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FIG. 2. Schematics of a synchrotron accelerator.

2. GENERAL PRINCIPLES

2.1 Operating Principle

Figure 2 is a schematic illustration of a
synchrotron. Charged particles are injected
into a synchrotron chamber provided with a
number of electromagnets to bend the parti-
cle path by the Lorentz force. The injection
beams come from a preaccelerator, such as a
linac. In rf cavities, acceleration takes place
with electric fields supplied from rf-power
sources, which commonly operate at be-
tween several and several hundred mega-
hertz. In a synchrotron, particles take an or-
bit having a constant radius, like in a
betatron, nominally at the center of the
beam pipe around the circumference of the
synchrotron.

Figure 3 shows the operating cycle of a
synchrotron. After injection is completed, the
dipole magnetic field (B) increases linearly,
thus causing the particles to stay in a con-

stant orbit as their energy (E) increases.
Here, E is the total energy [E2 = (pc)2 +
(me2)2, where p is momentum of a particle,
m its rest mass, and c the speed of light].
Since protons or ions, which are much
heavier than electrons, gain velocities rela-
tively slowly, frequency modulation of the rf
accelerating voltage has to be applied in or-
der to make certain that the accelerating
voltage and frequency of particle revolution
are synchronous. Therefore, during a single
acceleration cycle, both the magnetic field
(B) and the rf frequency ( f ) increase as
(when particles take a circular orbit)

f = ec2BI2irE. (1)
Since in an electron synchrotron the par-

ticles are injected at a kinetic energy higher
than some tens of MeV, they always have a
velocity close to the speed of light. As a con-
sequence, the revolution frequency of the
particles is almost constant, and it is possi-
ble to use a fixed-frequency accelerating cav-
ity. This is one of the primary differences be-
tween electron synchrotrons and proton
synchrotrons, where the frequency of the ac-
celerating rf fields must be adjusted during
acceleration by a factor of 10 or more, be-
cause the velocity of the much heavier pro-
tons at typical injection energies is much
slower than that of light.

At the end of the accelerating cycle (Fig.
3), accelerated particles are either directed at
an internal target in the accelerator chamber
or are extracted outside and guided to exper-
imental stations, or to additional accelera-
tors. In a large proton synchrotron the cycle
lasts for between a few seconds and a few
tens of seconds.

2.2 Particle Motion in a Circular
Accelerator

Practically, since circulating particles have
a small transverse momentum, they oscillate
around an ideal circular orbit with a fre-
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FIG. 3. Typical operating cycle of the
magnetic field and acceleration frequency
of a proton synchrotron.
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W 2 = (pc)2 + (mc2 )2 = (qcBR0 )
2 + (mc2 )2Rf	
  frequency:	
   ParLcle	
  energy:	
  

Repe>>on	
  rate	
  (Trep)-­‐1:	
  	
  	
  
(Lme	
  needed	
  for	
  one	
  complete	
  cycle)-­‐1	
  	
  

Beam	
  power:	
  	
   Pbeam = Wtot

Trep

Total	
  beam	
  energy:	
   Wtot = NWkin

Types	
  of	
  synchrotrons	
  (a	
  bit	
  arbitrary):	
  	
  	
  	
  	
  
-­‐	
  slow	
  cycling	
  synchrotron:	
  <	
  1	
  Hz	
  
-­‐	
  fast	
  cycling	
  synchrotron:	
  1-­‐10	
  Hz	
  
-­‐	
  Rapid	
  Cycling	
  Synchrotron	
  (RCS):	
  >	
  10	
  Hz	
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High	
  power,	
  high	
  intensity	
  synchrotrons	
  	
  
worldwide	
  (not	
  complete	
  !)	
  

Energy	
   Radius	
   Rep.	
  
rate	
  

Power	
   Par>cles
/cycle	
  	
  	
  

Applica>on	
   Remarks	
  

ISIS,	
  UK	
   0.8	
  GeV	
   168	
  m	
   50	
  Hz	
   0.16	
  MW	
   3x1013	
   Neutrons,	
  muons	
   RCS	
  

J-­‐PARC	
  
RCS,	
  Japan	
  

3	
  GeV	
   348	
  m	
   25	
  Hz	
   1	
  MW	
  
(design)	
  

4x1013	
  
(design)	
  

Injector	
  for	
  MR,	
  	
  
Neutrons,...	
  

