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Other FAIR accelerator presentations during the conference: 
H. Simon (today) -> Secondary beams 
R. Hollinger (Wednesday) -> Ion sources 
W. Barth (Wednesday)  -> UNILAC and p-Linac 
S. Yaramyshev (Wednesday) -> RFQs 
D. Winters (Wednesday) -> SIS100 laser cooling 
P. Schnizer (Friday) -> superconducting magnets 
K. Knie (Friday) -> production targets 
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FAIR injectors: UNILAC, p-Linac and SIS18  
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SIS18 
UNILAC 

p-Linac 

ESR 

Ion sources 

Alvarez is more than 30 years old. 
Replacement needed: presentation by W. Barth  
 
UNILAC: world’s highest beam power (MW) machine for heavy-ions ! 
SIS18: world’s highest number of heavy-ions per cycle (> 1010) ! 

SIS-18 
upgrade  
for FAIR 

beams to SIS100 

Coupled CH cavity 

IH structure 
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95 keV 3 MeV 70 MeV

Source
LEBT RFQ CH-DTL

Re-Buncher Dump

to SIS18

p-Linac overview 
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ECR Source 
by CEA France 
100 mA CCH cavity 

by IAP Frankfurt 
JWG University 

See presentation by W. Barth (Wednesday) 

THALES Klystron 
by IN2P3/CNRS France 
2.8 MW per pulse 

70 mA proton beam current (35 mA) 
for multi-turn injection into SIS18 
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High-current injector Alvarez Tanks Individual resonators 

11.4 MeV/u 

1.4 MeV/u 

The UNILAC 

5 5 
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UNILAC performance 
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U28+ 

38% of the design 
intensity 

(25% of the performance 

w.r.t. beam brilliance) 

See presentation by W. Barth (Wednesday) 
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SIS18 heavy ion (and proton) intensities 
upgrade program 

SIS-18 today FAIR design 

Reference primary 
ion 

U28+ U28+ 

Reference energy 200 MeV/u 200 MeV/u 

Ions per cycle 4E10 (-> record) 1.5E11 

cycle rate (Hz) 1 Hz 2.7 Hz 
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SIS-18 upgrade for the FAIR booster operation: 
o  New injection system (completed) 
o  NEG coating of the vacuum pipe (completed) 
o  Reduction of multi-turn injection loss (ongoing) 
o  Fast ramping with 10 T/s (ongoing) 
o  Dual (h=2/4) rf system (partly completed): 
    one of the three modules installed and tested 

The SIS-18 upgrade program: Booster operation with intermediate charge state heavy ions 

NEG coated vacuum chambers:  
increased pumping 

≈ 25% of design intensities (for uranium) new acceleration cavity (0.4 MHz, 40 kV):  
faster ramping and bunch flattening 
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Example: SIS18 multi-turn injection (MTI) 

8 Figure 4: Distance of the beam to the septum for Qf =
0.17, n = 5 and a = 9.3 mm. The special cases highlighted
by the horizontal lines are explained in the text.

More general, applying Eq. 4 to Eq. 6, allows the injec-
tion parameters to be expressed as functions of the initial
phase ϕ0. Whether the beam suffers particle loss can be
determined considering the distance of the outer edge of
the beam d(t) = x(t) + a from the septum. Negative val-
ues correspond to at least a part of the beam being behind
the septum. Particles are lost if d(mT ) < 0 for m > 0. For
other times negative values can be tolerated. The distance
of the beam from the septum as a function of t and ϕ0 is
visualized in Fig. 4.

The distance assumes negative values some time after
t = T for any phase except ϕ0 = 0.67 rad. This setting ac-
tually corresponds to the afore discussed case that the offset
becomes the largest after n = 5 turns. In Fig. 4 the horizon-
tal red line highlights this situation. For 0.27 < ϕ0 < 1.09
negative values do occur, but not while the beam passes
the septum. Hence there is no particle loss in this range
of phases. Starting with the smallest possible phase, the
beam touches the septum after 5 and 6 turns, while with
the largest allowed value this happens after 4 and 5 turns.
The green and blue horizontal lines in the same gure indi-
cate these limiting cases.

Figure 4 also reveals that smaller phases imply larger
distances after 3 turns from which follows that a larger
volume of the phase space is occupied. Phases closer to
1.09 rad are hence favorable under ideal conditions. This
setting seems to more prone to losses due to imperfections
like lattice errors or collective effects, though.

