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• There are ~ 300 stable nuclei (black). 

• There are ~ 3500 known unstable nuclei. 

Stable and exotic nuclei 

Picture from 

ISF at MSU document 

Exotic: Short lived, not found on earth 
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Why do we study exotic nuclei? 

 Exotic nuclei are continually created and play a fleeting though 

important role in the cosmos 

 

 Nuclei are unique mesoscopic systems such as atomic clusters or 

quantum dots that are important in other fields of physics today 

 

 Fertile ground to study new quantum phenomena, weak binding 

 

 Major advances in many-body theory should result from investigations 

of nuclei with very different proton-to-neutron admixtures 
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Knockout reactions: a spectroscopic tool to 

study shell evolution far from stability 

Knockout reactions on light nuclear 

targets have helped to reveal new quantum 

phenomena such as the nuclear halo and to 

map significant changes in the shell 

structure far from stability e.g. weakening 

of shell gaps, island of inversion… 

Momentum distributions  orb. ang. mom. 

Cross sections            spectr. factors  

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

Spectrometer   momentum distributions 

  and Mass ID 

γ-ray detector  select final state 
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Knockout reactions: a spectroscopic tool to 

study shell evolution far from stability 

Quenching of spectroscopic factors 

Knockout reactions on light nuclear 

targets have helped to reveal new quantum 

phenomena such as the nuclear halo and to 

map significant changes in the shell 

structure far from stability e.g. weakening 

of shell gaps, island of inversion… 
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Complementary spectroscopic tools 

Knockout reactions on light nuclear targets 

Strong absorption  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  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  surface localized 

 

 

few hundred MeV/A to 

minimize rescattering of 

outgoing nucleons 

at least few tenths of MeV/A in order to 

satisfy the theoretical approximations 
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Complementary spectroscopic tools 

QFS reactions  

Spectrometer   momentum distributions 

  and Mass ID 

γ-ray detector  select final state 

Target recoil detector  detect scattered 

   nucleons 

16O (p,2p) in 

normal kinematics 

G. Jacob et al., 

PLB 45 (1973) 

181 

Scattered nucleons  kinematically complete and redundant measurement 
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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  
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Momentum width dependence 

on separation energy  
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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 interaction 
 Responsible for the high momentum component of the 
nuclear wavefunction 

k (fm-1) 

C. Ciofi degli Atti PRC 53 (1996) 1689 

r (fm) 
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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.  

 

 

 

Radioactive beams  require electron-ion scattering in a storage ring (e.g. ELISe 
project at FAIR). 
Instead, use hadronic probes (proton target)  study SRC in exotic nuclei. 

Some References: K. S. Egiyan et al., Phys. Rev. C 68 (2003) 014313. 
K. S. Egiyan et al, Phys. Rev. Lett. 96 (2006) 082501. R. Subedi et al., Science 320 (2008) 1476. 
R. Shneor et al., Phys. Rev. Lett. 99 (2007) 072501. M. M. Sargsian et al., Phys. Rev. C 71 (2005) 044615. 
R. Schiavilla et al., Phys. Rev. Lett. 98 (2007) 132501. 

http://link.aps.org/doi/10.1103/PhysRevLett.96.082501
http://link.aps.org/doi/10.1103/PhysRevLett.96.082501
http://link.aps.org/doi/10.1103/PhysRevLett.96.082501
http://link.aps.org/doi/10.1103/PhysRevLett.96.082501
http://link.aps.org/doi/10.1103/PhysRevLett.96.082501
http://link.aps.org/doi/10.1103/PhysRevLett.96.082501
http://link.aps.org/doi/10.1103/PhysRevLett.96.082501
http://hallaweb.jlab.org/experiment/E01-015/Science/index.html
http://hallaweb.jlab.org/experiment/E01-015/Science/index.html
http://hallaweb.jlab.org/experiment/E01-015/Science/index.html
http://hallaweb.jlab.org/experiment/E01-015/Science/index.html
http://hallaweb.jlab.org/experiment/E01-015/Science/index.html
http://hallaweb.jlab.org/experiment/E01-015/Science/index.html
http://hallaweb.jlab.org/experiment/E01-015/Science/index.html
http://link.aps.org/doi/10.1103/PhysRevLett.99.072501
http://link.aps.org/doi/10.1103/PhysRevLett.99.072501
http://link.aps.org/doi/10.1103/PhysRevLett.99.072501
http://link.aps.org/doi/10.1103/PhysRevLett.99.072501
http://link.aps.org/doi/10.1103/PhysRevLett.99.072501
http://link.aps.org/doi/10.1103/PhysRevLett.99.072501
http://link.aps.org/doi/10.1103/PhysRevC.71.044615
http://link.aps.org/doi/10.1103/PhysRevC.71.044615
http://link.aps.org/doi/10.1103/PhysRevC.71.044615
http://link.aps.org/doi/10.1103/PhysRevC.71.044615
http://link.aps.org/doi/10.1103/PhysRevC.71.044615
http://link.aps.org/doi/10.1103/PhysRevC.71.044615
http://link.aps.org/doi/10.1103/PhysRevC.71.044615
http://link.aps.org/doi/10.1103/PhysRevLett.98.132501
http://link.aps.org/doi/10.1103/PhysRevLett.98.132501
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Probes 

Instead, use hadronic probes (proton target)  study SRC in exotic nuclei. 
 
