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a b s t r a c t
Nuclear charge radii of 62−80 Zn have been determined using collinear laser spectroscopy of bunched ion
beams at CERN-ISOLDE. The subtle variations of observed charge radii, both within one isotope and along
the full range of neutron numbers, are found to be well described in terms of the proton excitations
across the Z = 28 shell gap, as predicted by large-scale shell model calculations. It comprehensively
explains the changes in isomer-to-ground state mean square charge radii of 69−79 Zn, the inversion of the
odd-even staggering around N = 40 and the odd-even staggering systematics of the Zn charge radii. With
two protons above Z = 28, the observed charge radii of the Zn isotopic chain show a cumulative effect
of different aspects of nuclear structure including single particle structure, shell closure, correlations and
deformations near the proposed doubly magic nuclei, 68 Ni and 78 Ni.
© 2019 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/). Funded by SCOAP3 .

1. Introduction
The nuclear charge radius is one of the most fundamental
properties of the atomic nucleus, and thus an important observ-
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able for understanding various aspects of nuclear structure: shell
and subshell effects [1], conﬁguration mixing [2], correlations [3]
as well as nuclear deformation and shape coexistence [4,5]. Although efforts are made to successfully describe general trends of
charge radii using various nuclear models, an accurate description
of charge radii and their local variations, e.g. the odd-even staggering (OES), along a given isotopic chain remains a major challenge
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[6–8]. For example, signiﬁcant efforts have been made to establish
a nuclear theory that accurately describes the parabolic shape of
the charge radii and the pronounced OES in the Ca isotopic chain
from N = 20 to N = 28 [9] and more recently from N = 16 to
N = 32 [7,10,11].
The OES effect is ubiquitous but still remains to be an intriguing feature of nuclear charge radii, signalling a wealth of nuclear
information. In general, the OES refers to the fact that charge radii
of most odd-N isotopes are smaller than the average of adjacent
even-N isotopes. This has been explained by the pairing effect. The
unpaired neutron in an odd-N isotope blocks a certain orbit and
thus suppresses the pair scattering [10,12,13], which in turn leads
to a reduction in proton pair scattering. The resulting decrease of
occupation probability of less bound proton orbits gives rise to a
smaller charge radius. Therefore, the OES of charge radii should be
sensitive to the subtle variation of proton excitations due to varying neutron numbers, and thus reﬂect the effect of correlations.
Substantial experimental and theoretical investigations have been
applied recently to understand the OES feature of nuclear charge
radii, but mostly in speciﬁc regions where the OES effect is unusually large, such as for the light-mass 40−48 Ca isotopes [10,9,
11], and more recently for the most notable example, known for
many years, the neutron-deﬁcient 177−185 Hg isotopes [14]. However, these exceptional cases are not representative for the general
case of much smaller OES in most other isotopic chains across the
nuclear chart.
In the medium mass Ni region, the local ﬂuctuation and OES
of the nuclear charge radii are more typical, and thus suitable
for a more fundamental understanding of the subtle correlations
between minor changes of charge radii and proton cross-shell excitations. With two protons outside of the Z = 28 closed shell
and neutrons between closed shells of N = 28 and 50, the Zn isotopes occupy a transitional region between single particle-like Ni
isotopes and deformed Ge isotopes. Therefore, they are expected
to exhibit the combined effects of shell closures and deformed
shapes, which can be reﬂected in the various subtle variations of
their charge radii.
This letter reports on the measurement of nuclear mean square
charge radii of 62−80 Zn isotopes, and a successful interpretation
of their trend and their OES in terms of proton excitations across
the Z = 28 shell gap. These have been calculated using the Monte
Carlo Shell Model (MCSM) with the A3DA-m interaction in a full
proton-neutron p f g 9/2 d5/2 model space [15]. This interaction was
used before to successfully reproduce the magnetic and quadrupole
moments of these Zn isotopes and their long-lived isomers [16],
illustrating that the model correctly reproduces the ground and
isomeric state wave functions.
2. Experimental method
The experiment was performed at the COLLAPS setup [17] at
ISOLDE-CERN. The Zn isotopes were produced from a thick UCx
target bombarded by a 1.4 GeV proton beam. The Zn isotopes released from the target were selectively ionised by the resonance
ionisation laser ion source RILIS [18]. Extracted Zn+ ions were
accelerated to 30 keV and mass separated. The ions were delivered to the COLLAPS setup typically as 5 μs bunches after 200
ms accumulation time in the radio frequency quadrupole cooler
and buncher ISCOOL [19,20]. The ions were neutralised by passage through sodium vapour in a charge exchange cell (CEC). The
4s4p 3 P 2o metastable state of Zn I was populated in the neutralisation process, from where the atoms were resonantly excited to
the 4s5s 3 S 1 state by a laser beam from a frequency-doubled cw
Ti:sapphire laser. The laser wavelength was locked at 480.7254 nm
to match the Doppler shifted transition. Four photomultipliers in-

