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K. Mahata b,r, J. Marganiec-Galązka a,5, C. Müntz j, T. Nilsson i, C. Nociforo b, W. Ott b,6, 
V. Panin b,a, S. Paschalis b,g,7, A. Perea f, R. Plag b,j, R. Reifarth j,b, A. Richter a, K. Riisager l, 
C. Rodriguez-Tajes c, D. Rossi a,b,m, D. Savran b, H. Scheit a, G. Schrieder a, P. Schrock a, 
H. Simon b, J. Stroth j,b, K. Sümmerer b, O. Tengblad f, H. Weick b, C. Wimmer j,b

a Technische Universität Darmstadt, Department of Physics, D–64289 Darmstadt, Germany
b GSI Helmholtzzentrum für Schwerionenforschung GmbH, D–64291 Darmstadt, Germany
c Instituto Galego de Física de Altas Enerxias, Universidade de Santiago de Compostela, ES–15782 Santiago de Compostela, Spain
d Helmholtz Research Academy Hesse for FAIR, D–64289 Darmstadt, Germany
e Texas A&M University-Commerce, Commerce, USA
f Instituto de Estructura de la Materia, CSIC, ES–28006 Madrid, Spain
g Department of Physics, University of Liverpool, Liverpool L69 3BX, United Kingdom
h NRC Kurchatov Institute, RU–123182 Moscow, Russia
i Department of Physics, Chalmers Tekniska Högskola, SE–41296 Göteborg, Sweden
j Goethe Universität Frankfurt, Department of Physics, D–60438 Frankfurt am Main, Germany
k Grupo de Física Nuclear & IPARCOS, Universidad Complutense de Madrid, CEI Moncloa, ES–28040 Madrid, Spain
l Department of Physics and Astronomy, University of Aarhus, DK–8000 Aarhus, Denmark
m Institut für Kernchemie, Johannes Gutenberg-Universität Mainz, D–55122 Mainz, Germany
n Instytut Fizyki, Uniwersytet Jagelloński, PL–30-059 Krakóv, Poland
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The proton drip-line nucleus 17Ne is investigated experimentally in order to determine its two-proton 
halo character. A fully exclusive measurement of the 17Ne(p, 2p)16F∗

→
15O+p quasi-free one-proton 

knockout reaction has been performed at GSI at around 500 MeV/nucleon beam energy. All particles 
resulting from the scattering process have been detected. The relevant reconstructed quantities are the 
angles of the two protons scattered in quasi-elastic kinematics, the decay of 16F into 15O (including γ
decays from excited states) and a proton, as well as the 15O+p relative-energy spectrum and the 16F 
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momentum distributions. The latter two quantities allow an independent and consistent determination 
of the fractions of l = 0 and l = 2 motion of the valence protons in 17Ne. With a resulting relatively 
small l = 0 component of only around 35(3)%, it is concluded that 17Ne exhibits a rather modest 
halo character only. The quantitative agreement of the two values deduced from the energy spectrum 
and the momentum distributions supports the theoretical treatment of the calculation of momentum 
distributions after quasi-free knockout reactions at high energies by taking into account distortions based 
on the Glauber theory. Moreover, the experimental data allow the separation of valence-proton knockout 
and knockout from the 15O core. The latter process contributes with 11.8(3.1) mb around 40% to the 
total proton-knockout cross section of 30.3(2.3) mb, which explains previously reported contradicting 
conclusions derived from inclusive cross sections.

 2022 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

Atomic nuclei at the limits of nuclear binding, located close 
to the neutron and proton drip lines, exhibit unusual and often 
unexpected properties when compared to expectations from theo-
retical models, which describe known properties of ordinary stable 
or very long-lived nuclei well. Because of the closeness of the 
continuum, such nuclei are called ‘open quantum systems’, often 
dominated by correlations [1]. The experimental study of prop-
erties of drip-line nuclei is thus key for developing and testing 
modern nuclear theory and the interactions used. The knowledge 
of properties of exotic nuclei, either reliably theoretically predicted 
or directly measured, is also a basis for the understanding of nu-
cleosynthesis processes in astrophysics, such as the rapid proton-
and neutron-capture processes.

