: Δð3Þ

1n rðZ;NÞ is
primarily driven by the gradient term in the Fayans pairing
functional.
As mentioned above, several mechanisms responsible

for the kink in charge radii have been proposed. A
comprehensive analysis requires the control of all ingre-
dients to a nuclear model simultaneously, which can be
achieved in a systematic fashion by statistical linear least-
square regression analysis [58]. Specifically, we look at the
statistical correlations between the kinks in radii and model
parameters as well as between the kinks and selected
observables. However, in view of 13–14 model parameters,
it is more efficient to look at multiple correlation coef-
ficients (MCCs) of a kink with groups of model parameters
[59]. Here, we closely follow the methodology laid out in
Ref. [60]. The MCCs range from 0 to 1, where 0 implies
that the kink is uncorrelated with the group of parameters or
observables and the value of 1 means total correlation.
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FIG. 2. Evolution of the nuclear charge radii along the tin
isotopic chain from the experiment (circles) and from DFT
calculations using the SV-min (triangles) and FyðΔr;HFBÞ (dots)
functionals. The experimental and predicted charge radii at the
kink at 208Pb are shown in the inset. Experimental data for
204−212Pb are taken from Ref. [27].
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• remarkable	progress	in	theory	and	experiment	
• theore>cal	models:	

➡ applicable	over	wider	mass	range	
➡ including	DFT	and	ab-ini>o	methods		
➡ excellent	agreement	to	experiment	

- ‘kink’	at	shell	closures	
- odd-even	staggering
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Fig. 5. Isotopes in and near the island of inversion: intruder dominant ground
states (red), normal ground states (yellow) and mixed configurations (rose).
Isotopes with yet unknown configurations are in light grey and the unknown
isotopes from the initially defined island in dark grey. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this Letter.)

netic moment µ = (+)2.156(16)µN is much larger than the
values calculated with the most recent large-scale shell model
interactions. This has two causes: the magnetic moment is ex-
tremely sensitive to mixing with intruder configurations in the
wave function (related to the N = 20 shell gap), but also to the
occupation of the ν1p3/2 orbital (related to the N = 28 shell
gap). Contrary to earlier studies suggesting that Al isotopes
have a normal ground state across the N = 20 region, this result
establishes a large mixing of at least 50% of intruder configura-
tions in the 34Al ground state. Furthermore, the subtle interplay
between the effect of reduced N = 20 and N = 28 shell gaps at
Z = 13 observed through the g factor, will provide a severe test
for a further improved effective shell model interaction. This is
indispensable information, that cannot be deduced from bind-
ing energies or from decay and level scheme studies.
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was completed by measurements with the new method on
31Mg (! 2" 105 ions=s) and 21Mg (!5"104 ions=s).
Degrader plates were used in the latter case [30] to shield
the detectors from the contaminant beam, whose ! decay
is much less energetic. By recording the hyperfine structure
with left-hand and right-hand circular laser polarization
and fitting both simultaneously, one is able to extract
information on the magnetic field and the laser power in
a self-consistent way. Apart from the moments, radii, and
spins the new method is also sensitive to the value and sign
of the integral !-decay asymmetry parameter. This quan-
tity can be used, for instance, to aid spin-parity assign-
ments in the daughter nuclei. Such a discussion, however,
as well as a detailed description of the numerical approach
extend beyond the scope of this Letter and will be pub-
lished separately.

Typical spectra of all studied isotopes are shown in
Fig. 1. Changes in mean square charge radii are extracted
from the isotope shifts through a King-plot procedure using
the radii [31] of the stable isotopes. The corresponding
specific mass shift and the electronic factor of the transition
are in excellent agreement with theory [32]. All results are
presented in Table I. The systematic errors of the isotope
shifts correspond to a 10#4 relative uncertainty of the beam
energy [28]. These do not influence the extracted radii as
they only affect the mass shifts obtained from the King plot
[33,34]. This means the accuracy of the radii differences
and the absolute radii is essentially determined by the
uncertainties of the reference radii. Hence, the correspond-
ing systematic errors are correlated and play no role for the
physics discussion.

