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Multiple shell structures in the Ca(Z=20) isotopes

→ Two doubly-magic stable isotopes: 40,48Ca
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Multiple shell structures in the Ca(Z=20) isotopes

during spectra 5 to 11, which resulted in the disappearance of the ion
counts in question. This unambiguously identified these ions as 54Ca.
Figure 2b corresponds to about 90 min of data-taking. MR-TOF MS
spectra of 53Ca and 54Ca were taken in total for 12.6 h and 18.2 h,
respectively.

Our results (rICR and CTOF) for the exotic calcium isotopes investi-
gated (51,52Ca and 53,54Ca, respectively) are summarized in Table 1,
including the resulting mass excesses. The ISOLTRAP values of 51Ca

and 52Ca determined with the Penning trap agree well with the recent
measurements by TITAN4. The uncertainties were reduced by factors
of 40 and 80, respectively, owing to longer excitation times (600 ms in
the case of ISOLTRAP as compared to 80 ms in the case of TITAN),
higher cyclotron frequencies and higher calcium ion yields. The masses
of 53,54Ca determined by the MR-TOF MS have been experimentally
addressed for the first time. As a consistency check, the 52Ca mass was
also measured by the new MR-TOF method, and the mass excess is in
full agreement with both Penning-trap results (Table 1). Furthermore,
a second cross-check measurement in the vicinity of the newly mea-
sured masses was performed. The mass excess of the stable isotope 58Fe
was determined with the stable reference isotopes 58Ni and 85Rb. The
measurement resulted in a mass excess of 262,168.0(47.0) keV/c2,
where the statistical uncertainty is given in parentheses. With a devi-
ation of 13.5 keV/c2 from the literature value28, it agrees well within its
statistical uncertainty. The uncertainties in the MR-TOF method
quoted in Table 1 for 53Ca and 54Ca denote the statistical standard
deviation. For the cross-checks, the MR-TOF method has thus been
employed to measure the mass of a slightly lighter isotope and a slightly
heavier isotope, 52Ca and 58Fe, respectively. The deviations from the
Penning-trap measurement and the literature value, respectively, are
taken as estimates of the relative systematic uncertainty, which lies in
the low 1027 range. Additional cross-check measurements to determine
the systematic uncertainty have been performed over a wide mass range
and will be detailed elsewhere. The precision and fast measurement
cycle of the MR-TOF method makes this a promising approach for the
mass spectrometry of isotopes with lower yield and shorter half-life
than currently accessible.

The binding energies encode information about the ordering of shell
occupation, and thus are essential in the quest for shell closures in exotic
regions of the nuclear chart. Our high-precision data can be used to
provide a critical benchmark for the behaviour far from stability, namely,
the two-neutron separation energy S2n 5 B(Z,N) 2 B(Z,N 2 2), where
B(Z,N) is the binding energy (defined as positive) of a nucleus with Z
protons and N neutrons. The S2n values are a preferred probe of the
evolution of nuclear structure with neutron number, and can be used to
challenge model predictions, as shown in Fig. 3. The pronounced
decrease in S2n revealed by the new 53Ca and 54Ca ISOLTRAP masses
is similar to the decrease beyond the doubly magic 48Ca. In general,
correlations induced by deformation could also cause such a reduction
in S2n, but in the calcium isotopes studied here deformation is expected
to have no role29. Therefore, our new data unambiguously establish a
prominent shell closure at N 5 32. The strength of this shell closure can
be evaluated from the two-neutron shell gap, that is, the two-neutron
separation energy difference S2n(Z,N) 2 S2n(Z,N 1 2). Figure 3c shows a
two-neutron shell gap for 52Ca of almost 4 MeV, where the rise towards
52Ca at N 5 32 is as steep as that towards 48Ca at N 5 28. The peaks at
N 5 Z in Fig. 3c are due to the additional correlation energy for sym-
metric N 5 Z nuclei, known as Wigner energy.

