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Current GSI accelerator facility �
SISFRS

ESR
Experimental Areas

Ion Sources Linac Synchrotron18O, ~1010/s, ~500MeV/u β ~ 0.7

Cave-CSecondary beam ~10-1000/s 
� 0.1 – 10/s  after  reactionECT* - Haik Simon



Going Neutron rich 6P.G. Hansen, Nature 328 (1987) 476

p knockout

11Li with „known“ structure � initial vs. final stateInfluence of reaction mechanism � different seed nuclei
?
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T.Neff et al., Nucl. Phys. A752(2005)321c• repulsive core• tensor correlations• 3body phenomenological ansatz• variation/projection/constraints
NN force +H. Feldmeier,T. Neff, R. Roth

Clustering: FMD and AV18/UCOM



Very simple system:       Direct observation ofkinematical correlations �(Cluster) spectroscopic factors ?Clean production: 4n ,7H, ...
Liquid. hydrogen target:       p(6He,x p‘) 

L.V. Chulkov et al., Nucl. Phys. A759(2005)43

Reactions with target recoil detection
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Haik Simon • NN2009

Target

Experimental Setup  (kinematically complete, -2005)
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First attempt for an ALADiN/LAND experiment 20016

Experimental Setup  (initial version of proton recoil detection)



• particle identification• time of flight (8-12 m flight path)• deflection angle
� relativistic four momentum vectors

R³B/LAND Setup (kinematically complete & recoil detection)
2 (x,y)(t)protonsfragments

neutrons(x,y,t)

Target detector:• Gammas• Recoil Protons (p,2p)• Recoil Neutrons (p,pn)
(Z,t)2 (x,y)
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Experimental Setup  (less schematic)



Nucleon-Nucleon Cross Section vs Beam Energy

S.K. Charagi, S.K. Gupta Phys. Rev. C 41, 4 (1990)ECT* - Haik Simon

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



Knockout Reactions vs.   Quasi-free Scattering (QFS)
on light nuclear targets (e.g. Be, C)  Intermediate beam energy ~ 100MeV/ueikonal & sudden approximationsstrong absorption → surface localizedQuasi-free Knockout Reaction

One-nucleon Knockout Reaction A. Gadeet al. PNP 60(1):161-
224,2008

• proton target → quasi-free NN reaction→ more sensitivity to deeply bound states• Relativistic energies (0.2-1 GeV/u)→ sudden approximation:fast reaction (10-23 s) and spectator core→ weaker absorption in nucleus→ free NN cross section is min (~300 MeV)• eikonal approximation                                momentum of residue corresponds to    momentum of knocked nucleon

PA-1 = - Pp/n

PA-1 = - Pp/n
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First attempt: 12C(p,2p)QFS kinematics

E* in 11B (bound/unbound)PLB 753 (2016) 204



Single-Particle StrengthIndependent Particle Model (IPM): Nucleons are single particles moving independently in a mean field created by all nucleons.Reduction factorR = σexp/σIPMrelative to the IPM!

H. Dickhoff, C. Barbieri Prog. Nucl. Phys. 52, 377 (2004)

NIKHEF data: L. Lapikas Nucl. Phys. A553, 297c (1993)

30-40% deviation of the single-particle strength relative to the IPMCorrelations: not included in the IPMsuch as short-range and tensor, long-range→ configuration mixing→ high momentaNIKHEF data is limited to stable nuclei and valence proton states.

R
(e,e'p) reactions at NIKHEF
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Quenching of Single-Particle Strength
J.A.Tostevin, A. G

ade
Phys. Rev. C 90, 057602 (2014)

strongly boundweakly bound

Latest compilation including exotic nuclei from (e,e'p), proton and neutron removal reactionsIsospin dependency of single-particle strength in asymmetric systems?Quenching of single-particle strength in strongly bound states?→ origin unclearNucleon removal reactions with exotic beams at intermediate energies are limited to surface localized reactions   → Reaction model?           →  Missing correlations in SM? Reduction factor relative to a certainShell Model (SM):Rs = σexp / σSMcorrelations are partially included!

One-nucleon knockout reactionsat intermediate energies
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Ab-initio Theory: Weak Dependence

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

Self Consistent Green Function (SCGF) with chiral NNLO-sat interactionsweak ∆S dependence from 0.6 to 0.9 Coupled-cluster calculations with N2LO NNweak ∆S dependence with further decreaseat the dripline due to coupling to continuum

Disagreement with knockout experiments atintermediate energies analyzed with eikonal theory!
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Oxygen Isotopic ChainChanging of single-particle strength with proton-neutron asymmetryOxygen isotopic chain offers a large variation in isospinSystematic study of Oxygen isotopes via quasi-free (p,pn) & (p,2p) reactions

proton knockout neutron knockout
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S393 Experiment at R3B/LAND Setup @ GSI
targets (CH2,C) are located inside theγ-detector CB & surrounded by SSDs

