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Previous work

17Ne (Jπ = 1/2−) has seven neutrons and ten protons, β+-decays towards 17F (T1/2 = 109 ms), and is loosely
bound. The proton separation energies are Sp = 1464(5) keV and S2p = 933.1(6) keV, while its neutron separation
energy is Sn = 15558(20) keV [1]. The p−p pairing energy estimated as the difference between Sp of the second proton
and that of the first proton is -2005(11) keV. 15O (Jπ = 1/2−) is essentially strongly bound, Sp = 7296.8(5) keV
and S2p = 14847.3(5) keV, with about ten times weaker p− p pairing energy. This is an indication that 17Ne can be
described as a 15O core plus two valence protons, predominantly in a mixture of (1s1/2)2 and (0d5/2)2 configurations,
coupled to Jπ = 0+. With its binary subsystems 16F and p− p unbound, 17Ne is a Borromean nucleus – such as the
classical two-neutron halo nuclei 6He and 11Li – so that it has been valued as a good candidate for a two-proton halo
nucleus [2].

Evidence for a proton halo in 17Ne in terms of a possibly dominating (1s1/2)2 configuration was found in measure-
ments of interaction cross sections for A = 17 high energy beams [3]. Calculations of the interaction cross section by
using a Hartree-Fock-type wave function and the Glauber model yielded no conclusion on the 17Ne halo [4]. Analysis
of the reaction cross sections measured using 17Ne 64 and 42 MeV/nucleon beams revealed a halo-like dilute tail in
the density distribution, consistent with a dominant (1s1/2)2 configuration for valence protons [5]. But recent cal-
culations reproducing experimental measurements, including the results of Ref. [5], such as binding energies, matter
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radii, charge radii and nuclear matter density distribution resulted in about 20% [6] for the occupation probability of
the (1s1/2)2 orbital.

The experimental momentum distribution of 15O and the two-proton-removal cross section obtained in fragmenta-
tion of 17Ne was explained assuming P ((1s1/2)2) = 60− 100% [7, 8]; however, that measurement was not exclusive to
proton-removal from the 17Ne halo. Calculations within the framework of a three-cluster generator-coordinate model
concluded on no proton halo in 17Ne [9], and calculations using a density-dependent contact pairing interaction be-
tween the valence protons and the (15O+p+p)-modelled 17Ne resulted to P ((1s1/2)2) = 15.2%, P ((0d5/2)2) = 75.2%,
and P ((0d3/2)2) = 3.8% [10, 11].

A 15O + p+ p three-body model was also used to calculate Thomas-Ehrman shifts for 17Ne and 17N [12–14]. Both
articles agree on a P ((1s1/2)2) value of in between 40-50%. As mentioned in Ref. [14], the computed three-body
Thomas-Ehrman shifts are meaningful, albeit relatively inaccurate. Coulomb energies for mirror nuclei 17Ne and
17N were also computed in other models [15–17]. While the predominance of a (1s1/2)2 configuration was stated in
Ref. [15], the two other publications agree on P ((1s1/2)2) = 24(3)%.

The 17Ne magnetic dipole moment measured by collinear laser spectroscopy could be reproduced with a theoretical
model assuming P ((1s1/2)2) = 24%, P ((0d5/2)2) = 69%, and P ((0d3/2)2) = 7% [18]. High-precision charge-radii
measurements using collinear laser spectroscopy for 17,18,19Ne of 3.04(2), 2.97(2), and 3.01(1) fm [19] do not support
a pronounced halo for 17Ne. A theoretical analysis using the fermionic molecular dynamics (FMD) approach has been
employed to relate the radius to the s2 occupation. By slightly changing the strength of the spin-orbit force, the
charge radius and s2 occupation have been tuned arriving at an allowed region between 38% and 46% s2 contribution
corresponding to a charge-radius change within the experimental uncertainty. Thereby, it was assumed that only the
two valence protons contribute [19].

The first-forbidden β+-decay of 17Ne into the first excited state of 17F was measured by Borge et al. [20]. This
decay is by a factor two faster than the corresponding mirror decay, an effect which was explained by assuming the
1s1/2 proton orbit to have a large spatial (halo-like) extent, but only a small admixture to the 17Ne ground state [20].
The asymmetry in β± decays of 17Ne and 17N was explained by charge-related differences in their ground-state
wavefunctions by Millener et al. [21]. However, authors of Ref. [9] argue that the first-forbidden β-decays of the 17Ne
and 17N ground states are independent of possible halo effects in the initial or final nuclei.

