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Quasi-free scattering in inverse kinematics 
with high-energy radioactive beams

Quasi-free knockout reactions
(p,2p), (p,pn), (p,2p,n), (p,pd), (p,pa), (p,2p)fission, …
• Evolution of shell structure 
• States beyond the neutron drip-line
• Nucleon-nucleon correlations

(short-range tensor correlations)
• Cluster structure
• Fission barriers

state have been exchanged and this leads to the exchange of
the final (or initial) orbital labels j, m and j0, m0. Because
this process reflects a cancellation of the lowering of the
SPE, the contribution from Fig. 3(d) has to be repulsive for
two neutrons. Finally, we can rewrite Fig. 3(d) as the FM
3N force of Fig. 3(e), where the middle nucleon is summed
over core nucleons. The importance of the cancellation
between Figs. 3(a) and 3(e) was recognized for nuclear
matter in Ref. [21].

The process in Fig. 3(d) corresponds to a two-valence-
neutron monopole interaction, schematically illustrated in
Fig. 4(d). The resulting SPE evolution is shown in Fig. 2(c)

for the G matrix formalism, where a standard pion-N-!
coupling [22] was used and all 3N diagrams of the same
order as Fig. 3(d) are included. We observe that the repul-
sive FM 3N contributions become significant with increas-
ing N and the resulting SPE structure is similar to that of
phenomenological forces, where the d3=2 orbital remains
high. Next, we calculate the SPEs from chiral low-
momentum interactions Vlow k, including the changes due

to the leading (N2LO) 3N forces in chiral EFT [23], see
Figs. 3(f)– 3(h). We consider also the SPEs where 3N-force
contributions are only due to ! excitations [24]. The lead-
ing chiral 3N forces include the long-range two-pion-
exchange part, Fig. 3(f), which takes into account the
excitation to a ! and other resonances, plus shorter-range
3N interactions, Figs. 3(g) and 3(h), that have been con-
strained in few-nucleon systems [25]. The resulting SPEs
in Fig. 2(d) demonstrate that the long-range contributions
due to ! excitations dominate the changes in the SPE
evolution and the effects of shorter-range 3N interactions
are smaller. We point out that 3N forces play a key role for
the magic number N ¼ 14 between d5=2 and s1=2 [26], and
that they enlarge theN ¼ 16 gap between s1=2 and d3=2 [5].
The contributions from Figs. 3(f)– 3(h) (plus all ex-

change terms) to the monopole components take into ac-
count the normal-ordered two-body parts of 3N forces,
where one of the nucleons is summed over all nucleons
in the core. This is also motivated by recent coupled-cluster
calculations [27], where residual 3N forces between three
valence states were found to be small. In addition, the
effects of 3N forces among three valence neutrons should
be generally weaker due to the Pauli principle.
Finally, we take into account many-body correlations by

diagonalization in the valence space. The resulting ground-
state energies of the oxygen isotopes are presented in
Fig. 4. Figure 4(a) (based on phenomenological forces)
implies that many-body correlations do not change our
picture developed from the SPEs: The energy decreases
to N ¼ 16, but the d3=2 neutrons added out to N ¼ 20

FIG. 3 (color online). Processes involving 3N contributions.
The external lines are valence neutrons. The dashed and thick
lines denote pions and ! excitations, respectively. Nucleon-hole
lines are indicated by downward arrows. The leading chiral 3N
forces include the long-range two-pion-exchange parts, diagram
(f), which take into account the excitation to a ! and other
resonances, plus shorter-range one-pion exchange, diagram (g),
and 3N contact interactions, diagram (h).
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FIG. 4 (color online). Ground-state energies of oxygen isotopes measured from 16O, including experimental values of the bound 16–
24 O. Energies obtained from (a) phenomenological forces SDPF-M [13] and USD-B [14], (b) a Gmatrix and including FM 3N forces
due to ! excitations, and (c) from low-momentum interactions Vlow k and including chiral EFT 3N interactions at N2LO as well as only
due to ! excitations [25]. The changes due to 3N forces based on ! excitations are highlighted by the shaded areas. (d) Schematic
illustration of a two-valence-neutron interaction generated by 3N forces with a nucleon in the 16O core.
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FIG. 1. Upper panel: Momentum profile for the 6He+n sys-
tem after one-neutron knockout from 8He. The solid line
shows the calculated p-wave momentum profile. The arrow
indicates position of 3/2� resonance in 7He. Lower panel:
Relative-energy spectrum for 6He+n [2]. The solid line is the
result of an R-matrix fit to the data folded with the experi-
mental resolution [2].