Calcium marks the heaviest chain of isotopes studied with three-
nucleon forces based on chiral effective field theory3–6. Figure 3a shows
the predictions of our microscopic calculations with three-nucleon
forces (that is, ‘NN 1 3N’) using many-body perturbation theory
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Figure 3 | Comparison of experimental results with theoretical predictions.
a, b, Two-neutron separation energy S2n (ref. 28) of the neutron-rich calcium
isotopes as a function of neutron number N, where the new ISOLTRAP values
are shown in red. In a, the ISOLTRAP masses are compared to predictions from
microscopic valence-shell calculations with three-nucleon forces (NN13N)
based on chiral effective field theory (solid line, MBPT) and large-space coupled-
cluster calculations including three-nucleon forces as density-dependent two-
body interactions (dashed line, CC)5. For comparison, we also show the results
of the phenomenological shell-model interactions KB3G21 and GXPF1A22. In
b, the ISOLTRAP masses are compared to state-of-the-art nuclear density-
functional-theory predictions15,29. Insets in a and b show the difference between
the theoretical predictions and experiment. c, Empirical two-neutron shell gap
as a function of proton number Z for N 5 28 and N 5 32. Error bars, 61 s.d.
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Masses of exotic calcium isotopes pin down
nuclear forces
F. Wienholtz1, D. Beck2, K. Blaum3, Ch. Borgmann3, M. Breitenfeldt4, R. B. Cakirli3,5, S. George1, F. Herfurth2, J. D. Holt6,7,
M. Kowalska8, S. Kreim3,8, D. Lunney9, V. Manea9, J. Menéndez6,7, D. Neidherr2, M. Rosenbusch1, L. Schweikhard1,
A. Schwenk7,6, J. Simonis6,7, J. Stanja10, R. N. Wolf1 & K. Zuber10

The properties of exotic nuclei on the verge of existence play a
fundamental part in our understanding of nuclear interactions1.
Exceedingly neutron-rich nuclei become sensitive to new aspects of
nuclear forces2. Calcium, with its doubly magic isotopes 40Ca and
48Ca, is an ideal test for nuclear shell evolution, from the valley of
stability to the limits of existence. With a closed proton shell, the
calcium isotopes mark the frontier for calculations with three-
nucleon forces from chiral effective field theory3–6. Whereas pre-
dictions for the masses of 51Ca and 52Ca have been validated by
direct measurements4, it is an open question as to how nuclear
masses evolve for heavier calcium isotopes. Here we report the mass
determination of the exotic calcium isotopes 53Ca and 54Ca, using
the multi-reflection time-of-flight mass spectrometer7 of ISOLTRAP
at CERN. The measured masses unambiguously establish a promi-
nent shell closure at neutron number N 5 32, in excellent agree-
ment with our theoretical calculations. These results increase our
understanding of neutron-rich matter and pin down the subtle
components of nuclear forces that are at the forefront of theoretical
developments constrained by quantum chromodynamics8.

Exotic nuclei with extreme neutron-to-proton asymmetries exhibit
shell structures generated by unexpected orderings of shell occupa-
tions. Their description poses enormous challenges, because most
theoretical models have been developed for nuclei at the valley of
stability. It is thus an open question how well they can predict new
magic numbers emerging far from stability9–11. This is closely linked to
our understanding of the different components of the strong force
between neutrons and protons, such as the spin–orbit or tensor inter-
actions, which modify the gaps between single-particle orbits12, and of
three-body forces, which are pivotal in calculations of extreme neut-
ron-rich systems based on nuclear forces2,13,14. The resulting magic
numbers, as well as the strength of the corresponding shell closures,
are critical for global predictions of the nuclear landscape15, and thus
for the successful modelling of matter in astrophysical environments.

Three-body forces arise naturally in chiral effective field theory8,
which provides a systematic basis for nuclear forces connected via
its symmetries to the underlying theory of quarks and gluons, namely
quantum chromodynamics. Owing to the consistent description in

effective field theory, there are only two undetermined low-energy
couplings in chiral three-nucleon forces at leading and sub-leading
orders. These are constrained by the properties of light nuclei 3H
and 4He only, so that all heavier elements are predictions in chiral
effective field theory. The present frontier of three-nucleon forces is
located in the calcium isotopes, where the structural evolution is domi-
nated by valence neutrons due to the closed proton shell at atomic
number Z 5 20 (refs 3, 5). These predictions withstood a recent chal-
lenge from direct Penning-trap mass measurements of 51Ca and 52Ca
at TITAN/TRIUMF4, which have established a substantial change
from the previous mass evaluation and leave completely open how
nuclear masses evolve past 52Ca. This region is also very exciting
because of evidence of a new magic neutron number N 5 32 from
nuclear spectroscopy16–18, with a high 21 excitation energy in 52Ca
(refs 19, 20). These results are accompanied by successful theoretical
studies based on phenomenological shell-model interactions21,22,
which are similar for the excitation spectra at N 5 32 but disagree
markedly in their predictions for 54Ca and further away from stability.