RCS,	
  	
  
0.3	
  MW	
  	
  

J-­‐PARC	
  
MR,	
  Japan	
  

50	
  GeV	
   1567	
  m	
   0.3	
  Hz	
   0.75	
  MW	
  
(design)	
  

4x1014	
  
(design)	
  

Neutrinos,	
  ...	
  

CERN	
  PSB	
   1.4	
  GeV	
   157	
  m	
   1	
  Hz	
   1.5	
  kW	
   (4x)	
  2x1012	
   LHC	
  injector	
  chain	
   4	
  rings	
  

CERN	
  PS	
   26	
  GeV	
   630	
  m	
   0.3	
  Hz	
   25	
  kW	
   2x1013	
   LHC	
  injector	
  chain	
  

AGS	
  
Booster	
  

1.5	
  GeV	
   202	
  m	
   7.5	
  Hz	
   45	
  kW	
   2.5x1013	
   RHIC	
  injector	
  chain	
   p-­‐Au	
  

AGS	
   24	
  GeV	
   807	
  m	
   0.5	
  Hz	
   130	
  kW	
   7x1013	
   RHIC	
  injector	
  chain	
   p-­‐Au	
  

SIS-­‐18,	
  GSI	
   1	
  GeV/u	
   216	
  m	
   3	
  Hz	
   4	
  kW	
   1010	
  
Uranium	
  

Injector	
  for	
  
SIS-­‐100,	
  RIBs	
  

p-­‐U	
  

SIS-­‐100,	
  
GSI	
  

2.7	
  GeV/
u	
  

1080	
  m	
   1	
  Hz	
   50	
  kW	
   5x1011	
  
Uranium	
  

RIBs,	
  pbars	
   p-­‐U,	
  sc	
  
magnets	
  

6	
  

RCS:	
  Rapid	
  Cycling	
  Synchrotron	
  (>	
  10	
  Hz),	
  Blue:	
  ‘Record	
  values’	
  



Oliver	
  Boine-­‐Frankenheim,	
  CAS,	
  Bilbao,	
  May	
  26,	
  2011	
  

J-­‐PARC	
  

7	
  

J-­‐PARC	
  was	
  heavily	
  affected	
  by	
  the	
  earthquake	
  in	
  March	
  2011	
  !	
  
Plan	
  for	
  restoring	
  the	
  accelerator	
  is	
  being	
  worked	
  out.	
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! rf (B) =

µ0

µ(B)
! rf ,0Reduced	
  cavity	
  eigenfrequency:	
  

rf	
  caviLes	
  filled	
  with	
  ferrite	
  ring	
  cores	
  	
  
(magneLc	
  permeability	
  μ(Bbias))	
  

Magne>c	
  Alloy	
  filled	
  cavi>es	
  (e.g.	
  J-­‐PARC	
  RCS):	
  
-­‐	
  broadband:	
  no	
  tuning	
  required	
  
-­‐	
  compact	
  caviLes	
  (important	
  for	
  rapid	
  cycling	
  rings)	
  
-­‐	
  larger	
  losses	
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DEVELOPMENT OF THE FAST FEEDBACK SYSTEM
 

K. Kaspar, H. G. König , GSI Darmstadt 
 

Abstract 
The longitudinal impedance seen by the beam is about 

3 kOhms per SIS cavity. For the planned high current 
operation, cooled beam experiments, bunch length 
compression studies etc., reduction of the gap impedance 
below 1 kOhm is necessary. The paper summarizes 
various possibilities for cavity impedance reduction that 
were taken into consideration. Installation of a fast 
feedback system has been chosen as the most adequate 
solution. Simulation calculations with PSPICE show the 
limitations and promise impedance reduction factors in 
the order of 5 to 8 at the low frequency end. For 
development and adaptation of the feedback system, a test 
accelerating station has  been set up on the base of the old 
SIS prototype cavity.  
 

 1 GENERAL  
The impedance seen by the ion beam passing through a 
cavity is usually described by the equivalent circuit given 
in Fig.1. Ri is the inner resistance of the generator, Rc the 
impedance of the cavity at resonance, N is the voltage 
transformation ratio from the generator to the cavity. Any 
of these quantities can be used to influence the resulting 
gap impedance Rg seen by the beam. 
 