Ref. Year Exp./Theo. Method P (s2)/(P (s2) + P (d2))
[20] 1993 Exp Beta-decay spectroscopy -
[3] 1994 Exp Interaction cross section measurements -
[2] 1995 Theo Three-body model: CSF - SSC(C) 0.50
[2] 1995 Theo Three-body model: CSF - Gaussian 0.27
[9] 1996 Theo Microscopic calculation “no proton halo”
[21] 1997 Theo Calculation of nuclear matrix elements -
[4] 1997 Theo Glauber: reaction cross section and matter radii “proton halo in 17Ne is still not conclusive”
[15] 1998 Theo Coulomb mass shift 1.00
[7] 2003 Exp 15O p|| + proton-removal cross section “large”

[12, 13] 2004 Theo Coulomb displacement energy to 17N 0.50
[14] 2004 Theo Three-body model: Thomas Ehrmann shifts -
[18] 2005 Exp 17Ne magnetic dipole moment 0.26
[17] 2006 Theo Coulomb energy parametrisation -
[19] 2008 Exp 17Ne mass and charge radii 0.42

[10, 11] 2010 Theo Three-body model, including Coulomb 0.17
[5] 2010 Exp Reaction cross section measurement “dominant s”
[6] 2013 Theo Relativistic mean field theory 0.33

This work 2021 Exp Exclusive (p,2p) knockout, Momentum distribution 0.34(5)
This work 2021 Exp Exclusive (p,2p) knockout, Population of states 0.36(5)

TABLE I. Compilation of experimental and theoretical results on the s-d content in the 17Ne valence-nucleon wavefunction.

Measurement of the energy spectrum of 16F

16F is produced from 17Ne by one-proton (p, 2p) quasi-free knockout reactions. The two scattered protons are
detected at large angles around 45◦. The decay products of the unbound 16F, i.e., 15O and p are detected in
coincidence in forward direction and momentum analyzed. From their measured momenta, the 16F relative energy is
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determined by using the invariant-mass method. The resolution for the 15F−p relative-energy spectrum is determined
by the multiple scattering of the charged particles in detector material and gases. The main contribution to the
resolution stems from the proton. Figure 6 shows the simulated response for Efp for the two decay energies 1.05 and
4.05 MeV. The corresponding resolutions are σ = 0.11 MeV and σ = 0.25 MeV, respectively.
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FIG. 6. Experimental response function to a given decay energy as obtained from simulations. Examples are shown for a 1 MeV
and a 4 MeV line. The relative-energy spectrum has been calculated from the momenta of the decay products 15O and p in the
same way as for the experimental data. Detector resolutions and multiple scattering in the various materials have been taken
into account.

The excitation energy of 16F is the sum of the relative energy between the decay fragments and the energy released
by additional γ-decays. Photons are detected by the Crystal Ball 4π NaI array surrounding the target. Figure 7
(left) shows the γ-spectrum measured in coincidence in the 17Ne(p, 2p)16F∗ →15O+p reaction. A peak-like structure
is observed at an energy of around 5 MeV. The arrows indicate expected transitions from the known excited states
as indicated in the level scheme in the inset. The corresponding relative-energy spectrum measured in coincidence
is shown on the right in Figure 7. A broad distribution of energies is visible with most intensity located around
3 MeV. These decays result from high-lying excited states of 16F after knockout of a more deeply bound proton from
the p shell of the core, while the halo protons act as spectators. One of the halo protons couples to the remaining
14N forming an excited 15O state which γ decay to the 15O ground state, while the second halo proton is emitted in
forward direction. The γ-spectrum shows a significant background which stems from the background produced by
the scattered protons, and in the low-energy region left of the peak also from incomplete γ-energy detection. The
resulting background spectrum for Efp has been obtained by gating on events in the γ-spectrum with energies larger
than the peak region. This background spectrum has been subtracted to obtain the spectrum shown on the right.
The remaining spectrum, corresponding to the relative-energy distribution in coincidence with γ-transitions (right
frame in Fig. 7), has been then subtracted from the total Efp spectrum before that has been analyzed in terms of
population of the low-lying s and d states as shown in Fig. 3 of the main text.