Here we present the first mass measurements of the exotic calcium
isotopes 53Ca and 54Ca. These provide key masses for all theoretical
models, and unambiguously establish a strong shell closure, in excel-
lent agreement with the predictions including three-nucleon forces.

The mass of a nucleus provides direct access to the binding energy,
the net result of all interactions between nucleons. Penning traps have
proven to be the method of choice when it comes to high-precision
mass determination of exotic nuclei23,24. The mass m of an ion of
interest with charge q stored in a magnetic field B is determined by
comparing its cyclotron frequency nC 5 qB/(2pm) to that of a well-
known reference ion, nC,Ref. The frequency ratio rICR 5 nC,Ref/nC (ICR,
ion cyclotron resonance) then yields the mass ratio directly and thus
the atomic mass of the isotope.

We have made a critical step towards determining the pivotal calcium
masses by introducing a new method of precision mass spectrometry for
short-lived isotopes. The developments and measurements were per-
formed with ISOLTRAP25, a high-resolution Penning-trap mass
spectrometer at the ISOLDE/CERN facility. This method was used to
confirm and even improve the accuracy of the recent mass measurements

1Ernst-Moritz-Arndt-Universität Greifswald, Institut für Physik, Felix-Hausdorff-Strasse 6, D-17489 Greifswald, Germany. 2GSI Helmholtzzentrum für Schwerionenforschung GmbH, Planckstrasse 1,
D-64291 Darmstadt, Germany. 3Max-Planck-Institut für Kernphysik, Saupfercheckweg 1, D-69117 Heidelberg, Germany. 4Instituut voor Kern- en Stralingsfysica, Katholieke Universiteit, Celestijnenlaan
200d – bus 2418, B-3001 Heverlee, Belgium. 5University of Istanbul, Department of Physics, 34134 Istanbul, Turkey. 6Institut für Kernphysik, Technische Universität Darmstadt, D-64289 Darmstadt,
Germany. 7ExtreMe Matter Institute EMMI, GSI Helmholtzzentrum für Schwerionenforschung GmbH, D-64291 Darmstadt, Germany. 8CERN, Geneva 23, CH-1211 Geneva, Switzerland. 9CSNSM-IN2P3-
CNRS, Université Paris-Sud, 91405 Orsay, France. 10Institut für Kern- und Teilchenphysik, Technische Universität Dresden, Zellescher Weg 19, D-01069 Dresden, Germany.

Reference ion source

ISOLDE ion beam

RFQ cooler and buncher MR-TOF mass spectrometer TOF detector

Towards

Penning traps

Figure 1 | Experimental set-up.
Main components relevant for the
53,54Ca study: incoming ISOLDE ion
beam, reference ion source, radio-
frequency quadrupole (RFQ)
buncher, multi-reflection time-of-
flight (MR-TOF) mass spectrometer
and (removable) time-of-flight ion
detector.
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Evidence for a new nuclear ‘magic number’ from the
level structure of 54Ca
D. Steppenbeck1, S. Takeuchi2, N. Aoi3, P. Doornenbal2, M. Matsushita1, H. Wang2, H. Baba2, N. Fukuda2, S. Go1, M. Honma4,
J. Lee2, K. Matsui5, S. Michimasa1, T. Motobayashi2, D. Nishimura6, T. Otsuka1,5, H. Sakurai2,5, Y. Shiga7, P.-A. Söderström2,
T. Sumikama8, H. Suzuki2, R. Taniuchi5, Y. Utsuno9, J. J. Valiente-Dobón10 & K. Yoneda2

