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New insight into knockout reactions from the two-proton halo nucleus 17Ne
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Background: The unexplained disagreement in the dependence of spectroscopic factors (C2Sexp) on the binding
energy obtained by nucleon knockout using different targets is still a puzzle that needs to be addressed.
Purpose: To find an explanation of this riddle through exclusive measurements using different targets.
Method: The exclusive measurements were performed by using a 17Ne beam with an energy of 500 MeV/u
incident on C and CH2 targets. Through the standard theoretical approach, C2Sexp were derived from the analysis
of the experimental data on proton ejection from the proton halo in 17Ne as well as from its core 15O.
Result: For the C target, proton ejection from the proton halo gave C2Sexp about 37% smaller than for the H
target. But when protons are ejected from the core of 17Ne, C2Sexp are identical within statistical uncertainties.
Conclusion: An explanation for the difference in C2Sexp could be the removal of both halo protons, a more
important reaction pathway for the C target. The C2Sexp values obtained by analyzing the proton ejection from
the core indicate that it is not affected by the interaction with the halo protons.

DOI: 10.1103/PhysRevC.109.054602

I. INTRODUCTION

The present paper is motivated by the need to improve
the interpretation of nucleon knockout reaction cross sec-
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tions obtained experimentally. The longstanding, puzzling
discrepancy between spectroscopic factors, obtained in ex-
periments with light reaction targets (9Be, 12C) and those
obtained with hydrogen targets [1], remains an open ques-
tion. In the experiments with light reaction targets a strong
dependence between the experimental cross section, and
hence the resulting spectroscopic factors, C2Sexp, and the
difference between the proton and neutron binding energies,
�S = Sp − Sn is found. This dependence essentially disap-
pears in experiments employing H targets.
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When target nuclei heavier than hydrogen are used, two
different reaction mechanisms for nucleon knockout are usu-
ally considered [2]: (i) Stripping, which is the dominant one,
and (ii) diffraction dissociation. In stripping, the nucleon is
removed from the projectile by quasifree nucleon-nucleon
scattering [3], while diffraction dissociation is a process in
which the incoming reaction partner receives a small trans-
verse pulse and is fragmented, while the target remains intact.
In the case of a hydrogen target, the contribution to the re-
action from diffraction dissociation is negligible [4]. In our
recent paper [5], the cross sections of single proton removal
from 17Ne in the C and H targets were compared, choos-
ing, in the case of the C target, only the stripping of one
proton from the two-proton halo of 17Ne. The spectroscopic
factor of proton knockout from the 17Ne proton halo on the
H target was obtained as 2.08(10). This is, within statistical
uncertainty equal to 2, as expected for a nucleus with a two
proton halo. However, for the C target, this value is only
1.502(35), indicating that diverse reaction mechanisms lead
to a decrease in the single-proton detachment cross section.
Secondary collisions of an incoming or knocked-out nucleon
inside the core also lead to a decrease in the nucleon knockout
cross section and, consequently, to a decrease in C2Sexp [6–8],
but without strong correlation with �S, which must be present
to solve the puzzle.

It was shown experimentally [5] that the mechanism of
knocking out a valence proton from a 17Ne beam impinging a
carbon target leads to simultaneous knocking out of nucleons
from the target with a probability of 69.8(2.3)%. Thus, the rea-
son for the observed reduction of C2S within carbon-induced
knockout may lie in the importance of secondary interactions
of nucleons knocked out from the target. This can be investi-
gated by studying the knockout of protons from the 15O core
of 17Ne.

II. EXPERIMENTAL SETUP

The present experiment was performed at the R3B/LAND
setup at the GSI Radioactive Beam Facility. The details of
how the experiment setup was designed have been described
in our earlier papers [9,10]. A schematic representation of the
detectors used is shown in Fig. 1. The 17Ne beam, with an
energy of 500 MeV/u, was selected with the FRS fragment
separator and directed towards a reaction target, consisting
of either polyethylene (CH2) with thickness 213(5) mg/cm2

or carbon (C) with thickness 370(7) mg/cm2. This gave the
possibility to extract data corresponding to pure hydrogen (H)
by subtracting data collected with the pure C target from the
CH2 target data.

