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The	
  FAIR	
  accelerators:	
  Heavy-­‐ion	
  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	
  +	
  correcIons	
  for	
  MSV	
  

4x1011	
  U28+	
  

SIS 18 

SIS	
  100	
  cycle	
  
(1	
  s	
  accumulaIon	
  Ime)	
  

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

SIS-­‐100	
  extracBon:	
  
-­‐	
  short	
  (60	
  ns)	
  bunch	
  
-­‐	
  slow	
  extracIon	
  

2x1011	
  U28+	
  

1.5	
  GeV/u	
  

0.2	
  GeV/u	
  

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

Effect	
  of	
  beam	
  loading	
  (MA	
  caviIes)	
  
on	
  the	
  bunch	
  rotaIon:	
  

Final	
  bunch	
  compression	
  in	
  SIS-­‐100	
  
	
  

4	
  

Single	
  bunch	
  formaIon	
  

8	
  bunches	
  

‘bunch	
  merging’	
  

pre-­‐compression	
  

rotaIon	
  

extracIon	
  	
  

0.2	
  -­‐>	
  1.5	
  GeV/u	
  
#	
  caviIes	
   Rs/cavity	
  [kΩ]	
   	
  	
  	
  	
  Qs	
   	
  	
  	
  	
  	
  	
  fres	
  

	
  	
  	
  	
  	
  16	
   	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1	
   	
  	
  	
  	
  	
  2	
   	
  	
  	
  1.5	
  MHz	
  

SIS-­‐100	
  
	
  
L=1080	
  m	
  

rf	
  compressor	
  	
  
secIon	
  (≈40	
  m)	
  

16	
  magneIc	
  alloy	
  (MA)	
  	
  
loaded	
  	
  rf	
  caviIes	
  with	
  	
  
total:	
  600	
  kV	
  (400	
  kHz)	
  

Challenges:	
  

o 	
  Control	
  of	
  beam	
  loading	
  effects	
  

o 	
  Transverse	
  space	
  charge:	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  (during	
  the	
  last	
  turns)	
  ΔQy

sc ≈ −0.8
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End	
  of	
  the	
  heavy-­‐ion	
  chain:	
  	
  
Bunch	
  compression	
  and	
  producIon	
  of	
  exoIc	
  nuclei	
  

Primary	
  Beams	
  

Secondary	
  Beams	
  

SIS	
  100	
  

High	
  energy	
  branch:	
  
ReacIons	
  with	
  RelaIvisIc	
  RadioacIve	
  Beams	
  

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	
  

CR	
  Storage	
  ring	
  experiments	
  with	
  RIBs:	
  	
  
	
  	
  Masses	
  and	
  Half-­‐lives	
  for	
  short-­‐lived	
  ions	
  	
  

Bunch	
  rotaIon	
  in	
  the	
  CR	
  

Primary	
  heavy-­‐ion	
  beam	
  intensity	
  	
  
from	
  SIS-­‐100	
  is	
  essenBal	
  for	
  the	
  	
  
exoBc	
  beam	
  program	
  at	
  FAIR	
  !	
  

FRS:	
  FRagment	
  	
  Separator	
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The	
  FAIR	
  facility	
  

PANDA	
  

CBM	
  

Super-­‐
FRS	
  

SIS18	
  

SIS100	
  

HESR	
  

CR	
  

UNILAC	
  

p-­‐linac	
  

EsImated	
  start	
  of	
  	
  
operaIon:	
  2018	
  

Circumference:	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  1080	
  m	
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  line	
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  2012	
  	
  2011	
   	
  2018	
  	
  2013	
   	
  2016	
  	
  2015	
  	
  2014	
   	
  2017	
  

building	
  
applicaIons	
  

preparaIon	
  of	
  
construcIon	
  site	
  

installaIon	
  of	
  
accelerators	
  
and	
  detectors	
  
	
  

construcIon	
  of	
  	
  
FAIR	
  –	
  SIS-­‐100	
  

start	
  of	
  construcIon:	
  
construcIon	
  permit	
  and	
  
526	
  MEuro	
  funding	
  received	
  

compleIon	
  of	
  
structural	
  works	
  

start	
  of	
  tendering	
  

Total	
  project	
  costs:	
  	
  
2	
  Billion	
  Euro	
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FAIR	
  injectors:	
  UNILAC	
  and	
  SIS18	
  	
  

9	
  

SIS18	
  
UNILAC	
  

p-­‐Linac	
  

ESR	
  

Ion	
  sources	
  

Alvarez	
  is	
  more	
  than	
  30	
  years	
  old.	
  