The total rms charge radii of magnesium spanning the
complete sd shell are plotted in Fig. 2(a). Clearly, the
experimental points lie on three separate slopes signifying
three distinct modes of the nuclear size along the chain.
This is also evident in Fig. 2(b), which in essence repre-
sents the derivative. The physical meaning of the differen-
tial plot is an increase of the mean square charge radius by
the addition of two neutrons. There is a striking correspon-
dence between the data points and the neutron sd orbitals.
Beginning with 21Mg the charge distribution is compressed
with filling the d5=2 orbital up to

26Mg (N ¼ 14). A similar
effect has also been observed in neon [23,34]. The addition
of two neutrons on either s1=2 or d3=2 in the range 28-30Mg
results in a steady increase of the radius represented by the
middle level in Fig. 2(b). Finally, 31Mg and 32Mg define a
third level, which is associated with the island of inversion
and in terms of the shell structure would correspond to a
cross-shell excitation of two neutrons [12,21]. In 27Mg one
of the neutrons added to 25Mg fills the last d5=2 hole and the
other populates the s1=2 subshell, resulting in the inter-
mediate position in Fig. 2(b). Already from a general
perspective three important conclusions can be made.
First, an island ‘‘of inversion’’ does exist in terms of the
rms charge radius and has a well-defined border between

30Mg and 31Mg, as previously anticipated [12,35]. Second,
the odd-even staggering is well pronounced except for
31Mg. This indicates a structural change with a prominent
effect already in the first isotope of the island. Third, the
charge (proton) distribution is strongly correlated with the
neutron shell structure.
The role of the quadrupole deformation in the above

observations needs to be disentangled from other effects
that may contribute. In the mean-field picture the addition
of neutrons increases the radius of the mean field for
protons, causing the proton distribution to expand. More
neutrons also support more binding for protons as the
proton-neutron interaction is more attractive than the
proton-proton interaction, thus causing the charge distri-
bution to shrink. Alternatively, in the spherical shell model
changing trends of the charge radii could be considered as
changing contributions from the two major oscillator shells
involved, which have different radii and may be associated
with different polarizations of the proton distribution. In an
attempt to understand these mechanisms we employ the

FIG. 2 (color online). Experimental rms charge radii of mag-
nesium (a) compared to theory and differential mean square radii
(b). The correlated systematic uncertainties (Table I) are not
depicted. Dotted lines and boxes have an illustrative purpose
only.
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Fig. 5. Isotopes in and near the island of inversion: intruder dominant ground
states (red), normal ground states (yellow) and mixed configurations (rose).
Isotopes with yet unknown configurations are in light grey and the unknown
isotopes from the initially defined island in dark grey. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this Letter.)

netic moment µ = (+)2.156(16)µN is much larger than the
values calculated with the most recent large-scale shell model
interactions. This has two causes: the magnetic moment is ex-
tremely sensitive to mixing with intruder configurations in the
wave function (related to the N = 20 shell gap), but also to the
occupation of the ν1p3/2 orbital (related to the N = 28 shell
gap). Contrary to earlier studies suggesting that Al isotopes
have a normal ground state across the N = 20 region, this result
establishes a large mixing of at least 50% of intruder configura-
tions in the 34Al ground state. Furthermore, the subtle interplay
between the effect of reduced N = 20 and N = 28 shell gaps at
Z = 13 observed through the g factor, will provide a severe test
for a further improved effective shell model interaction. This is
indispensable information, that cannot be deduced from bind-
ing energies or from decay and level scheme studies.
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First, an island ‘‘of inversion’’ does exist in terms of the
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31Mg. This indicates a structural change with a prominent
effect already in the first isotope of the island. Third, the
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neutron shell structure.
The role of the quadrupole deformation in the above
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that may contribute. In the mean-field picture the addition
of neutrons increases the radius of the mean field for
protons, causing the proton distribution to expand. More
neutrons also support more binding for protons as the
proton-neutron interaction is more attractive than the
proton-proton interaction, thus causing the charge distri-
bution to shrink. Alternatively, in the spherical shell model
changing trends of the charge radii could be considered as
changing contributions from the two major oscillator shells
involved, which have different radii and may be associated
with different polarizations of the proton distribution. In an
attempt to understand these mechanisms we employ the