(lower panel). The experimental momentum profile is
shown in the upper panel together with calculations for
di⇥erent l-values. The solid curve shows the shape calcu-
lated with the relative contributions from s- and p-waves
as determined from the fit to the Efn spectrum [1].

The conclusion so far is thus that the shape of mo-
mentum profile allows a qualitative model-independent
analysis of the experimental data revealing contributions
from di⇥erent angular momenta. With this in mind the
next step is to apply this method of analysis to 13Be, a
case where there are still many open questions in the un-
derstanding of its structure. Before applying the momen-
tum profile analysis to the one-neutron knockout data
from 14Be a short summary of the current literature on
13Be is given.

There are three recent data sets for the unbound 13Be
system with di⇥erent interpretations of its ground-state
structure. From the data obtained at GANIL [4] it is
interpreted as a Breit-Wigner l=0 resonance, from the
one-neutron knockout data from 14Be, measured at GSI,
as a virtual s-state [5], and, finally, it is interpreted as a
l=1 resonance from data obtained at RIKEN [6].

A major problem in interpretation originates in the
complex structure of neutron-rich beryllium isotopes. It
was enunciated already in 1976 that several observed
properties of the T=2, I� = 0+ states of A = 12 nu-
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FIG. 2. Upper panel: Momentum profile of 9Li+n system
after one-neutron knockout from 11Li. The arrows indicate
the position of the virtual state and the p-wave resonance in
10Li. The calculated s-(dashed), p-(dotted) and d-wave( dash-
dotted) momentum profiles are shown together with a solid
line determined from the s to p ratio derived from the data
in the lower panel. Lower panel: Relative-energy spectrum
for 9Li+n [1]. The di�erent contributions from a R-matrix
fit to the data, folded with the experimental resolution, are
shown as dashed (virtual s-state) and dotted (p-wave reso-
nance) lines with a solid line as their sum).

clei favor a model of the 12Be ground-state wavefunction
in which only small fractions of the states belong to the
lowest shell-model configuration [7], according to

12Be(g.s.) = �[10Be⇥ (1s1/2)
2] +

⇥[10Be⇥ (0p1/2)
2] + ⇤[10Be⇥ (0d5/2)

2]. (1)

Here 10Be forms an inert core with a closed 0p3/2 neu-
tron shell. This conjecture has actually been confirmed
in a series of recent experiments [8–12]. In Ref. [8] it
was found that N = 8 is not a good closed shell for 12Be
since it contains a major (s2 � d2) intruder configura-
tion. This breakdown of the N=8 shell is also expected
theoretically [13–19].

Single- or multi-nucleon transfer-reaction experiments
have revealed excited states at about 2 and 5 MeV above
the neutron-emission threshold in 13Be [20–23]. These
two states are narrow with widths �1 = 0.3(2) MeV and
�2 = 0.4(2) MeV, respectively [21], with the 2 MeV
state assigned to have I� = 5/2+. There are, how-
ever, two 5/2+ states expected for 13Be [24]. The lowest
(5/2+1 ) is predicted to contain a large component with
single-particle structure [12Be(0+1 ) ⇥ (0d5/2)] while the
second (5/2+2 ) state should contain a large contribution

GSI 17Ne
T. Neff

T. Otsuka et al.
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Deviation from the independent-particle picture:

Correlations: Configuration mixing, 

Coupling to collective phonons 

Short-range and tensor correlations 

→ high momenta

→ fragmentation / reduction of single-particle strength 

(occupations, spectroscopic factors)

Reminder: single-particle structure and correlations 
(e,e’p) and (p,2p) knockout reactions for stable nuclei

Ingo 
Sick
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One-nucleon removal cross sections 
‘Quenching’ for deeply-bound valence nucleons in
neutron-proton asymmetric nuclei ?

strongly bound 
nucleons

?

Origin unclear

?

Figure from Alexandra Gade, Phys. Rev. C 77, 044306 (2008)

weakly bound 
nucleons
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Experimental setup: LAND/R3B@GSI