Atomic nuclei are finite quantum systems composed of two distinct
types of fermion—protons and neutrons. In a manner similar to
that of electrons orbiting in an atom, protons and neutrons in a
nucleus form shell structures. In the case of stable, naturally occur-
ring nuclei, large energy gaps exist between shells that fill completely
when the proton or neutron number is equal to 2, 8, 20, 28, 50, 82 or
126 (ref. 1). Away from stability, however, these so-called ‘magic
numbers’ are known to evolve in systems with a large imbalance of
protons and neutrons. Although some of the standard shell closures
can disappear, new ones are known to appear2,3. Studies aiming to
identify and understand such behaviour are of major importance in
the field of experimental and theoretical nuclear physics. Here we
report a spectroscopic study of the neutron-rich nucleus 54Ca (a
bound system composed of 20 protons and 34 neutrons) using
proton knockout reactions involving fast radioactive projectiles.
The results highlight the doubly magic nature of 54Ca and provide
direct experimental evidence for the onset of a sizable subshell clos-
ure at neutron number 34 in isotopes far from stability.

The shell structure of the atomic nucleus was first successfully
described more than 60 years ago1. However, the question of how
robust the standard magic numbers are in unstable nuclei with a large
excess of neutrons—often referred to as ‘exotic’ nuclei—has been one
of the main driving forces behind recent nuclear structure studies that
focus on changes in the shell structure, called ‘shell evolution’. A note-
worthy example is the disappearance of the N 5 28 (neutron number
28) standard magic number in 42Si (ref. 4), a nucleus that lies far from
the stable isotopes on the Segrè chart. On the contrary, exotic oxygen
isotopes3 provide evidence for the onset of a new shell closure at
N 5 16, one that is not observed in stable nuclei. In both cases, the
tensor force, a non-central component of the nuclear force, has a key
role in describing the experimental spectra5.

The region of the Segrè chart around exotic calcium isotopes has also
contributed valuable input to the understanding of nuclear shell evolu-
tion over recent years owing to experimental advances. Enhanced
excitation energies of first JP 5 21 states (spin, J; parity, P) and reduced
c-ray transition probabilities, which are good indicators of nuclear shell
gaps, for 52Ca (refs 6, 7), 54Ti (refs 8, 9) and 56Cr (refs 10, 11) provide
substantial evidence for the onset of a sizable energy gap at N 5 32. This
result was recently confirmed by high-precision mass measurements on
neutron-rich Ca isotopes12. In the framework of tensor-force-driven
shell evolution5, the N 5 32 subshell closure is a direct consequence of
the weakening of the attractive nucleon–nucleon interaction between
protons (p) and neutrons (n) in the pf7/2 and nf5/2 single-particle orbitals
(SPOs) as the number of protons in the pf7/2 SPO is reduced and the
magnitude of the pf7/2–nf5/2 energy gap increases (Fig. 1a–c).

A question that has been asked frequently over recent years is
whether or not the onset of another subshell gap occurs in exotic

N 5 34 isotones, which was suggested qualitatively more than a decade
ago13 on the basis of the general properties of nuclear forces. The onset
of an appreciable subshell closure at N 5 34 is illustrated in Fig. 1d,
indicating an energy gap between the np1/2 and nf5/2 SPOs in 54Ca that
is comparable to the separation of the np3/2 and np1/2 spin–orbit part-
ners, which is also implied by recent theoretical results; see, for
example, ref. 14. We stress, however, that no N 5 34 subshell closure
was reported in the experimental investigations of 56Ti (refs 9, 15) or
58Cr (refs 11, 16), and notable doubt on this magic number for Ca
isotopes has been raised17,18. Indeed, as indicated in Fig. 2a, theoretical
predictions of the energy of the first JP 5 21 state for 54Ca vary con-
siderably, ranging from ,1 MeV in some cases to as high as ,4 MeV
in others14–16,19–24, despite exhibiting close agreement for lighter iso-
topes; for example, the predictions of the same theories lie within only
0.4 MeV of the empirical result for 52Ca. Such stark discrepancies at
N 5 34 reflect the need for direct experimental input on the matter.