The γ spectra were measured in coincidence with 15O
and a proton moving at forward angles with multiplicity
pmult = 1 (see Fig. 1). The possibility of choosing pmult = 1 is
ensured by the high proton detection efficiency of the time-of-
flight wall, 99.3(5). Corrections have been made for 15O + 2p
events misidentified as 15O + 2p. In the cases when several
γ rays passed through the Crystal Ball simultaneously, the γ

ray with the highest deposited energy was chosen. This leads
to a significant reduction in background from random γ -ray
coincidences.

FIG. 1. Schematic view of the R3B/LAND setup at GSI. The
quantities measured with the various detectors of the setup are in-
dicated. DSSD stands for double-sided silicon strip detector, SciFi
for scintillation fiber detector and PS PIN for position sensitive pin
diodes. For more details, see text.

Two sources of background were considered: the interac-
tion of the beam with materials surrounding target, which was
determined with an empty target, and reactions that are ac-
companied by γ rays stemming from excited states in the 15O
fragments. The measured γ -radiation spectra were corrected
for Doppler shifts.

The experimental response function and geometric ac-
ceptance were obtained from R3BRoot, the simulation and
analysis framework for R3B experiments [11]. These simu-
lations include the setup geometry, detector resolution, and
beam parameters. All experimental data were corrected for
geometrical acceptance and detection efficiency.

The given uncertainties are statistical. Systematic errors,
due to uncertainties in target thickness and detection efficien-
cies of the protons and charged fragments, are of the order of
3%. When γ -ray detection in the Crystal Ball is required, the
systematic uncertainty of the experimental cross sections is
about 6%.

III. NEGATIVE AND POSITIVE PARITY STATES IN THE
15O-PROTON RELATIVE ENERGY SPECTRUM

A. Energy levels of 16F

The energy level diagram for 16F is shown in Fig. 2.
In the 0–3 MeV energy region, the four negative parity

states have the single-particle structure: proton plus 15O(g.s.).
The proton orbital 1s1/2 splits into 0− and 1− multiplet, and
the 0d5/2 orbital splits into 2− and 3− multiplet due to the
interaction of proton with odd neutron 0p1/2 in 15O [12].

These states can be populated by proton knockout from
the proton halo of 17Ne. In the energy region 3–7 MeV, four
states with positive parity are known. The 3+ state indicates
a single-particle structure with 15O ⊗ π (1 f7/2) as its main
component [13,14]. This state cannot be populated by the
capture of valence protons after proton knockout from the 15O
core of 17Ne.

For the three states Iπ = 1+
1 , 2+, and 1+

2 states, respec-
tively, the single-particle configuration 15O ⊗ π (1p) is very
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FIG. 2. Energy level diagram for 16F.

small, less than 5% [15,16]. The structure of the Iπ = 2+
consists of mixed 14N(1+) ⊗ π (1s 0d ) configuration. The ab-
sorption of two protons from the proton halo of 17Ne is
unlikely for this state.

The two states 1+
1 and 1+

2 are highly excited in the two-
proton transfer reaction 14N(1+)(3He, n), reflecting the struc-
tures 14N(1+) ⊗ π (1s1/2)2 and 14N(1+) ⊗ π (0d5/2)2 [15,17].
It is these two states that have the highest probability of
capturing two protons from the proton halo in 17Ne.

B. Relative energy spectra

Relative energy spectra in 15O + p after knocking out a
proton from 17Ne in C and H targets are shown in Fig. 3. The
spectra were obtained in coincidence by detecting 15O and
one proton under the requirement of multiplicity pmult = 1.
Negative parity states in 16F were populated by knocking a
proton out of the proton halo of 17Ne, while excitation of
positive parity states by ejection of a proton from 15O, the
core of 17Ne. The fit to the spectrum performed separately in
two energy regions at 0–3 MeV and at 3–7 MeV. Excitation
energies and resonance widths in the low-energy region were
taken from [18]. The experimental resolution was also taken
into account. The tails from resonances in this energy region
were used in fitting two other resonances with Iπ = 1+ in
the high energy region. The widths of these resonances are
ruled by experimental resolution. The curves in Fig. 3 show
the results of the fitting.

