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Motivation 

QFS in inverse kinematics as a tool to: 
Ø  perform spectroscopic studies of exotic nuclei 

Ø  populate systems beyond the neutron/proton driplines 

Ø  Study clustering in nuclei 

Ø  probe correlations (short range) 
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Knockout reactions: a tool to probe nuclei far 
from stability 

Knockout reactions on light nuclear 
targets have helped to map significant 
changes in the shell structure far from 
stability e.g. weakening of shell gaps, island 
of inversion, halo nuclei… 

I.	
  Tanihata	
  et	
  al.,	
  	
  PRL	
  55	
  (1985)	
  2676,	
  	
  	
  PLB	
  206	
  (1988)	
  592	
  

Interaction cross section à Interaction radii 

σreac = π (RP + RT)2 
 
RX = r0AX

1/3 
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Knockout reactions: a spectroscopic tool to 
study shell evolution far from stability 

Momentum distributions à orb. ang. mom. 
Partial cross sections       à spectr. factors  

Navin, A. et al. PRL 85 (2000) 266 

Spectrometer à momentum distributions 
  and Mass ID 

γ-ray detectorà select final state 

Knockout reactions on light nuclear 
targets have helped to map significant 
changes in the shell structure far from 
stability e.g. weakening of shell gaps, island 
of inversion, halo nuclei… 
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Knockout reactions: a spectroscopic tool to 
study shell evolution far from stability 

Quenching of spectroscopic factors  

strongly bound 
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weakly bound 

Knockout reactions on light nuclear 
targets have helped to map significant 
changes in the shell structure far from 
stability e.g. weakening of shell gaps, island 
of inversion, halo nuclei… 
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Complementary spectroscopic tools 

Knockout reactions on light nuclear targets 
Strong absorption à surface localized 
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Complementary spectroscopic tools 

QFS reactions (p, 2p), (p, pn), (p, pα) etc. 
on a proton target in inverse kinematics 
Weaker absorption à probing inner shells 
• Evolution of shell structure 
• Nucleon-Nucleon correlations 
(short-range, tensor, …) 
• Cluster structure 
• States beyond the neutron dripline 

Knockout reactions on light nuclear targets 
Strong absorption à surface localized 

 

 

few hundred MeV/nucleon 
to minimize rescattering of  
outgoing nucleons 
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Quasi-free scattering 

QFS reactions  
Spectrometer  à momentum distributions 

  and Mass ID 
γ-ray detector à select final state 
Target recoil detector à detect scattered 

   nucleons 
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Quasi-free scattering 

QFS reactions  
Spectrometer  à momentum distributions 

  and Mass ID 
γ-ray detector à select final state 
Target recoil detector à detect scattered 

   nucleons 

Scattered nucleons à complete and redundant kinematical measurement 
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Quasi-free scattering 

QFS reactions  
Spectrometer  à momentum distributions 

  and Mass ID 
γ-ray detector à select final state 
Target recoil detector à detect scattered 

   nucleons 

Scattered nucleons à complete and redundant kinematical measurement 

Target 

p,2p in normal kinematics 
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Quasi-free scattering 

QFS reactions  
Spectrometer  à momentum distributions 

  and Mass ID 
γ-ray detector à select final state 
Target recoil detector à detect scattered 

   nucleons 

16O (p,2p) in 
normal kinematics 
G. Jacob et al., 
RMP 1966 38 121 
PLB 45 (1973) 181 

Scattered nucleons à complete and redundant kinematical measurement 
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Quasi-free scattering 

QFS reactions  
Spectrometer  à momentum distributions 

  and Mass ID 
γ-ray detector à select final state 
Target recoil detector à detect scattered 

   nucleons 

Scattered nucleons à complete and redundant kinematical measurement 

Minimizing FSI at larger 
momentum transfer 
 

16O (e,e’p) 
Saclay data 
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QFS calculations by C. A. Bertulani 

T. Aumann, C. A. Bertulani, J. Ryckebusch 

PRC 88, 064610 (2013) 

Removal probability:  
proton target compared to C target 

Cross section 
dependence on 
separation energy  

0f
7/

2 o
rb

ita
l i

n 
68

N
i  

Momentum width 
dependence on 
separation energy  
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Experimental setup for QFS 

ta
rg

et
 

incoming beam 

evaporated 
protons 

evaporated 
neutrons dipole magnet 

fragments 

light particles 
 gamma rays 

hundreds of MeV/nucleon incoming beam 



March	
  4th	
  2015	
  |	
  	
  Stefanos	
  Paschalis	
  |	
  15	
  
	
  