Particular attention in this direction was dedicated to halo 
nuclei since their experimental discovery at the Berkeley BE-
VALAC by Tanihata et al. [2,3] and the following interpretation 
and name coining nuclear ‘halo’ by Hansen and Jonson [4]. Halo 
nuclei exhibit a matter-density distribution with a pronounced, 
far-extending, low-density tail (halo), which is caused by the wave-
function of the last weakly-bound valence nucleons, which reaches 
far into the classical forbidden region. This generates an almost 
pure neutron or proton low-density environment at the surface 
of the nucleus. On the neutron drip-line, several such nuclei have 
been studied in great detail, thanks to the tremendous progress 
in rare-isotope beam accelerator facilities and experimental in-
strumentation. A prime example is 11Li with two loosely-bound 
neutrons forming the halo, where the two neutrons are strongly 
correlated in a mixed ground-state wavefunction comprising com-
ponents with angular momenta l = 0 and l = 1 [5,6]. A sizable 
low-angular-momentum component is essential for the formation 
of a halo-like structure.

On the much-less studied proton drip-line side, 17Ne is the 
most promising candidate for such a structure. In a three-body 
model, 17Ne can be described as a well bound 15O core plus two 
protons loosely bound with a two-proton separation energy of only 
S2p = 933.1(6) keV [7]. According to the standard nuclear shell 
model, the oxygen core has a closed proton shell, with the next 
available states in the sd shell. For the given separation energy 
of the 17Ne case, the rms radii of the l = 0 and l = 2 valence-
nucleon wavefunctions are 4.3 fm and 3.5 fm, respectively, which 
compares to a rms radius of 2.6 fm for the 15O core. This sug-
gests the possibility of halo formation with the two protons in 
l = 0 motion [8]. Moreover, like 11Li, with both sub-systems (16F 
and p − p) being unbound, 17Ne is a Borromean nucleus. Albeit 
numerous experimental efforts, a firm conclusion on the structure 
of 17Ne has not yet been reached. In this Letter, we present ex-
perimental results from an exclusive measurement of the (p, 2p)

proton knockout reaction. The fraction of the s2 and d2 compo-
nents in the valence-nucleon motion have been determined by two 
independently measured quantities, providing a clear answer to 

this long-standing discussion. With a resulting s2 to d2 ratio of 
around 1

3 to 2
3 , it is concluded that 17Ne exhibits only a rather 

moderate halo character.

2. Summary of the 17Ne puzzle

Evidence for a proton halo in 17Ne, i.e., a dominance of the 
(s1/2)

2 configuration in the valence-proton wavefunction was 
claimed from measurements of total interaction cross sections for 
A = 17 high-energy beams [9]. However, calculations of the in-
teraction cross section based on Hartree-Fock-type wave functions 
and the Glauber model result in the opposite conclusion with a 
dominance of the (1d5/2)2 configuration [10]. An (l=0)-dominated 
two-proton halo structure of 17Ne was also inferred from an 
analysis of the 15O momentum distribution and cross section 
for the inclusive 2p-removal reaction at 66 MeV/nucleon [11,12], 
while a shell-model interpretation of the magnetic-moment mea-
surement [13] arrives at the opposite conclusion. Furthermore, 
the measured charge radii for 17,18,19Ne of 3.04(2), 2.97(2), and 
3.01(1) fm [14] do not support a pronounced halo for 17Ne. An 
analysis in the theoretical framework of fermionic molecular dy-
namics (FMD) relates the charge radius to the s2 occupation by 
tuning the interaction resulting in a possible range of 38-46% s2

occupation assuming that only the two valence nucleons con-
tribute to the change of the charge radius. Results from theoretical 
predictions span the full range from s2 dominance to d2 domi-
nance. A summary of obtained experimental and theoretical esti-
mates is given in the Supplemental Material.