Replacement	
  needed	
  soon.	
  

SIS-­‐18	
  
upgrade	
  	
  
for	
  FAIR	
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Heavy	
  ion	
  intensiIes	
  from	
  SIS-­‐18	
  
SIS-­‐18	
  upgrade	
  program	
  

SIS-­‐18	
  today	
   FAIR	
  design	
  

Reference	
  primary	
  ion	
   U28+	
   U28+	
  

Reference	
  energy	
   200	
  MeV/u	
   200	
  MeV/u	
  

Ions	
  per	
  cycle	
   2E10	
   1.5E11	
  

cycle	
  rate	
  (Hz)	
   1	
  Hz	
   2.7	
  Hz	
  

10	
  

SIS-­‐18	
  upgrade	
  for	
  the	
  FAIR	
  booster	
  operaBon:	
  
o 	
  New	
  injecIon	
  system	
  
o 	
  NEG	
  coaIng	
  of	
  the	
  vacuum	
  pipe	
  
o 	
  ReducIon	
  of	
  mulI-­‐turn	
  injecIon	
  loss	
  (ongoing)	
  
o 	
  Fast	
  ramping	
  with	
  10	
  T/s	
  (ongoing)	
  
o 	
  Dual	
  (h=2/4)	
  rf	
  system	
  (-­‐>	
  2016)	
  

h=2	
  acceleraIon	
  cavity	
  for	
  faster	
  
ramping	
  and	
  for	
  bunch	
  flaZening	
  

The	
  SIS-­‐18	
  upgrade	
  program:	
  Booster	
  operaIon	
  with	
  intermediate	
  charge	
  state	
  heavy	
  ions	
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RF	
  capture	
  and	
  fast	
  ramping	
  in	
  SIS-­‐18	
  	
  
(dual	
  rf	
  buckets)	
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�
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11

Bf ≈ 0.35
rf	
  bucket	
  and	
  (ideally)	
  flasened	
  bunch	
  profile	
  

Σ ≈ 0.7

bunch	
  area	
  

bunch	
  
profile	
  	
  

bucket	
  

Bunch	
  form	
  affected	
  by	
  space	
  charge	
  and	
  beam	
  loading:	
  	
  
compensaBon	
  measures	
  (adjustment	
  of	
  rf	
  phases,….)	
  

MagneIc	
  alloy	
  loaded	
  rf	
  cavity	
  (40	
  kV,	
  400	
  kHz)	
  

12

FIG. 5: Bunch distribution in a double rf bucket generated from rf capture with a linear ramp and T = 30

ms.

In the SIS we typically have cs
>⇠ vrms. Rf capture simulations performed with the longitudinal

beam dynamics code LOBO, including space charge and beam loading showed a good emittance

conservation for linear rf amplitude ramps T >⇠ 20 ms, which corresponds to roughly 10⌧ . It is

interesting to note that with space charge the emittance conservation during rf capture is much

better, for the same T .

X. CONCLUSIONS

to be provided.
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Space charge tune shifts in SIS-18

SIS-­‐18:	
  Present	
  performance	
  

2E10	
  

Heavy-­‐ion	
  intensiIes	
  and	
  beam	
  loss	
  in	
  SIS-­‐18	
  	
  

EsImated	
  beam	
  loss	
  due	
  to	
  stripping	
  
	
  in	
  SIS-­‐18	
  for	
  FAIR:	
  30-­‐40	
  %	
  

τ −1 = β0cσ loss
P(N ,t)
kBT

� 

U 28+ + X →U 29+ + X + e

(LifeIme)-­‐1:	
  