To address this issue, we report on an experimental study of 54Ca to
clarify the strength of the N 5 34 subshell gap in nuclei farther from
stability. The energies of nuclear excited states were investigated using
proton knockout reactions involving 55Sc and 56Ti projectiles on a Be
target at the Radioactive Isotope Beam Factory, Japan, operated by the
RIKEN Nishina Center and the Center for Nuclear Study, University
of Tokyo. Experimental details are provided in Methods Summary.
Particle identification plots indicating the radioactive species trans-
ported through the BigRIPS separator and ZeroDegree spectrometer25,
which were used to select and tag radioactive beam projectiles and
reaction products, are presented in Fig. 3a and Fig. 3b, respectively.
We emphasize that the intensity of the radioactive beam reported here,
which was critical to the success of the experiment, is unique to the
Radioactive Isotope Beam Factory. Excited-state energies were deduced
using the technique of in-beam c-ray spectroscopy.

The c-rays measured in coincidence with 54Ca projectiles produced
through the one- and two-proton knockout reaction channels are
presented in Fig. 4a. The c-ray energies measured in the laboratory
frame of reference have been corrected for Doppler shifts, and so the
transitions appear at the energies they would in the rest frame of the
nucleus. The most intense c-ray line in the 54Ca spectrum, the peak at
2,043(19) keV (error, 1 s.d.) in Fig. 4a, is assigned as the transition from
the first 21 state (2z

1 ) to the 01 ground state. In addition, two weaker
transitions are located at 1,656(20) and, respectively, 1,184(24) keV.
Figure 4b shows a c-ray spectrum obtained with the condition of a
prompt coincidence (#10 ns) with the 2,043-keV c-ray, indicating
that the weaker transitions were emitted in decay sequences involving
the 2z

1 R 01 ground-state transition. On the basis of the c-ray relative
intensities, the 1,656-keV transition is proposed to depopulate a level
at 3,699(28) keV, as presented in the 54Ca level scheme in the lower-
right section of Fig. 4a. Placement of the 1,184-keV transition in the

1Center for Nuclear Study, University of Tokyo, Hongo, Bunkyo, Tokyo 113-0033, Japan. 2RIKEN Nishina Center, 2-1, Hirosawa, Wako, Saitama 351-0198, Japan. 3Research Center for Nuclear Physics,
University of Osaka, Ibaraki, Osaka 567-0047, Japan. 4Center for Mathematical Sciences, Aizu University, Aizu-Wakamatsu, Fukushima 965-8580, Japan. 5Department of Physics, University of Tokyo,
Hongo, Bunkyo, Tokyo 113-0033, Japan. 6Department of Physics, Tokyo University of Science, Noda, Chiba 278-8510, Japan. 7Department of Physics, Rikkyo University, Toshima, Tokyo 171-8501, Japan.
8Department of Physics, Tohoku University, Sendai, Miyagi 980-8578, Japan. 9Japan Atomic Energy Agency, Tokai, Ibaraki 319-1195, Japan. 10Istituto Nazionale di Fisica Nucleare, Laboratori Nazionali di
Legnaro, Legnaro 35020, Italy.
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Collinear Laser Spectroscopy
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Hyperfine structure→ I, δ〈r2〉, µI , Qs

For a given nuclear spin I, withC = [F (F + 1) − I(I + 1) − J(J + 1)]

hν = ν0 + A
C

2
+ B

1

4
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=
δνA,A
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F, Electric field factor
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Magnetic dipole: A =
BIµI

IJ
→ µI = AI

(BI
J

)−1

Electric quadrupole: B = e
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)−1
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Measured HFS spectra
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: g-factors

[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]
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Results: Electromagnetic moments
[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]

Valence space interactions (40Ca core)
NN interactions fitted to the Ca region
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Results: Electromagnetic moments
[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]

Valence space interactions (40Ca core)
NN interactions fitted to the Ca region

3N+NN→ “Microscopic interactions”. Fitted up to A=3 system.

Derived from chiral effective field theory. (40Ca core)
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Results: Electromagnetic moments
[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]

Valence space interactions (40Ca core)
NN interactions fitted to the Ca region

3N+NN→ “Microscopic interactions”. Fitted up to A=3 system.

Derived from chiral effective field theory. (40Ca core)

Large scale shell model calculations.(28Si core)

NN interactions fitted to sdpf nuclei.
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Results: Electromagnetic moments
[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]

Valence space interactions (40Ca core)
NN interactions fitted to the Ca region

3N+NN→ “Microscopic interactions”. Fitted up to A=3 system.