In principle, part of the QFS reactions for large momentum tranfser 
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Quasi-free scattering constitutes one of the main 

physics goals of the R3B collaboration 
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12C isotope: benchmark case 
   C isotopic chain: Z = 6; N = 4 – 14 
 

 

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

O isotopic chain  : Z = 8; N = 8 – 15 
…. 
 

Rich physics cases in available (p,2p and p,pn) 

QFS data sets obtained with R3B @ GSI 
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12C isotope: benchmark case 

   C isotopic chain: 

• known up to the drip lines 

• accessible to ab-initio theories 
 

 

Ni isotopic chain  : 

• How magic is 68Ni? – N=40 sub-shell closure 

• Shell evolution towards 78Ni 

• Close to the “New” island of inversion (64Cr, 66Fe) 
 
 

O isotopic chain  : 

• “unexpected” end of drip line 

• large range of separation energies 
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QFS data sets obtained with R3B @ GSI 
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• large range of separation energies and more sensitive 

to deeply bound states  independent and consistent 

measurement of reduction factors 
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Experimental setup 
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High Energy Branch (HEB) 

10 m 

protons 

Neutrons 

fragments 

light particles 

 gamma rays 

After the reaction: heavy fragment,  

neutrons, protons, gammas 

Aim: measure all reaction products 
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Target recoil detection setup 
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 
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Quasi-free scattering from 12C 

a Benchmark experiment 

Analysis by V. Panin  

Strong angular correlations of the two nucleons 
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Quasi-free scattering from 12C 

a Benchmark experiment 

Analysis by V. Panin  

Kinematics are particularly important!   
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Quasi-free scattering from 12C 

a Benchmark experiment 

Analysis by V. Panin  

Kinematics are particularly important!   
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Quasi-free scattering from 12C 

a Benchmark experiment 

Analysis by V. Panin  

Kinematics are particularly important!   

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

 12C 
1p

1/2 

1s1/2 

1p
3/2 2 

Analysis by V. Panin  
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11C(p,2p)10B (inclusive) 

Analysis by M. Holl 

 11C 
1p
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11C(p,2p)10B* → 9Be+p, 6Li+α ... 

Analysis by M. Holl 



15/10/14 |  Stefanos Paschalis | 28 
 

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

|π> |ν> 

d
5/2 

p
3/2 

s
1/2 

18O 

p
1/2 isotope 16O 17O 18O 15N 16N 17N 

Sp/n[MeV] 
12/16 14/4 16/8 10/11 12/3 13/6 

16O(p,2p)15N, 17O(p,2p)16N, 18O(p,2p)17N 
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Inclusive (p,2p) and (p,pn) cross sections for 67-72Ni 

crossing the N=40 
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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 

But… the analysis so far includes only angular correlations 

between the protons not their full momentum measurement… 
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R3B - Reactions with Relativistic Radioactive Beams 

 

R3B Start version 2017 

NeuLAND 
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Magnet parameters: 

• Large vertical gap ± 80 mrad 

• High integrated field of 4.5 Tm 

• Fringe field at the target position less than 20 mT 

• Operational temperature 4.6 K 

• The overall size of the conical cryostat: 3.5 m long, 3.8 

m high and 7 m wide. 

Cold mass built at the CEA Saclay (France). 

Large-acceptance superconducting dipole 

magnet GLAD 

H. Simon 

Technical drawing of the GLAD magnet. 

Bend and momentum analyze the rigid  

beams while letting the decaying neutrons  

fly through with large acceptance 
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Performance goals: 

• >90% efficiency for 0.2-1 GeV neutrons 

• Multi-hit capability for up to 5 neutrons 

• <150 ps time resolution 

• 20 keV excitation-energy resolution at 100 keV 

  above neutron threshold. 
 

Detector parameters: 

• Full active detector using organic scintillator 

• Face size 250x250 cm2, active depth 300 cm 

• 3000 scintillator bars 

• 6000 photomultiplier and readout channels 

• Modular design. 

