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Charge radii of >°°Ni reveal a surprisingly similar behavior at N = 28 in Ca and Ni
isotopes
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Nuclear charge radii of 5*°°Ni were measured by collinear laser spectroscopy. The obtained
information completes the behavior of the charge radii at the shell closure of the doubly magic
nucleus *°Ni. The trend of charge radii across the shell closures in calcium and nickel is surprisingly
similar despite the fact that the *°Ni core is supposed to be much softer than the *®Ca core. The
very low magnetic moment p(°°Ni) = —1.108(20) u~ indicates the impact of M1 excitations between
spin-orbit partners across the N,Z = 28 shell gaps. Our charge-radii results are compared to ab
initio and nuclear density functional theory calculations, showing good agreement within theoretical

uncertainties.

Introduction. — After seventy years, the concept of
closed nuclear shells of protons and neutrons at so-called
magic numbers is still a backbone of nuclear structure
theory. The traditional magic numbers are based on
properties of nuclei at or close to the valley of 3-stability.
With excursions into the exotic regions of the nuclear
landscape, a modern understanding of magic numbers
has been established. The evolution of shell gap sizes
can lead to dramatic modifications of magic numbers in
isotopes with extreme neutron-to-proton ratios [1-3].

One of the fingerprints of a shell closure is a character-
istic kink in the trend of charge radii along an isotopic
chain. The origin of this kink and its relation to the
strength of a shell closure is, however, still under debate
[4-8]. Kinks in charge radii have been observed at all
neutron shell closures for which data are available with
the exception of the N = 20 neutron shell closure, where
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it has been studied so far only for Ar, K and Ca [9-11].
While N = 32 in the Ca region has been proposed to
become a magic number based on the observations of a
sudden decrease in their binding energy beyond N = 32
[12, 13] and the high excitation energy of the first excited
state in ®2Ca [14], this is not supported by the behavior
of the charge radii in K across N = 32 and binding ener-
gies [15]. Indeed, N = 32 seems to be consistent with a
local neutron sub-shell closure.

A comparison of the change in mean-square charge ra-
dius, 0 <7’2>, across a neutron shell closure for several iso-
tones reveals a remarkable similarity for the neutron shell
closures at N = 28,50,82, and 126. [8, 16]. The evolu-
tion of 6(r?) above N = 28 is already established for
K, Ca, Mn and Fe isotopes [15, 17-19] and are indeed
very similar [20]. A measurement of the charge radius of
56Ni provides essential data to study trends in 5<r62 > for
two doubly magic nuclei with the same neutron magic
gap, of which the neutron-rich “8Ca is known to have
a fairly strong N = 28 shell closure [21]. In contrast,
the neutron-deficient °Ni is believed to be a rather soft
core because of its high B(E2) value [21-23] and the nu-
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clear magnetic moments of neighboring isotopes [24-30]
which are inconsistent with single-particle estimates. In
fact, the measured B(E2;2] — 07) value in *8Ca (1.7
W.u.) is significantly below that in *°Ni (7.1 W.u.) [31].
The different nature of the proton shell-closure in Ca (the
lower 7 f spin-orbit partner is occupied; spin-unsaturated
regime) and Ni (both 7 f spin-orbit partners are occupied;
spin-saturated regime), as well as different dynamics of
the neutron single-particle energies caused by the tensor
interaction [32] when filling the 7 f-/, orbits between Ca
and Ni [3] make the comparison between the charge radii
and magnetic moments in these isotopic chains particu-
larly interesting.

Here, we report the determination of the nuclear charge
radii of ®*%56Nj and the magnetic moment of °°Ni. In
combination with previously published data [33-35], this
establishes the behavior of §(r2) at and across the N =
28 shell closure. The measured magnetic moment of >5Ni
corrects the previous S-NMR measurement [24].

Similar to the doubly magic 4%4¥Ca (see, e.g., Ref.
[36]), the nuclear charge radius of °°Ni is also an ex-
cellent benchmark for ab initio nuclear structure theory.
Different approaches have predicted the size of this nu-
cleus [37-39] and this Letter contributes new results for
this important observable.