Experimental setup – SAMURAI @ RIBF 

Slide from: 
TadaAki Isobe 
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Slide from: 
M. Thoennessen 

Experimental setup – HRS @ FRIB 
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Experimental setup – R3B @ GSI/FAIR 

2017 
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Target recoil detection setup 

2005   

2007 - 2010 
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Target recoil detection setup 

2005   

2007 - 2010 

These setups provided good 
coverage but not good total 
energy measurement 
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Target recoil detection setup 

2005   

CALIFA 
 

Si Tracker 

Future setup 

2007 - 2010 
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•  12C isotope: benchmark case 
 
•  C isotopic chain  : Z = 6; N = 3 – 14 
 

 
•  O isotopic chain  : Z = 8; N = 8 – 15 

•  Ni isotopic chain : Z = 28;  N = 28 – 30, 39 – 44 

 

Rich physics cases in available (p,2p and p,pn) 
QFS data sets obtained with R3B @ GSI 

 12C 
1p1/2 

1s1/2 
1p3/2 2 

1f5/2 

28 
1f7/2 

2p3/2     

2p1/2 

1g9/2 

1p1/2 

1s1/2 

1p3/2 

8 

2 

. . . 

57Ni 
40 

 16O 
1p1/2 

1s1/2 
1p3/2 2 
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12C isotope: benchmark case 
   C isotopic chain  : 
Ø  known up to the drip lines 
Ø  accessible to ab-initio theories 
….. 
 
   O isotopic chain    : 
Ø  “unexpected” end of drip line 
….. 
 
   Ni isotopic chain   : 
Ø  How magic is 68Ni? – N=40 sub-shell closure 
Ø  Close to the “New” island of inversion (64Cr, 66Fe) 
Ø  Shell evolution towards 78Ni 
.…. 

 12C 
1p1/2 

1s1/2 
1p3/2 2 

1f5/2 

28 
1f7/2 

2p3/2     

2p1/2 

1g9/2 

1p1/2 

1s1/2 

1p3/2 

8 

2 

. . . 

57Ni 
40 

 16O 
1p1/2 

1s1/2 
1p3/2 2 

    

Rich physics cases in available (p,2p and p,pn) 
QFS data sets obtained with R3B @ GSI 
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large range of separation energies and more sensitive to 
deeply bound states à independent and consistent 
measurement of reduction factors 

Rich physics cases in available (p,2p and p,pn) 
QFS data sets obtained with R3B @ GSI 

strongly bound 
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weakly bound 

 12C 
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12C(p,2p): QFS in inverse kinematics: 
a Benchmark experiment 

Analysis by V. Panin  

Strong angular correlations of the two protons 
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Analysis by V. Panin  

Strong angular correlations of the two protons 

 12C 
1p1/2 

1s1/2 
1p3/2 2 

12C(p,2p): QFS in inverse kinematics: 
a Benchmark experiment 
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Analysis by V. Panin  

Kinematics are particularly important! 	
   

reaction theory  
by C.A. Bertulani 

12C(p,2p): QFS in inverse kinematics: 
a Benchmark experiment 
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Analysis by V. Panin  

Kinematics are particularly important! 	
   

reaction theory  
by C.A. Bertulani 

12C(p,2p): QFS in inverse kinematics: 
a Benchmark experiment 
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12C(p,2p)11B  
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12C(p,2p)11B* → (10B + n), (10Be + p),(7Li + 4He), ...  

 12C 
1p1/2 

1s1/2 
1p3/2 2 

Analysis by V. Panin  

evap. neutrons 

fragments 
evap. protons 

scat. nucleons 
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11C(p,2p)10B 

Analysis by M. Holl 

 11C 
1p1/2 

1s1/2 
1p3/2 2 

reaction theory  
by C.A. Bertulani 
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Momentum distributions for AO(p,2p)A-1N and (p,pn)A-1O  

23O 

 23O 

p,pn 

p,2p 

Analysis by L. Atar, reaction theory by C. A. Bertulani 

 16O  17O  18O  21O  22O 
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23O 

 23O 

p,pn 

p,2p 

Analysis by L. Atar, reaction theory by C. A. Bertulani 

 16O  17O  18O  21O  22O 

Sauvan et al., PRC (2004) 

