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High-precision mass and charge radius measurements on 17–22Ne, including the proton-halo candidate
17Ne, have been performed with Penning trap mass spectrometry and collinear laser spectroscopy. The
17Nemass uncertainty is improved by factor 50, and the charge radii of 17–19Ne are determined for the first

time. The fermionic molecular dynamics model explains the pronounced changes in the ground-state

structure. It attributes the large charge radius of 17Ne to an extended proton configuration with an s2

component of about 40%. In 18Ne the smaller radius is due to a significantly smaller s2 component. The

radii increase again for 19–22Ne due to cluster admixtures.
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The structure of nuclei close to the drip lines is governed
by weakly bound nucleons. While several neutron halos
have been clearly identified, the criteria for establishing a
proton halo are far less clear cut. The Borromean 17Ne is a
prominent candidate for a two-proton halo [1], which can
be seen as an 15O core in its ground state plus two protons
in d2 or halolike s2 configurations.

Evidence for a halo was provided by several experi-
ments. The first information on the 17Ne wave function
was an asymmetry in the first-forbidden� decay compared
to the decay rate in the mirror nucleus 17N [2], which was
either attributed to a halo structure in the excited state of
17F or to differences in the 17Ne and 17N wave functions
due to Coulomb effects [3]. Using Glauber theory, inter-
action cross-section measurements [4] gave a matter radius
of 2.75(7) fm, significantly larger than in 17N. Two-proton
emission was observed from higher-lying excited states of
17Ne [5], whereas a large cross section and a narrow
momentum distribution were found in two-proton removal
reactions [6,7], which provided (within the Glauber model)
a very large s2 component. In contrast to the above inves-
tigations, the magnetic moment of 17Ne, measured using
collinear laser spectroscopy [8], was reproduced by shell-
model calculations giving only a small s2 occupation.

Shell-model descriptions of 17Ne focused on the mirror
asymmetric �-decay properties or the Coulomb displace-
ment energies (CDE) compared to 17N. While in [9] a
dominant s2 contribution was found, other shell-model
calculations [10,11] predicted a s2 admixture of only
20%. In three-body calculations, however, s2 contributions

were 48% [12] and 45% [13]. Thus, there is still no con-
sensus on a two-proton-halo formation in 17Ne.
In this Letter we present precise measurements of the

masses and charge radii of 17–22Ne. The charge radius of
17Ne provides a test of model predictions as it depends
sensitively on the halo protons. In contrast to CDEs and
magnetic moments, details of core polarization are ex-
pected to be less important. It also does not rely on reaction
theory, as in the case of interaction cross sections and
momentum distributions. Extracting the isotope shift (IS)
and the charge radius from collinear laser spectroscopy
requires a precision mass measurement, which we also
present, together with the masses of 18–22Ne. Finally, we
compare the binding energies and charge radii to micro-
scopic calculations performed in the fermionic molecular
dynamics (FMD) approach. FMD reproduces the experi-
mental values remarkably well and reveals large structural
differences between the isotopes. We discuss the results in
terms of halo and cluster structures.
The measurements were performed at ISOLDE/CERN,

where Ne isotopes were produced by 1.4-GeV proton
pulses impinging onto a CaO or MgO target. After diffu-
sion out of the heated target through a cooled transfer line,
suppressing less volatile elements, Ne atoms were ionized
in a plasma and accelerated to 60 keV before being mass
separated and delivered to the setups.
For the mass measurements Neþ ions were investigated

with the ISOLTRAP setup [14]. The ions from ISOLDE
were accumulated, cooled, and bunched within a linear
radio frequency quadrupole ion trap filled with helium
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buffer gas, and transferred to the preparation Penning trap
for isobaric cleaning. The mass determination was per-
formed in the precision Penning trap, where the cyclotron
frequency �c ¼ qB=ð2�mÞ was measured with a time-of-
flight cyclotron resonance technique. Experimental prob-
lems included isobaric contamination and losses by charge
exchange with the buffer gas. Because of the short 109-ms
half-life of 17Ne, the measuring cycle took only 400 ms
from proton impact to detection. Before and after the
frequency measurement on the ion of interest, �c of the
reference 22Neþ was measured, in order to interpolate �c;ref

and to obtain the frequency ratio r ¼ �c=�c;ref . The experi-

mental frequency ratios are given in Table I.
The present mass measurements continue previous