φ1

θ1

θ2

NaI crystal

NaI crystal

-162 20cm long 
NaI(Tl) crystals

-4p gammas 

-2p light particles

- Six DSSDs for tracking 

- resolution: Dx ~ 100 µm

bea
m

Ebeam

~ 400 AMeV



October 2020 |  T. Aumann | TU Darmstadt & GSI | GSI Detector Lab Workshop | 5

V. Panin et al. / Physics Letters B 753 (2016) 204–210 207

Fig. 2. Angular distributions of two outgoing protons observed for the hydrogen component of the target (CH2 - C - ET) in coincidence with 11B and 10B +n in the final state. 
The coordinate system is defined relative to the direction of the incoming beam (polar axis). Correlations between polar (ϑ ) and azimuthal (ϕ) angles in coincidence with 
outgoing 11B are shown in frames (a) and (b), respectively, where the solid black lines indicate the result of the kinematical simulation, assuming 15.957 MeV separation 
energy and zero internal momentum for protons in 12C. Frames (c) and (d) display angular distributions (see text for details) for 11B (filled red circles) and 10B + n (empty 
blue circles) in the final state, which are compared to kinematical simulations for each final state (red and blue solid lines, respectively). Only statistical errors are shown. 
The 10B + n cross section data are scaled by the indicated factors for a better representation. (For interpretation of the references to color in this figure legend, the reader is 
referred to the web version of this article.)

kinematics. The model is similar to those adopted for knockout 
reactions with heavy ions [27] (more details can be found in 
Ref. [12]). The experimental data are in a good agreement with 
the theoretical calculations.

The total and partial cross sections measured for the 12C(p,

2p)11B reaction were efficiency corrected using the R3BRoot simu-
lations [28] based on the FairRoot [29] platform, which included 
a complete description of the experimental setup. The adopted 
QFS kinematical code [13] has been used as an event generator 
for (p, 2p) reactions, assuming isotropic center-of-mass proton–
proton scattering. The CB response for the γ -rays, corresponding 
to the decay of the 0p-hole excited states at 2.125 MeV (1/2−) and 
5.02 MeV (3/2−) in 11B, was determined through R3BRoot simu-
lations, which included the simultaneous two-proton hits in the 
detector. An identical analysis procedure, as the one applied to the 
experimental data, was carried out with the simulated data. The 
simulated total two-proton detection efficiency in the CB was esti-
mated to be around 62%. The variation of the two-proton efficiency 
due to the change in the kinematics for different final states and 
due to the presence of associated γ -rays was estimated to be less 
than 1%. The experimental γ -ray spectrum originating from the 
12C(p, 2p)11B reaction was obtained through Doppler correction of 
the measured γ -ray energies in the CB. Carbon and empty target 
data were subtracted from the γ -spectrum measured with the CH2
target in order to extract the H2 contribution. Two-proton coinci-
dence in the CB and an outgoing 11B fragment were required in 
every case. The resulting spectrum contains two peaks, which can 
be attributed to the 2.125 MeV (1/2−) and 5.02 MeV (3/2−) ex-
cited states in 11B. The experimental energy resolution for the full 
absorption peak is σE/E ≈ 10% which is mainly due to given solid 

angles of individual CB crystals (≈77 msr/crystal). The final spec-
trum was fitted by the simulated response for each excited state 
and by the simulated background from two-proton hits in the CB, 
as shown in the inset in Fig. 4 . Thus, partial cross sections of QFS 
knockout were determined for each excited state. The cross section 
to the ground state (3/2−) of 11B was then calculated by sub-
tracting the cross sections to the two excited final states from the 
total cross section of 19.2(18stat)(12sys) mb for the 12C(p, 2p)11B
reaction. The results are summarized in Table 1 and compared 
to the theoretical (p, 2p) SP cross sections, σth, calculated in the 
eikonal formalism [12]. The resulting spectroscopic factors, defined 
as the ratio of the experimental to theoretical SP cross sections, are 
given in the fourth column of Table 1 for each final state and are 
compared to those derived from other experiments including the 
12C(p, 2p)11B measurement in direct kinematics [30], the results 
from (e, e′ p) [31], and the (d, 3He) [32] experiment with 12C. Over-
all a very good agreement, not only for the relative, but also for the 
absolute spectroscopic factors, has been found. In total, around 65% 
of the expected 0p SP strength is found to be distributed among 
the three observed final states.

A detailed spectroscopic analysis of the deep-shell knockout 
cases, leading to unbound final states, is out of the scope of the 
present Letter and is only briefly discussed here to demonstrate 
the full potential of the proposed method. Due to the insufficient 
acceptance and limited multi-hit capabilities of the setup, only 
three two-body decay channels of 11B were analyzed: 10B + n, 
9Be + 2H and 7Li + 4 He, although a large number of events with 
three and more particles in the final state were also observed. 
Such many-body decays can be essential to understand the frag-
mentation mechanism of the 0s-hole state in 11B, as suggested by 
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Fig. 3. Correlations of two-proton angular measurements in 12C(p, 2p)11B reactions with transverse (left) and total (right) recoil momentum of 11B in the rest frame of 
the incident 12C. Bottom plots display the corresponding momentum distributions (circles) together with theoretical calculations (curves) for 0p-shell QFS knockout which 
take into account nuclear absorption effects (see text). The theoretical curves are normalized to the experimental data with the scaling factor of 0.64. As one can see, the 
coplanar angles correlate strongly with the transverse momentum, while the opening angle shows a dependence on the total internal momentum of the knocked-out proton 
as expected from the QFS kinematics due to energy conservation. All data are shown after subtraction of carbon and empty target contribution from the CH2 data.