Momentum distributions for AO(p,2p)A-1N and (p,pn)A-1O  
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p,pn 

p,2p 

Analysis by L. Atar 

 16O  17O 

Gamma-ray spectra for AO(p,2p)A-1N and (p,pn)A-1O  

 15N 

 15O 

 16N 

 16O 
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Inclusive (p,2p) and (p,pn) Ni  

57Ni(p,pn)56Ni 

57Ni(p,2p)56Co 

Px , MeV/c 

From what we have seen so far: 
theoretical calculations work 
better for light nuclei in terms 
of momentum width  

Analysis by A. Movsesyan 
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Inclusive (p,2p) and (p,pn) Ni  

57Ni(p,pn)56Ni 

57Ni(p,2p)56Co 

Px , MeV/c 
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Quenching of spectroscopic factors  
from inclusive p,2p  

strongly bound 
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weakly bound 
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dσ
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Ω
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ϑc.m.(deg) 

ϑLab(deg) 
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co
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ts 

free p,pn input to 
the kinematical code  

Output of kinematical code  
for the 12C(p,pn) case (i.e. no absorption)  
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free p,pn input to 
the kinematical code  

Output of kinematical code  
for the 12C(p,pn) case (i.e. no absorption)  
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Nuclei beyond the drip line @ R3B 
“First observation of 15Ne ground and excited states” 

nuclei with N ¼ 8, 10 and their mirrors with Z ¼ 8, 10
[24]. In Ref. [24] it is shown that the ground states of
N ¼ 10 nuclei may be reasonably well described as two
neutrons in the (sd) shell with spin zero coupled to a core
predominantly in the p shell. The same structure is
expected for mirror nuclei with Z ¼ 10 with two protons
in the (sd) shell, i.e., 13;14;15O ⊗ ½αð1s1=2Þ2 þ βð0d5=2Þ2&.
It was also shown that the difference between the two-
nucleon binding energies (S2n in N ¼ 10 and S2p in
Z ¼ 10) is directly related to the content of the s shell
α2. The unknown binding energy of one of the mirror pairs
can be estimated if α2 and the binding energy of the
other is known. Now, when the binding energies of 15Ne
and 15B are both known, the content of s-shell protons
can be estimated. The 15Ne ground state with spin-
parity 3=2− may have a configuration mainly as
13O ⊗ ½αð1s1=2Þ2 þ βð0d5=2Þ2&, with the two valence pro-
tons coupled to spin zero. The estimated content of s-shell
protons is then α2 ¼ 63ð5Þ%, in agreement with Ref. [24].
The two-proton decay of a resonance state may be

discussed in terms of three extreme scenarios: (i) a di-
proton decay, (ii) a sequential decay through intermediate
states in the fp subsystem, or (iii) as a genuine three-body
decay with no strong interaction in any binary subsystem.
The 16Ne ground state is bound relative to one-proton

emission while 15Ne has the possibility to decay with
one-proton emission via the two lowest states in 14F
(see Fig. 4), the 2− ground state at Er ¼ 1.56ð4Þ MeV,
Γ ¼ 0.91ð10Þ MeV and a 1− state at Er ¼ 2.10ð17Þ MeV,
Γ ≈ 1 MeV [18]. However, within statistical uncertainties
in the fractional energy spectra, both nuclei exhibit the
same pattern of correlations [see Figs. 5(a) and 5(b)]. There
is thus no evidence for sequential decay of 15Ne.
The dotted lines in Fig. 5 correspond to sequential proton

emission through the ground state of 14F in R matrix
formalism, described in Ref. [25]. The results are clearly
not in accordance with the experimentally observed corre-
lations. The solid lines demonstrate the result of a calcu-
lation within a three-body model for 16Ne [19]. The
calculations are in good agreement with the experimental
WðϵppÞ and WðϵfpÞ distributions and demonstrate that no
characteristic features of the sequential emission from 15Ne
through 14F states were observed. The distributions are
wide and the decay mechanism is of neither di-proton nor
sequential type. The conclusion is, therefore, that we are
faced with a genuine three-body, i.e., democratic, decay.
The Coulomb focusing effect can clearly be observed in the
WðϵfpÞ distribution. Because of the strong Coulomb
repulsion from the fragment, the protons are forming a
more narrow distribution, centered at ϵfp ¼ 0.5. Note that
the relative energy between protons Epp at the same time
may be as large as the total internal energy in the three-body
system. The enhancement seen in the WðϵppÞ distribution
at low ϵpp reveals features of the proton-proton interaction
in the final state.
The first excited state in 15Ne was identified at

