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Abstract Nucleon knockout experiments using beryllium
or carbon targets reveal a strong dependence of the quench-
ing factors, i.e., the ratio (Rs) of theoretical to the experi-
mental spectroscopic factors (C2S), on the proton-neutron
asymmetry in the nucleus under study. However, this depen-
dence is greatly reduced when a hydrogen target is used. To
understand this phenomenon, exclusive 'H(!"Ne, 2p '°F)
and inclusive 2C(}7Ne, 2p I6p)X, 12C(17Ne, 19F)X as well
as "H(!Ne, '® F)X (X-denotes undetected reaction products)
reactions with '°F in the ground and excited states were anal-
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ysed. The longitudinal momentum distribution of '°F and the
correlations between the detached protons were studied. In
the case of the carbon target, there is a significant devia-
tion from the predictions of the eikonal model. The eikonal
approximation was used to extract spectroscopic factor val-
ues C2S. The experimental C2S value obtained with C target
is markedly lower than that for H target. This is interpreted
as rescattering due to simultaneous nucleon knockout from
both reaction partners, !’Ne and '>C.
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1 Introduction

In the past half century, there has been a rapid development
of experimental studies of atomic nuclei at various exper-
imental facilities erected at accelerator laboratories world-
wide. Long chains of isotopes of most of the chemical ele-
ments have been produced and studied in different dedicated
experimental setups. A major step forward was made with
the advent of production of beams of radioactive isotopes
and, maybe even more, by the realisation of the strength of
studies in inverse kinematics [1], which allow studying very
short-lived nuclei. This article is the fourth in a series based
on a novel technique for studying proton knockout reactions,
with simultaneous measurements of the outgoing pair of pro-
tons and fragment [2—4]. After studying reactions with '2C
beams impinging on H and C targets, we here turn to the
lightest bound isotope of the chemical element neon, 17Ne,
which has a two-proton separation energy of Sy, = 933 keV.
Since its binary subsystems, the diproton and the resonant
nucleus !°F, are unbound, this is an example of a Borromean
nucleus.

In the first part of the paper, we present relative energy
spectra of O + p and cross sections to the four resonances
in '°F, stemming from coupling of the I™™ = 1/2~ ground
state of 10 to s- and d- protons. Here we use the concept
of spectroscopic factors (C2S), which are phenomenologi-
cal quantities used to describe the structure of a nucleus, the
nature and filling of orbits by nucleons. Experimental C2S’s
are mainly determined in nucleon knockout reactions using
inverse kinematics, in which the nucleus under study bom-
bards a target.

Nucleon knockout reactions induced by beryllium or car-
bon targets are the most commonly used reactions. The mea-
sured nuclear removal cross-section was interpreted as the
sum of two contributions: (i) inelastic breakup, where the
removed nucleon is absorbed by the target (also called strip-
ping or knockout) and (ii) elastic breakup (also called diffrac-
tion dissociation) [5—13]. The assumption about absorption
by the target was made despite the fact that the fate of the
ejected nucleon was not traced either in the experiments or
in the theoretical models used in the analysis of the experi-
mental data. The extracted quenching factors (Ry) obtained
using carbon or beryllium targets are consistent and do not
show any obvious energy dependence over a wide range of
energies, from 43 to 2100 MeV/u [14]. The main conclusion
is that the obtained Ry values greatly depend on the proton-
neutron asymmetry. However, this strongly contradicts the
nucleon knockout reactions on hydrogen targets and nucleon
transfer reactions (see, e.g., section 7, Fig. 56 in Ref. [15].

The first measurements, in which the residue was detected
in coincidence with a fast proton following the one-proton
knockout reactions, 9Be(9C, p 8B)X and 9Be(8B, p 7Be)X,
at beam energies slightly below 100 MeV/u, were per-
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formed at the National Superconducting Cyclotron Labora-
tory [16]. The data obtained in this experiment revealed that
the knocked-out nucleon is not absorbed in the Be target.

