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� Introduction:
primary / secondary beam
ISOL method, 
in-Flight (fragment) separators 

� Secondary beams at FAIR:
Radioactive Isotope Beams: SuperFRS
Antiprotons: Target, Magnetic Horn and pbar Separator
Target handling, Radiation Protection

� “Ternary” Beams:
Muon Beams
Neutrino Beams (CNGS, NuMi...)

K. Knie, CAS 2016, Budapest 2
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Primary / Secondary Beams

ion
source

accelerator ion optical system /
separator

experiment

stable nuclides or
long loved radionuclides
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Primary / Secondary Beams: In-Flight

ion
source

accelerator ion optical system /
separator

experiment

target

short lived radionuclides
π, K, pbar, µ
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Production Mechanism

Spallation (ISOL only):
few nucleons lighter than target 

Projectile fragmentation:
neutron deficient (evaporation of neutrons after collision)

Projectile fission:
neutron rich (N/Z similar heavy projectile)

K. Knie, CAS 2016, Budapest 6
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Primary / Secondary Beams (ISOL)

ion
source

accelerator ion optical system /
separator

experiment

ion
source

accelerator

target

(short lived) radionuclides

https://eventbooking.stfc.ac.uk/uploads/6th_high_power_targetry_workshop/pellemoine-rib-production-target.pdf
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ISOLDE (CERN)

T. Stora
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ISOLDE (CERN)

T. Stora
K. Knie, CAS 2016, Budapest 9
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Fragment Separators (in-Flight)

B·ρ = p/(q·e) ≈ (2E·m)1/2/(q·e)

1st part: m/q or A/q selection, charge states ≠ q lost
no isobaric selection (E similar for isobars)!

Degrader: dE/dx depends on projectile’s Z.

2nd part: E selection, i.e. Z selection. (A/q’ is the same for isobars)
charge states ≠ q’ lost

K. Knie, CAS 2016, Budapest 10
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Lifetime and Mass Measurements of
stored exotic nuclei @ FRS
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Lifetime and Mass Measurements of
stored exotic nuclei @ FRS
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The Super Fragment Separator

K. Knie, CAS 2016, Budapest 13
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masses measured at the 
FRS-ESR

stable nuclei

nuclides with 
known masses

Will be measured with 
SUPER-FRS-CR-NESR

Walker, Litvinov and Geissel, Int. J. Mass Spec. 349-350 (2013) 247

Phase 1 Physics with Super-FRS and Rings: 
Potential for new masses, lifetimes & isomers with ILIMA
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SuperFRS @ FAIR

• 3 x1011/s; 1.5-2 GeV/u; 238U28+

• Factor > 100
over present in intensity (space charge!)

• Broad range of 
radioactive beams up to 1.5 - 2 GeV/u; 

up to factor 1 000 - 10 000 in 

intensity over present

Primary Beams: Increase intensity

Rare Isotope Beams: 
Increase Acceptance

FRS

K. Knie, CAS 2016, Budapest 15
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SuperFRS @ FAIR
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SuperFRS at FAIR

K. Knie, CAS 2016, Budapest 17
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SuperFRS at FAIR

Targetchamber
Target with
shielding Prototype
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µ Production Target (Target E) at PSI

K. Knie, CAS 2016, Budapest 19
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SuperFRS at FAIR

K. Knie, CAS 2016, Budapest 20
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Target Handling

K. Knie, CAS 2016, Budapest 21

FAIR GmbH | GSI GmbH

Superconducting Multiplets

• iron dominated, cold iron (≈40 tons)
• common helium bath, LHe ≈ 1.300 l
• warm beam pipe (38 cm inner diameter)
• per magnet 1 pair of current leads
• max. current <300A for all magnets

• 25 long multiplets (mainly MS) 
• 8 short multiplets (PS)
• Quadrupol triplet / QS configuration
• up to 3 sextupoles and 1 steerer
• Octupole coils in short quadrupoles

K. Knie, CAS 2016, Budapest 22
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Antiprotons at FAIR

K. Knie, CAS 2016, Budapest 23
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Motivation for the large pbar Sources:

p–pbar Collider (SPS, Tevatron)

E

K. Knie, CAS 2016, Budapest 24



FAIR GmbH | GSI GmbH

Motivation for the large pbar Sources:

p–pbar Collider (SPS, Tevatron)

Detection of W and Z boson at CERN: 
Nobel Prize 1984 to Carlo Rubbia (right) and Simon 
van der Meer (left).