Clearly, a more exclusive measurement of observables with high 
sensitivity and selectivity to distinguish the l = 0 and l = 2 contri-
butions for the two weakly-bound valence protons is mandatory 
to conclude on the halo character of 17Ne. The quasi-free proton-
knockout reaction described in this Letter provides this sensitivity. 
The populated resonances with known structure are identified via 
invariant-mass spectroscopy of the residual fragment. The shape of 
the measured momentum distribution is sensitive to the slope of 
the nuclear density distribution at the surface, which is dominated 
by the exponential decay of the least-bound nucleon’s wavefunc-
tion, which strongly depends on the angular momentum due to 
the angular-momentum barrier. The different shapes of the s and 
d density distributions at the surface result in different shapes of 
the measured momentum distributions. The extraction of the rela-
tive weights of s2 and d2 components is thus rather direct and less 
model dependent.

3. Experiment

The primary 20Ne beam was extracted from the GSI synchrotron 
SIS18 with an energy of 630 MeV/nucleon and directed to the pro-
duction target at the fragment separator FRS. The secondary 17Ne 
beam entered the experimental area Cave C at GSI with an aver-
age energy of 498 MeV/nucleon in the middle of the CH2 target 
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Fig. 1. Schematic drawing of the experimental setup (not to scale). The upper part 
indicates the detection systems and measured quantities to track and identify pro-
jectiles and forward-emitted reaction products. The lower frame provides a more 
detailed view of the detection systems around the target and the reaction studied. 
Photons are detected with NaI crystals, protons with double-sided Si-strip detectors 
(DSSD) and NaI crystals.

with a thickness of 213 mg/cm2 . The secondary beam on target 
contained > 90% 17Ne with an average intensity of identified and 
tracked 17Ne ions of around 3 × 103/s during the beam-on phase. 
The beam energy of 500 MeV/nucleon was chosen to minimize 
secondary reactions of protons in the nuclear medium after the 
primary pp scattering process. The energy of the outgoing pro-
tons is on average 250 MeV at scattering angles of around 45◦ , for 
which the nucleon-nucleon (NN) cross section is minimal. The ex-
perimental setup is schematically shown in Fig. 1, and is identical 
to the one described in Refs. [15,16,18]. The quasi-free one-proton 
knockout reaction 17Ne(p, 2p)16F∗

→
15O+p has been analyzed. In 

order to determine reactions induced by the carbon content in the 
CH2 target and in other materials outside the target, additional 
measurements have been performed with C target (370 mg/cm2) 
as well as without target. The experimental method of quasi-free 
scattering in inverse kinematics has been established before us-
ing the 12C(p, 2p) reaction [16]. Identified 17Ne incoming ions are 
tracked with position-sensitive silicon PIN diodes towards the tar-
get. After the reaction target, outgoing fragments are deflected in 
the large-gap dipole magnet ALADIN and identified. Their angles, 
velocity, and magnetic rigidity are determined by double-sided sili-
con micro-strip detectors (DSSD), scintillating fibre detectors, and a 
time-of-flight (ToF) wall. For the reaction channel of interest, iden-
tified 15O fragments have been selected.

The (p, 2p) reaction channel is further characterized by the 
measurement of the angular distribution of the two scattered pro-
tons (including the target proton), and the forward emitted pro-
ton from the decay of unbound 16F states populated after proton 
knockout. A more detailed description of the quasi-free knockout 
reaction in inverse kinematics and summary of experiments using 
this method so far can be found in Ref. [17]. The scattered protons 
are detected by a box of four DSSDs covering an angular range of 
15◦ to 72◦ , and the Crystal Ball (CB) consisting of 162 individual 
NaI crystals surrounding the target (see lower part of Fig. 1). The 
resulting angular distributions of scattered protons are displayed 
in Fig. 2. The angles are defined in the laboratory system with the 

Fig. 2. Angular correlations of the two scattered protons in the (p, 2p) knockout 
reaction. The insets display the correlations between the polar (left) and azimuthal 
(right) angles. The main figure shows the distribution as function of the projected 
opening angle αop = θ1 + θ2 of the two protons.

z-axis pointing along the beam-particles trajectory (see lower part 
of Fig. 1). They exhibit a back-to-back scattering with an opening 
angle peaking at around 84◦ as expected for quasi-free NN scat-
tering. Deviations from elastic pp scattering like the width of the 
distributions and the slightly reduced average opening angle have 
their origin in the internal motion of the proton in 17Ne and its 
binding energy relative to that of the final state.