4.42(4) MeV above the 13Oþ pþ p threshold, i.e., at
an excitation energy E' ¼ 1.90ð8Þ MeV. This energy may
be compared with the position of the Iπ ¼ 5=2− state in the
mirror nucleus 15B at E' ¼ 1.327ð12Þ MeV [26]. The
0.57(8) MeV energy difference, the Thomas-Ehrman shift,
originates in the broad radial distribution of the proton
single-particle wave function [27].
Furthermore, the ground state of 15Ne is unstable

towards three-proton emission by 1.0 MeV and to four-
proton emission by 0.4 MeV (see Fig. 4). As a future
perspective, studies of these decay channels could provide
additional information about the structure of the neon
isotopes at the edge of existence.
In summary, we have observed for the first time the

unbound nucleus 15Ne, which until now is the lightest
observed Tz ¼ −5=2 nucleus. Using one- and two-neutron
knockout reactions from a radioactive beam of 17Ne,
benchmarking on 17Ne as a calibration, the energies and
widths of states in 15Ne as well as in 16Ne were obtained.
An atomic-mass excess of 40.215(69) MeV for the
15Ne ground state was determined, which means a
2.522(66) MeV instability with respect to 13Oþ pþ p
decay. The energy correlations between the decay products
of the 15Ne ground state indicate a democratic decay
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FIG. 5 (color online). Fractional energy spectra for 15Ne
(diamond) and 16Ne (crossed circle). The distribution on frac-
tional relative energy (a) between two protons and (b) between
one proton and a 13;14O fragment for 15;16Ne, respectively, are
shown as distributions normalized to unity. The solid lines are the
results of theoretical calculations within a three-body model in
the case of 16Ne [19]. The dotted lines show the result of a
calculation assuming sequential decay of 15Ne via the ground
state of 14F.

PRL 112, 132502 (2014) P HY S I CA L R EV I EW LE T T ER S
week ending
4 APRIL 2014

132502-4

published data for the positions of the three observed states
and for the width of the ground-state resonance.
The analysis of the 13Oþ pþ p relative energy spec-

trum was performed in the same manner as described
above. The measured spectrum with the result of the fit is
shown in Fig. 3(b). The ground state of 15Ne is identified at
Er ¼ 2.522ð66Þ MeV with Γ ¼ 0.59ð23Þ MeV. From mir-
ror symmetry, this state is assigned to have spin-parity
Iπ ¼ 3=2−. The first excited state (Iπ ¼ 5=2−) was found at

Er ¼ 4.42ð4Þ MeV with a narrow width, Γ ≤ 0.1 MeV.
The relative intensities of the two observed resonances are
43.4(6)% and 7.3(3)%, respectively. The 17Ne 1n and 2n
knockout cross sections in the relative-energy interval
0 < Efpp < 10 MeV for hydrogen and carbon were
obtained as σ−1nðHÞ¼15ð3Þmb and σ−1nðCÞ¼20ð4Þmb
and σ−2nðHÞ ¼ 1.2ð6Þ mb and σ−2nðCÞ ¼ 1.3ð6Þ mb. The
2.5 MeV broad distribution in the energy region 6—9 MeV
most likely represents contributions from several unre-
solved resonances. The results are summarized in the level
scheme shown in Fig. 4.
A major source of information about the decay mecha-

nism of the 15Ne ground state may be obtained from the
three-body energy correlations between the decay products
in the final state. Two types of correlation functions were
introduced. The first was defined as the distribution of
fractional energy in the proton-proton subsystem WðϵppÞ
and the second as the distribution of fractional energy in the
fragment-proton subsystemWðϵfpÞ . The fractional-energy
distributions normalized to unity are shown in Figs. 5(a)
and 5(b). The figure also includes the fractional-energy
distributions derived from our data for 16Ne in the Efpp
region around its ground state.
The 15Ne ground state was found to be unstable towards