Electron	
  stripping	
  is	
  a	
  dominant	
  loss	
  	
  
mechanism	
  for	
  intermediate	
  charge	
  state	
  	
  
ions	
  at	
  low	
  energies:	
  

� 

εx / y = 150 /50 mm mrad
SIS-­‐18	
  injecIon	
  energy:	
  11.4	
  MeV/u	
  (β=0.15)	
  

(acceptance)	
  

� 

ΔQy
sc = −

2NZ 2gf
πAβ0

2γ 0
3Bf εy + εyεx( )

Space	
  charge	
  tune	
  shia:	
  

UNILAC	
  brilliance	
  	
  
+	
  SIS	
  lifeIme	
  
+	
  resonance	
  comp.	
  
+	
  dual	
  rf	
  	
  

Challenge	
  !	
  

Expected	
  space	
  charge	
  limit:	
  	
  ΔQy
sc ≈ −0.5
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SIS-­‐18	
  upgrade	
  
Control	
  of	
  the	
  dynamic	
  vacuum	
  pressure	
  

Beam	
  loss	
  mechanisms:	
  
U28+	
  -­‐>	
  U29+	
  (stripping)	
  
U73+	
  -­‐>	
  U72+	
  (capture)	
  

� 

dP
dt

= τ p
−1(P − P0) + αηlossNP

Dynamic	
  pressure:	
  

DesorpIon	
  coefficient:	
  

NEG	
  coated	
  vacuum	
  	
  
chambers	
  

Combined	
  pumping/collimaIon	
  ports	
  
behind	
  every	
  dipole	
  group.	
  

� 

η =
#  desorbed molecules

#  incident ions
∝

dE
dx

⎛ 
⎝ 

⎞ 
⎠ 

2

P.	
  Spiller	
  et	
  al.	
  (2012)	
  

Challenge:	
  Further	
  increase	
  of	
  intensiIes	
  
for	
  heavy	
  ions	
  by	
  a	
  factor	
  10	
  needed.	
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SIS-­‐18	
  mulI-­‐turn	
  injecIon	
  (MTI)	
  from	
  the	
  UNILAC	
  

are either side of an F-quadrupole (horizontally focusing and vertically defocusing) to minimize the 
required strength of the kicker magnet. 

 
Fig. 2: Fast single-turn injection in two planes 

2.2 Multi-turn hadron injection  

A simple multi-turn injection employs a programmed orbit bumper and a septum. The orbit bumper 
usually bumps the beam in the horizontal plane because the horizontal acceptance is larger than the 
vertical acceptance in a conventional accelerator ring [1]. For hadrons the beam density at injection 
can be limited either by space charge effects or by the injector capacity. If the charge density cannot 
be increased, the horizontal phase space can sometimes be filled to increase the overall injected 
intensity: however, this requires the condition that the acceptance of the receiving machine be larger 
than the delivered beam emittance [2].  

 
Fig. 3: Multi-turn hadron injection 

Figure 3 shows an example of multi-turn hadron injection: no kicker magnet is required. The 
orbit bump is reduced with time so that the early beam occupies the central region of the horizontal 
acceptance and the later beam the periphery of the acceptance: this technique is known as phase space 
painting. At the end of the injection the beam bump is reduced to zero. 
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Figure 6: Phase space after 20 turns with space charge and
image currents.

Figure 7: The number of stored particles depending on the
length of the injection for the three beams with the param-
eters given in Tab. 1.

outer beamletts differ by position, though all injection set-
tings were equal. This observation is attributed to the tune
shift.

The number of particles accumulated in SIS18 as a func-
tion of the injection length is displayed in Fig. 7. 16 turns
of the beam with the smaller emittance and KV prole suf-
ce to reach the intensity goal. There is only a marginal
difference between the simulation with and without space
charge and image currents. For the SG prole, 18 turns
are needed. The impact of space charge is slightly higher.
Finally, for the larger emittance, the goal is not reached
within 20 turns.

The corresponding losses are shown in Fig. 8. The loss
rate to be accepted for the smaller KV beam is 5 % only,
but 18 % for the SG prole when space charge is taken into
account. For the larger beam, the losses are signicantly
higher, independent of whether collective effects are in-
cluded or not. The impact of the image currents was found
to be negligible compared to space charge so the discus-
sion of direct space-charge effects without image currents
is omitted here.