FIG. 2 (color online). Experimental rms charge radii of mag-
nesium (a) compared to theory and differential mean square radii
(b). The correlated systematic uncertainties (Table I) are not
depicted. Dotted lines and boxes have an illustrative purpose
only.

PRL 108, 042504 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 JANUARY 2012

042504-3

Mg	isotopic	chain	

predic9ve	power	of	theory	away	from	semi-magic	nuclei?	

expecta9ons?

D. T. Yordanov et al., PRL 108, 042504 (2012)



S.	Malbrunot:	INTC	June	2020

charge	radii	&	the	island	of	inversion

3

Author's personal copy

208 P. Himpe et al. / Physics Letters B 658 (2008) 203–208

Fig. 5. Isotopes in and near the island of inversion: intruder dominant ground
states (red), normal ground states (yellow) and mixed configurations (rose).
Isotopes with yet unknown configurations are in light grey and the unknown
isotopes from the initially defined island in dark grey. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this Letter.)

netic moment µ = (+)2.156(16)µN is much larger than the
values calculated with the most recent large-scale shell model
interactions. This has two causes: the magnetic moment is ex-
tremely sensitive to mixing with intruder configurations in the
wave function (related to the N = 20 shell gap), but also to the
occupation of the ν1p3/2 orbital (related to the N = 28 shell
gap). Contrary to earlier studies suggesting that Al isotopes
have a normal ground state across the N = 20 region, this result
establishes a large mixing of at least 50% of intruder configura-
tions in the 34Al ground state. Furthermore, the subtle interplay
between the effect of reduced N = 20 and N = 28 shell gaps at
Z = 13 observed through the g factor, will provide a severe test
for a further improved effective shell model interaction. This is
indispensable information, that cannot be deduced from bind-
ing energies or from decay and level scheme studies.
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was completed by measurements with the new method on
31Mg (! 2" 105 ions=s) and 21Mg (!5"104 ions=s).
Degrader plates were used in the latter case [30] to shield
the detectors from the contaminant beam, whose ! decay
is much less energetic. By recording the hyperfine structure
with left-hand and right-hand circular laser polarization
and fitting both simultaneously, one is able to extract
information on the magnetic field and the laser power in
a self-consistent way. Apart from the moments, radii, and
spins the new method is also sensitive to the value and sign
of the integral !-decay asymmetry parameter. This quan-
tity can be used, for instance, to aid spin-parity assign-
ments in the daughter nuclei. Such a discussion, however,
as well as a detailed description of the numerical approach
extend beyond the scope of this Letter and will be pub-
lished separately.

Typical spectra of all studied isotopes are shown in
Fig. 1. Changes in mean square charge radii are extracted
from the isotope shifts through a King-plot procedure using
the radii [31] of the stable isotopes. The corresponding
specific mass shift and the electronic factor of the transition
are in excellent agreement with theory [32]. All results are
presented in Table I. The systematic errors of the isotope
shifts correspond to a 10#4 relative uncertainty of the beam
energy [28]. These do not influence the extracted radii as
they only affect the mass shifts obtained from the King plot
[33,34]. This means the accuracy of the radii differences
and the absolute radii is essentially determined by the
uncertainties of the reference radii. Hence, the correspond-
ing systematic errors are correlated and play no role for the
physics discussion.