Protons originating from the decay in flight of 16F are emitted 
in the laboratory frame at forward angles and tracked through the 
dipole magnet by two DSSDs located before the magnet, and drift 
chambers plus a ToF wall after the magnet. γ decays from excited 
states are detected by the CB spectrometer and calorimeter. The 
excitation-energy spectrum and momentum distributions of 16F 
produced in the proton knockout reaction are calculated from the 
measured momenta of the decay products p and 15O by applying 
the invariant-mass method. The resulting resolutions are around 
0.1 MeV at 1 MeV relative energy and 26 MeV/c for the transverse 
momentum (see Supplemental Material for more details).

4. Results

The resulting differential cross section dσ /dE fp as a function 
of the relative energy E fp between the 15O fragment and the de-
cay proton for the reaction 17Ne(p, 2p)16F∗

→
15O+p is shown in 

Fig. 3, where contributions of around 10% associated with addi-
tional γ -decays related to knockout of core protons, were sub-
tracted. The measured γ -spectrum is shown in Fig. 7 of the Sup-
plemental Material, where also details on the subtraction proce-
dure are given. The spectrum exhibits two clear structures. The 
peak structure at higher energies reflects the population of high-
lying excited states in 16F after knockout of a proton from the 
15O core in 17Ne (see level scheme given in Fig. 3). Together with 
the decays accompanied by additional γ decays, the core knock-
out reaction contributes with 11.8(3.1) mb around 40% to the total 
one-proton knockout cross section σ(p,2p) = 30.3(2.3) mb.

The low-lying peak results from the population of single-
particle states of 16F, which are not resolved in our measurement. 
The black solid line shows a fit to the data consisting of a sum 
of Breit-Wigner curves with known energies and widths of the 
resonances adopted from the literature [19], taking into account 
the different penetrabilities for the l = 0 and l = 2 states (de-
tails are provided in the Supplemental Material). After taking into 
account the experimental response, the visible width and shape 
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Fig. 3. Differential cross section dσ /dEfp as function of the relative en-
ergy Efp between the 15O fragment and the decay proton for the reaction 
17Ne(p, 2p)16F∗

→
15O+p. Contributions involving γ -decays have been subtracted. 

The prominent peak below 2 MeV results from four low-lying resonances in 16F 
populated after knockout of a valence proton from 17Ne, while the cumulation of 
events between 3 and 6 MeV corresponds to knockout of a proton from the 15O 
core. The inset shows the populated states with their energy and quantum num-
bers.

of the resonances are dominated by the resolution resulting in a 
Gaussian-like shape in the peak region. Therefore, the description 
of the spectrum is rather insensitive to the details of the line shape 
and additional uncertainties which could arise due to this are neg-
ligible.

The two low-lying 0− and 1− states (see level scheme shown 
in Fig. 3) are s-wave resonances populated after the knockout 
of a valence proton from the s2 configuration, while the two 
higher lying 2− and 3− states are the d-resonances in 16F pop-
ulated after knockout from the d2 configuration. The properties 
of the resonances have been precisely determined by different ex-
periments showing their rather pure s1/2 and d5/2 single-particle 
structure [20].

The low-energy part of the spectrum below 2 MeV corresponds 
thus to the valence-proton or ‘halo’ knockout. The fit results in a 
cross section of 18.5(2.1) mb for the halo knockout with a rela-
tive contribution for the population of the s-states of 42(5)% The 
high-energy positive-parity states of the spectrum above 2 MeV 
are populated in core knockout reactions. The grey curves indicate 
the fit result, where the two groups of non-resolved resonances 
are approximated by two Breit-Wigner curves.