Another pioneering experiment was performed at GSI
Helmbholtzzentrum fiir Schwerionenforschung using triple
coincidences between the residue and protons ejected from
the projectile and from the target: "H('2C, 2p ''B) [2] and
12c(12¢, 2p ''B)X [3]. The experiment with the carbon tar-
get showed that in 61(5)% of the cases, the knocking out of a
nucleon from the projectile is accompanied by the simul-
taneous knocking out of a nucleon from the target. Such
a secondary interaction of nucleons knocked-out from the
target can lead to the destruction of the residue nucleus.
However, the spectroscopic factors obtained from the exper-
imental cross sections, using the standard eikonal approxi-
mation, remain the same within the statistical uncertainties,
C2S = 2.80(12) for the carbon [3] and C2S = 2.58(30) for
the hydrogen [2] target. Thus, in the case of a strongly bound
12€ projectile, the nucleons stripped from the C target have
an insignificant effect on the cross section.

The aim of the present paper is to extend this analysis
to the case where a relativistic beam of the weakly bound
two-proton halo nucleus '"Ne impinges on both a carbon
and hydrogen target. The results of this experiment with a
beam incident on a hydrogen target are given in [4], where
the emphasis is on the structure of the two-proton halo in
17Ne. Now, the main attention is paid to the diversities in the
mechanisms of proton knockout on different targets.

The choice of '"Ne to study the difference in reaction
mechanisms induced by different targets is made due to the
halo structure of its ground state. The '>O+p+p models give
consistent results in describing the overall features of the
I7Ne ground state, such as matter radii, charge radii, density
distribution [17—-19]. The quenching of spectroscopic factors
is considered as an effect of short range nucleon-nucleon
correlations. The halo protons are free from this effect. The
two external protons are in a mixed configuration and occupy
1s1/2 and Ods/; shells. This provides an additional opportu-
nity to check whether the ratio o(1s)/0(0ds/2) is indepen-
dent of the target.

2 Experimental setup

The details of the experiment setup used here have been
described in our earlier papers [2,4]. A primary 2°Ne 630
MeV/u beam from the SIS-18 synchrotron at GSI was
directed towards areaction target, and a secondary !’Ne beam
of 500 MeV/u was selected in the FRS fragment separator.
This beam impinged onto, either a 370 mg/cm? C target or
a 213mg/cm? CHj target, where the C target both served
as a dedicated target, and was used to extract the reaction
contribution of the hydrogen component in the CH, target.
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Fig. 1 Schematic illustration of the two types of reactions with a '"Ne
beam on a hydrogen target. i Proton knockout from a proton halo (left).
ii Excitation of !"Ne, leading to the formation of 'O and two protons
(right). The angular regions covered by the two detector complexes, at
small angles and at large angles, are shown in yellow and beige coloured
shadows. The proton knockout reaction channel is obtained by requiring
either two protons in the Crystal Ball or one proton at small angles

Measurements with an empty target allowed a determination
of the level of background from the surrounding material.

The six double-sided silicon strip detectors (DSSSD)
located around the target are of particular importance in the
analysis presented here. Four of them, forming an open box
just behind the target, are surrounded by a spherical detector,
the Crystal Ball (CB), consisting of 162 Nal(T1) crystals. The
CB detector, covers polar angles from 14.7° to 72.3°. This
eliminates diffraction dissociation events, which are focused
at smaller angles. This combination of detectors allowed for
the detection of the azimuth (¢1(2)) and polar (91(2)) angles
of the knocked-out protons. Measurements of y rays reveal
de-excitation of excited states in 130.

Two other DSSSD’s are located behind the target, covering
a polar angular range of 0° < ¥ <11° for both fragments and
protons. Behind the dispersing ALADIN dipole magnet, the
fragments could additionally be detected in two scintillation
fiber-trackers, and protons in two drift chambers. Time-of-
flight walls, consisting of plastic scintillators, were used to
detect fragments and protons with an almost 100 % detection
efficiency for both. The requirement of a proton multiplicity
equal to unity in this range of polar angles also led to an
elimination of the diffraction dissociation component (see
Fig. 1).

Two sources of background have been considered: (i) reac-
tions stemming from the beam interacting with materials out-
side the target, which was determined in an empty target run,
(ii) reactions with excitation of bound states in 130, which
decay by y-ray emission.