The total rms charge radii of magnesium spanning the
complete sd shell are plotted in Fig. 2(a). Clearly, the
experimental points lie on three separate slopes signifying
three distinct modes of the nuclear size along the chain.
This is also evident in Fig. 2(b), which in essence repre-
sents the derivative. The physical meaning of the differen-
tial plot is an increase of the mean square charge radius by
the addition of two neutrons. There is a striking correspon-
dence between the data points and the neutron sd orbitals.
Beginning with 21Mg the charge distribution is compressed
with filling the d5=2 orbital up to

26Mg (N ¼ 14). A similar
effect has also been observed in neon [23,34]. The addition
of two neutrons on either s1=2 or d3=2 in the range 28-30Mg
results in a steady increase of the radius represented by the
middle level in Fig. 2(b). Finally, 31Mg and 32Mg define a
third level, which is associated with the island of inversion
and in terms of the shell structure would correspond to a
cross-shell excitation of two neutrons [12,21]. In 27Mg one
of the neutrons added to 25Mg fills the last d5=2 hole and the
other populates the s1=2 subshell, resulting in the inter-
mediate position in Fig. 2(b). Already from a general
perspective three important conclusions can be made.
First, an island ‘‘of inversion’’ does exist in terms of the
rms charge radius and has a well-defined border between

30Mg and 31Mg, as previously anticipated [12,35]. Second,
the odd-even staggering is well pronounced except for
31Mg. This indicates a structural change with a prominent
effect already in the first isotope of the island. Third, the
charge (proton) distribution is strongly correlated with the
neutron shell structure.
The role of the quadrupole deformation in the above

observations needs to be disentangled from other effects
that may contribute. In the mean-field picture the addition
of neutrons increases the radius of the mean field for
protons, causing the proton distribution to expand. More
neutrons also support more binding for protons as the
proton-neutron interaction is more attractive than the
proton-proton interaction, thus causing the charge distri-
bution to shrink. Alternatively, in the spherical shell model
changing trends of the charge radii could be considered as
changing contributions from the two major oscillator shells
involved, which have different radii and may be associated
with different polarizations of the proton distribution. In an
attempt to understand these mechanisms we employ the

FIG. 2 (color online). Experimental rms charge radii of mag-
nesium (a) compared to theory and differential mean square radii
(b). The correlated systematic uncertainties (Table I) are not
depicted. Dotted lines and boxes have an illustrative purpose
only.
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Fig. 5. Isotopes in and near the island of inversion: intruder dominant ground
states (red), normal ground states (yellow) and mixed configurations (rose).
Isotopes with yet unknown configurations are in light grey and the unknown
isotopes from the initially defined island in dark grey. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web
version of this Letter.)

netic moment µ = (+)2.156(16)µN is much larger than the
values calculated with the most recent large-scale shell model
interactions. This has two causes: the magnetic moment is ex-
tremely sensitive to mixing with intruder configurations in the
wave function (related to the N = 20 shell gap), but also to the
occupation of the ν1p3/2 orbital (related to the N = 28 shell
gap). Contrary to earlier studies suggesting that Al isotopes
have a normal ground state across the N = 20 region, this result
establishes a large mixing of at least 50% of intruder configura-
tions in the 34Al ground state. Furthermore, the subtle interplay
between the effect of reduced N = 20 and N = 28 shell gaps at
Z = 13 observed through the g factor, will provide a severe test
for a further improved effective shell model interaction. This is
indispensable information, that cannot be deduced from bind-
ing energies or from decay and level scheme studies.
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was completed by measurements with the new method on
31Mg (! 2" 105 ions=s) and 21Mg (!5"104 ions=s).
Degrader plates were used in the latter case [30] to shield
the detectors from the contaminant beam, whose ! decay
is much less energetic. By recording the hyperfine structure
with left-hand and right-hand circular laser polarization
and fitting both simultaneously, one is able to extract
information on the magnetic field and the laser power in
a self-consistent way. Apart from the moments, radii, and
spins the new method is also sensitive to the value and sign
of the integral !-decay asymmetry parameter. This quan-
tity can be used, for instance, to aid spin-parity assign-
ments in the daughter nuclei. Such a discussion, however,
as well as a detailed description of the numerical approach
extend beyond the scope of this Letter and will be pub-
lished separately.

