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Observables related to EoS
of neutron-rich matter

Properties and reactions of neutron-rich nuclei related to neutron matter

Symmetry energy and slope:
- Neutron-skin thickness
- Dipole response: GDR centroid, Pygmy resonance -> dipole polarizability
- Quadrupole response: centroid of isovector GQR
- GMR (incompressibilty)
- …

Correlations:
- 3N force -> nuclear structure
- 3neutron force -> structure of n-rich nuclei (at and beyond drip),
- neutron systems (e.g. 4n)
- N-N tensor and short-range correlations -> quasi-free scattering (p,pn); (p,2p)
- Clustering -> quasi-free scattering (p,pa)
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A new era: FAIR

• Highest-intensity beams: 
Very neutron-rich heavy 
nuclei accessible

• Storage rings

• Novel instrumentation
• New experimental 

methods

Completion: 2025
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FAIR-Super-FRS

RIBF / FRIB

• High energies for unique separation 
and unique experiments

Facility U beam int. per spill 
at production target

previously at GSI 1x109

after the SIS18 upgrade at GSI 2x109

commissioning phase SIS100 2x1010

final full intensity with SIS100 3x1011
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High energy matters
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R3B Phase 1

F. Author et al. / Nuclear Instruments and Methods in Physics Research Section A 00 (2015) 1–21 2
























 





Figure 1: (color online) Shown is the start version of the R3B setup. The Radioactive Ion Beam (RIB) is entering the
experimental setup from the left. The here depicted setup shows the so called ‘high resolution mode’ concerning the
projectile (fragment) tracking. The first detector is a plastic scintillator which serves as a start for all time measure-
ments. This is followed by two Position Sensitive Pin (PSP) diodes to measure the energy loss as well as the position
(x and y) of the impinging ions. The reaction target is surrounded by the silicon tracker and CALIFA, for more details
see text. The last detecor in front of the magnet is a third PSP diode to determine the position and energy loss. The
neutrons pass the magnetic field undisturbed and leave the vacuum through the stainless steel ‘neutron window’ on
their way towards the NeuLAND detecor. The neutron cone from the target to NeuLAND is indicated in light blue.
The fragments are bend in the dipole field of GLAD, first their position is measured using the a detector consisting
of scintillating fibers and at the end of the fragment branch time and energy loss are determined in the ToF wall,
while the position (x and y) is determined in an attached layer of scintillating fibers again. The full fragment branch
is in vacuum, ensured by the GLAD vacuum chamber and the fragment vacuum pipe. Protons stemming from the
projectile are even stronger bent. Their position is measured by three straw tube arrays, one array serves to determine
x-position (direction of deflection) and about 1m downstream two arrays serve to measure the y � x � y-position.

and gamma-rays. The GSI Large Acceptance Dipole
(GLAD) [8] deflects fragments and protons to trajecto-
ries equipped with tracking detectots for fragments al-
lowing the determination of the charge, mass, and mo-
mentum for each particle. The neutrons emitted from
the projectile are forward focussed, una�ected by the
magnetic field and can be detected in NeuLAND located
15-35 m downstream from the target.

The newly designed instrumentation thereby over-
comes major limitations of the present setup. The main
design goals emerging from the physics cases are the
applicability of the experimental approach to more en-
ergetic beams while maintaining the high resolution, as
well as the extension of the physics program, i.e., the
capability to measure a large variety of reaction types.
The beams provided by Super-FRS (Super-FRagment-
Separator) [9] at FAIR will be more neutron-rich than
presently available, covering ion species up to uranium.
Consequently, high beam energies are needed in order
to ensure fully-stripped ions for heavy beams. At the
same time, the capability to detect multi-neutron events
is required due to the low thresholds of neutron-rich nu-

clei.

NeuLAND (new Large-Area Neutron Detector) is
the next-generation neutron detector designed for R3B
which will meet all requirements defined by the am-
bitious physics program proposed for the R3B facil-
ity. NeuLAND features a high detection e⇥ciency, a
high resolution, and a large multi-neutron-hit resolving
power. This is achieved by a highly granular design of
plastic scintillators, avoiding insensitive converter ma-
terial, thus overcoming a considerable drawback of its
precursor LAND (Large Area Neutron Detector) [4].