All experimental data were corrected for geometrical
acceptance and detection efficiency. The given uncertainties
are statistical. Systematic errors, due to uncertainties in tar-
get thickness and detection efficiencies of the protons and
the 1°0 fragments, are of the order 2—-3%. In the case when
2p detection in the Crystal Ball is required, the systematic
uncertainty of the proton detection efficiency is about 6%
[20,21].

3 Relative-energy spectra

Measurements with the required p,,; = 2 (i.e., detecting 1O
plus two protons at forward angles as shown in Fig. 1(right))
[22] yielded a relative energy spectrum for the 2O + 2p
system which shows a broad distribution with a maximum
at about 4-5 MeV and several peaks at positions of excited
states in !’Ne (see Fig. 7 in Ref. [22]). The spectrum repre-
sents the diffraction dissociation of !”Ne plus the excitation
and decay of the '"Ne states. These reaction channels were
excluded in the present experiment by the request p,,;, = 1.
The relative energy spectrum for the >0 + p system, cal-
culated by Eq. 1 is the basic experimental quantity in the
present analysis.

Efp = [Pt + Pp| — My — my, (D

with ¢ = 1 and where Py (Pp) and My (my) are the 150 )
four-momenta and masses, respectively.

The experimental do/dEg, spectra obtained withp, ;= 1
are shown in Fig. 2 for the H target and in Fig. 3 for the
C target. The elimination of diffraction dissociation can be
achieved in two ways, either by detecting the knocked out
and the recoiled proton in the CB detector, or by requiring
a proton multiplicity of p,.;, = 1 in the forward-angle
detectors. But when measuring with a C-target, only the sec-
ond method can be used. The relative energy spectra for the
H target, are shown in Fig.2a and b. A slight reduction of the
cross sections is seen for the latter, but still within the experi-
mental uncertainty. The fact that the sum of the spectroscopic
factors in both cases are close to two, as expected for a two-
proton halo, shows the validity of the method. In the case
of C target, the spectroscopic factor can only be obtained by
requiring p,,;; = 1, as shown in Fig. 3a. Measurements
with additional registration of two protons in the CB have
shown that proton disruption from the target nucleus cannot
be neglected, as shown in Fig. 3b.

In this experiment, only coincidences with protons were
used. However, the cross-sections in Fig. 3b, as well as in
Table 1 for the C target, additionally take into account the
contribution of neutron knockout from the target by using
the ratio of total cross-sections Ry/p = oOnp/0pp = 1.09
for a proton energy of 500 MeV [23]. This Ry, value is
close to the experimental ratio R/, = 1.06(13) obtained in
2c12¢, 2p ''B) and 2C(*2C, pn ''B) at 398 MeV/u [3].

The resonances in the experimental spectra were analysed,
assuming Breit-Wigner shaped resonances with energy-
dependent resonance widths. The contributions of the Coulomb

forces were taken into account by using '>O-p regular and
irregular Coulomb wave functions. The fitting functions were
smoothed by the R3B/LAND detectors response obtained by
Monte Carlo simulation using R3BRoot [24]. The integrals

@ Springer
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Fig. 2 Relative energy spectra in > O+p after knocking out a proton
from !"Ne in a H target. The curves show the results of a fit to the data
using Breit-Wigner shaped resonances. a Data obtained by registering
only the proton and '>O fragment, which are the decay products of '°F
(x3/N = 1.21). b Measurements were made with additional registration
of two protons in CB (X2/N =0.79)
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Fig. 3 Relative energy spectra in >0 + p after knocking out a proton
from !7Ne in a C target. The curves show the results of a fit using Breit-
Wigner shaped resonances. a Data obtained by registering only the
proton and 1O fragment, which are the decay products of '°F (x?/N =
1.65). b Measurements were made with additional registration of two
protons in CB (x?/N = 0.69)

of fitting function in the region 0 < Ef, < 10 MeV were
normalised to unity.