Typical spectra of all studied isotopes are shown in
Fig. 1. Changes in mean square charge radii are extracted
from the isotope shifts through a King-plot procedure using
the radii [31] of the stable isotopes. The corresponding
specific mass shift and the electronic factor of the transition
are in excellent agreement with theory [32]. All results are
presented in Table I. The systematic errors of the isotope
shifts correspond to a 10#4 relative uncertainty of the beam
energy [28]. These do not influence the extracted radii as
they only affect the mass shifts obtained from the King plot
[33,34]. This means the accuracy of the radii differences
and the absolute radii is essentially determined by the
uncertainties of the reference radii. Hence, the correspond-
ing systematic errors are correlated and play no role for the
physics discussion.

The total rms charge radii of magnesium spanning the
complete sd shell are plotted in Fig. 2(a). Clearly, the
experimental points lie on three separate slopes signifying
three distinct modes of the nuclear size along the chain.
This is also evident in Fig. 2(b), which in essence repre-
sents the derivative. The physical meaning of the differen-
tial plot is an increase of the mean square charge radius by
the addition of two neutrons. There is a striking correspon-
dence between the data points and the neutron sd orbitals.
Beginning with 21Mg the charge distribution is compressed
with filling the d5=2 orbital up to

26Mg (N ¼ 14). A similar
effect has also been observed in neon [23,34]. The addition
of two neutrons on either s1=2 or d3=2 in the range 28-30Mg
results in a steady increase of the radius represented by the
middle level in Fig. 2(b). Finally, 31Mg and 32Mg define a
third level, which is associated with the island of inversion
and in terms of the shell structure would correspond to a
cross-shell excitation of two neutrons [12,21]. In 27Mg one
of the neutrons added to 25Mg fills the last d5=2 hole and the
other populates the s1=2 subshell, resulting in the inter-
mediate position in Fig. 2(b). Already from a general
perspective three important conclusions can be made.
First, an island ‘‘of inversion’’ does exist in terms of the
rms charge radius and has a well-defined border between

30Mg and 31Mg, as previously anticipated [12,35]. Second,
the odd-even staggering is well pronounced except for
31Mg. This indicates a structural change with a prominent
effect already in the first isotope of the island. Third, the
charge (proton) distribution is strongly correlated with the
neutron shell structure.
The role of the quadrupole deformation in the above

observations needs to be disentangled from other effects
that may contribute. In the mean-field picture the addition
of neutrons increases the radius of the mean field for
protons, causing the proton distribution to expand. More
neutrons also support more binding for protons as the
proton-neutron interaction is more attractive than the
proton-proton interaction, thus causing the charge distri-
bution to shrink. Alternatively, in the spherical shell model
changing trends of the charge radii could be considered as
changing contributions from the two major oscillator shells
involved, which have different radii and may be associated
with different polarizations of the proton distribution. In an
attempt to understand these mechanisms we employ the

FIG. 2 (color online). Experimental rms charge radii of mag-
nesium (a) compared to theory and differential mean square radii
(b). The correlated systematic uncertainties (Table I) are not
depicted. Dotted lines and boxes have an illustrative purpose
only.

PRL 108, 042504 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

27 JANUARY 2012

042504-3

Mg	isotopic	chain	

predic9ve	power	of	theory	away	from	semi-magic	nuclei?	

expecta9ons?

D. T. Yordanov et al., PRL 108, 042504 (2012)

validate	trends	in	more	
‘exo9c’	Mg	isotopes!



Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.)
VS-IMSRG (preliminary; shifted to 26Mg

sd neutrons

pf neutrons

new	developments	in		
• VS-IM-SRG:	mixed-parity	valence	spaces	
• couple	cluster	(CC)	theory:	beyond	closed	(sub-)shell	nuclei	&	neighbours

S.	Malbrunot:	INTC	June	2020

Mg	charge	radii	in	ab-ini9o	methods

4

pre
lim

ina
ry

T. Miyagi et al., arXiv:2004.12969 (2020) 
J. Holt, private communication (2020)

G. Hagen, private communication (2020)

T. Miyagi  and J. Holt,  
private communication (2020)

EM 1.8/2.0



Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.)
VS-IMSRG (preliminary; shifted to 26Mg

sd neutrons

pf neutrons

new	developments	in		
• VS-IM-SRG:	mixed-parity	valence	spaces	
• couple	cluster	(CC)	theory:	beyond	closed	(sub-)shell	nuclei	&	neighbours

S.	Malbrunot:	INTC	June	2020

Mg	charge	radii	in	ab-ini9o	methods

4

pre
lim

ina
ry

T. Miyagi et al., arXiv:2004.12969 (2020) 
J. Holt, private communication (2020)

G. Hagen, private communication (2020)

T. Miyagi  and J. Holt,  
private communication (2020)

‘artefact’

EM 1.8/2.0



Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.)
VS-IMSRG (preliminary; shifted to 26Mg

sd neutrons

pf neutrons

Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.
VS-IMSRG (shifted to 26Mg)
VS-IMSRG mixed-parity; exp. g.s. (shifted to 26Mg)

new	developments	in		
• VS-IM-SRG:	mixed-parity	valence	spaces	
• couple	cluster	(CC)	theory:	beyond	closed	(sub-)shell	nuclei	&	neighbours

S.	Malbrunot:	INTC	June	2020

Mg	charge	radii	in	ab-ini9o	methods

4

pre
lim

ina
ry

T. Miyagi et al., arXiv:2004.12969 (2020) 
J. Holt, private communication (2020)

G. Hagen, private communication (2020)

T. Miyagi  and J. Holt,  
private communication (2020)

EM 1.8/2.0



Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.)
VS-IMSRG (preliminary; shifted to 26Mg

sd neutrons

pf neutrons

Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.
VS-IMSRG (shifted to 26Mg)
VS-IMSRG mixed-parity; exp. g.s. (shifted to 26Mg)

new	developments	in		
• VS-IM-SRG:	mixed-parity	valence	spaces	
• couple	cluster	(CC)	theory:	beyond	closed	(sub-)shell	nuclei	&	neighbours

S.	Malbrunot:	INTC	June	2020

Mg	charge	radii	in	ab-ini9o	methods

4

pre
lim

ina
ry

T. Miyagi et al., arXiv:2004.12969 (2020) 
J. Holt, private communication (2020)

G. Hagen, private communication (2020)

• CC	predic9on
T. Miyagi  and J. Holt,  
private communication (2020)

G. Hagen, private 
communication (2020)

EM 1.8/2.0



Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.)
VS-IMSRG (preliminary; shifted to 26Mg

sd neutrons

pf neutrons

Mass A
20 22 24 26 28 30 32 34 36 38

R
C

 [f
m

]

3.02

3.04

3.06

3.08

3.1

3.12

3.14

3.16

3.18

3.2

3.22 COLLAPS 2012
COLLAPS 2012 (without correlated systematic unc.
VS-IMSRG (shifted to 26Mg)
VS-IMSRG mixed-parity; exp. g.s. (shifted to 26Mg)

new	developments	in		
• VS-IM-SRG:	mixed-parity	valence	spaces	
• couple	cluster	(CC)	theory:	beyond	closed	(sub-)shell	nuclei	&	neighbours