In the energy region 0 < E f p � 3 MeV, the fitting param-
eters are the sums of cross sections σ01 = σ (0−) + σ (1−),

FIG. 3. Relative energy spectra dσ/dEf p obtained in coinci-
dence between 15O and a proton (pmult = 1) at forward angles after
knocking out a proton from 17Ne in reactions with the C or H targets.
The fits shown are described in the text.

(dashed line in Fig. 3), σ23 = σ (2−) + σ (3−) (dotted line),
and their ratios σ (0−)/σ (1−), σ (2−)/σ (3−). For states with
positive parity, the fitting parameters are are σ+

12 = σ (1+
1 ) +

σ (1+
2 ) (dashed-doted line) and σ (1+

1 )/σ (1+
2 ). The derived

cross sections are summarized in Table I.
In the case of the H target, the ratios of the cross sections

σ0/σ1 and σ2/σ3 are proportional to 2I + 1 within statistical
uncertainty, as expected. For the C target, the obtained ratio
of cross sections for the excitation of 0− and 1− states is
close to the 2I + 1 ratio, but the ratio of cross sections for
the excitation of 2− and 3− states deviates significantly from
the expected ratio of 5/7.

C. Spectroscopic factors

The key quantity in the interpretation of the experimental
cross sections is the calculated single-particle cross section σsp

TABLE I. Cross sections (mb) for population of resonances in
16F, measured in coincidence with 15O and a proton under forward
angles with pmult = 1. See text for details.

negative parity positive parity

σ01 σ0/σ1 σ23 σ2/σ3 σ+
12 σ+

1 /σ+
2

C 24.3(1.2) 0.386(90) 30.1(1.2) 0.465(77) 12.49(79) 1.22(20)
H 8.8(1.0) 0.20(14) 12.0(1.0) 0.75(20) 7.74(70) 1.26(36)
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TABLE II. Spectroscopic factors C2Sexp for 15O ⊗ π (1s1/2)2 and
15O ⊗ π (0d5/2)2 configurations in 17Ne(g.s.).

Target 1s1/2 C2Sexp 0d5/2 C2Sexp Sum of C2Sexp

C 0.527(26) 0.977(39) 1.504(47)
H 0.755(86) 1.31(10) 2.06(13)

corresponding to one proton plus the residue, in its ground or
excited state. The σsp values are then used to convert the mea-
sured partial cross-sections into experimental spectroscopic
C2Sexp factors using

C2Sexp = σexp

σsp
. (1)

The σsp calculations were based on the MOMDIS code [19]
for the C target and on the code described in Ref. [4] for
the H target. The eikonal approximation was used to calcu-
late separately the cross sections for stripping and diffraction
dissociation. The diffraction dissociation is negligible for the
H target and contributes with 7–8 % of the proton removal
cross section for the C target. The spectroscopic factors, given
in Table II, agree with those in Ref. [5].

The values of cross sections and spectroscopic factors cor-
respond, within statistical uncertainty, to the values obtained
in [5]. The fit was performed with a fixed ratio of cross
sections equal to the 2I + 1 ratio. Thus, the conclusion that
the experimentally obtained spectroscopic factor for protons
in the proton halo of 17Ne is close to 2 in the H-target mea-
surements and 30% smaller in the C target measurements is
confirmed. The cross sections, σ01 and σ23, for the C target
must be increased with 10.3 mb for both reaction pathways to
obtain C2Sexp values similar of those for the H target. Thus,
the decrease of the cross sections for the C target does not
depend on the orbits of the protons in the halo.

The simultaneous removal of the two protons from the halo
can be considered as the cause of the decrease in the values
of C2Sexp, but the contribution from this process should not
depend appreciably on the orbital of the removed protons.

