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NUclear Structure, Astrophysics and Reactions
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What are the limits for existence of nuclei?
Where are the proton and neutron drip lines situated? 
Where does the nuclear chart end? 

How does the nuclear force depend on varying proton-to-neutron ratios?
What is the isospin dependence of the spin-orbit force? 
How does shell structure change far away from stability? 

How to explain collective phenomena from individual motion?
What are the phases, relevant degrees of freedom, and symmetries of the nuclear 
many-body system? 

How are complex nuclei built from their basic constituents?
What is the effective nucleon-nucleon interaction? 
How does QCD constrain its parameters? 

Which are the nuclei relevant for astrophysical processes and what are their
properties?

What is the origin of the heavy elements? 



NUSTAR – a facility for 
NUclear STructure & Astrophysis Research
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Research with Relativistic 
Radioactive Beams
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Kinematically complete measurement of reactions with high-energy secondary beams

• Nuclear Astrophysics,  Structure of exotic nuclei,  Neutron-rich matter

R3B: Reactions with Relativistic Radioactive Beams
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R3B  Concept
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Stefanos Paschalis
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How does it work

FAIR (Facility for antiproton and ion 
research)

R3B

npHnp

1. Accelerated
beam impact on 
Production Target

2. Products are 
separated in FRS

3. Separated
isotopes directed
to experiment

4. Isotope of 
interest impact on 
Reaction Target

5. Reaction fragments
and gammas are 
detected
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R3B: (Key) Components
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R3B@FAIR
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An idea of a Si – tracker for R3B!!
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Electronic 
feedthrogh



LH2 target with AMS Si-detector
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A. Corsi
O. Kiselev

1.5 cm 15 cm 



CALIFA
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CALIFA:   Highly segmented

Thick detection volume

Inner radius 50cm 

Barrel: Crystal length 15-20 cm

1952 crystals = 2 Ton

EndCap: 608 crystals = 1 Ton

CsI(Tl) + LAPD

J. Cederkäll
T. Kröll



Califa EndCap
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IPHOS - Intrinsic Phoswich Detectors
CEPA  - Califa Endcap Phoswich Array

length limit 22cm: 
• geometrical space, 
• light collection
• crystal properties
• efficiency and cost

DE/E< 6 %DE/E< 4 % 

b=0.82b=0.71

DE/E< 3 % DE/E< 5 % 
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2 scintillators
1 optical readout

• high rate capability
• best resolution
• high light yield
• depth information
• redundant DE for particles

CEPA Inner-ring FrontCap of CALIFA

(ITot-ITail)/ITot vs ITot

Phoswich
LaBr3(Ce)+LaCl3(Ce) 

8 x 5Kg units of
12 Phoswich
crystals

22Na

Protons

DE
-L

aB
r



Mounting CALIFA in 
CaveC Nov. 2019
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GLAD - Large-acceptance superconducting
dipole magnet
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@CEA Saclay
• Magnet cold mass ready and tested, Dec 2013. 
•Integration into cryostat mostly done. 
•Was Delivered to GSI 3rd of Nov 2015. 

@ GSI Cryoplant has been installed
Cryolines (33m) on site Compressor (+ Controls) test

2019  fully tested and operational in Cave C  

H. Simon



NeuLAND - High-resolution neutron ToF
spectrometer
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I. Gasparic
K. Boretzky

NeuLAND detector parameters: 
• face sice 250x250 cm2 
• active depth 300 cm (30 double-planes)
• 3000 scintillator bars
• 6000 PM / readout channels 
• 32 tons 

NeuLAND design goals: 
• >90% efficiency for 0.2-1.0 GeV neutrons 
• Multi-hit capability for up to 5 neutrons 
• invariant-mass resolution: NeuLAND-target distance 35 m

∆E < 20 keV at 100 keV above the neutron threshold

1 DP  = 50 + 50 
scintillator bars

2020: 12 DP installed



NeuLand
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High multi-neutron detection

high efficiency for low neutron energies

high resolution @ particle threshold



For full kinematic reconstruction & reaction channel ID we need to know

for incoming and outgoing fragments, beam, gammas

R3B tracking system
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• Energy loss à Nuclear charge Z
• Time of Flight à Mass identification
• Trajectory  à Momentum

D. Rossi



Start-timing detector: plastic scintillator foil
in-beam time resolution
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Measured ∆t between PM pairs: σt = 14 ps
è time resolution for the full detector: σt = 7 ps

M. Heil

5x5 cm2

0.5 mm thick 
EJ230 plastic scintillator foil

Ham. R9779-20 PM tube

Tested with Mesytec MCFD16-PMT CFD
and PADI + VFTX readout

58Ni @ 500MeV/u



Fiber-detectors - plastic scintillating fibers
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• Position èTrajectory fiber detectors