 
Fig.1: Equivalent circuit used for the description of the 
gap impedance seen by the an ion beam 
 

1 REVIEW OF PASSIVE SOLUTIONS 

1.1 Additional Resistive Loading of the cavity 
By connecting a water-cooled loading resistor in parallel 
with the cavity gap, Rg can be reduced to about 1 kOhm 
very easily. The presently available anode current would 
limit the gap voltage to about 50% of the maximum of 16 
kV in this case, however.  

The simplicity, broadband nature and stability of this 
solution look very attractive (cf. Fig.4). Low gap imped-
ances are mainly necessary during low voltage operation. 
Use of a resistive load in the low voltage range, and 
disconnecting it for higher voltages by a vacuum relay 
may still be interesting for certain applications. With 
regard to the reduced gap voltage and increase of wasted 
energy the solution is not being followed any further. 
  

1.2 Installation of a second power Stage 
Installation of a second power tube for the push-pull 
arrangement of the SIS cavities  has been prepared in the 
mechanical design of the accelerating stations since the 
very beginning. The high costs of  installing additional 
power stages seem not justified for the possible reduction 
of  Rg by a factor of  two in this case. 
 

1.3 Cavity Input Transformation Ratio 
In the actual geometry, the rf power is coupled into one 
half of the SIS cavities (see Fig.2). The input trans-
formation ratio is  N=2,  and the resistance Ri of the tube 
is transformed into Rg by the factor of four. In the ESR 
cavities a transformation ratio N=1 has been realized. As 
shown in Fig.2, in principle, the transformation ratio of  
N=1 can be realized in the SIS cavities also. In this case, 
gap impedances of about 1 kOhm should be possible (see 
Fig.3). With the actually available anode voltage, the gap 
voltage would be limited to 12 kV, however. This solution 
and the possible high voltage and resonance problems will 
be looked in more closely in the SIS test station described 
below.  

 
Fig.2: Principle of rf coupling from the power tube into 
the SIS and ESR cavities. Possible modification of the SIS 
coupling to a 1:1 input transformation ratio .        

Gap impedance at resonance:  

Power Amplifier

Current Source

Ig
-
+ Ri

Cavity

Ri  || RcRg = N2 .

Rc

Tr. 1 : N

L1 Lc

Ugap

Cc

ESR cavity:  N=1

SIS cavity:  N=1

SIS cavity: N=2

FOR THE GSI SIS CAVITIES

1841Proceedings of EPAC 2000, Vienna, Austria

bias	
  winding	
  

Power	
  amplifier	
  

Beam	
  pipe	
  

SIS-­‐18	
  cavity	
  (length=3.4	
  m):	
  	
  
	
  	
  	
  14	
  kV,	
  Q=10,	
  0.8-­‐5.4	
  MHz	
  

Ferrite	
  cores	
  

cavity	
  gap	
  

Q !10 " 50 frf <10 MHz

µ !100Ferrite:	
  

Cavity	
  quality	
  factor	
  and	
  max.	
  frequency:	
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!"W0 = 2#RqR0
"By

T0

(W0 )n+1 = (W0 )n + qV0 sin!s

Synchronous	
  parLcle	
  	
  
(enters	
  the	
  cavity	
  always	
  with	
  the	
  same	
  phase	
  ϕs):	
  

RCS:	
  Installed	
  voltage	
  per	
  meter	
  counts	
  !	
  
Example	
  J-­‐PARC	
  RCS:	
  400	
  kV/350	
  m	
  ≈	
  1	
  kV/m	
  
-­‐>	
  compact	
  MagneLc	
  Alloy	
  caviLes	
  !	
  

V (t) =V0 sin(! rf t)
! rf = h! 0  

R0 !B0 =
V0
2!R

sin"sVoltage	
  requirement	
  (single	
  rf):	
  

!W0 = qV0 sin"sEnergy	
  gain	
  per	
  turn:	
  

W0
2 = (p0c)

2 + (mc2 )2 !