Fig. 4. Excitation spectrum of 11B resulting from the 12C(p, 2p)11B reaction. The 
left part of the spectrum (red filled bars) is reconstructed via γ -ray measurements 
(shown in the inset) of the excited bound states of 11B as discussed in the text. 
The heights of the bars correspond to the integrated cross sections associated with 
the γ -decays (scaled down by a factor of 20). The right part of the spectrum (sep-
arated by the dashed line) shows the neutron breakup measurements (blue filled 
area) and the total reconstructed two-body breakup spectrum (blue filled circles). 
For a comparison the data from an inclusive (p, 2p) measurement [7] (dash-dotted 
line) is shown with an arbitrary scaling factor (see text). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)

Yosoi et al. [7]. For instance, triton decay 11B → (3H + 4He + 4He)
has a rather low threshold energy of 11.2 MeV and is expected to 
strongly compete or even to be a dominant process in the 2-body 
decay region and especially above 20 MeV. On the other hand, tri-
ton decay from the doorway 11B (0s-hole) states is predicted to be 
significantly enhanced compared to statistical model calculations, 
thus reflecting the aspect of the 0s-hole spatial symmetry that fol-
lows from the microscopic cluster model [33].

The reconstruction of the neutron-breakup channel proceeded 
through simultaneous measurements of two-proton events in the 
CB, outgoing 10B nuclei in the fragment arm, and single-neutron 
events in the LAND detector. The time-of-flight and position infor-
mation from LAND was used to reconstruct the neutron velocity, 
momentum and angle. The relative angle between 10B and the 
neutron was calculated event-by-event and the invariant mass of 
the initial 11B was reconstructed. A simulation with the code LEG5 
[34] has been performed in order to estimate acceptance and effi-
ciency for single-neutron detection in LAND, which has been used 
to correct the reconstructed excitation-energy spectrum of the 11B 
nucleus in the continuum. The result, after subtraction of the con-
tribution from carbon-induced reactions and from empty-target 
run, is shown in Fig. 4 as the blue-hatched histogram. In a similar 
manner the excitation spectra from 9Be + 2H and 7Li + 4He de-
cay channels have been reconstructed via the invariant-mass tech-
nique, utilizing the tracking information from the charged-particle 
detectors downstream of the target.

The resulting total excitation spectrum, comprising the above 
mentioned breakup channels, is shown in Fig. 4 as blue filled cir-
cles. In the same figure, the shape of the 0s-hole spectrum is 
compared to the data obtained in high-resolution (p, 2p) measure-

12C beam at 400 MeV/u: 12C(p,2p)11B*

Angular correlations and (fragment) momentum distributions

V. Panin et al., Phys. Lett. B 753 (2016) 204 
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Fig. 3. Correlations of two-proton angular measurements in 12C(p, 2p)11B reactions with transverse (left) and total (right) recoil momentum of 11B in the rest frame of 
the incident 12C. Bottom plots display the corresponding momentum distributions (circles) together with theoretical calculations (curves) for 0p-shell QFS knockout which 
take into account nuclear absorption effects (see text). The theoretical curves are normalized to the experimental data with the scaling factor of 0.64. As one can see, the 
coplanar angles correlate strongly with the transverse momentum, while the opening angle shows a dependence on the total internal momentum of the knocked-out proton 
as expected from the QFS kinematics due to energy conservation. All data are shown after subtraction of carbon and empty target contribution from the CH2 data.

Fig. 4. Excitation spectrum of 11B resulting from the 12C(p, 2p)11B reaction. The 
left part of the spectrum (red filled bars) is reconstructed via γ -ray measurements 
(shown in the inset) of the excited bound states of 11B as discussed in the text. 
The heights of the bars correspond to the integrated cross sections associated with 
the γ -decays (scaled down by a factor of 20). The right part of the spectrum (sep-
arated by the dashed line) shows the neutron breakup measurements (blue filled 
area) and the total reconstructed two-body breakup spectrum (blue filled circles). 
For a comparison the data from an inclusive (p, 2p) measurement [7] (dash-dotted 
line) is shown with an arbitrary scaling factor (see text). (For interpretation of the 
references to color in this figure legend, the reader is referred to the web version of 
this article.)