Figure 8: Losses during injection.

CONCLUSIONS

An injection scheme to evaluate the bump parameters for
an efcient and lossless MTI was elucidated. However, it
does not allow to inject enough particles to reach the design
intensity for FAIR. Hence losses have to be accepted dur-
ing the injection. Numerical simulations of the MTI were
performed and indicated that the targeted rms emittance of
1.3 mm mrad at injection, permits to reach the demanded
beam intensity with moderate losses. An rms emittance of
2 mm mrad is too large to full the requirements. Space
charge and image-current effects strongly change the parti-
cle distribution but only moderately affect the losses.

OUTLOOK

First simulation results have been obtained, but system-
atic studies are still to be done. A more realistic loss con-
sideration has to include errors in the lattice. For a lossy
injection scheme, the local orbit bump can possibly still be
improved. Better injection schemes, possibly with a non-
linear ramp [7] or coupling to transfer emittance to the ver-
tical phase-space [8] are considered. Also the dependence
of the injection efciency on the tune is of interest.

Finally, measurements in SIS18 are planned to conrm
the simulation results. An ionization prole monitor with
turn-by-turn time resolution to be installed in SIS18 [9] will
allow us to track the phase-space evolution.

The authors thank D. Ondreka and Y. El-Hayek for use-
ful discussions about the injection in SIS-18.
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SimulaIon:	
  with	
  space	
  charge	
  	
  

septum	
  

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
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SimulaIon:	
  without	
  space	
  charge	
  	
  

septum	
  

  x, f 1.5Nx,i
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Measured	
  MTI	
  performance	
  in	
  SIS-­‐18	
  

Trev=5	
  μs	
  

≈20	
  turns	
  

I = f0I0t

Four	
  bumpers	
  in	
  SIS-­‐18	
  !	
  

14	
  

Challenge:	
  	
  
-­‐	
  reduce	
  iniBal	
  loss	
  
	
  	
  during	
  MTI	
  to	
  values	
  
	
  	
  below	
  a	
  few	
  percent.	
  

S.	
  Appel	
  (2014)	
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Space	
  charge:	
  Protons	
  vs.	
  Heavy	
  Ions	
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LifeBme	
  of	
  intermediate	
  charge	
  state	
  heavy-­‐ions	
  in	
  rings	
  
-­‐	
  	
  Large	
  cross	
  secIons	
  for	
  electron	
  stripping/capture	
  	
  
-­‐	
  (stable)	
  residual	
  gas	
  pressure	
  of	
  the	
  order	
  of	
  10-­‐12	
  mbar	
  required	
  for	
  sufficient	
  lifeIme	
  
-­‐	
  Beam	
  loss	
  causes	
  dynamic	
  pressure	
  instabiliIes.	
  
	
  	
  	
  	
  	
  -­‐>	
  at	
  present	
  beam	
  intensiBes	
  are	
  limited	
  by	
  lifeBme	
  and	
  not	
  by	
  collecBve	
  effects	
  !	
  	
  
	
  

ProducBon	
  of	
  intermediate	
  charge	
  state	
  ions	
  	
  
-­‐	
  Performance	
  of	
  ion	
  sources	
  compared	
  to	
  proton	
  sources.	
  	
  
-­‐	
  Stripping	
  efficiency	
  of	
  heavy-­‐ions	
  at	
  low	
  energies.	
  
-­‐	
  ConvenIonally	
  ‘Liouvillian’	
  mulI-­‐turn	
  injecIon	
  into	
  rings.	
  
	
  	
  	
  	
  -­‐>	
  ‘space	
  charge	
  limited’	
  intensiBes	
  in	
  rings	
  more	
  difficult	
  to	
  reach.	
  	
  

Other	
  intensity	
  effects	
  in	
  rings:	
  
-­‐	
  Intra-­‐beam	
  scasering	
  induced	
  diffusion:	
  	
   D ∝ Z 4

A2

FAIR:	
  OperaIon	
  with	
  intermediate	
  charge	
  state	
  ions	
  (e.g.	
  U28+)	
  to	
  reduce	
  space	
  charge	
  effects	
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e-­‐	
  

Secondary	
  parBcles:	
  
electron	
  clouds	
  created	
  by	
  residual	
  gas	
  ionizaIon	
  and	
  SEY.	
  