13Oþ pþ p decay by 2.522(66) MeV, which corresponds
to an atomic mass excess of MEð15NeÞ¼40.215ð69ÞMeV.
The mass excesses of the nuclei involved here were taken
from Ref. [20]. Improved Garvey-Kelson mass relations,
based on the mass differences of mirror nuclei, were
recently proposed and masses of exotic proton-rich nuclei
were determined [21,22]. The obtained mass-excess
value, MEð15NeÞ ¼ 41.555 MeV with an uncertainty of
σ ¼ 23 keV, deviates thus from the experimental value by
about 60σ. A simple argument to explain such deviations is
given in Ref. [23] in terms of the pairing interaction.
Recently, a value of MEð15NeÞ ¼ 40.37ð24Þ MeV, in good
agreement with the present result, was estimated using a
parametrization of the energy differences between known
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FIG. 3 (color online). (a) The 14Oþ pþ p relative-energy
spectrum used to verify the experimental resolution and the
energy calibration (see Table I). The thin solid line extending
below the spectrum is due to a nonresonant background. (b) The
13Oþ pþ p relative-energy spectrum. The spectra are decom-
posed into several Breit-Wigner—shaped resonances convoluted
with the experimental resolution.

TABLE I. Resonance energies (Efpp) and widths in MeV of
16Ne states as obtained in this experiment [⋆] together with
results from earlier experiments.

Iπ ¼ 0þ Iπ ¼ ð0þ; 2þÞ Iπ ¼ ð2þÞ
Er Γ Er Γ Er Γ Ref.

1.388(15) 0.082(15) 3.22(5) ≤ 0.05 7.57(6) ≤ 0.1 [⋆]
1.33(8) 0.2(1) 3.02(11) % % % % % % % % % [13]
1.466(45) % % % % % % % % % % % % % % % [14]
1.399(24) 0.11(4) % % % % % % % % % % % % [15]
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shown. The energy levels for 14F are taken from Ref. [18].
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published data for the positions of the three observed states
and for the width of the ground-state resonance.
The analysis of the 13Oþ pþ p relative energy spec-

trum was performed in the same manner as described
above. The measured spectrum with the result of the fit is
shown in Fig. 3(b). The ground state of 15Ne is identified at
Er ¼ 2.522ð66Þ MeV with Γ ¼ 0.59ð23Þ MeV. From mir-
ror symmetry, this state is assigned to have spin-parity
Iπ ¼ 3=2−. The first excited state (Iπ ¼ 5=2−) was found at

Er ¼ 4.42ð4Þ MeV with a narrow width, Γ ≤ 0.1 MeV.
The relative intensities of the two observed resonances are
43.4(6)% and 7.3(3)%, respectively. The 17Ne 1n and 2n
knockout cross sections in the relative-energy interval
0 < Efpp < 10 MeV for hydrogen and carbon were
obtained as σ−1nðHÞ¼15ð3Þmb and σ−1nðCÞ¼20ð4Þmb
and σ−2nðHÞ ¼ 1.2ð6Þ mb and σ−2nðCÞ ¼ 1.3ð6Þ mb. The
2.5 MeV broad distribution in the energy region 6—9 MeV
most likely represents contributions from several unre-
solved resonances. The results are summarized in the level
scheme shown in Fig. 4.
A major source of information about the decay mecha-

nism of the 15Ne ground state may be obtained from the
three-body energy correlations between the decay products
in the final state. Two types of correlation functions were
introduced. The first was defined as the distribution of
fractional energy in the proton-proton subsystem WðϵppÞ
and the second as the distribution of fractional energy in the
fragment-proton subsystemWðϵfpÞ . The fractional-energy
distributions normalized to unity are shown in Figs. 5(a)
and 5(b). The figure also includes the fractional-energy
distributions derived from our data for 16Ne in the Efpp
region around its ground state.
The 15Ne ground state was found to be unstable towards

13Oþ pþ p decay by 2.522(66) MeV, which corresponds
to an atomic mass excess of MEð15NeÞ¼40.215ð69ÞMeV.
The mass excesses of the nuclei involved here were taken
from Ref. [20]. Improved Garvey-Kelson mass relations,
based on the mass differences of mirror nuclei, were
recently proposed and masses of exotic proton-rich nuclei
were determined [21,22]. The obtained mass-excess
value, MEð15NeÞ ¼ 41.555 MeV with an uncertainty of
σ ¼ 23 keV, deviates thus from the experimental value by
about 60σ. A simple argument to explain such deviations is
given in Ref. [23] in terms of the pairing interaction.
Recently, a value of MEð15NeÞ ¼ 40.37ð24Þ MeV, in good
agreement with the present result, was estimated using a
parametrization of the energy differences between known
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FIG. 3 (color online). (a) The 14Oþ pþ p relative-energy
spectrum used to verify the experimental resolution and the
energy calibration (see Table I). The thin solid line extending
below the spectrum is due to a nonresonant background. (b) The
13Oþ pþ p relative-energy spectrum. The spectra are decom-
posed into several Breit-Wigner—shaped resonances convoluted
with the experimental resolution.