Detection of the top quark at Fermilab (1995)
Nobel Prize 2008 to Makoto Kobayashi (left) and 
Toshihide Maskawa (right) for its prediction.

K. Knie, CAS 2016, Budapest 25
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FAIR / CERN / FNAL pbar Sources

FAIR CERN (AC+AA) FNAL

E(p), E(pbar) 29 GeV, 3 GeV 25 GeV, 2.7 GeV 120 GeV, 8 GeV

acceptance 240 π mm mrad 200 π mm mrad ≈ 30 π mm mrad

protons / pulse 2 × 1013 1 - 2 × 1013 ≥ 5 × 1012

pulse length single bunch (50 ns) 5 bunches in 400 ns single bunch 1.6 µs

cycle time 10 s 4.8 s 1.5 s

K. Knie, CAS 2016, Budapest 26
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m = E / c²
mp =  mpbar ≈ 1 GeV / c²

p, > 6 GeV p at rest p

p

p

pbar

m = E / c²
Tpbar > 6 GeV

c.m.

lab

Creation of Antiprotons

K. Knie, CAS 2016, Budapest 27
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Collectible pbars

ppbar = 3.82 GeV/c ± 3%

From ~ 2.5 × 10-4 pbar / (p cm target) ~ 5 × 10-6 (or 2 %) are "collectible"

z / cm

y 
/ c

m

Ep = 29 GeV

Emax SIS 100

acceptance separator/CR

CR max. 13 Tm
magnetic horn

0 < ppbar < 80 mrad

K. Knie, CAS 2016, Budapest 28
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MARS Simulation of the pbar Yields
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reaction 
products

B ∼ 1/r

primary beam does not hit the horn

Collecting pbars: Magnetic Horn

K. Knie, CAS 2016, Budapest 30
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CERN ACOL Horn, I = 400 kA

target beam axis magnetic field area

Collecting pbars: Magnetic Horn

K. Knie, CAS 2016, Budapest 31
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Collectible pbars
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Collectible pbars: Self Absorption

Cu:     σpbar = 0.8 b

p
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Collectible pbars: MARS/FLUKA

Cu:     σpbar = 0.8 b
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Collectible pbars: MARS
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Cu:     σpbar = 8.8 b

p

pbar

C:   σpbar = 0.42 b

Collectible pbars: Graphite Surrounding 
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pbar Yield: 
Collection efficiency of the magnetic horn
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pbar Yield: High densitiy targets?
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pbar Target and Magnetic Horn

Ni rod, 110 mm, d = 3 mm

graphite

air-cooled AL block

K. Knie, CAS 2016, Budapest 40
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CERN and Fermilab pbar Targets

rotating Fermilab target, new and oldCERN target (Ir or Cu)

K. Knie, CAS 2016, Budapest 41
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The pbar separator

29 GeV p from SIS 100

target &
collector

pbar separator
240 π mm mrad
p = 3.82 GeV/c
∆p/p = ±3%

K. Knie, CAS 2016, Budapest 42
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Dose rates during operation

K. Knie, CAS 2016, Budapest 43
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The pbar building

target

dump

K. Knie, CAS 2016, Budapest 44
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Target station and transport container

• Transport container is placed in 
front of target station.

• Door of target station and
transport container are opened.

• Component is gripped by a 
quick coupling system.

• Trolley moves the component
via rail system into the transport
container.