In section 2 we discuss the requirements for the
detection of fast neutrons inferred from the versatile
physics program of R3B, leading to the detailed design
studies in section 3. In section 4 we present the techni-
cal specifications and design details of NeuLAND, fol-
lowed by the procedures for production, quality assur-
ance and acceptance tests in section 5 and calibration
methods in section 6. Before giving a resúmé, the status
of the NeuLAND project is detailed in section 7.

2

GLAD: 0 – 40 degree, +/-80 mrad, 5 Tm bending power
Relative momentum resolution: 10-3

Neutrons: +/- 80 mrad at 15 m distance
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GLAD at GSI
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New opportunities using storage rings

Many orders of magnitude in 
energy scale

Radioactive nuclei from rest 
to 5 GeV/nucleon
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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 
• Fission barriers
• Nucleon-Nucleon Correlations

(short-range tensor correlations)
• Cluster structure
• States beyond the neutron dripline

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

Jlab
GSI

T. Neff

Otsuka et al.

R. Subedi et al. 
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Single-particle cross sections 
Quenching for 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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CHAPTER 3. GLAUBER-MODEL CALCULATIONS
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Figure 3.1: Nucleon-nucleon cross sections as a function of the energy. Experimental data for

the free proton-proton and proton-neutron cross sections �pp and �np [PDG] is represented by

black points. Energy-dependent parameterizations �pp(E) and �np(E) [Ber10] are shown as

gray curves and the averaged cross section �NN(E) in blue.

spectroscopy are tagged as diamonds. Radii deduced from electron scattering data are depicted

as open circles and based on a model-independent analysis using SoG or FB parameterizations,

as introduced in Section 1.4. Dispersion corrected results are represented by filled circles where

available. These corrections take the virtual excitation of the nucleus’ internal degrees of

freedom by the electron into account, and lead to slightly higher radii and a better agreement

with muonic-atom data. The analysis of electron-scattering data over the widest momentum-

transfer range, considering the most sophisticated treatment of dispersion corrections, has been

performed by O↵ermann et al. [O↵91]. The result is shown in blue and is indeed in best

agreement with the most precise muonic x-ray measurement. The corresponding charge density-

distribution is used for the analysis in the present study. The FB-parametrization ⇢fb(r) [O↵91]

is presented as a black curve in Figure 3.3 and shows unphysical oscillations for r & 5 fm.

A better description can be achieved when the asymptotic part is treated separately. This

was pointed out by Sick [Sic82], where the 12C density-distribution was modeled with a SoG

expansion for ra < 4.5 fm and a Whittaker function as the asymptotic part for ra > 4.5 fm. In

accordance with this idea, the density distribution ⇢fb(r) from [O↵91] is modified to ⇢wf
fb (r) in

this study, using a nucleon wave-function for large r > ra.

Proton and neutron wave-functions up(r) and un(r) are deduced by solving the Schrödinger

equation for a Woods-Saxon potential with a V0 = �70.05MeV depth, di↵useness parameter

46

Nucleon-Nucleon Cross Section
Final-State Interaction

600 MeV/nucleon
Beam energy

Largest transparency:
Scattered protons 200-500 MeV
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2005
Plastic paddles for proton trigger
4π CsI crystals for gammas and angular
measurements of protons and neutrons

CALIFA

Si Tracker

Future setup

12C
2007-2010

Box of DSSDs for protons 
4π NaI crystals, 
gammas, protons, neutrons

Detection Systems for QFS
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High	energy	Ions
From	this	direction

Liquid	Hydrogen	Target
Gold	Foil	surround	(Not	
Shown)

3	Layers	of	Silicon

Vacuum	
Chamber

Calorimeter

Si TrackerR. Lemmon,
M. Chartier
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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

Ebeam

~ 400 AMeV
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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 + 4He, 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 

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

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/nucleon: 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-

12C(p,2p)11B* → (10B + n), (10Be + p),(7Li + 4He), ... 

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

Excitation energy 
distribution

Bound states:
g spectroscopy

Unbound states:
invariant mass
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Ab-initio Theory: Weak Dependence

C. Barbieri, private communication (July/2016). Jensen et al. Phys. Rev. Lett. 107, 032501 (2011)

Disagreement with knockout experiments at 

intermediate energies analyzed with eikonal theory! 