TABLE I. Resonance energies (Efpp) and widths in MeV of
16Ne states as obtained in this experiment [⋆] together with
results from earlier experiments.

Iπ ¼ 0þ Iπ ¼ ð0þ; 2þÞ Iπ ¼ ð2þÞ
Er Γ Er Γ Er Γ Ref.

1.388(15) 0.082(15) 3.22(5) ≤ 0.05 7.57(6) ≤ 0.1 [⋆]
1.33(8) 0.2(1) 3.02(11) % % % % % % % % % [13]
1.466(45) % % % % % % % % % % % % % % % [14]
1.399(24) 0.11(4) % % % % % % % % % % % % [15]
% % % % % % 3.5(2) % % % % % % % % % [16]
1.35(8) % % % % % % % % % 7.6(2) 0.8ðþ4

−8Þ [17]
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15Ne ground state unbound by  
S2p = 2.522(66) MeV 
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Short-Range Correlations (SRC) 

•  60-70% of nucleons in nuclei are in single-particle mean-field orbitals 

•  The rest are in long- and short-range correlated pairs 

•  Mainly SRC correlated pairs, and most of them are pn pairs 

 

Figure	
  from	
  O.	
  Hen	
  et	
  al.	
  “A	
  proposal	
  to	
  Jefferson	
  Lab	
  PAC	
  38,	
  Aug.	
  2011”	
  

SRC	
  arises	
  from	
  the	
  repulsive	
  core	
  of	
  the	
  NN	
  interacUon	
  
Ø  Responsible	
  for	
  the	
  high	
  momentum	
  component	
  of	
  the	
  
nuclear	
  wavefuncUon	
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  (fm-­‐1)	
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Probes 

Most of our knowledge about SRC has been obtained from electron scattering 
experiments on a fixed target at large momentum transfer, performed e.g. at JLab.  
 
 
 

RadioacUve	
  beams	
  à	
  require	
  electron-­‐ion	
  sca]ering	
  in	
  a	
  storage	
  ring	
  (e.g.	
  ELISe	
  
project	
  at	
  FAIR).	
  
	
  
Instead,	
  use	
  hadronic	
  probes	
  (proton	
  target)	
  à	
  study	
  SRC	
  in	
  exoUc	
  nuclei.	
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  References:	
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  Egiyan	
  et	
  al.,	
  Phys.	
  Rev.	
  C	
  68	
  (2003)	
  014313.	
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  S.	
  Egiyan	
  et	
  al,	
  Phys.	
  Rev.	
  Le].	
  96	
  (2006)	
  082501.	
  
R.	
  Subedi	
  et	
  al.,	
  Science	
  320	
  (2008)	
  1476.	
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  Shneor	
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  Phys.	
  Rev.	
  Le].	
  99	
  (2007)	
  072501.	
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  Sargsian	
  et	
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  Phys.	
  Rev.	
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  (2005)	
  044615.	
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  Rev.	
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  (2007)	
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Probes 

•  SRC	
  in	
  inverse	
  kinemaUcs	
  with	
  a	
  hydrogen	
  target	
  à	
  access	
  exoUc	
  nuclei.	
  

•  part	
  of	
  the	
  QFS	
  reacUons	
  for	
  large	
  momentum	
  tranfser	
  

A psrc 

-psrc 

p0 

pCM 

A-2 
p1 

p2 

p3 

p 
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Summary 

•  Quasi-free scattering 
Ø  QFS is successfully applied in inverse kinematics 

Ø  Rich data sets covering a wide range of nuclei are under analysis 

Ø  Rich future physics program: shell structure, cluster structure, unbound nuclei, N-N 
correlations …. 

•  R3B Setup @ GSI/FAIR ideal for such investigations 

•  reaction theory by C. Bertulani provides a good understanding of the data 
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