• Doors are closed.

Trolley

Coupling
system

Rail system

Front door (for
intervention only)

Inner door

K. Knie, CAS 2016, Budapest 45
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Transport concept

• Transport container moves to the 
shaft (1-2).

• Crane of carrying frame of the 
shielding flask lifts up the 
component (3).

K. Knie, CAS 2016, Budapest 46
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Overview of transport

1

2

3

K. Knie, CAS 2016, Budapest 47
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pbar Yield: Comparison to CERN Data

To injection orbit of collector ring:

pbar/p = 2×10-5 × 0.8 × 0.7 = 1.1×10-5

Exp. data from CERN (Baird 1998) to injection orbit:

pbar/p = 0.45×10-5 × 1.5 = 0.7×10-5

scattering losses/annihilation in air/aluminum losses in separator / during injection

correction for different energies and acceptances

K. Knie, CAS 2016, Budapest 48
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CR: Bunch Rotation and
Stochastic Pre-Cooling

E

t

bunch 
rotation

adiabatic 
debunching

stochastic 
cooling

∆E/E =           ± 3 % ± 0.75 %                  ± 0.5 %                        ± 0.1 %

50 ns

FAIR GmbH | GSI GmbH K. Knie, CAS 2016, Budapest 50

stack core stack tai l

Cross section throught the vacuum chamber at the mo mentum pick-up

stochastic cooling
for stack core

RESR (HESR): Antiproton Accumulation
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stack core stack tai l

160 mm (δp/p = 0.8 %)

stochastic cooling
for stack core

partial aperture
injection kicker

injected beam
from CR

acceleration by HF

(not in resonance with stack)

RESR (HESR): Antiproton Accumulation

FAIR GmbH | GSI GmbH K. Knie, CAS 2016, Budapest 52

stack core stack tai l

160 mm (δp/p = 0.8 %)

stochastic cooling
for stack core

stochastic cooling
for beam deposit
(high amplification)

RESR (HESR): Antiproton Accumulation



FAIR GmbH | GSI GmbH K. Knie, CAS 2016, Budapest 53

stack core stack tai l

160 mm (δp/p = 0.8 %)

stochastic cooling
for stack core

RESR (HESR): Antiproton Accumulation

FAIR GmbH | GSI GmbH K. Knie, CAS 2016, Budapest 54

stack core

160 mm (δp/p = 0.8 %)

deceleration by HF

RESR (HESR): Antiproton Accumulation
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stack core

160 mm (δp/p = 0.8 %)

extraction kicker

RESR (HESR): Antiproton Accumulation
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The Antiproton Chain

� 70 MeV / 70 mA dedicated 
pLinac

� SIS18 (4 GeV p)
� SIS100 (29 GeV p)
� Target / Separator: ≈1013 ppp → 

≈108 pbar (0.1 Hz)
� Stochastic cooling of hot pbars

in collector ring
� accumulation of pbars in 

accumulator ring (1 h)
≈108 pbar → ≈1010 - 1011 pbar

� transfer to experimental ring → 
measurement

� continue accumulation during 
measurement

� Alternatively, accumulation and 
measurement can be done in 
one ring.

Modularized Start Version

Full version of FAIR

K. Knie, CAS 2016, Budapest 56



FAIR GmbH | GSI GmbH

„Ternary“ Beams, e.g. neutrinos

Fermilab Today

K. Knie, CAS 2016, Budapest 57
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CNGS: CERN Neutrinos to Gran Sasso

Fermilab Today

K. Knie, CAS 2016, Budapest 58



FAIR GmbH | GSI GmbH

CNGS: CERN Neutrinos to Gran Sasso

Fermilab Today

Graphite target, 2 m long
2 large horns
1km decay tunnel

K. Knie, CAS 2016, Budapest 59
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SµS: Swiss Moun Source at PSI

Fermilab Today

manep-nccr.ch

K. Knie, CAS 2016, Budapest 60