Yosoi et al. [7]. For instance, triton decay 11B → (3H + 4He + 4He)
has a rather low threshold energy of 11.2 MeV and is expected to 
strongly compete or even to be a dominant process in the 2-body 
decay region and especially above 20 MeV. On the other hand, tri-
ton decay from the doorway 11B (0s-hole) states is predicted to be 
significantly enhanced compared to statistical model calculations, 
thus reflecting the aspect of the 0s-hole spatial symmetry that fol-
lows from the microscopic cluster model [33].

The reconstruction of the neutron-breakup channel proceeded 
through simultaneous measurements of two-proton events in the 
CB, outgoing 10B nuclei in the fragment arm, and single-neutron 
events in the LAND detector. The time-of-flight and position infor-
mation from LAND was used to reconstruct the neutron velocity, 
momentum and angle. The relative angle between 10B and the 
neutron was calculated event-by-event and the invariant mass of 
the initial 11B was reconstructed. A simulation with the code LEG5 
[34] has been performed in order to estimate acceptance and effi-
ciency for single-neutron detection in LAND, which has been used 
to correct the reconstructed excitation-energy spectrum of the 11B 
nucleus in the continuum. The result, after subtraction of the con-
tribution from carbon-induced reactions and from empty-target 
run, is shown in Fig. 4 as the blue-hatched histogram. In a similar 
manner the excitation spectra from 9Be + 2H and 7Li + 4He de-
cay channels have been reconstructed via the invariant-mass tech-
nique, utilizing the tracking information from the charged-particle 
detectors downstream of the target.

The resulting total excitation spectrum, comprising the above 
mentioned breakup channels, is shown in Fig. 4 as blue filled cir-
cles. In the same figure, the shape of the 0s-hole spectrum is 
compared to the data obtained in high-resolution (p, 2p) measure-

V. Panin et al., Phys. Lett. B 753 (2016) 204 

Excitation-energy distribution
(hole states)

Bound states:
g spectroscopy

Unbound states:
invariant mass

12C(p,2p)11B* → (10B + n), (10Be + p), (7Li + 4He), ... 
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L. Atar et al. (R3B collaboration), PRL 120 (2018) 052501 

Ab initio theory 

(prediction !):

Carlo Barbieri

Self-consistent Green’s 

function with NNLO-sat:

Good radii and 

particle-hole gaps

Reduction factors from AO(p,2p)A-1N (bound states)

No strong 
asymmetry 
dependence 
observed 
in (p,2p) !!!

fragmentation of 3=2− strength, which is collected in one
single state. The experimental SF values for the states
discussed above are consistent with the results from (e, e0p)
data [41,42].
The measured inclusive cross sections for proton knock-

out are listed in Table I. Since only bound states of the
residual A−1N are detected, the results fluctuate with
changes of the separation energies along the isotopic chain
as a consequence of the very different nucleon separation
energies of the daughter nuclei. 16Oðp; 2pÞ15N has the
largest cross section since both knockout from 0p1=2 and
0p3=2 populate bound states in 15N. For the 15Oðp; 2pÞ14N
and 18Oðp; 2pÞ17N reactions, the 0p1=2 protons contribute
fully, but only part of the (fragmented) 0p3=2 strength is
below the continuum threshold. The case is similar for the
22O projectile, albeit with a larger contribution of the 0p3=2

proton strength due to the relatively large neutron separa-
tion energy of 4.59 MeVof the daughter nucleus 21N [39].
The case of 13Oðp; 2pÞ12N is at the other extreme, since the
knockout from the 0p1=2 orbit contributes only partially to
the cross section due to the very weakly bound protons in
12N (Sp ¼ 0.6 MeV [39]). The rest of the reaction channels
can be safely considered as arising from the full 0p1=2

proton knockout alone. Table I also gives the corresponding
theoretical cross sections, assuming the IPM occupation.
For the discussion of the reduction factor R, we concen-

trate on the aforementioned isotopes, where it is reasonable
to assume that the full 0p1=2 strength is collected in bound
states, while the 0p3=2 strength is exclusively located in the
continuum.We also include the one exception for 16O, where
also the 0p3=2 hole states are bound. We exclude cases where
the 0p3=2 strength is located close to the particle separation
threshold and is fragmented. Such a selection is possible
since the structure of the produced nuclei is known and, in
addition, the γ spectra of the final states were analyzed. For
the selected cases, we can then compare the measured cross
sections directly to the theoretical ones based on the IPM
without the need for additional theoretical structure input,
which would complicate the discussion on the asymmetry
dependence.
The resultingR values are summarized in the last column