-­‐>	
  	
  trapping	
  of	
  electron	
  during	
  slow	
  extracIon,	
  two-­‐stream	
  instability.	
  

CollecIve	
  effects	
  in	
  the	
  FAIR	
  rings	
  

16	
  16	
  

 ρ(
r, t), j(r, t)

vz = βc

Thin	
  beam	
  pipe	
  (0.3	
  mm	
  stainless	
  steel)	
  

Bunch	
  (rms	
  length:	
  5m–dc)	
  

In	
  the	
  FAIR	
  synchrotrons	
  SIS-­‐18	
  and	
  SIS-­‐100	
  different	
  incoherent/coherent	
  effects	
  occur	
  simultaneously.	
  
Beam	
  loss	
  in	
  SIS-­‐100	
  has	
  be	
  limited	
  below	
  5	
  %	
  (injecBon	
  energy)	
  and	
  1-­‐2	
  %	
  (extracBon	
  energy)	
  	
  	
  
-­‐>	
  Computer	
  modeling	
  in	
  combinaBon	
  with	
  dedicated	
  experiments	
  (model	
  validaBon)	
  is	
  essenBal.	
  	
  	
  

Intrabeam	
  scaZering:	
  
-­‐>	
  Laser	
  cooling	
  in	
  SIS-­‐100	
  
	
  	
  	
  

β = 0.1− 0.99

Impedances:	
  

 
∇×

E = − ∂


B
∂t

∇×

B = µ0


j + 1

c2
∂

E
∂t

-­‐>	
  image	
  currents	
  in	
  the	
  beam	
  pipe	
  	
  
-­‐>	
  magneIc/resisIve	
  materials:	
  ferrite,	
  magneIc	
  alloy	
  	
  
-­‐>	
  coherent	
  instabiliIes	
  and	
  feedback	
  requirements	
  

Image	
  current	
  

(laboratory	
  system)	
  	
  

 ε0∇⋅

E = ρ

Incoherent	
  space	
  charge:	
  

(in	
  the	
  rest	
  system	
  of	
  the	
  beam)	
  
-­‐>	
  tune	
  shi|:	
  
-­‐>	
  
-­‐>	
  beam	
  loss	
  and	
  modificaIon	
  of	
  coherent	
  effects	
  	
  	
  

 ΔQ
sc  0.4

2

2 3
0 0

4 1
1

sc
y

f y y x

q NQ
m B ε β γ ε ε

Δ ∝ −
+
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SIS-­‐100	
  dipole	
  magnets	
  and	
  field	
  quality	
  
FoS	
  dipole	
  from	
  Babcock	
  Noell	
  GmbH	
  

First of series (FoS) dipole  
measurements ongoing ! 

Dipole	
  magnet	
  with	
  ellipIcal	
  beam	
  pipe	
  

SuperconducIng	
  magnet:	
  4	
  T/s,	
  Bmax=	
  1.9	
  T	
  

High	
  intensity	
  challenges	
  for	
  SIS-­‐100:	
  
• Long	
  Ime	
  scales	
  up	
  to	
  106	
  turns	
  (1	
  s)	
  with	
  large	
  space	
  charge	
  
• 	
  Bunch	
  compression:	
  Space	
  charge	
  tune	
  shi|	
  of	
  ΔQsc=-­‐1	
  
• ‘Thick’	
  medium	
  energy	
  beams	
  (2/3	
  filling	
  factor)	
  	
  
• 	
  Resonance	
  compensaIon	
  and	
  working	
  point	
  for	
  <	
  5	
  %	
  loss.	
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Q
y

DA/�

Nonlinearity:	
  Yes	
  
Space	
  charge:	
  No	
  
ChromaIcity:	
  No	
  
Dispersion:	
  No	
  
COD:	
  No	
  
RF:	
  No	
  

Qx	
  +	
  2	
  Qy	
  =	
  56	
  
	
   3	
  Qx	
  =	
  56	
  

G.Franche�	
  (2011)	
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SIS-­‐100	
  ‘thin’	
  stainless	
  steel	
  beam	
  pipe	
  