The injection ends when xr = 2a + d. The maximal
number of turns available for the injection is consequently

nmax =
xr0 − 2a

∆xr
. (8)
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Figure 5: Phase space after 20 turns without collective ef-
fects.

With the beam parameters assumed for the booster opera-
tion follows that maximal 11 turns can be used for the in-
jection. The targeted 15 effective turns can therefore only
be injected accepting losses. The optimal setting for a lossy
injection is currently investigated [7].

SIMULATION RESULTS

Numeric simulations were performed with PATRIC. xr0

and x′
r0 were determined as discussed in the previous sec-

tion. In order to inject more particles than possible without
losses, the ramp rate was adapted to the given number of
injections according to

∆xr =
xr0 − 2a

nmax
. (9)

The beam deection to be caused by the four bumpers was
evaluated as in Ref. [6].

Three scenarios are highlighted in this section. The vari-
able parameters are summarized in Tab. 1. ϵ1 corresponds
to the design emittance for the booster operation. A KV and
a more realistic semi-Gauss (SG) transverse particle distri-
bution are compared. In order to assess the consequences
of a larger emittance, simulations were accomplished with
ϵ2. Always a Gaussian longitudinal momentum distribution
with σp = 5 × 10−4 was used. The longitudinal position
is meaningless as only the transverse dynamics is studied.
All particles are therefore put into one disc. The set tune
was Qhor = 4.17.

The horizontal phase space at the septum after 20 turns
of which 16 were used to inject the beam, is shown in Fig. 5
without collective effects and in Fig. 6 with space charge
and image currents. The smearing out of the particle dis-
tribution due to space charge is obvious. Close to the cen-
ter individual beamletts even cannot be distinguished. The

Table 1: Parameter Sets Used in the Simulations
ϵ (rms) / mmmrad distribution

1.325 KV
1.325 semi-Gauss (SG)
2.0 KV

MOPD11 Proceedings of HB2010, Morschach, Switzerland

74 Beam Dynamics in High-Intensity Circular Machines

MTI Simulation (without space charge)  

septum 

  x, f 1.5Nx,i

Anode 

Cathode 
300 kV 

SIS injection septum 

Septum

Bumper Bumper

Injected
beam

x (t)c

S1 S2
SI

S3 S4

From  
UNILAC/p-linac 

Goal: Inject 10-20 turns with minimum loss. 
Injected intensity and emittance  is important !  

Pareto front 

Optimized settings  
from simulations  
and evolutionary  
algorithms (GA) 

-> EMittance Transfer EXperiment (EMTEX)  
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FAIR primary beam chain 

SIS-100/300 SIS-18 

HESR 

UNILAC 

NESR CR/RESR 

SFRS 

p-linac 

SIS-18 SIS-100 
Reference primary ion U28+ / U73+ U28+ / U92+ 

Reference energy 0.2 / 1 GeV/u 1.5 / 10 GeV/u 

Ions per cycle 1.2E11 / 2E10 4E11 / 1E10 

cycle rate (Hz) 2.7 0.5 / 0.1 

FAIR parameter booklet, April 2007,  
(Ed.) O. Boine-F., P. Spiller, M. Steck + corrections for MSV 
-> update under way 

4x1011 U28+ 

SIS 18 

SIS 100 cycle 
(1 s accumulation time) 

Existing facility UNILAC/SIS-18 GSI facility:  
provides ion-beam source and injector for FAIR 

SIS-100 extraction: 
- short (60 ns) bunch 
- slow extraction 

2x1011 U28+ 

1.5 GeV/u 

0.2 GeV/u 

Protons from SIS-100: 29 GeV, 4x1013, 1 bunch, 0.2 Hz 

9 
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Δp 

Effect of beam loading  
on the bunch rotation: 

Final bunch compression in SIS100 
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Single bunch formation 

8 bunches 

‘bunch merging’ 

pre-compression 

rotation 

extraction  

0.2 -> 1.5 GeV/u 

SIS-100 
 
L=1080 m 

rf compressor  
section (≈40 m) 

16 magnetic alloy (MA)  
loaded  rf cavities with  
total: 600 kV (400 kHz) 