of Table I and are displayed in Fig. 4 as a function of the
difference of g. s. separation energies ðSp − SnÞ as filled
circles and as a square for 16O, where the sum of 0p1=2 and
0p3=2 contributions is shown as discussed above. The error
bars represent the statistical uncertainty while the horizon-
tal square brackets indicate the total uncertainty including
the systematic errors. This allows a direct comparison of R
relative to each other without identical systematic uncer-
tainties. The data from this work show a fluctuation of R
around 0.66. The solid and dotted lines display fits with a
linear function and with a constant value resulting in a
reduced χ2 of 1.29 and 1.91, respectively. We conclude that

the data are consistent with weak or even no dependance of
the SP strength on the neutron-proton asymmetry. This
trend differs drastically from the result of one-nucleon
removal reactions at intermediate energies as compiled in
Ref. [13]. Note that R is the ratio of the experimental cross
section to the theoretical one based on the IPM, while the R
values of Ref. [13] are given relative to a particular SM
calculation. For the cases selected here, however, the
fragmentation is small and the sum of the SM SF values
reflects the sum-rule value given by the IPM. We estimated
the uncertainties of the calculated cross sections related to
possible variations of the input parameters within a rea-
sonable range (NN cross sections, densities, and SP wave
functions) to be less than 5%, i.e., significantly smaller than
the experimental uncertainties. Our conclusion agrees with
Ref. [16], where transfer data on 14O have been analyzed.
We note that our deduced reduction factor of 0.68(7) is in
very good agreement with the one of 0.73(10)(10), derived
from the 14Oðd; 3HeÞ transfer [16].
Furthermore, we have performed state-of-the-art ab initio

calculations of the proton-hole strength in 14;16;22O based on
the SCGF theory, using the third-order algebraic diagra-
matic construction approach [ADC(3)] [18,43]. This is the
method of choice for calculating the nuclear spectral
function and yields the most accurate SF results near
subshell closures. The theoretical SF can be sensitive to
particle-hole gaps and the density of states at the Fermi
surface [44]. Hence, we based our calculations on the
saturating chiral interaction NNLO-sat [45], which guar-
antees the best possible predictions of radii and gaps in this
region of the nuclear chart [46]. The resulting SF values
shown as blue triangles in Fig. 4 for proton removal to the
ground states of 13N and 21N and for summed p-shell states
in 15N are in reasonable agreement with the present
measurements, although they seem to overestimate the
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FIG. 4. Reduction factor R deduced from (p, 2p) cross sections
(circles and square) as a function of Sp − Sn compared to
theoretical SFs calculated with SCGF (triangles). The shaded
area indicates the trend from an analysis of intermediate-energy
one-nucleon removal cross sections.

PHYSICAL REVIEW LETTERS 120, 052501 (2018)

052501-5
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Nuclear Structure
17Ne: one-nucleon removal + (p,2p) knockout

Exclusive selection 
of knockout from 
‘halo’-states for the 
first time possible!

pre
lim

ina
ry!

16F (=15O+p) relative energy

Felix Wamers, PhD thesis, TU Darmstadt; (p,2p): Christopher Lehr, Master Thesis, TUDa 2017

First exclusive measurement of knockout of 
valence (halo) protons

→ s2/d2 configuration mixing 

(previous inclusive data not conclusive)
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17Ne (p,2p): 16F energy spectrum
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(a) 16F⇤ relative energy, C-target
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(b) 16F⇤ relative energy, H-target
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(c) 16F⇤ relative energy, H-target, p2p events

Figure 5.15: Fitted gamma subtracted 16F relative energy spectra for the C-target (a), the H-
target (b) and the H-target with cut on p2p events (c). The green curves belong
to the states populated by halo knockout from an s2 state, the blue ones to the
states populated by halo knockout from an d2 state and the purple ones to those
populated by knockout from core states.