ISOLTRAP experiments on 18–21Ne [16], and allow a
new evaluation of the neon masses in the framework of
the atomic-mass evaluation (AME) (Table I). The very
accurate masses of 20;21Ne and 16O1H served as a cross-
check. The agreement with literature values gives confi-
dence in the accuracy of the new mass values at relative
uncertainties below 4� 10�8 (including systematic uncer-
tainties around 8� 10�9 [14]). 17Ne is the lightest nuclide
investigated at ISOLTRAP so far, and its mass has been
determined with a Penning trap for the first time. The mass
value has been improved by a factor 50 and shifts the
established 973-keV two-proton separation energy down
by 40 keV. We use the precise mass of 17Ne and other Ne
isotopes to evaluate the isotope shifts and from these the
changes in mean square charge radii.

The charge radii of 17–22Ne were investigated by col-
linear laser spectroscopy. Very sensitive detection, required
particularly for 17Ne, was based on ion counting [8]. The
Ne ions delivered from ISOLDE were neutralized by near-
resonant charge exchange with Na atoms, which populates
mostly the metastable 3s½3=2��2 state in atomic neon. The
fast atoms then interacted with laser light and in resonance
were excited to the 3p½3=2�2 state, which either decays
back to the metastable state or cascades with high proba-
bility to the 2p6 1S0 ground state. Optical resonance was
detected by discriminating between ground- and
metastable-state populations, using the different cross sec-
tions for collisional ionization [17]. The ions created from

the passage of the beam through a Cl2 gas target were
deflected onto a tape system for � counting. Similarly,
neutral atoms were counted in the forward direction for
signal normalization. Stable isotopes were studied using
fluorescence light detection.
Table II shows the measured isotope shifts. The system-

atic errors, arising from Doppler shifts, depend on the
accuracy of voltage measurements and mass values. The
isotope shift between isotopes with atomic numbers A; A0
and masses mA;mA0 ,

��A;A0
IS ¼ KMS

mA0 �mA

mA0mA

þ Fel�hr2iA;A0
; (1)

is given by the sum of the mass shift (MS) and field shift
proportional to the change in the mean square charge
radius �hr2i. KMS is the mass-shift constant, and Fel is
the electronic factor, obtained from atomic theory or em-
pirical information. While the electronic factor can be
calculated semiempirically from atomic spectroscopy
data, the largely dominating mass shift has to be deter-
mined using independent information on �hr2i between at
least two isotopes. This is possible for neon, because rms

charge radii rch ¼ hr2i1=2 are known from muonic atom
x-ray spectroscopy [18] of stable 20–22Ne.
Values of �hr2i are obtained from the isotope shifts by

fixing the electronic factor to Fel ¼ �40ð4Þ MHz=fm2,
based on the semiempirical approach (see [19]), and using
Eq. (1) with the known �hr2i20;21 and �hr2i20;22 (King plot
procedure). This has the further advantage that systematic
errors on the isotope shifts, produced by voltage calibration
uncertainties of the Doppler shifts, largely cancel for the
radii [19]. Still, the Doppler shifts of about 30 GHz per
mass unit have to be determined rather accurately because
the field shifts are only at the percent level of the measured
total isotope shifts of about 1 GHz. For this, the beam
energy of 60 keV was calibrated to better than 0.5 eV, using
the known transition frequencies of two optical resonances
in Ne, induced simultaneously by beams from one laser
overlapped collinearly and anticollinearly with the atom
beam [20].
Direct results of the present experiment are the values of

�hr2i along the 17–22Ne chain given in Table II with their

TABLE I. Frequency ratios r of 17;19–21Ne from this study
(relative to 22Ne) and masses of 17–22Ne after a new mass
evaluation, compared to literature [15] (AME’03). The new
evaluation includes final data from [16], whereas the AME’03
used preliminary values of [16] prior to publication.