 SCGF with chiral NNLO-sat interactions

 weak ΔS dependence from 0.6 to 0.9

 Coupled-cluster calculations with N2LO NN

 weak ΔS dependence with further decrease 

at the dripline due to coupling to continuum 

Leyla Atar    |   AG Aumann, TU Darmstadt, Germany   |  R3B Collaboration Meeting, Gatchina, Russia     |     21.09.2016    4
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Oxygen Isotopic Chain 

 Changing of single-particle strength with proton-neutron asymmetry
 Oxygen isotopic chain offers a large variation in isospin  
 Systematic study of Oxygen isotopes via quasi-free (p,pn) & (p,2p) reactions

proton knockout neutron knockout

22O20O19O18O
17O16O15O14O13O

20N19N18N17N16N15N14N13N11N 12N

23O 24O

21N 22N

21O

Leyla Atar    |   AG Aumann, TU Darmstadt, Germany   |  R3B Collaboration Meeting, Gatchina, Russia     |     21.09.2016    6
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FIG. 1. Angular correlation of two protons observed in the CB for one-proton knockout from the projectile 16O and a H2

target, measured in coincidence with the residual 15N fragment. The left-hand side displays the correlation of the polar angle
of the two outgoing protons, while the right-hand side shows their azimuthal angle correlation.

amount to 13.3 mb and 25.3 mb assuming knockout form
completely filled 0p1/2 and 0p3/2 orbits, respectively. The
reduction factor, obtained from the ratio of the measured
inclusive cross section to the calculated total cross sec-
tion, amounts to R = 0.70(5) and agrees well with the
(e,e0p) data [5]. The blue curve in the figure is the sum
of the theoretical Py distributions, which is larger than
the experimental measurements due to the assumption
of unity spectroscopic factors. The red line is the dis-
tribution of the total spectrum (blue curve) scaled by
R and the gray shaded area shows the total uncertainty
of R within a 2�-range. The scaled momentum distri-
bution describes the experimental data well, confirming
that data is dominated only by proton knockout from
orbits of angular momentum ` = 1.

Fig. 3 shows the Doppler-corrected gamma-ray spec-
trum measured in coincidence with the outgoing 15N
fragments and two protons. In this reaction, the excited
3/2� states at 6.63 MeV and 9.93 MeV were populated
along with the 1/2� ground state. The 3/2� state at
9.93 MeV arises from the fragmentation of the 0p3/2 pro-
ton strength [40]. Based on the observed gamma spec-
trum, the excited 3/2� at 6.32 MeV (red line) and at
9.93 MeV (gray line) as well as the background (green
line) were simulated and fitted to experimental data and
the exclusive cross sections were extracted for the popu-
lation of these states. The population of the ground state
was obtained by subtracting the contribution of the ex-
cited states from the total cross section. By combining
the exclusive cross sections with the above theoretical
predictions, we deduce spectroscopic factors of 1.60(39),
2.01(23), and 0.58(13) for the ground state and the 3/2�
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FIG. 2. P
y

-component of the inclusive momentum distribu-
tion of 15N fragments after one-proton removal from the in-
cident 16O beam, compared to eikonal reaction theory calcu-
lations. The blue curve represents the sum of the theoretical
distributions of ⇡0p1/2 and ⇡0p3/2 orbits, whereas the red
curve is the theoretical distribution scaled to the experimen-
tal cross section by a factor R denotes. The gray shaded area
represents the uncertainty within a 2�-range of R.

states at 6.63 MeV and 9.93 MeV, respectively. These un-
certainties include both statistical and systematic errors.
Note that the measured spectroscopic factor for the 1/2�
ground state amounts to 80% of the IPM, while all the
measured 0p3/2 strength (below the continuum thresh-
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FIG. 3. Doppler-corrected single-gamma spectrum measured
in coincidence with 15N fragments and two protons in the
CB on the H2 target. The simulated 3/2� excited state at
6.32 MeV (red line) and at 9.93 MeV (gray line) as well as the
background (green line) are fitted to the experimental data.
The blue line indicates the total fit.

old) add up to 65%. The SCGF calculations discussed
below predict respectively 78% and 80%. However, the
theory does not reproduce the observed fragmentation of
(bound and unbound) 3/2� strength, which is all col-
lected in one single state. The experimental SFs for the
above states are consistent with the results from quasi-
free electron scattering studies [37, 41].