By integrating the fitted individual contributions and dividing the weight of the s2 states by
the weight of all the halo knockout the s2 admixture to the 17Ne halo knockout cross section
is determined. For the C-target this leads to a s2-content of 47.53 ± 2.31stat ± 0.23s yst . For
the H-target a value of 40.46 ± 3.68stat ± 0.38s yst is obtained. The p2p events provide a s2-
content of 45.50 ± 3.97stat ± 0.03s yst . The systematic errors are calculated in the same way
as mentioned in 5.4.3. The results are also presented in table 5.4. Apparently the systematic
error for the p2p events is one order of magnitude smaller than for the C-target and the H-target
events without the gate on p2p events. This can be explained by the elimination of the errors
of the PDC efficiencies due to the cut on p2p events. As mentioned in Sec. 5.4.3 the correction
of misidentified events is not necessary due tu the exclusive selection of the reaction channel.
This cancels the influence of the PDC efficiencies in this fit. An overview over the individual
contributions to the total systematic errors can be found in table 5.5.

56

indicated by red arrows. From this it is deduced that there is a significant fraction of gamma
coincident events.

(a) Coincident gammas, C-target
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(b) Coincident gammas, H-target

Figure 5.13: Gamma energy spectra showing the gammas with the highest energy in coincidence
with 15O-p in forward direction. (a) shows the coincident gammas for the C-target,
while (b) shows the same for the H-target. The peaks correspond to the first four
excited states of 15O indicated by the red arrows.

To subtract this fraction the events corresponding to the peak in figure 5.13 and not to the
background does not necessarily need to be exclusively identified. Only a spectrum where the
gamma coincident events are definitely included needs to be determined. The subtraction is
done by subtracting a 16F⇤ relative energy spectrum, obtained for events with a gate on gamma
energies from 3 to 8 MeV and scaled by the inverse of the gamma efficiency of the Crystal Ball
(62% determined by F. Wamers [17]), from the unbiased 16F⇤ relative energy spectrum. The
resulting 16F relative energy spectrum is then just scaled back to the right amount of cross
section, however this it not necessary for the further analysis.
Just for illustration the gamma coincident relative energy spectrum can be determined by sub-
tracting the gamma corrected spectrum from the original unbiased 16F⇤ relative energy spec-
trum. The disadvantage is that this double subtraction produces high statistical errors. Anyhow
this spectrum is not needed for further analysis.
The gamma coincident fractions of the 16F⇤ relative energy spectra for the C-target (b), the
H-target (d) and the H-target (p2p) (f) resulting from this method are presented in the right
column of figure 5.14. The gamma corrected 16F relative energy spectra are presented in the
left column of figure 5.14, also for the C-target (a), the H-target (c) and the H-target with cut
on p2p events (e). The cut on p2p events is done because these are the cleanest events due to
exclusive selection. From this no restrictions result to the analysis, as no further cross section
informations will be extracted.
The 16F relative energy spectrum shows a big peak in the region from 0 to 2 Mev and a smaller
and broader one in the region from 4 to 7 MeV. The bigger one corresponds to the first four
continuum states of 16F (0.535 MeV (0�), 0.729 MeV (1�), 0.960 MeV (2�) and 1.256 MeV (3�)
[26]). The events in the region around 5 MeV belong to the next four higher lying resonance
states (4.293 MeV (1+), 4.405 MeV (2+), 4.907 MeV (3+) and 5.189 MeV (1+) [26]). In figure

53

Contribution with excited 15O 
core subtracted
Large fraction of cross section 
from non-halo proton knockout:
Previous interpretation of 
inclusive cross sections has 
to be revisited !!!

s2/d2 cross section ratio: 41(4)/59
Christopher Lehr, Master Thesis (TU Darmstadt), publication in prep.
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17Ne (p,2p): Momentum distributions
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Figure 5.19: 16F transverse momentum distributions from H-target induced halo-knockout p2p
reactions on 17Ne with set Proton trigger. (a) and (b) show the common fit of the
transverse momentum distribution projections. In (c) the fit of the total transverse
momentum is presented. The fits are colored in red, the contributing s- and d-
distributions in green and blue.

Fit s2-content of the halo knockout cross section in % Fit �2

Common x- and y-projection fit 40.01 ± 3.59stat ± 0.42s yst 0.44
total transverse momentum fit 46.24 ± 4.28stat ± 0.47s yst 0.94

Table 5.11: Results of the H-target (p2p) 16F transverse momentum distribution fits.
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Figure 5.19: 16F transverse momentum distributions from H-target induced halo-knockout p2p
reactions on 17Ne with set Proton trigger. (a) and (b) show the common fit of the
transverse momentum distribution projections. In (c) the fit of the total transverse
momentum is presented. The fits are colored in red, the contributing s- and d-
distributions in green and blue.