IV. EXCITED STATES OF 15O POPULATED BY CAPTURE
OF VALENCE PROTONS

A. Excited states of 15O with configuration 14N(T = 0) + p

The level scheme of 15O is shown in Fig. 4. The proton
binding energy in 15O is 7.30 MeV, and states at higher energy
are proton unstable.

The three states at 6.79 MeV (Iπ = 3/2+), 6.86 MeV
(Iπ = 5/2+) and 7.28 MeV (Iπ = 7/2+) have single-particle
structures based on 14N (g.s.) core: 14N(1+) ⊗ π (1s1/2)2 and
14N(1+) ⊗ π (0d5/2)2. The states at 6.86 MeV and 7.28 MeV
are de-excited via the 5.24 MeV (Iπ = 5/2+) state [20] as
shown in Fig. 4. The state Iπ = 3/2+ at 6.79 MeV de-excites
directly into the ground state 15O.

The measurement of the 14N(p, γ )15O cross section [21]
shows that the proton absorption leading to the 15O states
at 6.86 MeV, Iπ = 5/2+, and 7.28 MeV, Iπ = 7/2+, is
negligible.

FIG. 4. Energy level diagram for 15O.

The 3/2− state at 6.18 MeV is explained to be p−1
3/2 state

produced by raising a 0p3/2 neutron to the 0p1/2 shell [22].
This level cannot be populated by proton capture from the halo
of 17Ne by 14N(1+).

Thus, the only state that can be strongly populated by the
absorption of a single proton remains the Iπ = 3/2+ state at
6.79 MeV. The proton capture occurs at orbital momenta � =
0, C2S = 0.51(11), and � = 2, C2S = 0.16(3) [23].

B. Excited states of 15O with configuration 14N(T = 1) + p

The lowest T = 1/2 states of 15O at 5.18 MeV (Iπ =
1/2+) and 5.24 MeV (Iπ = 5/2+) have predominantly
mixed single-particle structure 1/314N(T = 1) ⊗ π (1s1/2) +
2/314O ⊗ ν(1s1/2) for the 1/2+ state and 1/314N(T =
1) ⊗ π (0d5/2) + 2/314O ⊗ ν(0d5/2) for the 5/2+ state (see
Ref. [24] and references therein). The halo protons in 17Ne
occupy the 1s1/2 and 0d5/2 orbitals, so after proton stripping
from its core, these two states can be strongly populated by
one proton capture from the proton halo.

C. Bremsstrahlung

Measurements of the γ spectra from excited states of 15O,
populated after the proton knockout from the 15O core by the
capture of valence protons in 14N faces the problem of the in-
credibly huge background caused by random coincidences of
bremsstrahlung radiation with 15O and proton. The constraints
imposed on the relative energy between 15O and the proton al-
lows the shape of this background to be revealed. The request
E f p < 1.4, highlighting the region of the spectrum dσ/dE f p

with maximum cross section, Fig. 3, where the contribution of
random coincidences is close to 100%, yielded a nearly pure
spectrum of bremsstrahlung radiation, Fig. 5.

Knowledge of the shape of the bremsstrahlung spectrum
will greatly simplify the fit of the gamma-ray spectrum and
reduce the statistical uncertainties of the resulting cross sec-
tions for excited states.

We first discuss the origin of this background. Many ef-
forts, both experimental and theoretical, have been made to
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FIG. 5. Differential cross section dσ/dEγ for the
bremsstrahlung γ radiation in the beam-at-rest system obtained for
Ef p < 1.4 MeV.

understand the mechanism of photon production in various re-
actions with heavy ions at incident energies up to 120 MeV/u
(see Ref. [25] for a review). These studies have shown that
the main mechanism for the production of high-energy γ rays
is related to the sudden deceleration or deflection of charged
particles traveling through matter inside the electric fields
of atomic nuclei. As a result of these studies, it was found
that photons can be either direct or thermal. Direct photons
arise at an early stage of the compression reaction. Thermal
bremsstrahlung is radiation emitted by ionized gas of a plasma
in thermal equilibrium at a certain temperature, and has a
softer energy spectrum than the direct photons.