Challenge:  
Extreme transverse  
space charge 
 
 
     (during the last turns) 

ΔQy
sc ≈ −0.8
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SIS100 dipole modules: First of series magnet 
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Delivered to  
GSI: June 3rd 
2013  

Measured By field at 1.9 T 

See presentation by P. Schnizer (Friday) 

Sophisticated high accuracy field measurements  
Indicated geometry errors outside specification.     
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SIS100 beam pipe 
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SIS100 beam pipe: thin (0.3 mm) stainless steel pipe 
with attached cooling pipes 
- still mechanically robust (with supporting rips) for 10-12 mbar  
- tolerable eddy current heating (< 10 W/m) and field distortion 
- sufficient shielding of beam induced EM fields  above 50 kHz 
- active pumping (< 20 K wall temperature)   

Temperature distribution  
with attached cooling tube 

FOS vacuum chamber (May 2014) 
Special stainless steel (Böhler P506) for all dipole and 
quadrupole magnet chambers.  
 

Wall currents in the  
pipe wall 

One of the most critical components in SIS100 ! 
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Short remark: protons vs. heavy ions 
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Lifetime of intermediate charge state heavy-ions in rings 
-  Large cross sections for electron stripping/capture  
- (stable) residual gas pressure of the order of 10-12 mbar required for sufficient lifetime 
- Beam loss causes dynamic pressure instabilities. 
   -> at present heavy-ion intensities are limited not limited by space charge !  
 
Production of intermediate charge state ions  
- Performance of ion sources compared to proton sources.  
- Stripping efficiency of heavy-ions at low energies. 
- Conventionally ‘Liouvillian’ multi-turn injection into rings. 
    -> ‘space charge limited’ intensities in more difficult to reach for heavy-ions.  

UNILAC, SIS18/100:  
Operation with intermediate charge state ions to reduce space charge effects 
+ light ions + protons  

Protons and light ions: Operation close or above transition energy in SIS100 
    -> possible additional beam loss for protons 
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The FAIR facility: technical design 

PANDA 

CBM 

Super-
FRS 

SIS18 

SIS100 

HESR 

CR 

UNILAC 

p-linac Circumference:  
                1080 m 

14 
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End of the primary beam uranium chain:  
Bunch compression and production target 

Primary Beams 

Secondary Beams 

SIS 100 
SIS-100 

Reference primary ion U28+ 

Reference energy 1.5 GeV/u 

Ions per cycle 4E11 
Bunch length 60 ns 

Momentum spread ± 1 % 

cycle rate (Hz) 0.5 

15 kW beam power 
30 kJ total energy 

NuSTAR: Primary heavy-ion  
beam intensity from SIS100  
is essential ! 

-> 2E11/s (short bunch) 
-> 1E11/s (slow extraction) 
 
Remark: CDR/2001 -> 1E12/s 
(NuPECC/2000 recommendation) 

Presentation by H. Simon (today) 

Bunch rotation in the CR 

CR  
debuncher  
cavity 
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SC Multiplets Remote Handling 
Target 

   SC Dipoles 

Local Cryogenics 

  Radiation Resistant Magnets 

Super-FRS: technical status 

16 16 

Presentation by H. Simon 
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The CR: Large aperture collector ring  
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CR main functions: 
-  Cooling of radioactive ion beams  
-  Cooling of antiproton beams 
-  Radioactive ions: Mass measurements  

Stochastic  
cooling 
systems 

Presentation  
by H. Simon 
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HESR operation in the start version 
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Effective target thickness (pellets):    4·1015 cm-2 
 
Energy range 
Number of 
antiprotons 
Peak luminosity 
Momentum spread 

High Resolution 
Mode 

 0.8 -  8 GeV  
1010 

2·1031 cm-2s-1 
5·10-5 

High Luminosity 
Mode  

3 – 14.5 GeV 
1011 

2·1032 cm-2s-1  
1·10-4 

Start version:  
only High Resolution 
mode possible. 
 
+ heavy ion mode !  

Barrier bucket 
stacking with  
stochastic  
momentum  
cooling. 
(Stockhorst et al.) 
 
-> Sucessfull  
  demonstration  
  in the GSI ESR. 

       1010 

in 15 min 

Antiproton production: 
K. Knie (Friday) 
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The FAIR accelerators 

19 

Thank you for your attention ! 