18	
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Main	
  funcBons	
  (in	
  SIS-­‐100):	
  
-­‐	
  To	
  enclose	
  the	
  vacuum	
  (1E-­‐12	
  mbar)	
  
-­‐	
  AcIve	
  pumping	
  (<	
  20	
  K)	
  
-­‐	
  Shielding	
  of	
  beam	
  induced	
  EM	
  fields	
  (good	
  conductor	
  needed)	
  
Problem:	
  	
  
-­‐	
  Eddy	
  currents:	
  pipe	
  heaIng	
  and	
  magneIc	
  field	
  errors	
  (bad	
  conductor	
  needed)	
  

SIS-­‐100	
  soluBon:	
  	
  
thin	
  (0.3	
  mm)	
  stainless	
  steel	
  pipe	
  with	
  aZached	
  cooling	
  pipes	
  
-­‐	
  sIll	
  mechanically	
  robust	
  (with	
  supporIng	
  rips)	
  
-­‐	
  tolerable	
  eddy	
  current	
  heaIng	
  (<	
  10	
  W/m)	
  and	
  magneIc	
  field	
  distorIon	
  
-­‐	
  sufficient	
  shielding	
  of	
  beam	
  induced	
  EM	
  fields	
  for	
  frequencies	
  	
  >	
  50	
  kHz	
  
	
  	
  	
  
	
  

Temperature	
  distribuIon	
  	
  
with	
  asached	
  cooling	
  tube	
  

The	
  thin	
  beam	
  pipe	
  (plus	
  the	
  kicker+network)	
  is	
  the	
  	
  
dominant	
  impedance	
  contribuIon	
  in	
  SIS-­‐100.	
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Heat	
  load	
  in	
  SIS100:	
  Longitudinal	
  impedances	
  

19	
  

 
Pheat ∝ ℜZ!(ω ) ⋅PowerSpectrum(ω )dω∫ ≪ 25 kW (25 W/m)

cryo	
  plant	
  SIS-­‐100	
  

Final	
  energy	
   29	
  GeV	
  

Protons	
  per	
  
cycle	
  

2E13	
  

cycle	
  rate	
  (Hz)	
   0.5	
  

#bunches	
   1	
  

bunch	
  length	
   10	
  ns	
  

proton	
  bunch	
  length	
  

10 ns

Tolerable	
  heat	
  load	
  in	
  a	
  kicker	
  module	
  Pmax=250	
  W	
  	
  
(beam	
  induced:	
  50	
  W).	
  

Uwe	
  Niedermayer	
  (2013)	
  

Pheat ≈1W/m

Pheat W/m[ ]

Proton	
  bunch	
  parameters	
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Transverse	
  SIS-­‐100	
  beam	
  pipe	
  impedance	
  
CST®	
  EM	
  Studio	
  +	
  frequency	
  domain	
  solvers	
  

SIS-­‐100	
  thin	
  (0.3	
  mm)	
  stainless	
  steel	
  	
  
beam	
  pipewith	
  cooling	
  tubes	
  asached.	
  

	
  Longitudinal	
  electric	
  field	
  in	
  the	
  SIS100	
  pipe	
  structure	
  
resulIng	
  from	
  a	
  dipolar	
  excitaIon	
  (300	
  kHz).	
  

Wall	
  currents	
  in	
  the	
  	
  
pipe	
  wall	
  

U.	
  Niedermayer,	
  O.	
  Boine-­‐F.,	
  Analy&cal	
  and	
  	
  
numerical	
  calcula&ons	
  of	
  resis&ve	
  wall	
  
impedances	
  for	
  thin	
  beam	
  pipe	
  structures	
  	
  
at	
  low	
  frequencies,	
  NIM	
  A	
  2012	
  

Z⊥ (ω ) =
2cR
b3σωd

δ s ( f− ) ≈1.6 mm
skin	
  depth:	
  

f− = f0 (n −Qx ) ≈100 kHz

Transverse	
  impedance	
  (horizontal)	
  

•  In	
  the	
  frequency	
  range	
  of	
  interest	
  outside	
  	
  
	
  	
  	
  	
  	
  	
  	
  structures	
  do	
  not	
  contribute	
  to	
  the	
  impedance.	
  