Derived from chiral effective field theory. (40Ca core)

Large scale shell model calculations.(28Si core)

NN interactions fitted to sdpf nuclei.

Need of cross-shell excitations acrossZ,N = 20. Consistent with:

→ g(2
+

) values
[Schielke et al. PLB 571, 29 (2003)] [Taylor et al. PLB 605, 265 (2005)]
→B(E2) values
[Caurier et al. PLB 522, 240 (2001)]
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Results: Electromagnetic moments
[R.F. Garcia Ruiz et al., PRC 91, 041304(R) (2015)]

Valence space interactions (40Ca core)
NN interactions fitted to the Ca region

3N+NN→ “Microscopic interactions”. Fitted up to A=3 system.

Derived from chiral effective field theory. (40Ca core)

Large scale shell model calculations.(28Si core)

NN interactions fitted to sdpf nuclei.

Need of cross-shell excitations acrossZ,N = 20. Consistent with:

→ g(2
+

) values
[Schielke et al. PLB 571, 29 (2003)] [Taylor et al. PLB 605, 265 (2005)]
→B(E2) values
[Caurier et al. PLB 522, 240 (2001)]

Good agreement with theory using free g-factor
and effective charges en = 0.5e, ep = 1.5e

In contrast withB(M1) values for 48Ca
→ geff = 0.75gfree

[Neumann-Cosel et al, PLB 443, 1 (1998) ]
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Nuclear radii and binding energies from chiral
interactions

“The accurate reproduction of nuclear radii and binding energies of
medium-mass nuclei is a long-standing challenge in nuclear theory”
[A. Ekstrom et al PRC 91 (2015)]
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Results: Charge radii

The charge radii of Ca isotopes present additional challenges
[R.F. Garcia Ruiz et al. Nature Physics (2016)]
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Results: Charge radii

The charge radii of Ca isotopes present additional challenges
[R.F. Garcia Ruiz et al. Nature Physics (2016)]
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Results: Charge radii

ARTICLES
PUBLISHED ONLINE: 8 FEBRUARY 2016 | DOI: 10.1038/NPHYS3645

Unexpectedly large charge radii of neutron-rich
calcium isotopes
R. F. Garcia Ruiz1*, M. L. Bissell1,2, K. Blaum3, A. Ekström4,5, N. Frömmgen6, G. Hagen4, M. Hammen6,
K. Hebeler7,8, J. D. Holt9, G. R. Jansen4,5, M. Kowalska10, K. Kreim3, W. Nazarewicz4,11,12, R. Neugart3,6,
G. Neyens1, W. Nörtershäuser6,7, T. Papenbrock4,5, J. Papuga1, A. Schwenk3,7,8, J. Simonis7,8,
K. A. Wendt4,5 and D. T. Yordanov3,13

Despite being a complex many-body system, the atomic nucleus exhibits simple structures for certain ‘magic’ numbers of
protons and neutrons. The calcium chain in particular is both unique and puzzling: evidence of doubly magic features are
known in 40,48Ca, and recently suggested in two radioactive isotopes, 52,54Ca. Although many properties of experimentally
known calcium isotopes have been successfully described by nuclear theory, it is still a challenge to predict the evolution of
their charge radii. Here we present the first measurements of the charge radii of 49,51,52Ca, obtained from laser spectroscopy
experiments at ISOLDE, CERN. The experimental results are complemented by state-of-the-art theoretical calculations. The
large and unexpected increase of the size of the neutron-rich calcium isotopes beyond N=28 challenges the doubly magic
nature of 52Ca and opens new intriguing questions on the evolution of nuclear sizes away from stability, which are of importance
for our understanding of neutron-rich atomic nuclei.

S imilar to the electrons in the atom, protons and neutrons
(nucleons) in atomic nuclei occupy quantum levels that appear
in ‘shells’ separated by energy gaps. The number of nucleons

that completely fill each shell define the so called ‘magic’ numbers,
known in stable nuclei as 2, 8, 20, 28, 50, 82, 126 (ref. 1). A
fundamental understanding of how these magic configurations
evolve in unstable neutron-rich nuclei, and how they impact the
charge radius, is one of themain challenges of modern experimental
and theoretical nuclear physics2–9.