High-resolution neutron time-of-flight 

spectrometer NeuLAND 

K. Boretzky 
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R3B - Reactions with Relativistic Radioactive Beams 

 

R3B Start version 2017 

NeuLAND 
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Alan Grant,Daresbury 

Target Recoil Detector: CALIFA Barrel and 

Silicon Tracker 
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M. Chartier, 

R. Lemon, 

Liverpool, 

Daresbury 

120k Si strips  
C fibre  

structure 

ASIC chips mounted 

on Flex board 

Cu cooling  

blocks 

Coolant ~-20° C 

flowing in Cu pipe 



15/10/14 |  Stefanos Paschalis | 37 
 

CALIFA -ray Calorimeter, Spectrometer, 

charged particle detector 

Intrinsic photopeak efficiency 40% (up to Eg=15 MeV projectile frame) 

Gamma sum energy resolution  
(Esum)/<(Esum)>  

 < 10% for 5  rays of 3 MeV 

Calorimeter for high energy 

Light charged particles 

Up to 320 MeV in lab system 

Gamma energy resolution ~5-6% (FWHM at E=1 MeV) 

Light charged particles resolution ~2% 

Proton -  ray separation  For 1 to 30 MeV 

S
p

e
c
tro

m
e
te

r 

 large dynamic range  (  100 keV - 20 MeV and  p 1-320 MeV) 

C
a
lo

rim
e
tre

r 

Inner radius 30 cm 

N of crystals  1952 

Crystal geom. 11 

Crystal Volume/ 
weight 

285 000  cm3/  

1300 kg 

D. Cortina 
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First in-beam test of four NeuLAND double 

planes, two CALIFA pedals and two ladders 

from the Si tracker successfully completed in 

Cave C last week!!! 
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Near future – Completion of detector 

construction 

• Installing GLAD superconducting dipole magnet in Cave C by end of this year 

 Enables bending of rigid beams of 1GeV/nucleon for the first time 

• Complete Si tracker detector in Q1 2016 

 Unprecedented angular resolution for the outgoing protons following a QFS reaction 

and precise reaction-vertex reconstruction 

• Large part of the CALIFA calorimeter barrel completed by 2016 

 Total energy measurement of the outgoing protons following a QFS reaction for the 

first time 

• Complete NeuLAND detector by 2016 

 Unprecedented multi-neutron detection efficiency will allow for investigation of up to 

5 neutron decays for the first time 
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Near future – Unique QFS physics program 

• The use of higher energy beams  

• enables studies of heavier systems free of charge state contaminations 

• provides sufficient momentum transfer to study short-range correlations in inverse 

kinematics of stable and unstable nuclei for the first time 

 

• The target recoil system 

• enables precise and kinematically complete measurement of the target recoil light 

fragments scattered at large angles for the first time 

 

 
Unique physics program with the current  

secondary-beam intensities and precision  

measurements with stable nuclei 
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Summary 

• Quasi-free scattering 

• QFS is successfully applied in inverse kinematics for spectroscopic studies in R3B 

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

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

• Rich physics program: shell structure, cluster structure, unbound nuclei, N-N correlations 

(SRC) 

 

• R3B setup ideal for such investigations 

 

• Upgraded setup in the near future opens up the way for a unique physics program 

with high-resolution high-selectivity studies 
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 Thank you for your attention! 

R3B Collaboration 
 

Leyla Atar, Matthias Holl, Alina Movsesyan, Valerii Panin : Thanks for the slides! 
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 Thank you for your attention! 
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Motivation 

SRC in general 

• Learn about NN force at short distances 

• Nuclear structure 

• In-medium modifications  

• EMC effect 

 

SRC in inverse kinematics with radioactive beams allows, in addition, to access a  

• wide range of A + Isospin study 

• What is the number and isospin structure of NN - SRC in very asymmetric nuclei (N≠Z) ? 

• Is momentum of the nucleons in minority higher? (E. Piasetzky talk)  

• complete (and redundant) kinematical measurement 

• including the A-2 residue and its possible evaporated particles 

• measure the CM motion of the NN - SRC pair 

 

 



15/10/14 |  Stefanos Paschalis | 45 
 

9-16C T. Kobayashi et al. NPA 805 (2008) 431c 
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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 interaction 
 Responsible for the high momentum component of the 
nuclear wavefunction 

k (fm-1) 

C. Ciofi degli Atti PRC 53 (1996) 1689 

r (fm) 
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Knockout reactions: a spectroscopic tool to 

study shell evolution far from stability 

Knockout reactions on light nuclear 

targets have helped to reveal new quantum 

phenomena such as the nuclear halo and to 

map significant changes in the shell 

structure far from stability e.g. weakening 

of shell gaps, island of inversion… 

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

Interaction cross section  Interaction radii 

σreac = π (RP + RT)2 
 
RX = r0AX
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