Ezperiment. — Ions of ®*?%56Ni were produced at the
National Superconducting Cyclotron Laboratory (NSCL)
at Michigan State University (MSU) and collinear laser
spectroscopy (CLS) was performed at the BECOLA fa-
cility [40]. The radioactive nickel isotopes were pro-
duced through fragmentation of a 160 MeV /u primary
°8Ni beam impinging on a Be target and separated
from other reaction products in the A1900 fragment
separator [41]. The particles were stopped and ther-
malized in a gas-stopper cell [42]. The extracted Nit*
ions were then accelerated to a kinetic beam energy of
30keV and transported to the BECOLA facility with
rates of approximately 4.5 x 103 and 6 x 10%ions/s for
%6Ni and ®°Ni, respectively [43]. Here, a radio-frequency
quadrupole cooler and buncher (RFQ) [44] was used to
trap and cool either the radioactive beam or, for ref-
erence measurements, the stable nickel isotopes from a
local penning ionization gauge (PIG) ion source [45].
Bunches of ions were released from the RFQ into the
CLS beamline with an efficiency of 70% at ion ener-
gies of Fion, =~ 29850eV and were collinearly superim-
posed with the spectroscopy laser light and guided into
the charge-exchange cell [46, 47] loaded with sodium and
heated to 420°C. Under these conditions, a neutraliza-
tion efficiency of typically 50% was achieved of which
an estimated fraction of 15% populates the lower level of
the atomic 3d° 4s3D3 — 3d° 4p 3P, transition at 352 nm.
Resonance spectra were recorded by changing a small
voltage applied to the charge-exchange cell to Doppler-
tune the laser frequency in the rest-frame of the atoms.
The laser frequency was adjusted for each isotope to keep

the central acceleration voltage almost identical. Fluo-
rescence photons were detected with three consecutive
photo-multiplier tubes mounted on chambers with differ-
ent mirror geometries [48, 49]. The laser light of 352 nm
was generated in a frequency-doubling cavity (Wave-
train, Spectra Physics) from the output of a continuous-
wave titanium-sapphire (Ti:Sa) laser (Matisse TS, Sirah
Lasertechnik) operated at 704 nm. The Ti:Sa output was
measured and stabilized by a wavemeter (WSU30, High-
Finesse), which in turn was calibrated to a frequency
stabilized helium-neon laser (SL 03, SIOS Messtechnik)
once every minute.

A pair of reference measurements of *®%°Ni isotopes
from the off-line PIG source was conducted typically once
every 6-12 hours. These reference measurements were
used to determine the isotope shifts of the short-lived
54-56N]j jsotopes with respect to 8°Ni and also allowed to
calibrate the ion energy to the known absolute transition
frequency of %“Ni [50].

Results. — The resonance spectra of the measured
nickel isotopes are shown in Fig. 1, together with a Voigt
lineshape fitted to each dataset. Energy losses from in-
elastic collisions in the charge-exchange cell lead to an
asymmetric lineshape that was modelled by including one
additional, smaller Voigt profile into the fit function at
a phenomenologically determined lower ion energy [46].
The spectra of stable °6:°8:60Nji isotopes were fitted sep-
arately for each measurement, whereas the events of all
54,55Nji data sets were summed up before the fitting pro-
cedure due to lower production yields. Details regarding
the fitting of the 5°Ni spectrum are given in the Supple-
mental Material (Suppl. Mat.) [43].

The isotope shift 6v469 = p4 — 190 for each isotope
ANi relative to %°Ni was calculated from the extracted
centroid frequencies. For the low-production isotopes
54Ni and %°Ni, the uncertainties of the isotope shifts are
dominated by the fit uncertainty of their centroid posi-
tions. For °6Ni and the stable *®Ni, uncertainties of the
frequency measurements [50] and an observed deviation
between bunched-beam and continuous-beam measure-
ments [51] are the prevailing contributions to the isotope-
shift uncertainties.