The calcium isotopic chain (Z=20) is a unique nuclear system to
study how protons and neutrons interact inside the atomic nucleus:
two of its stable isotopes are magic in both their proton and neutron
number (40Ca and 48Ca), and experimental evidence of doublymagic
features in two short-lived calcium isotopes have been reported
recently, based on precision measurements of nuclear masses for
52Ca (N = 32; ref. 6) and 2+ excitation energies for 54Ca (N = 34;
ref. 7). Possibly, additional doubly magic isotopes might exist even
further away from stability10. As a local change in the behaviour of
the charge radius is expected in doublymagic nuclei11, it is important
to pin down the charge radius in these exotic isotopes to understand
how shell structure evolves and impacts the limits of stability.

Although the average distance between the electrons and the
nucleus in an atom is about 5,000 times larger than the nuclear
radius, the size of the nuclear charge distribution is manifested as
a perturbation of the atomic energy levels. A change in the nuclear

size between two isotopes gives rise to a shift of the atomic hyperfine
structure levels. This shift between two isotopes, commonly known
as the isotope shift, δνA,A′ , includes a part that is proportional to
the change in the nuclear mean-square charge radii, δ〈r 2〉A,A′ (see
expression (1) in Methods). Isotope shifts of stable Ca isotopes
have been extensively studied in the literature12, revealing the
unusual evolution of their charge radii. Despite an excess of eight
neutrons, 48Ca exhibits the striking feature that it has essentially
the same charge radius as 40Ca. A fundamental explanation of these
anomalous features has been a long-standing problem for nuclear
theory for more than three decades (see, for example, refs 13,14).
Quantitative scenarios have been proposed to account for some
of these properties13,15,16, but so far a microscopic description has
been lacking.

A first estimate for the charge radius of the radioactive 49Ca
isotope was based on a failure to observe its resonance in a dedicated
measurement of its isotope shift. The resulting conclusion that
δν48,49 ≤ 50MHz suggested an enormous increase of the charge
radius δ〈r 2〉48,49≥0.5 fm2 (ref. 17), reflecting the strong magicity of
48Ca. So far, the only charge radius measured beyond 48Ca has been
for 50Ca, resulting in a large increase of δ〈r 2〉48,50=0.293(37) fm2

(ref. 18). These results raised even more exciting questions on
the charge radii evolution of Ca isotopes. It suggested that the
prominent odd–even staggering of their charge radii could be
even more pronounced beyond 48Ca because a reduction of the
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The Limit of Optical Detection

Very low production yield beyond 52Ca

Isotope Yield
53Ca ∼ 100 ions/s
54Ca ∼ 10 ions/s
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The Limit of Optical Detection

Very low production yield beyond 52Ca

Isotope Yield
53Ca ∼ 100 ions/s
54Ca ∼ 10 ions/s

Non optical techniques need to be implemented to obtain higher sensitivity.
Particle detection > 102 photo detection sensitivity.

Ultrasensitive Radioactive Detection of Collinear-Laser Optical Pumping
[Vermeeren et al. PRL 68 (1992) 1679]
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Ultra-sensitivity: Atom/ion detection
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Optical pumping and state-selective neutralization

R. F. Garcia RuizThe University of ManchesterKU Leuven Laser spectroscopy on neutron-rich Ca isotopes



New Beam Line Design
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New Beam Line Design
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New Beam Line Design
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Optical pumping + State-selective neutralization + Radioactive detection
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Commissioning the beam line (2015)
Ion beam transmission successfully tested >90 % (April 2015)
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First offline tests: August 2015

Online run planned for October 2015!
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Results: Proof of sensitiviy with 52Ca
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Results: Proof of sensitiviy with 52Ca
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Summary and Outlook
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Summary and Outlook

Need of further developments of experiments and theory!

→ Higher sensitivity to study 53,54Ca

...there is still much more to learn...
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Summary and Outlook

Thanks for your attention
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Ca region
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Ca region

[S. Pastore et al. PRC 87, 035503 (2013)]
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Spin I = 1/2 (53Ca)
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Multi-step Optical Pumping (Spin I = 1/2)
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Results: 51Ca
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Charge Radii Systematic
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Beam Contamination
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Beam Contamination
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Beam Contamination
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