The experimental cross sections are compared to theoretical 
(p, 2p) quasi-free-scattering cross sections computed using the 
Glauber theory [21]. Inputs to the calculations are the 15O core 
density distribution, single-particle wave functions for the valence 
protons, and the free NN cross sections. A Hartree-Fock density 
is used for the core with a radius rrms = 2.64 fm. The single-
particle wave functions were obtained by solving the Schrödinger 
equation for a Woods-Saxon mean-field potential with radius pa-
rameter r0 = 1.2 fm and diffuseness a = 0.7 fm. Cross sections 
were computed individually for the angular momenta l = 0 and 
l = 2 and effective binding energies according to the resonances 
populated. The obtained single-particle cross sections σsp for the 
s and d states are 11.65 mb and 9.16 mb, respectively. The cross 
section for l = 0 is somewhat larger due to the surface-dominated 
reaction probability and the long halo-like tail of the s wavefunc-
tion. This results in spectroscopic factors of C2S = 0.67(11) for 
the s2 configuration and C2S = 1.17(16) for the d2 configuration, 
where C2S = σexp/σsp . The given uncertainties in comparing with 
the Glauber theory do not include theoretical uncertainties. The 

Fig. 4. Momentum distribution dσ /dp y of 16F projected onto the cartesian coordi-
nate y perpendicular to the beam for the reaction 17Ne(p, 2p)16F∗

→
15O+p with 

the condition Efp < 2 MeV. The solid curve represents the theoretical result after 
adjusting the l = 0 (long-dashed) and l = 2 (short-dashed) contributions to the ex-
perimental data (symbols).

probability P ( s2

s2+d2
) to find the two valence protons in the s2 con-

figuration in the 17Ne ground state amounts thus to 36(5)%.
The shape of the momentum distribution dσ /dp of the resid-

ual fragment after one-nucleon knockout is characteristic for the 
angular momentum of the knocked-out nucleon. The transverse 
momentum distribution dσ /dp y of 16F, projected onto the carte-
sian coordinate y, is shown in Fig. 4. The distribution was recon-
structed from the measured momenta of 15O plus the forward-
emitted proton from the decay of 16F, with the condition that the 
relative energy E fp < 2 MeV, i.e., with a selection on ‘halo’ knock-
out. The data clearly indicate a superposition of two shapes. The 
solid curve represents a fit of the calculated distributions to the 
data, using the above-described theoretical description, for l = 0
(long-dashed curve) and l = 2 (short-dashed curve), obtained from 
a χ2 minimization in a simultaneous fit to both transverse mo-
mentum distributions (see Fig. 8 in the Supplemental Material). 
This results in a relative contribution to the cross section of 39(4)% 
for l = 0, corresponding to a probability of 34(3)% for the s2 con-
figuration of the valence protons. This is in perfect agreement with 
the independent result of 36(5)% derived from the relative-energy 
spectrum discussed above. The good agreement also corroborates 
the assumption that the 0− and 1− states are pure s states and do 
not contain a sizable d3/2 component. An admixture in the order 
of 10%, however, cannot be excluded. This would result in an over-
estimate of the s2 contribution extracted from the relative-energy 
spectrum by around 10%, which would still be consistent with the 
result from the momentum distributions, which is not sensitive to 
such an admixture and reflects directly the fractions of s2 and d2

components.
The dominance of the l = 2 configuration is further supported 

by the proton-proton angular correlations in the 17Ne ground state 
shown in Fig. 5. The p − p relative angle θpp in the 17Ne frame has 
been constructed under the assumption that the relative motion 
of the fragment 15O and the proton p2 (from the decay of 16F, 
see inset of Fig. 5) remains undisturbed after sudden knockout of 
the proton p1 . The angular correlation between the protons in the 
17Ne ground state is accordingly reflected by the angle between 
the momentum of the knocked out proton p1 , given by the 16F 
recoil with pp1 = −p16 F (in the rest frame of the projectile), and 
the 15O−p2 relative momentum p f p = µ(pp2/mp −p f /m f ), where 
mp , m f , and µ are the masses of proton, 15O, and the reduced 
mass of the 16F system, respectively.