S.	Malbrunot:	INTC	June	2020

Mg	charge	radii	in	ab-ini9o	methods

4

pre
lim

ina
ry

T. Miyagi et al., arXiv:2004.12969 (2020) 
J. Holt, private communication (2020)

G. Hagen, private communication (2020)

• CC	predic9on
T. Miyagi  and J. Holt,  
private communication (2020)

G. Hagen, private 
communication (2020)

• new	experimental	data	to	benchmark	new	nuclear	models			
• requires	a	new,	more	sensi9ve	experimental	technique

EM 1.8/2.0



the	Mul9	Ion	Reflec9on	Apparatus	for	
Collinear	Laser	Spectroscopy

S.	Malbrunot:	INTC	June	2020

trap	⇒	long	observa>on	>me	⇒	higher	sensi>vity	⇒	more	exo>c	nuclides	accessible

MR-ToF	devices

F. Wienholtz et al., Nature 498, 346 (2013)

• ion	trap	⇒	long	observa>on	>me	

• 30	keV	beam	⇒	high	resolu>on	

novel	approach	for	collinear		
laser	spectroscopy:

5

10

15

550
600
650
700
750

-15 -10 -5 0 5 10 15
5500

6000

6500

7000

5

10

15

550
600
650
700
750

-15 -10 -5 0 5 10 15
5500

6000

6500

7000

laser	frequency	[a.u.]

co
un

ts
co
un

ts

r=1

r=1000	
r…	revolu9ons

conven9onal	CLS

MIRACLS

simula9on

electros
ta9c	mirror

electros
ta9c	mirror

ion	bun
ch

op9cal	
	

detec9o
n

laser

first	RIB	mass	measurements

previous reports to INTC: 
INTC-I-197 
INTC-I-215  
INTC-M-019 



proof-of-principle	experiment

6

• modified	exis>ng	MR-ToF	(low	beam	energy)	

Mirror	1	

Op)cal	detec)on	

Central	dri2	tube	
											(li2	2)	

Paul	
trap	

A
ccelera)

on	
electrode	

Li2
	1	

Laser	beam	
280	nm	

Mg	ion	
	source	

+

+ -	

-	

+

+-	

-	Aperture	
System	

Aperture	
System	

MR-ToF	
PMT	 MCP	

Mirror	2	

6

F.	Maier	et	al.,	Hyperfine	Interact.	240,	54	(2019)	
S.	Lechner	et	al.,	Hyperfine	Interact	240,	95	(2019)	
S.	Sels	et	al.,	Nucl.	Instr.	Meth.	B	463,	310	(2020)	

V.	Lagaki	et	al.,	Acta	Phys.	Pol.	B	51,	571	(2020)	
V.	Lagaki	et	al.,	in	preparaWon
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• excellent	centroid	stability	a\er	revolu>on	≈60	
• ini>al	dri\	due	to	HV	switch	

HV	switch	of	central	drid	tube		

24Mg+
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• excellent	centroid	stability	a\er	revolu>on	≈60	
• ini>al	dri\	due	to	HV	switch	

HV	switch	of	central	drid	tube		

Achieved	milestones	

• CLS	over	5000	revolu>ons	

• ‘quasi-simultaneous’	an>/
collinear	laser	spectroscopy	

• op>cal	re-pumping	in	40Ca+

24Mg+



MIRACLS	sensi9vity	in	24Mg+
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1500	revolu>ons	=	10.7	ms	

online	measurements	with	O(10)	ions/sec	possible



MIRACLS	30-keV	setupOutlook at 30 keV MR-ToF
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� Suitable design and potentials of mirror electrodes have been identified 
in simulations

� Current focus:
¾ Simulation of injection optics + beam transport to MR-ToF
¾ High voltage tests of mirror electrodes and power supplies

� Construction drawings and manufacturing will be started soon

9

cryogenic	linear	Paul	trap	(4	K)	
beam	cooling	to	cryogenic	temperature		
➡ good	>me	focus	and	energy	spread