Fit s2-content of the halo knockout cross section in % Fit �2

Common x- and y-projection fit 40.01 ± 3.59stat ± 0.42s yst 0.44
total transverse momentum fit 46.24 ± 4.28stat ± 0.47s yst 0.94

Table 5.11: Results of the H-target (p2p) 16F transverse momentum distribution fits.
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Transverse momentum distribution for 15F low-lying s and d states 
(Halo contribution only)
Perfect description by Eikonal-based reaction theory (T.A., C. Bertulani, J. Ryckebusch)

s2/d2 cross section ratio: 42(4)/58
s2/d2 configuration ratio: 34(3)/66   

Christopher Lehr, Master Thesis (TU Darmstadt 2017), to be published
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Short-range correlations

~kF

A-1

pn
A-2

SRC: high relative and 
low c.m. momentum
compared to kF

Neutron excess, N/Z
1.0 1.2 1.4 1.6

0.6

1.0

1.4

1.8

Al/C Fe/C
Pb/C

JLAB
Nature 578, 540 (2020)
Nature 566, 354 (2019)
Nature 560, 617 (2018)
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Proposed Experiment at R3B

• 12C(p,2pN)10B/Be fully exclusive measurement
• Spectroscopy of the heavy fragment

RECOIL + DECAY NEUTRONS
FRAGMENTS
RECOIL + DECAY PROTONS

Anna Corsi
Or Hen
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Nuclei beyond dripline

Examples

GSI: 17Ne(p,pnn)15Ne    2 p beyond drip (Wamers et al.)
27F(p,2p)26O       2 n beyond drip (Caesar et al.)

RIBF: 31Ne(p,2p)30F     (Kahlbow et al., in prep.)
29F(p,2p)28O    (Kondo et al., in prep.)

(SAMURAI + NeuLAND)

Neutron states: 8He(p,pa)4n  → tetra neutron
6He(p,pa)2n → nn scattering length

  |   |  1

The Boundaries of the ‘‘Island of Inversion‘‘  
Are the Fluorine isotopes part of it?

Outline:
● Shell Structure and the Island of 

Inversion
● Experimental Setup SAMURAI 

at RIBF
● Neutron-Detection
● Invariant-Mass Spectroscopy 30F
● Complete Spectroscopy of 29F
● Comparison to Theory

  |   |  13

First Spectroscopy of 30F

30F ground state is
neutron-unbound by:

2no γ-ray coincidence found) 

Preliminary

30F
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Alpha Clusters at the surface of heavy nuclei
deduced from the position and angles measured at the focal plane. The coincident α particles

were detected at 60◦ by the large acceptance spectrometer (28) (LAS). The acceptance was

mainly determined by using a slit with a well-defined rectangular aperture at the entrance of

the Grand Raiden spectrometer. Each type of particle was identified in the corresponding focal-

plane detectors for the Grand Raiden and LAS instruments, as shown in Figure 2.

Grand Raiden  

Spectrometer 

proton detection

45.3 deg
60.0 deg

0 1 2 3 m

392 MeV proton beam  

from Ring Cyclotron

Sn target Large Acceptance 

Spectrometer 

α particle detection

Drift  
chambers

Plastic  
scintillators

Drift 
chambers

Plastic scintillators

Fig. 2. Schematic illustration of the experimental setup. A 392 MeV proton beam from the
ring cyclotron accelerator impinges on a tin target. Following a ASn(p, pα)A−4Cd reaction, a
scattered proton is detected by the focal-plane detectors, drift chambers, and plastic scintillators.
This was done after traversing the Grand Raiden spectrometer at an angle of 45.3 ◦ with respect
to the proton beam. A knocked-out α particle is detected by the focal-plane detectors behind
the LAS spectrometer at an angle of 60.0 ◦ with respect to the proton beam.
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Fig. 4. Missing-mass spectra for the α-knockout reactions, its isotopic dependence of the
(p, pα) cross sections, and a comparison with the theoretical calculations. A,112Sn; B,116Sn;
C,120Sn; and D,124Sn targets. The quantity on the y axis on the left (A ∼ D) is the differential
cross section dσ/dMX , while the quantity on the right (E ∼ G) is the number of counts per MeV
bin. The red lines represent the results of the fits with the Gaussians for the ground-state peaks
and the simulated shapes of the continuum. They include the experimental acceptances of the
momenta and the geometric cuts. E, Isotopic dependence of the cross sections as determined
experimentally (black points), and theoretically (red line). F, Dependence of the effective num-
ber of α clusters, Nα, on the mass number A of the tin nuclei in the calculation using the gRDF
approach (2) with the DD2 parameters (8). G, Ratios of the cross sections σ and Nα.
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RCNP

Junki Tanaka et al., submitted

→ at RIBF and R3B
(p,pa) for heavy a emitters


