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� Introduction to in-flight production of rare isotope beams (RIBs)

� Introduction to Super-FRS 

� Particle identification of relativistic ions
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About 6000 nuclides are bound, only about half of them are known.  
Most of the unobserved nuclides are neutron-rich.

Chart of nuclides

M. Thoennessen, Rep. Prog. Phys. 76 (2013) 056301
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Nucler reactions to produce
RIBs
• fragmentation
• spallation
• fission
• fusion
• transfer

High Energy

High and Low 
Energy

vfrag ~ vproj

Thick target (few g/cm2) to increase the yields   Y (Z,A) = Nt I proj σ(Z,A) ε

cross section
transmission, 
selection and
efficency

I proj : N proj / s

Eproj ~ 100-1000 MeV/u , λ ~ 2-0.2 fm

Basic method: production
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Basic method: selection

1

2

3

Magnetic selection 

Bρ = pc/Q = m0c
2β γ/Q 

Limitation on the half-life is only given by the 
flight time of the ions through the device.
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Separation method
momentum-loss-achromat

J.P. Dufour et al. NIM A 248 (1986) 267
K.-H. Schmidt et al. NIM A 260 (1987) 287

Because the fragments have approximately the same velocity they will loose 
different momenta in the degrader depending on their atomic number Z and 
will exit with different magnetic rigidity.

The final position and 
angle do not depend on 
momentum. 
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Degraders

Wedge shaped disc and double-shaped wedge machined with µm precision.

disc Ø 100 mm 

disc 

wedge 
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H. Folger et al., NIM A 303 (1991) 24 



Basic method: separation
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Bρ – ∆E – Bρ
method  
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H. Geissel et al. NIM B 70 (1992) 286

FRagment Separator

More than 25 years operation !
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Discovery of 60 new isotopes

J. Kurcewicz et al., PLB 717 (2012) 371

4 FRS settings  
superimposed !

Be +  238U @ 1 GeV/u

� T1/2 long enough to survive for
300 ns ToF

� measured production cross sectons
down up to 1 pb
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100Sn events identified: 259

C.B. Hinke et al., Nature 486 (2012) 341

100Sn study

≤ 1 100Sn/hour !

� measured T1/2 , β-decay end-point 
energy, GT strength,
the largest so far measured in 
allowed nuclear β-decay, 
establishing the ‘superallowed’ 
nature of this pure spin-flip 
100Sn (0+)→ 100In (1+(πg9/2

-1, νg7/2) )

transition

Be +  124Xe @ 1 GeV/u
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GSI today Future facility

Super-FRS

Primary Beams

� 5x1011 238U28+ (pulse)
3.5x1011 238U28+/s (DC) 
@1.5 GeV/u

� factor 100 in intensity 
over present

NUSTAR facility at FAIR

Secondary Beams

� broad range of RIBs
up to 1-2 GeV/u

� up to factor 10000 in 
intensity over present
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Based on experience and successful experimental program at the FRS :

� Multi-stage separation (high resolution spectrometer) 

� Multi-branch system serving experimental areas and storage-rings 

Technical Design Report (version submitted on April 24th  2008) 

The Super-FRS at FAIR 
(H. Geissel et al. NIMB 204(2003)71)
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±

Layout of the Super-FRS 
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Parameters of the Super-FRS

Bρ max ∆p/p ∆θ/θ, ∆φ/φ Resolving Power

Super-FRS 20 Tm ±2.5 % ±40, ±20 mr 1500 (40πmm mr)

FRS 18 Tm ±1% ±7.5, ±7.5 mr 1500 (20πmm mr)
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Comparison FRS – Super-FRS
Transmission gain
� Fragmentation

� Fission
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Apertures (Super-FRS) ≈ 2 x Apertures (FRS)



Main-SeparatorPre-Separator

εx = 40 π mm mrad
ϕx = ±40 mrad

εy = 40 π mm mrad
ϕy = ±20 mrad

∆p/p = ±2.5 %

Main magnet requirements:

Dipole (unit):  r = 12.5 m, f = 9,75°, G = ±85 mm, B = 1.6 T 

Quadrupole: L = 0.8/1.2m, G = ±190 mm, gMax = 10 T/m

+ Sextupole Magnets and Octupole correction coil 

Ion optics design (HEB)
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2-stage separation
e.g. 100Sn

Fragmentation of 124Xe @ 1 GeV/u

� Strong reduction of contaminants 
� Optimization of fragment rate
� Main separator used for secondary reaction studies

1-stage separator
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2-stage separation
e.g. 100Sn

Fragmentation of 124Xe @ 1 GeV/u

� Strong reduction of contaminants 
� Optimization of fragment rate
� Main separator used for secondary reaction studies

1-stage separator 2-stage separator
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� Thick production target – very exotic RIBs
� Pure incoming RIBs incident on secondary target
� Fully stripped reaction products after secondary target
� Strong kinematical forward focusing of reaction products
� High luminosity – thick reaction target

@ 140 MeV/u @ 1500 MeV/u

Advantages of high-energy RIBs
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The LS correction gives perfect agreement with the experimental data for bare 
projectiles. At lower energies the heavy ions are no longer completely stripped. 
Therefore, z is replaced by the effective charge

Particle interaction with matter

where v0 is the Bohr velocity.
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T. Kubo, NIM B 376 (2016) 102

World map of in-flight RIB facilities
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T. Kubo, NIM B 376 (2016) 102

Comparison
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The Super-FRS operation needs totally new concepts.

robot
handling

High intensity and radiation level

rotating target wheel,
plugs, transportation flask,
beam catchers
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The Super-FRS operation needs totally new concepts.

robot
handling

High intensity and radiation level

The Super-FRS takes well established FRS detecting system 
concept to its operation limit.

beam instrumentation
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� High stopping 
power

� Vacuum 
compatible

� Heat resistant

DENSIMET®
97% tungsten,

3% iron and nickel
Density: 18.5 g/cm3

• Precision
• Endurance
• Reproducibility

Slits at the Super-FRS  
needed to: 

- eliminate contaminants

- define phase space

- protect devices (e.g. 
during magnet setting) 

Slit system requirements

Dipole magnets

238U90+

fission fragments
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Pre-series FAT passed 

Specification Test result

Integral leakage rate 6 × 10-10 mbar.l/s

Minimum gap 50 µm uniformly over the 
surface

Movement precision 0.1 mm

Stop switch 
activation

0.1 mm

Endurance 6600 open-close cycles

Heat resistance 500 W beam power 
absorption

Built at KVI-CART

X-Slit pre-series

2 blocks: 200x180x250 mm3
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Interface compatible with robot handling

Modular 
self-aligned 
connectors • plates for gas, water and electrical connections (interface)

• at all insertions of the Pre-Separator vacuum chambers
• scalable and modular
• designed and tested by Super-FRS group (T. Blatz, 

C. Karagiannis, C. Schlör)

to the drive (flange)

to the vacuum 
chamber 
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In-flight PID

atomic number

Z ≠ Q charge state

mass number, TKE kinetic energy

Detectors

ToF = L βc
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method  

� Clean full isotope identification on event-by-event basis (PID)
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Tracking detector 

Intensity      1011/s

Operation mode with slow-extracted beams

FMF2

FLF2

FHF1

FRF3

from SIS
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� momentum resolution (1st order)

D ~ 6 cm/% ,  ∆x < 1mm   →   ∆p/p ~ 10-4

where ∆(Bρ) includes corrections for additional momentum spread

due to additional matter and reaction

Tracking requirements
Bρ reconstruction

Time Projection Chamber (TPC)

FRS TPC: R. Janik et al., NIM A 640 (2011) 54
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FRagment Separator (FRS)

2 109/spill
48Ca20+

@1GeV/u

ReactionTarget 
C ( 4 g/cm2)

High-resolution momentum (~1.5·10-4) 
in 1n removal channel

set in " dispersion matched mode " 
24O 23O

FRagment Separator (FRS)

F2

F4

24O

23O

24O study



� momentum resolution (1st order)