FRS/S8  (Bρ,t)
162 NaI crystalsgamma-rays → 4π detectionnucleons → 2π detection

Fragments  (∆E,t,x,y)

Neutrons (∆E,t,x,y,z)

beam (∆E) (∆E,E,t)(t)
(∆E,x,y) (x) Picture ta

ken from
 S. Altsta

dt
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Incoming Beam & Outgoing Fragment Identification

Incoming beamidentification

Setting A/Z=2contains 16-18O

FRS/S8beam

16O 17O 18O

162 NaI crystalsgamma-rays → 4π detectionnucleons → 2π detection

Intensity
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Incoming Beam & Outgoing Fragment Identification

Incoming beamidentification

Setting A/Z=2contains 16-18O

FRS/S8beam

16O 17O 18O
Intensity

Energy loss inSST3 vs TFWfor 16O beam
Z=8Z=7
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Incoming Beam & Outgoing Fragment Identification

Incoming beamidentification

Setting A/Z=2contains 16-18O

FRS/S8beam

16O 17O 18O
Intensity
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Inclusive Cross Section & Transverse Momentum: 16O(p,2p)15N 

L. Lapikas Nucl. Phys. A 

553, 297c (1993)           

Reaction theory: C. Bertulani, eikonal theoryT. Aumann, C. Bertulani, J. Ryckebusch Phys. Rev. C88, 064610 (2013)Multiple scattering → Glauber modelAbsorption → complex optical potentialOnly bound core excited states considered
Reduction factorR = σexp/σtheo(IPM)

R = 0.65(5)from(e,e'p) @ NIKHEF→ agreement!
Inclusive Py distribution for1p1/2 and 1p3/2 proton knockoutECT* - Haik Simon



Partial Cross Sections and Spectroscopic Factors: 16O(p,2p)15NDoppler corrected γ-spectrum measuredin coincidence with 16O(p,2p)15N

Spectroscopic factors deduced from thetheoretical predictions and partial cross sectionsobtained from the fit of the γ-spectrum.← (e,e'p) @ NIKHEFECT* - Haik Simon



Inclusive Cross Sections for Projectiles 13-18O and 21-23O

(p,2p) reaction channel15-16O and 18O → larger Sn →knockout of 1p1/2 and 1p3/2 protons13-14-17O and 21-23O →  lower Sn/p →knockout of only 1p1/2 protonsfragmentation of 1p3/2 proton strengths!

|π>

ECT* - Haik Simon



 [MeV]n - SpS30− 20− 10− 0 10 20

R

0.2
0.4
0.6
0.8

1

p1/2p1/2 + p3/2 pol1 fitpol0 fitSCGF

O14
O16

O17
O21

O22 O23

Reduction Factors from (p,2p) Cross SectionsReduction factorR = σexp/σtheo(IPM)

Weak or no dependence of single-particle strength on the isospin asymmetryDiscrepancy to composite target results at intermediate energiesIn agreement to ab-initio GF and coupled cluster calculations as well as (e,e'p) data

weakly bound strongly bound
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S393 Experiment (p,pN) N=p,n
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Similar results for independent analysis

Interpretation still ongoing:Fadeev/AGS calculations (Agreement with momentum distributionsmaller R (0.4) for (p,2p)  23,22O, 21N(p,pn) similar
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Work in progress: understand differences in description

All data (p,2p) & (p,pn)Slope differs from knockout dataSlopes differ (less) with different reaction theory input



Further studies: (p,2pf)

r-process

Experimentally knownfission barriers

http://www-nds..iaea.org/RIPL-2

Uncertainties in Model-predictions of fission barriers

I.V. Panov and F. –K. Thielemann, Astro. Lett. 29 8 (2003) 
Stability line

Fission products

QF (p,2p) induced fission reactions: thick p-target and high beam energy→ high reaction rate → high excitation states →  clean reaction → less background
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First (p,2pf) @ SAMURAI/RIKEN
Primary 238U @ 350 MeV/u fragmented on Be-targetInterest of nuclei: north east of 208Pb (Z>82 & N>126)

(PA, EA)

(PA-1, EA-1) Energy & MomentumConservation in QFS

Accepted proposal(p,2pf) @ R3B/FAIR!2018-19 FAIR phase-0
(p1,e1)
(p2,e2) ��� � ��� ���� � ���	+ 
�� �	��� 	� 
�� ������ � �����

���� � �� � 
� � 
�

ECT* - Haik SimonData still in analysis



• particle identification (2 fragments, MUSIC)• time of flight (8-12 m flight path)• deflection angles
� relativistic four momentum vectors

R³B/LAND Setup evolves to R³B/NeuLAND Setup + GLAD(kinematically complete)
2 (x,y)(t)protonsfragments

neutrons(x,y,t)