Four resonances are known in the energy region 0 < Eg, <
2 MeV: 'F(0~) and 'F(17), populated after proton knock-
out from the 1s shell, and '°F(27) and 16F(3’) populated
after proton knockout from the Ods > shell. The positions and
widths of these four resonances were taken from Ref. [25]
and kept fixed during the fitting procedure. Only the cross
sections 0g; = 0(07) 4+ o(17), 023 = 0(27) 4+ 0(37) were
used as fitting parameters. The ratios of the cross-sections
0(07)/0o(17) and 6(27)/0(37) were assumed to be 21 + 1
ratios, as was used for the !°F resonant states in Ref. [26]. In
the case of the C target, with the requirement of 2p detected in
the CB, only the total cross-sections oo + 023 were used as
fitting parameters with the same ratio 01 /0723 as in the case

@ Springer

without CB. The resulting ratio of cross sections with and
without 2p detection in the CB can be interpreted in such
a way that proton knockout from !"Ne is accompanied by
nucleon ejection from the C target for 69.8(23)% of events.
Note, that knocking out an x-particle can also be a significant
process.

Fitting of the energy spectra was performed using MINUIT,
asystem for function minimisation and analysis of the param-
eter errors and correlations [27]. The results from the fits
are given in Table 1. The key quantity in the interpretation
of the experimental cross sections are the calculated single-
particle cross sections Oy, corresponding to one proton on the
shell. !

The calculation of oy, was performed to describe the
knockout of one proton from !”Ne under the assumption that
I6F remains in a resonant state that decays with the emission
of a proton. The eikonal formalisms described in Ref. [28]
and Ref. [29,30] were used for hydrogen and carbon targets,
respectively.

The single-particle wave functions of a bound state were
obtained using the nuclear potential with a Woods-Saxon
shape plus a spin-orbit interaction, reproducing the effective
binding energy of the nucleon. The potential parameters were
the same in both calculations. The matter density parameters
for '”Ne and '>C were based on systematics of experimen-
tal data given in Ref. [31]. The same density distribution for
7Ne was used in both calculations. The calculation of the
elastic scattering amplitudes using the eikonal wave func-
tions was based on the parameterization of the elastic scat-
tering nucleon-nucleon cross-sections given in Ref. [23]. In
both cases, the modification of the interaction of colliding
protons in nuclear matter was taken into account. The (p, 2p)
reaction model [28] explicitly takes into account the absorp-
tion of the incoming and outgoing proton due to multiple
scattering effects inside '"Ne. The possibility of nucleons
being knocked out of the target nucleus was not considered.
The calculated cross sections and the obtained spectroscopic
factors are given in Table 1.

The sum of spectroscopic factors obtained in the
'H('"Ne,> O + p) reaction is 2.08(10), whereas in the
12C(17Ne, !> O + p) reaction it is 1.502(35), which is 28(5)%
less. The reason for the decrease in the value of the spectro-
scopic factor could be dissipative mechanisms acting in the
final state of the reaction products. Signs of such processes
can be observed in the longitudinal momentum distribution
of the remnant nucleus and in correlations between detached
nucleons.

I The 0Op values serve to convert the measured partial cross sections to
experimental spectroscopic factors C2S = Oexp/ Osp. With this defini-
tion, C2S can be interpreted as the effective number of nucleons in an
orbit.
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Table 1 Cross sections for population of resonances in 16F (07 )+0(17) and 0(27)+0(37), theoretical single-particle cross sections ogp and
spectroscopic factors C2S for 0 @ 7t(1s)? and O ® 7(0ds /2)2 configurations in '"Ne(g.s)

Mode Resonances Oexp Osp C2s
mb mb
Hydrogen target
Prnult 1 16R@0—, 17) 8.61 (77) 11.65 0.739 (66)
1oRp(2—,37) 12.30 (76) 9.16 1.343 (83)
Sum of C2S 2.08 (10)
2p in CB 16R0~, 17) 7.63 (65) 11.65 0.655 (56)
16R(2-,37) 10.54 (67) 9.16 1.151(73)
Sum of C2S 1.806 (92)
Carbon target
Pt = 1 16R@0—, 17) 22.73 (91) 46.06 0.493 (20)
16p(2—,37) 31.10 (90) 30.80 1.009 (29)
Sum of C2S 1.502 (35)
2p in CB 16R©0~, 1) 15.86 (82) No theoretical
16R(2—,37) 21.71 (95) description yet
4 Longitudinal-momentum distributions xl x10 bl
12
The analysis of the longitudinal-momentum distribution for o 2 0
16F was used to check the applicability of the eikonal the- E E
ory. It has been noted [29] that the longitudinal distribu- E g 8
tion of the remnant gives the most direct information about a8 S 6f
single-particle properties, since it is insensitive to collision 2 % al
details and target size, in contrast to the transverse distribu- < ~
tion, which is distorted by diffraction effects and Coulomb A i 2k
& 5 >