The differential mean-square (ms) charge radii 5<r§>
were determined as

’ ’
aar SuAA K, A

5<’I"g> F +ao- /-LA7A ) (1)
where K, and F' are the so called mass- and field-shift
factors, respectively, and p4" = (ma — mas)/(ma +

me)(mas + me) is the mass-scaling factor. A constant
factor @ = 388 GHzu shifts the abscissa to remove the
correlation between K and F [52]. The factors K, =
954(4) GHzu and F = —805(66) MHz/fm? were deter-
mined in a King plot procedure by comparing the iso-
tope shifts of stable nickel isotopes, measured off-line
at BECOLA, with their known differential charge radii
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FIG. 1. Sum spectra of proton-rich, radioactive nickel iso-
topes ®*°%°0Ni and of the reference isotopes °®'%°Ni measured
at BECOLA. The solid red lines show the fits to the data
and the centers of gravity (c.0.g.) for each spectrum are de-
picted as dashed blue lines. While the displayed counts are
close to the actually observed numbers, deviations occur due
to the normalization procedure used to combine all data of
the beamtime in these spectra. Only the measured part of
the 5°Ni hyperfine spectrum is shown. For more details, see
Suppl. Mat. [43].

from literature [53]. This King fit analysis is detailed in
[51]. The total root-mean-square (rms) charge radii R,
were then determined with respect to the reference value
R.(5°Ni) [53]. The isotope shifts, differential ms charge
radii, and rms charge radii are summarized in Tab.I.

The values of charge radii along the °*Ni — ®®Ni iso-
topes establish the behavior of nickel charge radii across
the N = Z = 28 doubly-magic shell closure, and the
value of 5°Ni provides information on odd-even stagger-
ing in the neutron fr/, shell. The charge radius of TN,
which could yield further insight to the odd-even stagger-
ing, has so far neither been obtained in literature nor has
it been measured at BECOLA. Our result for °®Ni agrees
well with the previous measurements from Refs. [33] and
[54]. Furthermore, the nuclear magnetic dipole moment
of the I = 2 [55] isotope ®Ni was determined from the
upper and lower hyperfine A-factors as listed in Tab. II.
The Suppl. Mat. [43] contains a more detailed descrip-

TABLE 1. Isotope shifts, differential ms charge radii, and ab-
solute rms charge radii for all nickel isotopes investigated at
BECOLA. Uncertainties in parentheses denote combined un-
correlated uncertainties of statistical and systematic nature,
whereas those in square brackets are correlated through the
uncertainty of the King-plot parameters, which are taken from
[51] and given in the text.

S0 /MHz 5<r§>A’6O /fm? Rc(ANi)/fm
4Ni —1919.7(7.9) —0.522(9)[19] 3.7366(13)[31]
PNi —1426.9(19.1)  —0.607(23)[09]  3.7252(32)[21]
0N —1002.7(3.8) —0.626(02)[16]  3.7226(03)[27]
8N —506.3(2.5) —0.276(01)[06]  3.7695(02)[19]
60N 0 0 3.8059[17]

tion of the fitting procedure for 5°Ni and a discussion of
the magnetic moment, which includes Refs. [24, 28, 56—
59]. Our magnetic moment deviates significantly from
the previously reported S-NMR value [24], which has
been based on a single resonance point deviating 3o from
the baseline. The very low magnetic moment being only
55% of the single-particle v f7/, value indicates the im-
pact of M1 excitations between the vf spin-orbit part-
ners across the N, Z = 28 shell gap. Our value is in good
agreement with shell-model calculations with the GXPF1
interaction [24], which suggest a soft 5°Ni core. This is in
contrast with 47Ca, which has a magnetic moment very
close to the effective g-value established in this region
[60].

Theory. — The Ni chain and all medium-mass nuclei
can be accessed by the ab initio valence-space in-medium
similarity renormalization group (VS-IMSRG) [62-64],
which generates an approximate unitary transformation
to decouple both a valence space and associated core
from particle or hole excitations to outside configura-
tions. The VS-IMSRG many-body calculations use the
IMSRG code from [65] and follow those of Ref. [35], ex-
cept that for three-nucleon (3N) matrix elements we use
a sufficiently large truncation [66], so that energies and
radii are converged with respect to the 3N basis size.
Our calculations are based on two-nucleon (NN) and
3N interactions from chiral effective field theory (EFT).

TABLE II. A-parameters of the hyperfine structure that was
fitted to the 5°Ni spectrum. The nuclear magnetic dipole
moment u is the weighted average of the extraction using the
upper and the lower A-factor based on the nuclear magnetic
moment of p(*Ni) = —0.74965(5) u~ [61].