!p0 = qR0!By

!W0 = v!p0

T0 =
2!R
v0

Rigidity:	
   RevoluLon	
  period:	
  

 
R0 !B0 =

V0
2!R

(sin"s1 #$ sin2"s2 )dual	
  rf	
  mode:	
  

V (t) =!V0 sin(2" rf t)
second	
  harmonic	
  cavity	
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  phase	
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  capture	
  in	
  the	
  CERN	
  PS	
  Booster	
  
(tomographic	
  phase	
  space	
  	
  
reconstrucLon,	
  	
  Hancock	
  et	
  al.)	
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  bucket	
  (separatrix)	
  

rf	
  buckets	
  

11	
  

! s =
qVhcos"s
2#R2m*

m* = −
γ 0m
η

Synchrotron	
  frequency	
  (small	
  amplitudes):	
  

 
! !" = h# 0$

%0
2

&W
W

 !" !W = f0qV0(sin# $ sin#s )

 
!!! = "# s

2 (sin! " sin!s )

!Wn+1 = !Wn + qV0(sin"n # sin"s )Non-­‐synchronous	
  parLcle:	
  
 

!W
T0

" !W

 
! 1

2
!" 2 #$ s

2 (cos" +" sin"s ) = const.

rf	
  voltage	
  requirement:	
  
	
  	
  	
  Bunch	
  area	
  arer	
  injecLon	
  determines	
  ϕs	
  !	
  	
  	
  

Bucket	
  and	
  bunch	
  area:	
   AB(!s ) = 2 "W (!)d("!)
"!1

"!2

#

AB(!s ) " AB(!s = 0) #
1$ sin!s
1+ sin!s

ΔT
T

= η Δp
p

η =
1
γ t
2 −

1
γ 2

(frequency	
  slip)	
  

with	
   and	
  
 
! !" = !" =# rf

!T
T0

!" = " #"s
(phase	
  difference)	
  

Small	
  amplitudes:	
    
!! 2 +" s

2#! 2 = const.

!Wn =Wn " (W0 )n
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Dual	
  rf	
  systems	
  are	
  employed	
  e.g.	
  in:	
  
CERN	
  PSB,	
  ISIS,	
  J-­‐PARC	
  RCS,	
  GSI	
  SIS-­‐18	
  

Advantages:	
  
-­‐	
  flaaened	
  bunches	
  (lower	
  peak	
  current)	
  
-­‐	
  larger	
  bucket	
  area	
  
Complica>on:	
  
-­‐	
  control	
  of	
  the	
  phase	
  difference	
  
-­‐	
  ‘fully	
  nonlinear	
  synchrotron	
  oscillaLons’	
  	
  	
  

Example	
  case	
  SIS-­‐18:	
  	
  
V0=40/16	
  kV,	
  	
  h=2/4	
  	
  (fmin=430/860	
  kHz)	
  

V RF (!) =V0 sin! " 1
2
sin2!#

$%
&
'( )

1
2
V0!

3

! s("̂) # $! "̂

StaLonary	
  (φs=0,	
  φs2=0)	
  rf	
  wave	
  form	
  	
  

Amplitude-­‐dependent	
  	
  
synchrotron	
  frequency:	
  	
  

 
!!! = "# s

2

2
! 3EquaLon	
  of	
  moLon:	
  

Bf	
  =	
  0.35	
  	
  

φs=450	
  

SIS-­‐18:	
  Dual	
  rf	
  bucket	
  with	
  flauened	
  bunch	
  profile	
  

bucket	
  
bunch	
  
boundary	
  

! s(")

V (!)
V0

= sin(!)" sin(!s )"# sin !s2 + 2(! "!s )[ ]" sin(!s2 )( )
Non-­‐StaLonary	
  (φs>0,	
  φs2>0)	
  rf	
  wave	
  form:	
  	
  

profile	
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For	
  applica>ons	
  e.g.	
  in	
  	
  
nuclear	
  physics	
  a	
  single,	
  	
  
short	
  bunch	
  is	
  extracted	
  	
  
to	
  the	
  produc>on	
  target.	
  

 
!! 2 +" s

2! 2 = const.

 
! " f =

!"i
# s

 AB = !i !!i = ! f
!! f

StaLonary	
  bucket,	
  	
  
small	
  amplitudes:	
  

Bunch	
  area:	
  Bunch	
  rota>on:	
  
Sudden	
  switch-­‐on	
  of	
  an	
  addiLonal	
  	
  
rf	
  voltage	
  causes	
  the	
  bunch	
  to	
  
rotate	
  in	
  the	
  bucket.	
  

 
! " f =

AB

# s"i
$
!"i
V0

! f =
" f

# rf

Bunch	
  length:	
  

Final	
  bunch	
  length	
  	
  
depends	
  on	
  the	
  iniLal	
  	
  
momentum	
  spread	
  !	
  