scattering. The maximum of the longitudinal distribution is
observed at 17.310(50) GeV/c corresponding to 495.9(2.3)
MeV/u for the '°F energy. This value is, within statistical
errors, equal to the projectile energy after the target of 494.6
MeV/u. The calculated momentum distributions were used
to describe the measured distributions, see Fig. 4a for the
H target (x*>/N = 32.4/33) and Fig. 4b for carbon target
(x?/N = 174/49). In the x? analysis [32], the p-value is the
probability of getting x> greater than that obtained in the fit-
ting, and indicates whether the experimental data support the
hypothesis being applied. The p-value is 0.5 for data acquired
with the H target, but is 6.7-10~ 10 for the C target. This indi-
cates a strong violation of the eikonal approximation in the
case of the C target. The eikonal model predicts a symmetric
distribution of the longitudinal momentum.

An asymmetry in the longitudinal momentum distribution
is observed in many experiments, but only for complex (non-
hydrogen) targets and for beam energies below 100 MeV/u
[33-39]. Such asymmetric distributions can arise in the case
of diffraction dissociation of weakly bound systems [34] or,
when the projectile energy per nucleon is comparable in mag-
nitude to the nucleon separation energy, due to the interac-
tion of the emitted nucleon with the target in the final state

172 174 176
pz, GeV/c

17.0

172 174 176
pz, GeVic

17.0

Fig. 4 Longitudinal-momentum distributions for '°F: a from the
hydrogen target and b from the carbon target. The momentum distri-
butions were obtained in the energy window 0 < Eg, < 2. The results
of the fitting are shown as smooth lines (X2 /N = 0.98 for (a) and
x%/N = 3.55 for (b))

[39]. Asymmetry in the longitudinal momentum distribution
at 500 MeV/u beam energy with detected events only from
the knockout reaction is observed for the first time. The ejec-
tion of nucleons from the target with a relative intensity of
~ 70% can be the cause of the asymmetry in the longitu-
dinal momentum distribution. However, the effects of target
fragmentation, which can significantly change the derived
spectroscopic factors, have not yet been taken into account
in theoretical models.

5 Correlations between protons stripped from
projectile and target nuclei

Additional information on the reaction mechanisms was
obtained by comparing the correlations between the proton

@ Springer
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Fig. 5 Density of registered events, depending on the angle between
the momentum vectors of protons registered in the Crystal Ball (x)
and the difference in their azimuthal angles (Agp = |¢1 — ¢2]). a
12C(17Ne, 2p), b 'H("Ne, 2p). The density is given in arbitrary units.
The distributions are normalised to the same integral. The red curves
are drawn using Eq. 2 and assuming 91 = ¥ = 41.6°. The right-hand
colour scale shows the density of events in relative units

knocked out of !"Ne and the recoil proton from H target
with the correlations between protons knocked out simulta-
neously from '"Ne and C target. The density of registered
events as a function of opening angle and the difference in
their azimuthal angles (Agp = |@1 —¢2|) are shown in Fig. 5a
and b for the C and H targets, respectively. The opening angle
(x), i.e. the angle between the directions of flight of the two
protons, was calculated from:

cos & = sin ¥ sin &, cos Ag + cos V| cos By 2)

The two-dimensional distributions in Fig. 5 show a maxi-
mum at « = 83.2° and Ag = 180°. This coincides with the
position of the maximum in do/d« for elastic scattering of
protons at an energy of 500 MeV in the laboratory system (see
Appendix). A characteristic feature of the two-dimensional
distribution in Fig. 5a is the wings that are spreading out
from & = 83.2° and Agp = 180° in two directions Ag = 0°
and Agp = 360° towards o« = 0°. The wings extend along
the curve calculated by using Eq. 2 with %; = 3, = 41.6°.
Thus, in the case of a C target, there is a probability that both
knocked-out nucleons fly almost in the same direction, close
to 40° relative to the beam.