D ~ 6 cm/% ,  ∆x < 1mm   →   ∆p/p ~ 10-4

where ∆(Bρ) includes corrections for additional momentum spread

due to additional matter and reaction

� large acceptance, e.g. Super-FRS ∆p/p=± 2.5% (higher order corrections) 

operation in vacuum, thin & low Z windows to minimize angular spread

� higher rate ( ~2 kHz/mm2), large area (~103 mm2), large dynamic range 

Tracking requirements
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� momentum resolution (1st order)

D ~ 6 cm/% ,  ∆x < 1mm   →   ∆p/p ~ 10-4

where ∆(Bρ) includes corrections for additional momentum spread

due to additional matter and reaction

Tracking requirements

Time Projection Chamber (TPC)

FRS TPC: R. Janik et al., NIM A 640 (2011) 54

´Twin´ Gas Electron Multiplication (GEM)-TPC

F. Garcia et al., GSI Scientific Report (2014)
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• Delay line, multi-hit TDC (V1290) readout 

90% eff
at ~0.8MHz

FRS Twin TPC

A. Prochazka et al., GSI Scientific Report (2014)

Built at CUBratislava

beam

Edown

Eup

200x70x30 mm3

Au@700MeV/u
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Intensity      1011/s

ToF detector 

Operation mode with slow-extracted beams

from SIS

FMF2

FLF2

FHF1

FRF3
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ToF requirements
A/q reconstruction 

235U 236U 237U

yields 
not 

scaled

Monte Carlo
simulations
(MOCADI)

σx = 0.5 mm, σt = 20 ps

σToF =  30 ps

β = 0.8, L = 55 m

σA/A = 0.7‰

simulations by A. Prochazka
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� homogeneous and large-area material 
(at the Super-FRS in total 70000 mm2)

� start/stop fast (triggering) signals 

→

ToF requirements

A. Ebran et al., NIM A 728 (2013) 40

best FRS ToF measurements (FWHM= 17 ps)

Plastic scintillators (0.5 – 3 mm)  readout by PMTs  

� higher rate (>106 Hz) 
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→   segmented plastics scintillator, optical scintillating fibers 

cheap but material get quickly damaged,
not simple to be replaced in vacuum



ToF detector requirements

� radiation-hard material 

→  ToF silicon/diamond strip detectors arranged in planar geometry

− total channels (strips): 1400 chs
− timing resolution (full):  σt < 35 ps, σt = 20 ps for U 
− rate capability:  0.5 kHz/mm2 , < 15 kHz/strip
− activity: < 1 kGy/year

50x50 mm2

Si strip 
prototype
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V. Eremin et al., NIM A 796 (2015) 158 

F. Schirru et al., J. Phys. D: Appl. Phys. 49 (2016) 215105 

2 x pcCVD -DD   20x20x0.3 mm3



∆E detector 

Intensity      1011/s

Operation mode with slow-extracted beams

from SIS
FHF1

FRF3

FMF1 FLF2
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∆E requirements 

A suitable ∆E detector needs to have

- good energy resolution (∆Z < 0.4)
- high counting rate capability (pile-up correction)
- robustness against beam bombardment

Gas ionization chambers are 

- extremely stable if equipped with gas flow system
- can provide energy resolution as good as that of semiconductor 

detectors
- charge-state selective 
- large-scale detector easy to fabricate

Multiple Sampling Ionization Chamber (MUSIC)

FRS MUSIC: A. Stolz, et al., GSI Scientific Report (1998)
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Charge state selection

0e-1e

1e-0e

Stripper between two MUSIC stages
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q1 =q2

MUSIC 1 MUSIC 2

F. Farinon, PhD thesis (2011)



MUSIC for fission fragment detection

courtesy of J. Taieb

SOFIA 
Twin MUSIC
designed by 
CEA - GSI

Fragment charge correlations 
(SOFIA exp. 2014) Z1

Z2
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Summary 

� Overview of in-flight separation method of RIBs 

� The Super-FRS at FAIR and its PID detecting system

challenges: high intensity & high precision

� New discovery have been closely linked to new technical 
developments of accelerators and detectors

The Super-FRS is well suited to nuclear experiments at the 
forefront of science.
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