4
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Fig. 5. Proton-proton angular correlation θpp of the momenta of the two halo 
protons in 17Ne, represented by the angle between the recoil momentum of 16F 
and the direction of the 15O−p relative motion (see text). The left frame shows 
the distribution for halo knockout with population of 16F in the energy region 
Efp < 2.0 MeV with overlapping s and d resonances, while the right frame displays 
the correlation for Efp < 0.8 MeV, where the l = 0 configuration dominates. The 
horizontal dotted lines indicate a symmetric and isotropic distribution to guide the 
eye.

While a quantitative estimate of the angular correlation in 
terms of the s2 and d2 components needs reliable wavefunctions 
as an input [5,22,23], we conclude that the angular distribution 
exhibits a parabolic shape, which is caused by the d-wave contri-
bution with preferred back-to-back or parallel motion (Fig. 5 left 
frame), while for a pure (l = 0)-state, an isotropic distribution is 
expected [22,23]. This can be seen in the right frame of Fig. 5, 
where the distribution is shown for the condition E fp < 0.8 MeV, 
for which the l = 0 contribution dominates. Only a slight devia-
tion from an isotropic distribution is visible, which is caused by 
remaining small d admixtures.

5. Conclusion

The structure of the proton-halo candidate 17Ne has been in-
vestigated by performing and analyzing an exclusive measurement 
of the 17Ne(p, 2p)16F∗

→
15O+p reaction at high beam energy of 

around 500 MeV/nucleon. The data allowed for the identification 
of quasi-free (p, 2p) knockout from the valence states. The analysis 
of two independent observables, the 15O−p relative-energy spec-
trum and the 16F momentum distribution, results in a consistent 
interpretation of the structure of the 17Ne ground-state configu-
ration, where the two valence protons occupy dominantly s2 and 
d2 configurations with a rather small s2 component of 35(3)%. The 
dominance of the d2 contribution suppresses the halo character of 
17Ne. The large total spectroscopic factor of C2S = 1.8(2) indicates 
no or only minor contributions due to more complex configura-
tions, and supports a description of 17Ne in a 15O+p + p three-
body model with an inert 15O core. The large spectroscopic factor 
for the weakly-bound valence nucleons obtained from this analy-
sis, as compared to stable nuclei, supports a trend as a function 
of separation energies and/or neutron-proton asymmetry as found 
in nucleon-removal reactions at intermediate energies (see [24], 
and [25] for a recent review).

The quantitative agreement of the analysis of two indepen-
dently measured quantities, the population of final states and the 
momentum distributions, give confidence on the accuracy of treat-
ing the (p, 2p) reaction in the Glauber theory based on eikonal 
wavefunctions as developed in Ref. [21]. The extraction of the frac-
tions of different configurations from momentum distributions re-
lies on the calculated shape of the distributions, which is affected 
by distortions due to the reaction mechanism. The perfect agree-
ment of the theoretical shape with the measured distribution in 
conjunction with a perfect agreement of the extracted s2 fraction 

provides a solid basis for the investigation of exotic nuclei using 
quasi-free scattering at the upcoming radioactive-beam facilities 
FAIR and FRIB.

The controversial conclusions in the literature on the halo 
structure of 17Ne can be resolved. We discuss here only the least 
indirect measurements with sensitivity to the s-wave character of 
the valence-nucleon wave function, although with a model de-
pendent interpretation: the measurement of the magnetic dipole 
moment [13] and the inclusive proton-removal reaction [11]. The 
result presented in this Letter is in agreement with the shell-model 
interpretation of the magnetic-moment measurement. The differ-
ent conclusion from the inclusive proton-removal reaction can also 
be understood at least qualitatively, since core-knockout contribu-
tions have been assumed to be small in Ref. [11]. It should be 
noted, however, that the beam energy used in Ref. [11] was signif-
icantly smaller, and that a Be target has been used. The separation 
of the contributions of the core and valence-nucleon knockout in 
the exclusive experiment presented here, reveals a significant con-
tribution of around 40% of proton knockout from the core to the 
total proton-removal cross section.
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