According to Eq. 2, the appearance of the wings could be
naturally explained as an effect of poor experimental resolu-
tion of the azimuth angle. However, the wings are essentially
absent for the H target, as can be seen in Fig. 5b, which rules
out such a simple explanation, since the A¢ resolution is
the same for both targets. Another explanation for the wings
could be that they are a consequence of internal momentum
distribution of nucleons in the target nucleus, but the equal-
ity of the angles 9| ~ ¥,, combined with certain probability
that both protons are flying in the same direction, needs to
be explained. The interaction of reaction products in the final
state can also be considered as a possible cause.

@ Springer

The wings effect can reduce the survivability of the 130
core due to rescattering of both stripped protons inside the
nuclear matter of the projectile and, therefore, reduce the
spectroscopic factor. Finding an explanation for the observed
phenomenon is a challenging task.

6 Summary

In summary, we have investigated the mechanism of the
single proton removal from !"Ne in the different reac-
tions by selecting only the one-proton knockout com-
ponent: 2C(1"Ne, '®F)X, >C(!"Ne, 2p 'F)X and
"H(""Ne, 2p '°F). The experiment shows that the mech-
anism of knocking out a valence proton from !”Ne incident
on a carbon target leads to simultaneous nucleon knockout
from the target with a 70% probability.

Unexpected is the effect when both knocked-out nucleons
fly, with a certain probability, in the same direction, increas-
ing the importance of secondary processes in the projectile
and thereby decreasing the probability of core-nucleus sur-
vival. The obtained spectroscopic factor of proton knockout
from the !”Ne proton on the H target is 2.08 (10). Within sta-
tistical uncertainty, this is equal to 2, as expected for a nucleus
with a two-proton halo. However, this value decreases to
1.502 (35) for the C target, which indicates the importance
of accounting for nucleons knocked-out of the target in the
theoretical description of the process. The existing computer
codes use nucleon-nucleon cross sections and experimental
values of the density parameters. The cluster structure of the
target nucleus is not taken into account.

Let us finally make some remarks about the importance
of these results for experiments at future facilities with ultra-
relativistic ion-beam energies. It is clearly demonstrated that
in complex target reactions, the interaction between nucle-
ons in the beam and target perturbs the reliability of structure
information. Modern developments of technique of making
pure H targets is very advanced today. This, together with
existing theory [28], makes us believe that in future experi-
ments like QFS, hydrogen will certainly be the target material
of choice. However, the very understanding consequences of
simultaneous knocking nucleons out of a projectile and out
of a complex target is also an attractive and important goal.
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7 Appendix

It is interesting to compare the proton-proton correlations
after proton knockout from the '"Ne proton halo with the
correlations in elastic scattering of protons in the labora-
tory coordinate system. The differential cross section in the
center-of-mass system at an energy of about 500 MeV is close
to isotropic [40], and the calculations shown in Fig. 6 were
performed assuming an isotropic cross section. Figure 6 a dis-
plays 9 as function of &,. The non-relativistic case is shown
as a dotted line. The greatest deviation from non-relativistic
calculations is observed at ¥; = ¥, = 41.6°. In the case of
proton-proton scattering, the angle between flight direction
of scattered and recoiled protons o« = 91 + 9, while differ-
ence in azimuth angles A = @1 — ¢; is equal to 180°. The
maximum in do/dx goes to infinity at x = 83.2°, where
the scattering angles are equal, as shown in Fig. 6b. Such
coequality of angles at A¢p =180° is observed in the exper-

80 a b
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S Lo 310
2T 4 IS
20 4146"5 10
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Fig. 6 Correlations between recoil and scattered protons in elastic
proton-proton scattering. a The dependence of the emission angle of
one proton on the emission angle of another proton. The result for non-
relativistic kinematics is shown as a dotted line. b Differential cross
section of elastic scattering do/d o« as a function of the angle between
the flight directions of protons «. do/d x goes to infinity at « = 83.2°

iment when a proton is knocked-out of the halo (see solid
lines in Fig. 5a, b).
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