In the present experiment, the energy of the γ spectrum
is limited to 20 MeV, and the dominant component of the
bremsstrahlung emission is due to thermal photons. The shape
of the energy spectra from these photons can be described with
an exponential function as

dσ

dEγ

= σ

E0
exp

(
−Eγ

E0

)
, (2)

where σ is the cross-section value and E0 is a slope param-
eter. The beam energy in this experiment is 500 MeV/u,
which is about four times higher than in Ref. [25], but the
bremsstrahlung spectrum still has an exponential character, as
shown in Fig. 5. The fit gave Eo = 5.26(13) MeV and Eo =
2.47(25) MeV for the C and H targets, respectively. These val-
ues of the slope parameter Eo correspond to thermal photons.
For comparison, the γ spectrum of thermal photons obtained
by colliding a 40Ca beam with an energy of 120 MeV/u with
a 40Ca target [25] gave a value of E0 = 6.87 MeV.

D. Population of excited states in 15O after proton ejection
from the core of 17Ne

The γ spectra in the beam-at-rest system obtained using the
C and H targets are shown in Fig. 6. The red solid lines rep-
resent the background caused by random coincidences with

FIG. 6. Differential cross section in the beam-at-rest system for
the detected γ rays coincident with 15O + p in the final state for
Ef p � 1.4 MeV from the C and H targets.

the bremsstrahlung radiation, the dashed curves refer to the
two overlapping states in 15O at 5.18 MeV (Iπ = 1/2+) and
5.24 MeV Iπ = 5/2+) while the dot curves pertain to the state
at 6.79 MeV (Iπ = 3/2+). The random-coincidence back-
ground is described by Eq. (2) with Eo = 5.26 MeV for the C
target and 2.47 MeV for the H target (see Fig. 5). The quality
of the fit gave χ2/N values of 1.06 for the C target and 1.17 for
the H target. The cross sections obtained for the excitation of
the resonances are summarised in Table III.

The fraction of true coincidences of γ rays with 15O + p
events in the relative energy spectrum, dσ/dE f p, was ob-
tained by selecting coincidences within the energy range 3 �
Eγ � 8 MeV (see Fig. 6) and subtracting it from the random
coincidences.

The result is shown in Fig. 7. These spectra, which have a
similar nonresonant shape for both targets, show that the unab-
sorbed proton flies away without any resonance-like structures
and confirm the mechanism of capture of only one proton
from the two-proton halo.

V. RESULTS OF THE ANALYSIS OF THE OBTAINED
EXPERIMENTAL DATA

The principal points and stages in the evolution of the
17Ne remnants after proton knockout from its 15O core are
summarized in Fig. 8. A proton ejecting out of the core of
17Ne forms 14N in either the ground (Iπ = 1+, T = 0) or in
the first excited (Iπ = 0+, T = 1) state, surrounded by two

TABLE III. Cross sections (mb) for different types of γ -rays
from 15O, obtained in coincidence with 15O and proton (pmult = 1)
at small angles.

Target σ (1/2+) + σ (5/2+) σ (3/2+)

Carbon 6.33(41) 2.61(33)
Hydrogen 3.53(80) 1.52(24)
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FIG. 7. Relative energy spectra of 15O-p in the proton knockout
from 15O followed by a proton absorption from the proton halo in
17Ne, leading to the occupation of γ -decaying states in 15O, from the
C and H targets. The solid lines provide guides to the eye.

protons from the proton halo. The absorption of a sin-
gle proton from the proton halo by the 14N(0+) leads
to populating T = 1/2 states of 15O at 5.18 MeV (Iπ =
1/2+) and 5.24 MeV (Iπ = 5/2+), which have a predom-
inantly single-particle structure of 14N(0+) ⊗ π (1s1/2) and
14N(0+) ⊗ π (0d5/2).

The absorption of a single proton from the halo by the
14N(1+) leads to populating the T = 1/2 state at 6.79 MeV
(Iπ = 3/2+). The relative energy spectra of 15O-p accompa-
nying the absorption of a single proton from the proton halo
in 17Ne show nonresonant behavior (see Fig. 5).