This work | Lit. [24]
Aio/MHz Ay /MHz  A-Ratio u/uN w/ N
988.4(5.6) -112.1(4.9) 0.389(19) -1.108(20)| -0.976(26)




To assess the Hamiltonian dependence, the newly devel-
oped AN2LOg0(394) [67] interaction from delta-full chi-
ral EFT is employed, in addition to the N2LOg, interac-
tion that reproduces well the charge radii of neutron-rich
Ni and Cu isotopes [35, 68]. In this work, we decouple
the pf-shell valence space which enables full diagonaliza-
tions of the nuclei in consideration. The assessment of
statistical and systematic uncertainties (along the lines
of, e.g., [69, 70]) as well as the inclusion of three-body
contributions in the VS-IMSRG [71] are ongoing areas
of theoretical development, not included in the results.
Therefore, the VS-IMSRG uncertainties reported in the
following stem from the model-space truncation and are
extracted from the basis frequency dependence (as in [35],
but in a converged Fsmax space).

In addition, we employ a variant of the in-medium
no-core shell model [72] with a recent family of chiral
NN+3N interactions up to N4LO in the NN interaction
and N3LO in the 3N force [39]. For the description of
nickel isotopes, the conventional Ny, -truncation, which
derives from the harmonic oscillator basis, is not ade-
quate anymore. Therefore, we employ a configuration-
interaction-type (CI) active space with a particle-hole-
type Tmax truncation [73]. The underlying single-particle
basis is constructed from perturbative natural orbitals
[74] and we consider the pf-shell valence space. The ref-
erence space for the multi-reference IMSRG decoupling is
defined with a Tjax = 4 truncation and the final CI calcu-
lation is performed for Tyay = 6 (4 for 58Ni), lower Tiax
are used to assess convergence and many-body uncertain-
ties. We also quantify the uncertainties resulting from
the truncation of the chiral expansion of the interaction
using a sequence of calculation from LO to N3LO and
N4LO’ using a pointwise Bayesian model [69]. The error
bars reported in the following are the sum of many-body
and interaction uncertainties. All interactions use a cut-
off A = 500 MeV and free-space SRG-evolution with flow-
parameter a = 0.04 fm®*. For the calculation of radii, the
translationally invariant radius operator is transformed
consistently in the free-space and in-medium SRG. In the
following, these calculations are referred to as in-medium
configuration interaction (IM-CI).

Our nuclear density functional theory (DFT) calcula-
tions follow the methodology of Refs. [20, 35]. We use
two non-relativistic energy density functionals (EDF),
namely a Skyrme functional SV-min(HFB), a variant of
SV-min [75], and a Fayans functional Fy(Ar, HFB) [76].
Both have the same basic structure and both are cali-
brated to the same large body of nuclear ground-state
data as described in Ref.[75]. In addition, for Fy(Ar,
HFB) differential charge radii in the calcium chain were
added to the optimization dataset. We emphasize that in
both EDF pairing correlations are treated within the full
Hartree-Fock-Bogoliubov (HFB) framework to properly
handle proton continuum in the proton-rich Ni isotopes
[76, 77]. Both parametrizations are fitted to empirical
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FIG. 2. Charge radii of nickel isotopes across the N = 28

shell closure. Left panel: measured §(r?) from BECOLA
(this work) and COLLAPS [35] compared to representative
DFT, IM-CI, and VS-IMSRG results. The dashed line be-
tween ®%°Ni indicates that the charge radius of >’ Ni has not
been measured. Right panel: summary of all theoretical re-

sults for the nuclear charge radius of the doubly magic nucleus
56 N;
Ni.

data which introduces statistical uncertainties, see [78]
for details. In addition, we consider a systematic er-
ror from collective quadrupole correlations which extends
asymmetrically toward enhanced radii. In contrast to
DFT, VS-IMSRG and IM-CI do not include these statis-
tical uncertainties, but assess the systematic theoretical
uncertainties from the truncation of the many-body ex-
pansion and, in the case of IM-CI, also the expansion
of the interactions. Moreover, the proton-rich Ni iso-
topes have considerable zero-point quadrupole fluctua-
tions which have been estimated as in [20, 79]; they pro-
vide an estimate of the systematic error for DFT.
Discussion. —