The measured inclusive cross sections for proton
knockout are listed in Table I. Since only bound states
of the residual A�1N are detected, the results fluctuate
with changes of separation energies along the isotopic
chain. 16O(p,2p)15N has the largest cross section since
both 0p1/2 and 0p3/2 protons are knocked out in full. For
the 15O(p,2p)14N and 18O(p,2p)17N reactions, the 0p1/2

protons contribute fully but only part of the (fragmented)
0p3/2 strength is below the continuum threshold. Thus,
these cross sections are weaker. The 22O projectile is
similar but it has a relatively larger neutron binding en-
ergy of 6.85 MeV [42], which includes a larger portion of
the 0p3/2 proton strength. The case of 13O(p,2p)12N is at
the other extreme: even the 0p1/2 protons contribute par-
tially to the cross section due to the very weakly bound
protons in 12N (Sp=0.6 MeV). The rest of the reaction
channels can be safely considered as arising from the full
0p1/2 proton knockout alone. Table I reports theoretical
predictions for knockout from the 0p1/2 orbit assuming
the IPM occupation with the exception of 16O, for which
the sum of both 0p1/2 and 0p3/2 channels is given.

For those reactions where the inclusive strength ex-
hausts either one or both 0p orbits, it is meaningful to

compare with IPM predicted cross sections. The cor-
responding reduction factors, R, are shown in the last
column Table I and are displayed in the quenching plot
of Fig. 4, as a function of difference of ground state
separation energies (Sp � Sn). These are all ground-
state-to-ground-state transitions (full black circles) with
the exception of 16O, which collects both the 0p1/2 and
0p3/2 orbits (red square). Accordingly, the difference of
the separation energy (Sp � Sn) was obtained from their
weighted average by the calculated exclusive cross sec-
tions. The error bars show the statistical uncertainty
while the the horizontal squared brackets indicate the
total uncertainty including the systematic errors. This
allows a direct comparison of the reduction factors rela-
tive to each other free from the identical systematic un-
certainties. The data from this work shows a fluctuations
of R around 0.66 and was fit with a linear (red line) and
a constant (green line) functions, as shown in fig. 4. The
linear fit results in a reduced �2 of 1.29 while the constant
fit function yields 1.91. Therefore, it can be concluded
that our present data is consistent with a weak or no
dependence of SP strength on the neutron-proton asym-
metry. This trend differs from the outcome of knockout
reactions at intermediate energies on composite nuclear
targets of Ref. [14] (shown by the shaded diagonal re-
gion). Note that our R is simply the ratio of the experi-
mental cross section and theoretical predictions based on
IPM occupation numbers, while the Rs of Ref. [14] are
given relative to a particular SM calculations. On the
other hand, the additional dependence introduced by the
SM is small near shell closures, as in our case [12].

We have further performed state-of-the-art ab initio

calculations of the proton-hole strength in 14,16,22O based
on SCGF theory, using the third-odrder algebraic dia-
gramatic construction approach [ADC(3)] [19, 43]. This
is the method of choice for calculating the nuclear spec-
tral function and yields most accurate results for spectro-
scopic factors near sub-shell closures. Reduction factors
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 guarantees the best possible predictions
of radii and gaps in this region of the nuclear chart [46].
The resulting spectroscopic factors are shown as blue tri-
angles in Fig. 4 for proton removal to the ground states
of 13N and 21N and for summed p-shell states in 15N.
Predictions of the NNLO-sat interaction are in reason-
able agreement with the present measurements although
they seem overestimate the 3/2� strength in 15N, where
theory does not reproduce the correct fragmentation as
explained above. These results are also compatible with
earlier microscopic studies [40] as well as (e,e0p) data [5].
As it was seen for other nuclear interactions [18, 19],
the spectroscopic factors from NNLO-sat depend little
on isospin asymmetry. Note that continuum effects can
further affect the quenching of SP strength in 22O but not

 Partial Cross Sections and Spectroscopic Factors: 16O(p,2p)15N 
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TABLE I. Measured inclusive cross sections for the oxygen isotopes from the quasi-free (p,2p) reaction. The second and third
columns show, respectively, the neutron and proton separation energies of the residual A�1N fragments. In the forth column,
the beam energy in the middle of the CH2 target is given. In the fifth column, the inclusive cross sections are listed along with
the statistical (round brackets) and systematic uncertainties (square brackets). The predictions from eikonal theory are shown
in the sixth column. The last column gives the resulting reduction factors relative to the IPM with its total uncertainty.