FIG. 8. Reaction branches accompanying a proton knockout
from 15O, the core of 17Ne. States weakly populated or unpopulated
by proton absorption are shown in red.

TABLE IV. Cross sections (mb) for proton removal from 15O, the
core of 17Ne. Experimental spectroscopic factors C2Sexp are obtained
from calculated single-particle knockout cross sections σsp, Ref. [4]
for the H target, and Ref. [19] for the C target. Theoretical spectro-
scopic factors C2Sth are taken from [26]. Rs is the ratio C2Sexp/C2Sth.

14N(Iπ = 1+, T = 0) + p
Target σexp σsp C2Sexp C2Sth Rs

Carbon 15.10(59) 25.77 0.586(23) 0.797 0.735(29)
Hydrogen 9.26(74) 16.58 0.559(44) 0.797 0.701(56)

14N(Iπ = 0+, T = 1) + p
Target σexp σsp C2Sexp C2Sth Rs

Carbon 6.33(41) 23.76 0.266(17) 0.405 0.657(42)
Hydrogen 3.53(80) 15.81 0.223(51) 0.405 0.55(13)

The absorption of two protons from the proton halo
by 14N(1+) leads to two states with Iπ = 1+: 14N(1+) ⊗
π (1s1/2)2 and 14N(1+) ⊗ π (0d5/2)2. It turns out that this
gives additional information about the halo structure of 17Ne.
The low energy state 16F(1+

1 ) at 3.758 has a 14N(1+) ⊗
π (1s1/2)2 structure, while the state 16F(1+

2 ) at 4.654 MeV
has a 14N(1+) ⊗ π (0d5/2)2 structure. The excitation cross
sections of these states reflect the two-proton halo structure
in 17Ne. The σ+

1 /σ+
2 ratios are, within statistical uncertainty,

equal for both the C target, 1.22(20), and the H target, 1.26(36)
(see Table I). The ratio of proton removal cross section from
the two-proton halo of 17Ne, σ23/σ01 is equal to 1.239(79) for
the C target and 1.36(19) for the H target. Thus, the proton
stripping from the 17Ne gives also information on the structure
of the proton halo in this nucleus. Note that the results derived
using different targets are consistent with each other. This fact
helps to explain the difference in the experimental spectro-
scopic factors obtained for different targets in Ref. [5], where
the C2Sexp for the C target gave the value of 30% lower than
that for the H target. A possible reason for this discrepancy
is the absence in the calculation of σsp of the simultaneous
ejection of two protons from the proton halo, a process that is
obviously more significant when a heavier target is used.

The experimental cross sections for the formation of
14N(Iπ = 1+, T = 0) and 14N(Iπ = 0+, T = 1) with a proton
ejected from the core of 17Ne on different targets are given in
Table IV.

The theoretical spectroscopic factors C2Sth given in Ta-
ble IV are taken from the Ref. [26]. Spectroscopic factors
for 14N(1+) + p and 14N(0+) + p configurations in 15O were
calculated using interactions with three characteristic parts 0p
shell, cross shell, and 1s0d shell [27] in the large-scale shell
calculation code KSHELL [28]. Comparison of the spectro-
scopic factors C2Sth and C2Sexp resulted in quenching factors
Rs = C2Sexp/C2Sth which are within statistical uncertainties
the same for different 14N + p configurations and targets, with
the mean value 0.66(4). Note also that the obtained spectro-
scopic factors also remain unchanged within the statistical
uncertainties. No dependence on the target was observed.

The cross section of 14N nuclei produced in fragmentation
reactions induced by a 15O beam with 308 MeV/u energy
directed at the C target have been obtained by Boillos [29].
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This cross section was used by Sun [26] to derive the inclusive
quenching factor. The calculations which includes 13 different
configuration in the 15O structure gave quenching factor Rs =
0.63(6). Measurements at close energy, but with the H target
[30], gave Rs = 0.76(9) [31]. Both values are in agreement
within experimental uncertainties with the values obtained in
the present experiment (see Table IV). The similar values of
Rs obtained for proton striking either out of the core of 17Ne or
from 15O show that the core is free of appreciable interaction
with the proton halo.