•  The	
  thin	
  resisBve	
  beam	
  pipe	
  is	
  a	
  major	
  source	
  for	
  	
  
	
  	
  	
  	
  	
  	
  	
  the	
  expected	
  head-­‐tail	
  instabiliBes	
  in	
  SIS-­‐100.	
  	
  	
  

see	
  ContribuBon	
  (Saturday)	
  +	
  Poster	
  	
  
by	
  Uwe	
  Niedermayer	
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Impedances	
  (transverse)	
  in	
  SIS-­‐100	
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Kicker + Pulse Forming Network (PFN) 

Head-­‐Tail	
  instabiliIes	
  
Cures:	
  
-­‐	
  Feedback	
  System	
  
-­‐	
  Octupoles	
  

High-­‐Freq	
  Break-­‐Up	
  
Cure:	
  
Landau	
  Damping	
  
(ξ	
  and	
  δp)	
  

V.	
  Kornilov	
  (2013)	
  

Broad-­‐band	
  impedance	
  in	
  SIS-­‐100:	
  
	
  	
  	
  -­‐	
  Distributed	
  collimaIon	
  system	
  
	
  	
  	
  -­‐	
  Halo	
  collimaIon	
  system	
  
	
  	
  	
  -­‐	
  …..	
  	
  
	
  
Work	
  on	
  the	
  BB	
  impedance	
  model	
  	
  
sIll	
  ongoing.	
  
-­‐>	
  Important	
  for	
  proton	
  operaIon	
  !	
  

U.	
  Niedermayer	
  (2013)	
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Conclusions	
  

22	
  

o  The	
  FAIR	
  accelerator	
  facility	
  at	
  GSI	
  is	
  presently	
  under	
  construcIon	
  (esImated	
  start	
  of	
  operaIon	
  in	
  2018).	
  

o  Major	
  accelerator	
  components	
  have	
  been	
  ordered	
  or	
  are	
  being	
  tested	
  at	
  GSI	
  or	
  at	
  the	
  FAIR	
  partner	
  labs.	
  

o  Besides	
  the	
  various	
  challenges	
  related	
  to	
  the	
  technical	
  project	
  level	
  	
  
	
  	
  	
  	
  	
  	
  	
  (civil	
  construcIon,	
  specificaIon,	
  procurement,	
  project	
  control,	
  …..)	
  	
  a	
  number	
  of	
  	
  
	
  	
  	
  	
  	
  	
  accelerator	
  physics	
  R&D	
  issues	
  for	
  high	
  current	
  operaIon	
  with	
  protons	
  and	
  heavy	
  ion	
  beams	
  remain.	
  	
  	
  	
  

Important	
  examples	
  are:	
  

o  Control	
  of	
  space	
  charge	
  induced	
  beam	
  loss:	
  	
  
•  Magnet	
  sorIng	
  and	
  resonance	
  compensaIon	
  concepts	
  

o  Control	
  of	
  collecIve	
  effects:	
  	
  
•  EsImaIon	
  and	
  if	
  possible	
  reducIon	
  of	
  ‘unconvenIonal’	
  impedances	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  (beam	
  pipe,	
  MA	
  loaded	
  caviIes,	
  bi-­‐polar	
  ferrite	
  kickers	
  +	
  networks,	
  collimators)	
  
•  Longitudinal	
  and	
  transverse	
  digital	
  feedback	
  systems	
  to	
  damp	
  coherent	
  oscillaIons	
  and	
  

preserve	
  the	
  beam	
  quality.	
  	
  	
  
	
  
o  Control	
  of	
  the	
  dynamic	
  vacuum	
  and	
  the	
  associated	
  beam	
  life	
  Ime	
  (heavy-­‐ions):	
  

•  Distributed	
  system	
  of	
  collimator/pumping	
  systems.	
  
•  Cold	
  pipe.	
  

	
  