A Frequency ratio r AME’03 (�u) New mass (�u)

17 0:773 829 869 8ð261Þ 17 017 672(29) 17 017 714.75(57)

18 18 005 708.2(3) 18 005 708.70(39)

19 0:864 056 826 3ð89Þ 19 001 880.2(3) 19 001 880.76(16)

20 0:909 101 007 3ð89Þ 19 992 440.175(2) 19 992 440.1842(19)

21 0:954 638 456 4ð116Þ 20 993 846.68(4) 20 993 846.684(41)

22 Reference 21 991 385.11(2) 21 991 385.113(18)

TABLE II. Isotope shifts and differences in mean square
charge radii of 17–19;21–22Ne relative to 20Ne. The ��IS uncer-
tainties are statistical and [in square brackets] systematic due to
acceleration voltage (uncertainty due to masses is below 0.01%).
For �hr2i, statistical (due to IS statistical uncertainty) and
systematic from MS and Fel analysis based on muonic atom
data.

A ��20;A
IS (MHz) �hr2i20;A (fm)

17 �3183:30ð1:20Þ [3.3] 0:220ð29Þ [123]
18 �1995:53ð62Þ [2.1] �0:207ð15Þ [112]
19 �947:39ð74Þ [1.0] 0:017ð19Þ [41]
21 874:94ð56Þ [0.9] �0:217ð14Þ [24]
22 1663:58ð17Þ [1.7] �0:321ð4Þ [43]
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statistical and systematic uncertainties. The latter deter-
mine the general slope without affecting local effects be-
tween the isotopes. Absolute rms charge radii are derived
using as reference rchð20NeÞ ¼ 3:006ð5Þ fm [18], as pre-
sented in Table III along with the known matter radii [21].
Figure 1 combines the information of Tables II and III and
shows both types of uncertainties.

The pronounced structural changes reflected in the
charge radii as a function of neutron number pose a chal-
lenge for theory. In a typical mean-field calculation, e.g.,
[22], radii vary smoothly from 17Ne to 22Ne and are much
smaller than the experimental values. The FMD approach
[23,24] allows one to include long-range correlations like
halos or clusters.

FMD spans the many-body Hilbert space with nonor-
thogonal Slater determinants using as single-particle
states Gaussian wave packets, which gives great flexibility.
For 17;18Ne we use a superposition of two wave packets
which improves especially the description of extended s
orbits. To restore the symmetries of the Hamiltonian, the
intrinsic Slater determinants are projected on parity,
angular momentum, and total linear momentum. Finally,
in a configuration-mixing calculation we diagonalize
the Hamiltonian to obtain the ground states. Individual
FMD configurations are generated by minimizing the
Hamiltonian expectation value for a parity projected state
with respect to all the parameters of the single-particle
states. For 17;18Ne we find two minima that can be inter-
preted as essentially 15O or 16O cores plus two protons
found mainly in s2 or d2 configurations. We obtain addi-
tional configurations with modified single-particle orbits
by cranking down the strength of the spin-orbit force
during minimization.

In 19Ne the 1=2� state is almost degenerate with the
natural-parity 1=2þ ground state. The negative-parity state
is related to a clustered intrinsic configuration that, due to
missing reflection symmetry, can also be projected on
positive parity. Therefore, calculations for 18–22Ne include
also configurations optimized for negative parity.
Configurations optimized for positive parity correspond
mainly to shell-model configurations (16O plus nucleons
in the sd shell), while those optimized for negative parity
represent configurations with clustering. In the shell-model

picture these correspond to excitations of the 16O core. To
improve the asymptotic part of the wave functions we
include explicit Brink-type cluster configurations [25]
with threshold energies below 10 MeV: 3He-14O in 17Ne,
4He-14O in 18Ne, 3He-16O, 4He-15O in 19Ne, and 4He�
16–18O in 20–22Ne. The wave functions for the clusters are
obtained again by variation of the FMD wave functions.
The effective interaction is based on the VUCOM derived
from the realistic Argonne V18 interaction by explicit
treatment of short-range central and tensor correlations in
the unitary correlation operator method [26]. It also in-
cludes a phenomenological two-body correction term fitted
to reproduce binding energies and radii of doubly magic
nuclei. This interaction successfully describes p- and
sd-shell nuclei [27].
The FMD binding energy for 17Ne is 106.66 MeV which

together with the 15O binding energy of 105.91 MeV leads
to a two-proton separation energy of 0.75 MeV compared
to the experimental value of 0.93 MeV. All other cluster