stalled at the detection region were used to record the emitted
ﬂuorescence photons from the laser-excited atoms as a function of
a tuning voltage applied to the CEC. More details about the experimental set-up can be found in [5,16].
3. Experimental results
The hyperﬁne spectra of the odd-mass 63−79 Zn isotopes have
been reported in [16], while the zero nuclear spin of even Zn
isotopes results in a single resonance spectrum. The observed hyperﬁne spectra were ﬁtted using a χ 2 minimisation procedure,
generating the hyperﬁne-structure A and B parameters of the oddmass isotopes and isomers (as reported in [16]), and the centroid
frequency ν of all 62−80 Zn isotopes and isomers. The isotope shifts
(IS: δ ν 68, A = ν A − ν 68 ) were calculated with respect to the centroid
of 68 Zn (ν 68 ), as presented in Table 1. A systematic uncertainty on
the laser frequency observed by the moving ions, which originates
from the voltage uncertainty (about 0.033%) on the starting potential (30 kV) at ISCOOL, has been introduced.
The changes in mean square charge radii δr 2  were obtained
from the IS based on the equation [22,23]

δ ν 68, A = K MS

m A − m68
m A m68

+ F δr 2 68, A .

(1)

Here K MS and F are the atomic mass-shift and ﬁeld-shift factors, respectively, of the atomic transition used in this measurement. Since the mean square charge radii of ﬁve stable Zn isotopes are known experimentally from a combined analysis of electron scattering and muonic x-ray data [24], a King-plot procedure
using these experimental δr 2 μe can be performed to evaluate
the atomic factors [24–26]. As these evaluations of F and K MS
factors have rather large error bars in the case of Zn [25,24],
we take advantage of the recent progress in multi-conﬁguration
Dirac-Hartree-Fock (MCDHF) calculations based on an ab-initio approach to better quantify the F -factor [27]. This method has indeed proven to be very successful in calculating the F -factor for
a range of elements [3,28–31]. For the case of Zn, Filippin et al.,
[32] have explored different electron correlations in a systematic way, in order to optimise their computational strategy. They
provide a ﬁnal F -factor, F = +346(3) MHz/fm2 , in which the uncertainty is estimated based on the variation of the three different correlation models [32]. However, the calculated mass shift,
K MS = +14(7) GHz u, in common with other systems [3,29], has
a signiﬁcant discrepancy with the value deduced from a Kingplot analysis, leading to charge radii which do not conform to
regional systematics. As with the case of Cu ( Z = 29) [3] and Ga
( Z = 31) [29], we therefore use the calculated value F = +346(35)
MHz/fm2 with a 10% uncertainty, and we use the King plot with
non-optical data δr 2 μe of stable isotopes [24] to extract the value
of K MS = +49(17) GHz u. In this analysis, the F -value from the
calculation was used as a constraint but allowed to vary within the
10% uncertainty. With these empirical atomic factors, the changes
in mean square charge radii δr 2  for 62−80 Zn are extracted, as
shown in Table 1 and in Fig. 1a. The systematic error quoted for
δr 2  arises mainly from the uncertainty in the atomic factors after
removing the correlations between K MS and F during the Kingplot procedure [8]. The systematic error on the IS, due to the
uncertainty of the beam energy, has no effect on the ﬁnal δr 2 
systematic error as the atomic factors allow their inﬂuence to be
cancelled through the King-plot procedure. By comparison with
the Cu and Ga isotopic chains shown in Fig. 1a, the Zn radii are
consistent with the general trend of charge radii of neighbouring
isotopes, while a deviation from the trend is observed if K MS from
MCDHF is used to extract the radii (black dots).
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Table 1
Isotope shifts and changes in mean square charge radii
of 62−80 Zn δr 2 68, A . Statistical errors are shown in
curved brackets. Systematic errors in square brackets
arise primarily from the uncertainty on the beam energy (for isotope shifts) and on atomic factors K MS and
F (for radii), respectively.
A
62
63
64
65
66
67
68
69
69m
70
71
71m
72
73
73m
74
75
75m
76
77
77m
78
79
79m
80