30	keV	MR-ToF
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(traveling)	
setups

proposed in 
INTC-M-019 
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� Suitable design and potentials of mirror electrodes have been identified 
in simulations

� Current focus:
¾ Simulation of injection optics + beam transport to MR-ToF
¾ High voltage tests of mirror electrodes and power supplies

� Construction drawings and manufacturing will be started soon
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cryogenic	linear	Paul	trap	(4	K)	
beam	cooling	to	cryogenic	temperature		
➡ good	>me	focus	and	energy	spread

30	keV	MR-ToF

(traveling)	
setups

compact	

MIRACLS

COLLAPS	
laser	lab

proposed in 
INTC-M-019 response	to	covid-19	lockdown



compact	MIRACLS	at	LA2
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room-temperature
Paul trap

HV cage

30 keV
MR-ToFlaser-beam

transport

LA2
LA1

COLLAPS

➡ setup	with	reduced	complexity	(and	capabili>es)	

➡ commissioning	of	30-keV	MR-ToF	device	

➡ addresses	ERC	science	goals	within	funding	period	

➡ requires	infrastructure	at	LA2	(see	proposal	&	ISCC	discussion)



Beam9me	es9mate
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Nuclide
T1/2	
[ms] Target

ion	
source

Yield		
[ions/µC]

Contaminaton	&	
Yield	[ions/µC] m/∆m

Requested	
Shids Comments

34Mg 20 UCx RILIS 140 34Al:	15	(surface) 2'800 2
33Mg 89 UCx RILIS 3'000 33Al:	<490	(RILIS) 2'300 3
21Mg 122 SiC RILIS 15'000 -
20Mg 91 SiC RILIS ≈500 20Na:	1.1E6 1'750 - Es>mate

SiC LIST ≈17	 20Na:	≈1 5 Es>mate

Systema>cs 2+1

Setup 2+2 with	stable	Mg

Total:	17	8-h	shids	split	in	2	runs

• sensi>vity	extrapolated	from	proof-of-principle	experiment

IMPORTANT:	offline	beam	during	LS2!!!	
• establish	ion	transfer	from	ISOLDE	to	MIRACLS	
• 3x	4	days

contamina>on	
rate	acceptable		}



Summary
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• novel	developments	in	nuclear	theory	
➡ excellent	agreement	to	recent	experiments	for	charge	radii	Rc	
➡ ”towards	universal	descrip>on	of	Rc”	

➡ ab-ini>o	theory:	new	developments	for	mid-shell	nuclei			

- island	of	inversion	around	32Mg	now	in	reach	(especially	Rc)	

• exo>c	Mg	require	new	experimental	technique	

• successful	proof-of-principle	experiment	
➡ sensi>vity	es>mate:	20,33,34Mg	accessible	

• compact	MIRACLS@LA2	
➡ response	to	COVID-19	lockdown	

➡ addresses	ERC	science	goals	within	funding	period	
• request	17	shi\s	(split	in	to	runs)

common	effort	on	the	forefronts	of	
nuclear	theory	and	experiment
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P.	Fischer,	V.	Lagaki,	S.	Lechner,	F.	Maier,	P.	Plarner,		
H.	Heylen,	M.	Rosenbusch,	S.	Sels,	F.	Wienholtz,	M.	Vilen,	
R.	Wolf,	G.	Neyens,	W.	Nörtershäuser,	L.	Schweikhard,	
S.	Malbrunot-	E6enauer	(Spokesperson)

Medical		
Applica9ons		
Funds

MIRACLS	Alumni:	
F.	Hummer	(2019),	L.	M.	Bartels	(2018),		
F.	Maier	(2018),	L.	Fischer	(2017)	
F.	Stabel	(2017),	S.	Sailer	(2017)

h6ps://miracls.web.cern.ch

CERN	based	people:	
PhD	students	
MSc	students	
BSc	students	
Fellows

collabora9on:

team	members:

funding:

https://miracls.web.cern.ch