Trot =
Ts
4
<1ms

The	
  compression	
  takes	
  	
  
only	
  a	
  quarter	
  of	
  a	
  	
  
synchrotron	
  period.	
  

-­‐>	
  (broadband)	
  rf	
  cavity	
  with	
  	
  
	
  	
  	
  	
  	
  fast	
  rise	
  Lme	
  needed	
  !	
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RF	
  cavity	
  	
  

RF	
  cavity	
  

GSI	
  Synchrotron	
  SIS-­‐18	
  

Bunch	
  	
  
Compressor	
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0
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40 Bunch compressor

To
ta

l R
F 
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lta
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, k

V

time, ms

RF cavity

MagneLc	
  alloy	
  loaded	
  cavity	
  (length=1	
  m)	
  with:	
  
	
  	
  	
  30	
  kV,	
  0.8	
  MHz,	
  Q=1,	
  0.1	
  ms	
  pulse	
  duraLon.	
  

ExtracLon	
  AcceleraLon	
   Rebunching	
  

In	
  the	
  projected	
  SIS-­‐100:	
  fast	
  extracLon	
  of	
  5x1011	
  U28+	
  	
  
in	
  one	
  short	
  (50	
  ns)	
  bunch	
  -­‐>	
  0.5	
  TW	
  peak	
  power	
  !	
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Primary	
  Beams	
  
238U28+;	
  2x1011/s;	
  	
  
0.4-­‐2.7	
  GeV/u	
  	
  

Secondary	
  Beams	
  

Driver:	
  
SIS-­‐100	
  

Primary	
  heavy-­‐ion	
  beam	
  intensity	
  directly	
  relates	
  to	
  the	
  yield	
  of	
  exo>c	
  ions	
  	
  

1	
  Hz	
  repeLLon	
  
50	
  ns	
  pulse	
  length	
  

Storage	
  ring	
  experiments	
  with	
  RIBs:	
  	
  
	
  	
  Masses	
  and	
  half-­‐lives	
  for	
  short-­‐lived,	
  exoLc	
  ions	
  

Cooling	
  >me	
  ≈1	
  s	
  !	
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!

!

!By

l

′′x +
1
R2

x = 1
R
Δp
p0

‘weak’	
  	
  
focusing	
  

inhomogeneous	
  	
  
part	
  

s	
  

p = p0 + !p

x	
  

ideal	
  parLcle	
  

Δθ = θ Δp
p

⇒ ′′x =
1
R
Δp
p0

x ' = dx
ds

Divergence:	
  

Horizontal	
  parLcle	
  offset:	
   x

s = !0ctPath	
  length:	
  

! = q
p0

Bys1

s2

" ds # l
R0
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Large	
  apertures	
  	
  

SIS-­‐18	
  dipoles:	
  	
  20	
  cm	
  x	
  8	
  cm	
  

J-­‐PARC	
  RCS:	
  25	
  cm	
  x	
  19	
  cm	
  

Ramping	
  rates	
  (Bdot):	
  

SIS-­‐18	
  dipoles:	
  10	
  T/s	
  

J-­‐PARC	
  RCS	
  dipoles:	
  40	
  T/s	
  	
  	
  
	
  	
  
Max.	
  B-­‐Field	
  

SIS-­‐18:	
  1.9	
  T	
  

J-­‐PARC	
  RCS:	
  1.1	
  T	
  
	
   J-­‐PARC	
  RCS	
  (25	
  Hz)	
  dipole	
  

Fast	
  ramping	
  (3	
  Hz)	
  SIS-­‐18	
  dipoles	
  

SIS-­‐100	
  superferric	
  dipole:	
  
13	
  cm	
  x	
  6	
  cm	
  
Bdot	
  =	
  4	
  T/s	
  
Bmax=	
  2	
  T	
  
pipe	
  at	
  20	
  K	
  	
   cryostat	
  

magnet	
  

Fast	
  ramping	
  ‘cold’	
  magnet	
  
of	
  the	
  nuclotron-­‐type	
  



Oliver	
  Boine-­‐Frankenheim,	
  CAS,	
  Bilbao,	
  May	
  26,	
  2011	
  

Quadrupole	
  magnets	
  and	
  beam	
  focusing	
  

19	
  

By = B0
x
a
, Bx = B0

y
a

MagneLc	
  field:	
  