Iπ

δ ν 68, A (MHz)

δr 2 68, A (fm2 )

0+
3/2−
0+
5/2−
0+
5/2−
0+
1/2−
9/2+
0+
1/2−
9/2+
0+
1/2−
5/2+
0+
7/2+
1/2−
0+
7/2+
1/2−
0+
9/2+
1/2+
0+

−239.5(11)[99]
−191.2(32)[87]
−141.2(12)[66]
−121.8(23)[51]
−63.6(15)[38]
−41.4(21)[16]

−0.493(3)[52]
−0.389(9)[43]
−0.279(4)[34]
−0.257(7)[25]
−0.121(4)[16]
−0.089(6)[8]

0
19.5(20)[15]
35.7(11)[15]
69.5(9)[29]
108.8(24)[44]
96.3(11)[43]
140.6(10)[57]
158.9(12)[71]
160.4(19)[71]
187.9(13)[83]
187.7(10)[96]
195.8(21)[96]
221.3(14)[108]
236.0(16)[120]
241.2(38)[120]
255.7(11)[131]
259.3(10)[142]
320.6(29)[142]
268.4(12)[161]

0
0.026(6)[9]
0.073(3)[8]
0.142(3)[15]
0.227(7)[23]
0.191(3)[23]
0.292(3)[30]
0.318(3)[37]
0.322(6)[37]
0.375(4)[44]
0.349(3)[51]
0.373(6)[51]
0.421(4)[57]
0.440(5)[64]
0.455(11)[64]
0.474(3)[70]
0.461(3)[77]
0.639(8)[75]
0.465(4)[84]

Fig. 1. (a) Changes in mean square charge radii for the Zn isotopes compared with
neighbouring Cu and Ga isotopic chains, which are vertically offset by ± 0.6 fm2 for
clarity. The black dots present the Zn radii extracted by using the K MS from MCDHF
calculations. (b) Experimental r 2  for ground states of the Cu, Zn and Ga isotopes
with the spherical volume contribution r 2 0 from the droplet model subtracted
[21].

4. Discussion
The (sub-) shell effect has been much investigated in this region, as discussed for the Cu and Ga isotopes [3,29]. For this
purpose, we plot the ‘residual’ r 2  of Cu, Zn, Ga isotopes after
subtracting the spherical volume contribution r 2 0 of the droplet
model [21], as shown in Fig. 1b. The general parabolic shape of the