Target detector:• Gammas• Recoil Protons (p,2p)• Recoil Neutrons (p,pn)
(Z,t)2 (x,y)
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Starting point 2016
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R3B (Status Phase-0 in 2018)Tracking L3T Si trackerACTAF 2 (1st stage)CALIFA barrel and fwd start version
� >75% secured
� additional funding expected GLAD+ vacuum chamber

NeuLAND
� 13 out of 30 double planes secured
� 3 more expected

Tracking
NUSTAR-DAQ (TDR accepted 02/2018)-Time stamps (first implementation)/local trigger logics/readout libraries-Online analyss R³B-Root � FAIR-Root

Proton ArmSpectrometer
R3B Status NUSTAR Week 2017ECT* - Haik Simon



ECT* - Haik Simon

All Infrastructure and magnet installed 2013-2016 Commissioning started



R3B /L3T (Si- Tracker)

neutrons

protons
light fragments

g-rays
protons

Tracking 
Detectors

On going tests @ Daresbury:• Full inner L3T layer in working condition• expected energy threshold of 100 keV in 
verification (150keV achieved)• Test bench running, first results• Tests with alpha-source and, 
subsequently, cosmic rays

� Outer layer to be mounted and tested

TDR: L3T is a deliverable for the in-kind UK contribution. TDR is not need but
R3B collaboration whish the presentation to ECE of an equivalent document 
including performance evaluation with up-coming tests

Phase-0 experiment status : Expected a functional detector  for Q2-3 /2018

L3T configuration
-inner layer 6 detector ladders
-outer layer 12 detector ladders (03-04/18)
Double-sided micro-strip Si sensors wire bonded to a dedicated ASIC 
(RAL: 120’000 channels) + time stamped FPGA based readout



R3B /NeuLAND

neutrons

heavy fragments
protons
light fragments

g-rays
protons

Tracking 
Detectors

NeuLAND Phase 0 Ok Q2-2018  • 130 cm active depth• 2600 channels     >40% detector

simulation prediction: 
reconstruction efficiency of the 
order of 20% for 3 n, 10 % for 4 n  
(600 MeV, preliminary)

NeuLAND demonstrator back from RIKEN after participation in 9 experiments, incl. studies of  light exotic systems ( 4 n) up to EOS of heavy tin systems
SAT test ofin-house developed NeuLANDelectronicsunderway:multichannel front-end electronic card TAMEX for high-resolution time and charge measurements



CALIFA start version: Calorimeter in-flight detection for γ-rays and LCP

Full detector:

Start version:
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CALIFA : Calorimeter in-flight detection for γ-rays and LCP

ECT* - Haik Simon

2464 units (full detector)Polar angle 20-1400

LaBr/LaCl+PM

• CsI (Tl) range between 15-22 cm long• Packed in groups of four (VM2000  and Carbon fiber) • APD collecting area 10x20 mm2

• LaBr 6 cm  and LaCl 8 cm long• Packed in groups (Al cane) • PM 1.5 ¨ diameter
96 unitsPolar angle 7-200

• Good ∆E/E   ~6% @ 1 MeV for g and 2 % for p up to 320 MeV• PID and E determination based on two different intrinsic times of CsIup to 700 MeV ∆E/E ~ 5%• Background rejection 

CsI(Tl)+LAAPD

• Very good ∆E/E ~  3% @ 662 keVfor γ • E determination based on two different  time decay of LaBr/LaCl∆E/E ~ 5%• Good timing• Background rejection
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Comm: Tracking Detectors 2018/19+

Proton Arm Spectrometer

200 µm square fiber for FIB4a 
200/500 µm round fiber FIB4b/5

10 x 10 cm2

LOS PSP
FIB (3x) TOFD

PAS PASTOF
T

GLAD

Z separation σE < 1%A separation σt < 10psRate 1 MHz

Z separation σE < 1%A separation σt < 38psRate 1 MHz/strip

Z separation σE < 0.5%Position x y σx < 100µmRate 0.1 MHz/strip
ECT* - Haik Simon



Schedule and first experiments2014 Installation of 20% detectors NeuLAND and CALIFATest & Commissioning runs in Q3/2014, Q3/20162015/17 Construction and installation of detector components2018 Commissioning of R3B setup (Cave C)2022 Buildings ready (exp. groundbreaking 2017)2025               Machines installed and first commissioning2018-202x      Physics runs at GSI (Cave C) (phase 0)202x-202x+1  Move to High-Energy Branch building202x+1 � Commissioning and first experiments at Super-FRSExperiments will make use of uniqueness of R3B:- Reactions at high beam energies up to 1 GeV/nucleon- Tracking and identification capability even for the heaviest ions- Multi-neutron tracking capability, high-efficiency calorimeter
S. Bacca et al.PRL 89 (2002) 052502PRC 69 (2004) 057001
First experiments: e.g.(simple beam, partial sys. av.)6He Core vs. halo excitation6He   @ 240 A MeV

� high energy 6He @ 1 AGeV
ECT* - Haik Simon
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