The spread of predictions for the absolute charge ra-
dius of ®6Ni for all models explored in this Letter is shown
in the right panel of Fig.2 and compared to the experi-
mental value (gray line). In DFT, the Fayans functional
provides a better description than SV-min, similar to the
quite accurate description of charge radii at this shell
closure in K [15], Ca [17], and Fe [19]. Charge radii
from IM-CI with N2LO, N3LO, and N4LO’ interactions
scatter slightly but are compatible with the experiment
within the error bars. For VS-IMSRG, the N2LOy,; in-
teraction provides the best description and is in very
good agreement with the experimental radius, while re-
sults using the AN2LOgo interaction are somewhat too
small. The left panel of Fig. 2 shows 6(r?) determined for
54-60Ni compared to DFT and VS-IMSRG results using
the best-performing interaction or functional and to IM-
CI for the highest-order chiral interaction. The charge



radii obtained with Fy(Ar, HFB) describe the general
trend quite well but are getting systematically too small
particularly above *Ni, which is in accordance with [35],
where it was found that SV-min outperforms the Fayans
functional along the chain of neutron-rich Ni isotopes.
This is most likely caused by isovector components that
are not yet included in the current Fayans functional but
might become important with additional neutrons. The
§(r2) results magnify the local trend and exhibit that
the slope of the charge radii from IM-CI is overestimated
below and underestimated above 56Ni. For VS-IMSRG,
the differential ms radii are reasonably reproduced in the
complete range 4758Ni, consistent with [35]. To facili-
tate further discussion of the kink in R, seen in Fig. 2,
we introduce the two-neutron three-point indicator for a
kink in the charge radius along an isotopic chain:

AP R(N) =

) [Re(N +2) —2R.(N) + R.(N —2)].
(2)
Figure 3 shows Ag’? R. along the N = 28 isotonic chain
for all elements for which the charge radii have been mea-
sured for N = 26,28, 30, together with the theoretical
predictions for Ni and Ca. The uncertainty of the DFT
calculation, both statistical and systematic, have been
evaluated directly for the kink thus eliminating a com-
mon background error of the three involved nuclei. The

DN =

experimental ASL) R.(28) are almost identical for K, Ca,
and Ni and slightly larger for Mn and Fe. This is also
clearly visible in the inset of Fig. 3 that shows §(r2) with
respect to the neutron-magic nucleus in the chain. The
larger values for Mn and Fe below N = 28 can be ex-
plained by contributions of ground-state quadrupole cor-
relations in these open-proton-shell nuclei [19]. With the
determination of the charge radius of *®Ni, we established
the kink at N = 28 in the nickel chain and can compare
for the first time the 3-point charge radii differences for
two doubly magic isotones, “8Ca and ®’Ni. The equal size
of Aé:fL)RC(QS) at Z = 20 and Z = 28, despite the quite
different size of the neutron shell gap, different charges,
and different types of shell closures, i.e., different proton-
spin saturation in 8Ca and *°Ni, has been unanticipated.
Still, the kink is reasonably reproduced by our DFT and
VS-IMSRG calculations.

Summary. — We have determined the nuclear charge
radii of ®*%%56Ni and find the 6<T§> from ®4Ni to 58Ni
to be within uncertainties identical to those of their Ca
isotones. This is the first case where nuclear charge radii
are available across two doubly-magic nuclei at the same
neutron shell closure. The observed behavior is well
reproduced by ab initio and DFT calculations based
on realistic input. Interestingly, the striking similarity
of AP R.(N=28) and fairly different B(E2;2} — 0})
values [31] for Ca and Ni, suggest that the kink in charge
radii does not directly reflect the strength of a shell
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FIG. 3. The three-point-indicator quantifies the strength the
’kink’ at the N = 28 shell closure. Experimental values are
shown in the left part of the figure and their differential charge
radii relative to the neutron-magic nucleus are detailed in
the insert. Representative theory calculations for Ni (black)
and Ca (green) are shown in the right part using DFT, VS-
IMSRG, and IM-CI (only for Ni). Since the charge radii cal-
culated for different isotopes are strongly correlated, the esti-

mated theoretical error bars of Aéi) R. are smaller than those
of R. in Fig. 2.

closure.
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