κ =
q
p0

∂Bx
∂y

=
q
p0

∂By

∂x

!!x +" (s)x = 0

!!y "# (s)x = 0

Focusing	
  gradient:	
  

EquaLons	
  of	
  moLon:	
  

Quadrupole	
  magnets	
  	
  
at	
  GSI	
  

(horizontal)	
  

(verLcal)	
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Strong	
  Focusing	
  

394 Synchrotrons and Storage Rings

1 CL ds
V~ 27rJo /3(S)'

(8)

is called the betatron tune of the accelerator.
Most high-energy accelerators use a peri-

odic sequence of quadrupole magnets of al-
ternating polarity. Such configuration is
called a FODO lattice, in which charged par-
ticle beams are focused or defocused by
quadrupole magnet fields. An example of the
beta function and particle trajectories is
shown in Fig. 5 in a regular FODO lattice, in
which quadrupole are arranged repeatedly,
such as equally spaced focusing and defocus-
ing lenses.

Each time that particle passes position s
in the ring, its betatron oscillation appears
as a point on an ellipse, as shown in Fig. 6,
where u(s) and du(s)/ds are plotted in the ab-
scissa and ordinate, respectively. Since the
area of the ellipse is invariant when the par-
ticle moves around the accelerator, we ob-
tain the important result that the area of the
ellipse enclosing the beam in phase space is

du(s)<
ds

(m)

15

10

5
0

(a)

]8(s)

(b)

u( s )

— s

(c)

FIG. 5. (a) A regular FODO lattice of focusing and
defocusing lenses, (b) Beta-function, (c) One trajec-
tory on several revolutions. [According to Sands
(1970)].

FIG. 6. Phase-space ellipse at point s.

invariant (Liouville's theorem). This is true
under the condition that stochastic effects
like beam-gas scattering or radiation can be
neglected. The area (ire) is an important
quantity, and e is called the emittance.

Practically, particles in a synchrotron
have some energy spread; i.e., Aplp0 is not
zero. In this case the motion of a particle is
described by the inhomogeneous Hill's equa-
tion for the horizontal motion [Eq. (2)].
Since the particle orbit in bending magnets
is determined by the momentum of each
particle, there is a radial spread of particles
in the beam. The shift in the radial position
from the central orbit is related to the mo-
mentum deviation as

Ax(s) = v(s)(Aplp). (9)

Here, TJ(S) is called the dispersion function.
Although a more rigorous treatment has

to be made, the transverse beam size and di-
vergence can be derived using the beta func-
tions, dispersion functions, and emittances
in both planes. In electron (positron) storage
rings, although the emission of synchrotron
radiation determines the beam emittance
(Sec. 2.7), the beam size (ax(s),ay(s)) can be
written as

ax(s) = [/3x(s)ex

and

ay(s) = [^(s)^]

(10)

20	
  

! (s) =! (s + L)

 x(s) = !̂x!x cos(" (s)+" 0 )

! (s) = ds
"̂x (s)0

s

# .

Qx =
1
2!

ds
"̂x (s)0

C

# .

(Beam	
  envelope)	
  

Phase	
  advance:	
  

Betatron	
  oscillaLons:	
  

Tune:	
   Number	
  of	
  betatron	
  	
  
oscillaLons	
  per	
  turn	
  

Periodic	
  focusing	
  :	
   Periodic	
  focusing	
  (FODO)	
  

Envelope	
  

Individual	
  trajectories	
  

x(s) = x! (s)+ D(s)
"p
p0

With	
  bends:	
  

Dispersion	
  funcLon:	
  D(s)	
   x(s)
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Dipole	
  
error	
  

Quad-­‐	
  
error	
  

Expansion	
  of	
  the	
  B-­‐field	
  around	
  the	
  ideal	
  path:	
  

mQx + nQy = p

Order:	
  |n|+|m|=1,	
  2,	
  3,	
  ….	
  