TABLE III. Matter and charge radii of Ne isotopes (in fm).
FMD charge radii are calculated from the point proton radii
taking the charge radii of protons and neutrons into account.

A rm
[21]

rm FMD

This work

rch
[18]

rch
This work

rch FMD

This work

17 2.75(7) 2.75 3.042(21) 3.04

18 2.81(14) 2.70 2.971(20) 2.93

19 2.57(4) 2.84 3.009(9) 3.00

20 2.87(3) 2.87 3.006(5) 2.99

21 2.83(7) 2.86 2.967(4) 2.970(7) 2.96

22 2.87 2.954(4) 2.952(9) 2.94

FIG. 1 (color online). The rms charge radii for 17–22Ne. Error
bars indicate the statistical uncertainties. The systematic error
limits are represented by the dotted line and the dashed line.
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FIG. 2 (color online). Measured and FMD one-neutron sepa-
ration energies for 17–22Ne. The energy of the unbound 16Ne
ground state is calculated in bound-state approximation.
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thresholds are reproduced within 0.5–1.0 MeV. The total
binding energies underestimate the experimental values by
about 6 MeV, reflecting the fact that the oxygen cores are
essentially described only on the mean-field level. This
underbinding cancels out in the one-neutron separation
energies, which reproduce the experimental odd-even stag-
gering (Fig. 2).

The FMD calculations reproduce remarkably well both
the absolute values and the evolution of the measured
charge radii as a function of neutron number. For 17Ne
FMD agrees with the measured radius, attributed to a
clearly visible tail in the proton density distribution (shown
together with neutron and matter distributions in Fig. 3),
which implies a narrow proton momentum distribution [7]
of protons relative to the compact 15O core (FMD matter
and charge radii: rm ¼ 2:46 fm, rch ¼ 2:63 fm). Because
of the missing centrifugal barrier, weakly bound s orbits
are much more extended than d orbits. The charge radius of
the ground state is therefore very sensitive to their relative
occupation. Assuming that only the two valence protons
contribute, the s2 admixture is 42%. By slightly changing
the strength of the spin-orbit force the charge radius and s2

occupation can be tuned. The experimental error bar for
hr2i corresponds then to s2 occupations between 38% and
46%. An independent test of the 17Ne wave function is
provided by the BðE2Þ transitions into the excited 3=2�
and 5=2� states. We obtain BðE2; 1=2� ! 3=2�Þ ¼
77e2 fm4 and BðE2; 1=2� ! 5=2�Þ ¼ 120e2 fm4, in very
good agreement with the experimental values 66þ18

�25e
2 fm4

and 124ð18Þe2 fm4 [28]. For 18Ne with a closed N ¼ 8
neutron shell, we find only about 15% s2 admixture, ex-
plaining the much smaller charge radius. For 19–22Ne the
charge radii are again larger but decrease with A. This

effect is nicely reproduced by FMD due to a different
mechanism. In 19Ne admixtures of spatially extended
16O-3He (‘ ¼ 0) and 15O-4He (‘ ¼ 1) cluster configura-
tions in the tail of the 1=2þ ground-state wave function
cause an increase of 0.17 fm in the charge radius compared
to the FMDmean-field result. These admixtures are related
to the known deformation properties and decrease with A
towards 22Ne for which we still find a 0.08-fm increase.
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FIG. 3 (color online). Matter, proton, and neutron density
distributions in the FMD ground state for 17Ne. The proton
skin thickness rp � rn is 0.45 fm. The probability to find a

proton at r > 5 fm is about 40%. Inset: Intrinsic proton density
of the dominant FMD configuration, with two protons in s-d
mixed orbits.
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