The line shapes of the four low-lying resonances are described by the Breit-Wigner formula,

dσ/dEfp ∝
Γ0(Efp)

(Er − Efp)2 + 1
4Γ0(Efp)2,

with the resonance energy Er and width Γ0(Efp) = ΓexpPl(Efp)/Pl(Eres). The penetrabilities Pl(Eres) contain
the regular and irregular Coulomb wave functions and the channel radius R which has been chosen as R = 5 fm.
Resonance parameters have been taken from Ref. [22]. Since the discussed resonances are very narrow compared to
the experimental resolution, resonance shift factors are negligible and the shapes are rather insensitive to the choice
of the channel radius. Additional uncertainties due to the details of the line shape used in the fit are thus negligible
compared to the experimental uncertainties for the extracted s to d cross-section ratio.

16F Momentum distributions after proton knockout

The momentum distributions of the unbound 16F after proton knockout from 17Ne can be calculated as the sum of
the momenta of the decay products p and 15O measured in forward direction and analyzed with the ALADIN dipole
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FIG. 7. Left: Gamma-spectrum for the reaction channel 17Ne(p, 2p)15O. The energies of known γ-transitions in the peak
region around 5 MeV are indicated by arrows (see also level scheme indicated as inset). Right: Relative-energy spectrum
in coincidence with γ-transitions in the energy window as indicated by the vertical lines in the spectrum on the left. The
relative-energy spectrum has been corrected for background contributions by subtracting a spectrum obtained by gating on the
high-energy part of the γ-spectrum, which has been normalized assuming a smoothly rising background towards lower energies.

magnet. The transverse components px and py in cartesian coordinates are obtained by the position measurements
of p and 15O behind the target and their tracking through the ALADIN magnet field, as sketched in Fig. 1 of the
main text. The used coordinate system has the z axis along the incoming beam direction, which is determined on an
event-by-event basis by two position measurements in front of the target. The resulting distributions are shown in
Fig. 8 for the two transverse components. The curves show the calculated distributions for s (long-dashed, blue) and d
(dashed, red) states and their sum (solid curve, black). The normalisation of the theoretical distributions was obtained
by χ2-minimisation to the data, where the individual intensities were varied freely in a simultaneous fit to the x and
y distributions. Figure 9 shows the same comparison for the restricted relative-energy region 0 < Efp < 1.2 MeV,
resulting in a suppressed contribution of the higher-lying d states, as expected.

Since these momentum distributions reflect the intrinsic momentum distributions of the knocked-out protons, they
are sensitive to the angular momentum l. The shape of the wavefunction is different for different l values, in particular
also in the asymptotic behaviour due to the different centrifugal barriers. Due to the large centrifugal barrier for the
l = 2 state, the asymptotic fall-off of the d-wavefunction is much faster compared to the s state with the same binding
energy. The resulting rms radii of the two single-particle wavefunctions are 4.23 fm and 3.46 fm for the s and d
case if normalized to S = 1, respectively. The halo-like s-wave density results in a much more narrow momentum
distribution. While the spatially more compact d-wave density results in a broad distribution in momentum space.
The radii compare to a rms radius of the core of 2.64 fm, resulting in differences ∆r = rhalo − rcore of 1.6 fm and
0.8 fm for the pure s2 and d2 states respectively. Our result for the s2/(s2 + d2) ratio of 0.35(5) corresponds to a
difference of radii of the valence-nucleon density and the core of 1.1 fm.

The strong sensitivity of the momentum distribution to the l value is used to determine the s2/(s2 + d2) ratio by
comparing to theoretical calculations based on Woods-Saxon wavefunctions. The slight distortion due the reaction
mechanism is thereby taken into account with the Glauber reaction theory [23]. The Glauber theory is well established
in electron-induced knockout reactions at high energy and large momentum transfer. The situation is very similar in
(p, 2p) at beam energies as used here, resulting in large momentum transfer and high energy of the scattered protons of
around 250 MeV. The (p, 2p) reaction and the theoretical treatment has been benchmarked in a previous experiment
using a 12C beam against high-quality (e, e′) data from NIKHEF. Good agreement is found in terms of spectroscopic
factors as well as the shape of momentum distributions is concerned [24].
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