40 cm wide
120 cm wide

10 cm wide

Square fibers 0.2x0.2 mm2

Number of fibers ~ 104 fibers
à 60 um resolution

Bundling to reduce 
the number of 
channels ( 32 à 1 )

D. Rossi
S. Paschalis



Summary:
Schedule and first experiments @ GSI in Cave C
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2014 20% NeuLAND and 10% CALIFA & Si-Tracker + tracking detector prototypes
à 2021 Construction and installation of detector components 

2019 S444 -Commissioning of 50%R3B in Cave C 

2019-20 Physics runs in Cave C (phase 0) 

2025 Move to HIE-cave @FAIR

Experiments will make use of uniqueness of R3B: 
- Reactions at high beam energies up to 1 GeV/u
- Tracking and identification capability even for the heaviest ions
- Multi-neutron tracking capability, high-efficiency calorimeter 

Experiments possible for the first time: 
- 4 neutron decays beyond the drip-line and for heavier n-rich isotopes
- Kinematically complete measurements of quasi-free nucleon knockout reactions
- Electric dipole and quadrupole response of Sn nuclei beyond N=82,  and of neutron-rich Pb

isotopes (polarizability, symmetry energy) 
- Fission barriers from (p,2p) reactions, study of r-process 



S393 experiment a test of the future R3B
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Study of light neutro-rich nuclei (Be-Ne), using kinematically
complete measurements in inverse kinematics @ GSI

quasi-free scattering: 14B(p,2p)13Be   

Study the precursor to the
borromean nuclei 14Be

16B
Unbound

14Be
4.35ms

15B
9.93ms

14B
12.5ms

13Be
Unbound

18B
Unbound

19B
2.92 ms

17B
5.08ms

13B
17.3ms

12Be
21.5 ms

G. Ribeiro



Quasi-Free Scattering: Knockout reaction
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14B(p,2p)13Be 
• Direct Reaction:  

quick and direct
from initial to final 
states without
intermediate
compound state.

• If both outgoing
particles have the
same masses, in the
lab system:

(p,2p), (p,np)

16B
Unbound

14Be
4.35ms

15B
9.93ms

14B
12.5ms

13Be
Unbound

18B
Unbound

19B
2.92 ms

17B
5.08ms

13B
17.3ms

12Be
21.5 ms

θa

θb

Target (CH2)

14B 13Be Proton

Proton

Target (CH2)

23

!" + !$ ≃ 81 ∘



Experiment:Cave C
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Primary beam 40Ar11+ @ 490 MeV/u  
Intensity 6·1010 ions/spill.
Production target Be 4 mg/cm2

Reaction target H, C, empty

14B(p,2p)13Be 

PhD Guillermo Ribeiro; 03.07.2015 
Studies beyond the neutron dripline using quasifree (p,2p) reactions: the case of 13Be.

http://www.iem.cfmac.csic.es/departamentos/nuclear/fnexp/noticias/2015-tesis-Ribeiro.png


Reaction channel Idenitifcation
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• Energy loss in the TFW & 
SST after the target: 
Identify the element 
after the reaction.

• Identify the isotope from 
the ALADIN position 
deviation and beta of the 
fragment.

14B à 12Be + n

Be

25

12Be

Fragments from 14B

Be Fragments from 14B

Be Fragments from 14B & Neutrons

Incoming
Beam 14B

Outgoing Be

Be +n
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Relative Energy of 12Be + n:
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13Be  recent data from exp. S393 @ GSI 
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g, 12Be +n coincidences 

Eg=2.1  MeV

3: 4 MeV level

14B(p,2p)13Be @ 490MeV/u 

1a

G. Ribeiro et al. (R3B Collaboration)
Phys. Rev. C 98, 024603



Can we settle this problem via the two-neutron transfer reaction,
11Be(t,p)13Be @ HIE-ISOLDE   IS606 Beamtime 2021??
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Miniball + T-REX11Be(t, p) 13Be
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250 Members
40 Institutes
15 Countries

Spokesperson: Lola Cortina USC
Technical Director: Olof Tengblad CSIC



-- Collaboration

Univ. Santiago de Compostela

CHALMERS

Technische Universität München
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In summary: I have discussed the 
R3B- Reactions with Relativistc Radioactive Beams 

its experimental set-up being built for the 
High Energy Branch of NUSTAR @FAIR

I also discussed one example of experiments to be done at this 
facility some time in 2020 and onwards

Quasifree scattering reactions like  14B(p,2p)13Be

O TENGBLAD 31