Reaction Sn (A�1N) Sp (A�1N) Energy �
exp

�
theo

R
(MeV) (MeV) (AMeV) (mb) (mb)

13O(p,2p)12N 15.0 0.60 401 5.78(0.91)[0.37] 18.96 -
14O(p,2p)13N 20.1 1.94 351 10.23(0.80)[0.65] 15.09 0.68(7)
15O(p,2p)14N 10.6 7.55 310 18.92(1.82)[1.20] 12.19 -
16O(p,2p)15N 10.9 10.2 451 26.84(0.90)[1.70] 38.34 0.70(5)
17O(p,2p)16N 2.49 11.5 406 7.90(0.26)[0.50] 12.23 0.65(5)
18O(p,2p)17N 5.89 13.1 368 17.80(1.04)[1.13] 9.95 -
21O(p,2p)20N 2.49 11.5 449 5.31(0.23)[0.34] 9.16 0.58(4)
22O(p,2p)21N 4.59 19.6 415 5.93(0.39)[0.40] 8.54 -
23O(p,2p)22N 1.28 21.2 448 5.01(0.97)[0.33] 8.06 0.62(13)

 [MeV]n - SpS
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FIG. 4. Reduction factors, R, obtained from quasi-free one-
proton knockout from different projectiles and shown as a
function of the difference in the separation energies S

p

� S
n

.
The full black circles show the full proton strength for the
0p1/2 orbit. For 16O(p,2p)15N the reduction factor of the
combined 0p1/2 and 0p3/2 protons is displayed by the red
square. The error bars show the statistical uncertainty and
the horizontal square bracket mark the total uncertainty. The
blue triangles are the SFs calculated with SCGF theory.

to the extent of altering this trend [20]. Thus, ab initio

results do not support a significant dependence on isospin
asymmetry.
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Quasi-free one-proton knockout reactions have been employed to study the structure of stable
and exotic oxygen isotopes at the R3B/LAND setup (GSI in Darmstadt, Germany) with incident
beam energies around 490 AMeV. A systematic study of spectroscopic strength is performed in in-
verse and complete kinematics, thereby identifying all reaction products. The oxygen isotopic chain
offers a large variation of separation energies that allows to obtain a quantitative understanding
of single-particle strength with changing isospin asymmetry. Hence, quasi-free reactions provide a
complementary approach to (e,e0p) and inverse kinematic knockout experiments. Inclusive cross
section have been determined up to the continuum threshold of the residual nucleus and compared
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Energy limit at R3B around 1 GeV/nucleon 
due to maximum rigidity of Super-FRS of 20 Tm

(1 GeV/nucleon 132Sn -> 18 Tm)

High enough for SRC studies ???

Alternative for 1 – 5 GeV/nucleon experiments with radioactive beams:

Radioactive beams can be accelerated in the High-Energy Storage Ring 
HESR up to around 5 GeV/nucleon
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Scattering experiments with radioactive 
beams at FAIR (CDR)

ELISe –
Electron-Ion collider

Anti-Proton – Ion 
collider

EXL - scattering experiments 
at internal gas targets
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Broad Physics Program with storage rings

Elastic scattering
(p,2pN)
(g,pn)

Inelastic scattering
Charge-exchange

Transfer Reactions

500-5000

20-500

5-20
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EXL at FAIR MSV and moderate extensions

EXL
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Short-range correlation studies at HESR

New target area

Heavy-ion 
detection 
system

PANDAPre-cooled Exotic 
beams from CR 
(740 MeV/u)

HESR
Target development 
and usage for HI 
already demonstrated:
Litvinov, Stöhlker et al.

Large-area forward 
detection system
High granularity, 
good neutron efficiency

Experiments with radioactive beams at HESR (0.74-5 GeV/nucleon)

e.g. (p,2pN); (p,pnN)
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Summary

• Quasi-free scattering in inverse kinematics successfully implemented and 
demonstrated at R3B

• Rich physics program using QFS

• New Detection system (Recoil tracker + CALIFA) in progress

• SRC studies possible with radioactive beams up to 1 GeV/nucleon at R3B

• SRC studies at higher energy (up to 5 GeV/nucleon) possible at HESR
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Summary

SRC studies at higher energy (up to 5 GeV/nucleon) possible at HESR

Example: storing and cooling of 108 132Sn within 3 sec; 1015 p/cm2; f=1 MHz
lifetime 132Sn in the lab > 10 sec
measurement for 30 sec; new cycle (parallel to … CBM, APPA, …)
L = 1028 (s-1 cm-2)