3

‘residual’ charge radii r 2  − r 2 0 demonstrates the shell effect expected near N = 28 and N = 50, while the local minimum of the
r 2  − r 2 0 around N = 40, which has been attributed to a weak
subshell effect for Cu [3], is much weaker for 70 Zn than for 69 Cu.
The apparent ‘dip’ in the Ga isotopic chain at N = 40 is not due
to the subshell effect, but arises from an inversion of the OES [3,
29,33] and onset of deformation appearing above N = 40, as observed in the nuclear moments [34]. Thus the Zn radii conﬁrm the
consistent picture of the N = 40 subshell effect which quickly disappears when going away from Z = 28, as described by various
experimental observables: magnetic and quadrupole moments [16,
35–37], charge radii [3,29], nuclear masses [38,39], E (2+ ) excitation energies, and B ( E2) transition rates [40–43].
In addition to the observed disappearing shell effect, nucleon
correlations or deformation should contribute to the ‘residual’
charge radii. As an example, a different behaviour of OES below
and above N = 40 is observed for the three isotopic chains (shaded
region in Fig. 1b). An inversion of the normal OES around N = 40
is clearly observed for Ga isotopes and hinted for Zn isotopes, but
not apparent in the Cu isotopes. The slight increase in collectivity
above N = 40, observed in the experimental quadrupole moments
of the odd Zn isotopes, and the B ( E2; ↑) of even ones, is considered as one possible explanation [16,44,45,43]. An increase in
deformation was also observed in the Ga isotopic chain [37] but
not in the Cu isotopic chain [46].
To assess the contribution of correlations to the experimental
charge radii, one can attempt to describe δr 2  in terms of changes
in proton orbit occupation probabilities resulting from cross-shell
excitations. This approach has been adopted recently to explain
the pronounced OES in the charge radii of the Hg isotopes [14].
A naive shell model picture will predict a constant proton number
of 2 above the Z = 28 closed shell for Zn. However, it is known
that the proton single particle levels are modiﬁed with increasing
neutron numbers [47]. This gives rise to proton excitations across
the Z = 28 shell gap, as discussed recently for the Cu isotopes [35,
48]. Such excitations can be quantiﬁed from the shell model with
a large model space. MCSM using the A3DA-m interaction [15] in
a f pg 9/2 d5/2 model space has been widely used in the Ni region
[16,44,35] to describe nuclear moments. In order to examine the
sensitivity of charge radii to proton excitations across Z = 28, the
calculated proton occupations for the 1/2− and high-spin states of
69−79
Zn are presented in Fig. 2b. The trend in these proton occupations is compared to the trend in the experimental δr 2  in Fig. 2a.
For the I = 1/2+ isomeric state of 79 Zn, since a large part of the
contribution to its conﬁguration comes from the neutron intruder
s1/2 orbit which is out of the model space (proton and neutron
in p f d5/2 g 9/2 shells) of the A3DA-m interaction [5,16], we have
used a newly developed p f sdg-full interaction [49] to calculate the
proton occupation number (see the blue diamond in Fig. 2b). This
new interaction, with an extended model space in the full proton and neutron p f sdg shell, predicts the nuclear moment of this
1/2+ state in 79 Zn as μpfsdg-full = −1.05 μ N , in good agreement
with the experimental value μexp = −1.018(1) μ N [5].
Fig. 2 clearly shows a qualitative relationship between the proton occupation above Z = 28 and the relative nuclear size of
ground and isomeric states in 69−77 Zn. The state with a larger proton occupation coincides with the state of larger size. In particular,
it solves a puzzle visible in Fig. 2a: the charge radii of the I = 1/2−
and I = 9/2+ states are in the opposite order for 69 Zn and 71 Zn although they share same spins and similar magnetic moments [16].
Furthermore, the sensitivity of local changes of charge radii
to the proton occupation can be explored qualitatively along the
whole Zn isotopic chain. For this purpose, the proton excitations
across the Z = 28 major shell closure for all 62−80 Zn isotopes
are converted into changes in the charge radii, δr 2 (p.occ) , by
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Fig. 2. (a) Experimental δr 2  compared with (b) proton occupation numbers above
Z = 28 calculated from A3DA-m interaction for both positive parity states and 1/2−
states in 69−79 Zn. Note that the proton occupation number for the 1/2+ isomer in
79
Zn is calculated with a new interaction p f sdg-full (see the blue diamond in b),
due to the model space limit of A3DA-m interaction.

Z = 28 have noticeable effects on mean square charge radii along
the entire Zn isotopic chain. For instance, in the mid-shell between N = 40 and N = 50, there is a reduction in the experimental
charge radius at N = 45 (black arrow in Fig. 3a) compared to adjacent isotopes, which can be understood from the sudden decrease
in proton excitations. Approaching the N = 50 neutron closed shell,
the cross-shell excitations are suppressed as expected (and as observed also for the Cu isotopes [35]), resulting in a reduction of the
OES, as reﬂected in the experimental charge radii. Around N = 40,
the aforementioned inversion of the OES of radii in Fig. 1b) is also
nicely described by the changes of proton occupation. There is only
one exception observed around N = 33, where radii scaled from
the proton occupation exhibits a usual odd-even effect while this
is nearly invisible in the experimental charge radii. This is possibly due to the fact that the 3/2− ground state in 63 Zn has a
rather mixed conﬁguration from neutron f 5/2 and p 3/2 , as concluded from its magnetic moment and large quadrupole moment
[16]. However, the A3DA-m calculation failed to reproduce the experimental magnetic moment of 63 Zn [16], μexp = −0.282(1) μ N
and μA3DA-m = +0.110 μ N , which may be the origin of the discrepancy.
To better visualise the odd-even effect in the charge radii, the
experimental OES is presented in Fig. 3b with solid circles, as the
difference 3 (r 2 , N ) between the radius of the isotope with neutron number N and the mean value of the radii of its neighbours
with neutron numbers of N + 1, N − 1, as quantiﬁed with [50,51]:

1

3 (r 2 , N ) = r 2  N − (r 2  N −1 + r 2  N +1 ).
2

Fig. 3. (a) The δr 2  of 62−80 Zn (blue square) scaled from the excited proton across
Z = 28 (see text for details) compared with the ‘residual’ charge radii r 2  − r 2 0
(red circle) taken from Fig. 1b. The error bars are smaller than the symbols. (b) The
odd-even staggering (OES) of experimental charge radii (red circle) and the charge
radii (blue circle) scaled from the proton occupations, as shown in (a), see text for
details.

multiplying the proton excitations with a constant scaling factor, f = 0.172(7), estimated from the ratio of the isomer shift
(δr 2 g,m ) and the occupation differences of ground and isomeric
states (δ p g,m ) of 69−77 Zn from Fig. 2. Note that the value for 73 Zn
is not taken into account for the determination of f , due to its
large deformation [44]. The results of this procedure are shown by
the blue squares in Fig. 3a, compared with the ‘residual’ charge
radii r 2  − r 2 0 of 62−80 Zn (red circle). This scaling is made under
the assumption that the differences in radii between the proton orbits p f 5/2 g 9/2 d5/2 are negligible compared to the difference with
the f 7/2 orbit below the Z = 28 shell gap.
Although a fully quantitative analysis is impossible without detailed calculations of the radii of the speciﬁc single particle orbits,
the magnitude of the odd-even effect in experimental charge radii
agrees with that from proton orbit occupation probabilities, as can
be seen in Fig. 3a. Subtle changes in proton occupations above

(2)

A value 3 (r 2 , N ) > 0 for an odd-N isotope represents an
inversion of the normal OES behaviour. The hinted inversion in
the OES at N = 41 is clearly visible in this representation. To
understand its origin, we present in Fig. 3b also the calculated
3 (r 2 , N ) with open squares, extracted from the calculated radii
using the proton occupations above Z = 28 (the blue squares in
Fig. 3a). The OES from the calculated radii shows also an inversion in the OES at N = 41. As these calculated radii were obtained
from scaling of the proton excitation across Z = 28 (Fig. 2b), this
suggests that indeed the inverted OES effect is related to changes
in the proton excitations across Z = 28. Note that the low proton
excitations around N = 40 (blue square in Fig. 3a) led to a wrong
sign of 3 (r 2 , N ) at N = 40 (blue square in Fig. 3b). Due to the
parity change between two major shells at N = 40, the neutron
excitations are suppressed, as recently demonstrated theoretically
for the 68 Ni and 69 Cu [52], which in its turn lead to a suppression
of the correlated proton excitations. However, such effect is probably overestimated in the MCSM calculation for the Zn isotope at
N = 40. Nevertheless, the OES of the experimental nuclear charge
radii and scaled charge radii share a similar relative amplitude over
the whole Zn isotopic chain, conﬁrming the strong connection between proton excitations across Z = 28 and nuclear charge radii.
Fig. 3b also illustrates that, around the neutron mid-shell, the OES
of charge radii calculated from proton occupations is pronounced,
e.g. around N = 34 and N = 45, the middle shell of neutron f 5/2
and g 9/2 orbits, respectively. This phenomenon is also highlighted
in the OES of experimental charge radii. In contrast, approaching
the closed shell N = 50, the OES is suppressed for both experimental charge radii and scaled radii from proton occupations.
5. Summary and conclusion
In summary, the changes in mean square charge radii of
Zn were extracted by laser spectroscopy. The variations in
the charge radii of 62−80 Zn were described in terms of proton
62−80

L. Xie et al. / Physics Letters B 797 (2019) 134805

excitations across the Z = 28 shell gap. The proton excitation
probability comprehensively explains the local variations of charge
radii, such as the size change between the isomeric and ground
states in 69−79 Zn, the unusual inversion of the normal OES around
N = 40, and the OES of the charge radii of 62−80 Zn. This observation provides strong evidence that the charge radius is a sensitive
reﬂection of the cross-shell proton excitations (which are strongly
correlated to the neutron numbers), offering a new approach for
the interpretation of nuclear charge radii.
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