However, calculations within the standard Distorted Wave
Impulse Approximantion (DWIA) formalism [32] also based
on data from Ref. [30] gave Rs = 1.05(19). The obtained
Rs values are compared to calculations of another type,
which give noticeably smaller values (see Figs. 1 and 2
in Ref. [32]). It is stated in Ref. [32] that the lack of
proper consideration of higher order effects becomes more
significant in the inclusive type of cross section measure-
ments involving numerous reaction branches. In contrast, the
present experiment uses exclusive measurements of proton
ejection from the core of 17Ne, leading to only two reac-
tion pathways with 14N in either the ground or the first
excited state

VI. CONCLUSION

The experimental single-particle spectroscopic factors
C2Sexp obtained when proton is knocked out of 15O, as the
core of 17Ne, are within statistical uncertainties independent
of the target type.

The obtained quenching factors coincide within experi-
mental uncertainty with the data obtained by proton knockout
from free 15O. This confirms that the 15O core inside the two-
proton halo nucleus 17Ne is not perturbed by the interaction
with protons from the halo.

The study of proton knockout from the core of 17Ne shows
a branched reaction process leading, in particular, to excited
states with positive parity in the unbound 16F. This indicates
that the interpretation of the experimental data based on the

knockout of strongly bound nucleon may encounter difficul-
ties in inclusive measurements.

A comparison of experimental data on proton ejection from
the proton halo 17Ne obtained using different targets demon-
strated good agreement with the shell model when using the
H target. However, spectroscopic factors obtained using the
C target revealed significant quenching, which is attributed to
the associated process, the simultaneous knockout of both pro-
tons from the halo. While for nucleon knockout from weakly
bound nuclei the reduction of the spectroscopic factor is much
stronger when using the H target (see Fig. 56 in Ref. [1]

The discrepancy in spectroscopic factors measured using
different targets has become an enigma that is posed as one of
the key problems of nuclear physics that needs to be solved. In
the review paper [1], it was proposed to give a relevant answer
to the question, what new experimental data are needed to
solve this problem and to guide theory? As a starting point
to address this problem, exclusive measurements of nucleon
knockout from weakly bound nuclei with simultaneous use of
different targets in the study are needed. The puzzle has come
up analyzing inclusive measurements in which numerous
reaction pathways lead to the same final result. Exclusive
experiments, such as [5,10] and described in the present
paper, will reduce the ambiguities in the analysis of the
experimental data.

ACKNOWLEDGMENTS

This work is supported by the German Federal Min-
istry for Education and Research (BMBF) under Contract
No. 05P15RDFN1, and the GSI-TU Darmstadt cooperation
agreement. This work was partly supported by the Span-
ish Funding Agency MCIN/AEI/10.13039/501100011033
and FEDER under Grants No. RTI2018-098868-B-I00, No.
PID2019-104390GB-I00, No. PID2021-126998OB-I00, and
No. PDI2022-140162-I00. C.A.B. acknowledges support
by U.S. DOE Grant No. DE-FG02-08ER41533 and the
Helmholtz Research Academy Hesse for FAIR.

[1] T. Aumann, C. Barbieri, D. Bazin, C. A. Bertulani, A.
Bonaccorso, W. H. Dickhoff et al., Prog. Part. Nucl. Phys. 118,
103847 (2021).

[2] D. Bazin, R. J. Charity, R. T. de Souza, M. A. Famiano, A.
Gade, V. Henzl et al., Phys. Rev. Lett. 102, 232501 (2009).

[3] V. Panin, M. Holl, J. T. Taylor, Y. Aksyutina, H. Alvarez-Pol, T.
Aumann et al., Phys. Lett. B 797, 134802 (2019).

[4] T. Aumann, C. A. Bertulani, and J. Ryckebusch, Phys. Rev. C
88, 064610 (2013).

[5] F. Wamers, C. Lehr, J. Marganiec-Gałązka, F. Aksouh, Yu.
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