Error	
  resonances	
  (m,n,p):	
  

Bending	
   Focusing	
  

space	
  charge-­‐	
  
‚diamond‘	
  

!Qy
sc "# q

2

m
N
Bf

gf
$ y%0

2& 0
3

2
1+ $ y $ x

Space	
  charge	
  tune	
  spread	
  (e.g.	
  CAS,	
  A.	
  Hofmann):	
  
gf:	
  Transverse	
  profile	
  (Gauss:	
  2,	
  homogenous:	
  1)	
  
Bf	
  	
  <	
  1:	
  bunching	
  factor	
  
εx,y:	
  transverse	
  emiuances	
  
N:	
  number	
  of	
  par>cles	
  in	
  the	
  ring	
  
q:	
  parLcle	
  charge	
  
m:	
  parLcle	
  mass	
  

‘Space	
  charge	
  limit’:	
  
(text	
  books)	
    !Qy ! 0.5

q
p
By(x,s) =

1
R(s)

+κ (s)x(s)+ ΔR
R2

+ Δκ x(s)+Ο(x2 )
Sextupoles,...	
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Resonance	
  scan	
  (low	
  intensity	
  beam	
  )in	
  the	
  SIS-­‐18.	
  	
  
A.	
  Parfenova,	
  G.	
  Franche{,	
  GSI	
  (2011)	
  

Bf	
  =0.33	
  ΔQx	
  ≈	
  -­‐0.1	
  	
  
ΔQy	
  ≈	
  -­‐0.2	
  

Qx	
  =	
  4.17,	
  Qy	
  =	
  3.24	
  

G.	
  Franche{,	
  O.	
  Chorniy,	
  et	
  al,	
  Phys.	
  Rev.	
  ST-­‐AB	
  2010	
  

Beam	
  loss	
  for	
  high	
  beam	
  intensi>es	
  

Measures	
  (there	
  is	
  no	
  cure	
  !):	
  
-­‐	
  Resonance	
  compensaLon	
  	
  
-­‐	
  Flauened	
  bunches	
  (dual	
  harmonic	
  rf)	
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2NZ 2gf
#A$0

2% 0
3Bf & y + & y& x( )

Achieved	
  beam	
  intensiLes	
  in	
  the	
  SIS-­‐18	
  synchrotron	
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  vs.	
  heavy	
  ions	
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For	
  protons	
  or	
  lighter	
  ions	
  the	
  	
  
space	
  charge	
  limit	
  is	
  usually	
  the	
  	
  
actual	
  intensity	
  limiLng	
  factor.	
  
	
  
	
  
For	
  heavy	
  ions	
  there	
  are	
  presently	
  	
  
other	
  limiLng	
  factors.	
  E.g.:	
  
• Beam	
  current	
  from	
  the	
  source	
  
• Beam	
  lifeLme	
  in	
  the	
  residual	
  gas	
  	
  

InjecLon	
  energy:	
  11.4	
  MeV/u	
  (ß0=0.155),	
  Emiuances:	
  	
    !x,y =150 / 50 mm mrad

‘Textbook’	
  space	
  charge	
  limit	
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Kicker:	
  fast	
  dipole	
  magnet	
  with	
  a	
  rise	
  Lme	
  of	
  10-­‐100	
  ns	
  and	
  a	
  pulse	
  duraLon	
  of	
  μs.	
  

Kicker	
  pulse	
  

From	
  a	
  smaller	
  ‘booster’	
  synchrotron	
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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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SimulaLon:	
  with	
  space	
  charge	
  	
  

septum	
  

!"#$%& '( )"*+,-.& /0 +1& 2&,3 +/ +1& *&4+$3 0/% Qf =
0.175 n = 5 ,-6 a = 9.3 337 81& *4&.",9 .,*&* 1"#19"#1+&6
2: +1& 1/%";/-+,9 9"-&* ,%& &<49,"-&6 "- +1& +&<+7

=/%& #&-&%,95 ,449:"-# >?7 ' +/ >?7 @5 ,99/A* +1& "-B&.C
+"/- 4,%,3&+&%* +/ 2& &<4%&**&6 ,* 0$-.+"/-* /0 +1& "-"+",9
41,*& ϕ07 D1&+1&% +1& 2&,3 *$00&%* 4,%+".9& 9/** .,- 2&
6&+&%3"-&6 ./-*"6&%"-# +1& 6"*+,-.& /0 +1& /$+&% &6#& /0
+1& 2&,3 d(t) = x(t) + a 0%/3 +1& *&4+$37 E&#,+"F& F,9C
$&* ./%%&*4/-6 +/ ,+ 9&,*+ , 4,%+ /0 +1& 2&,3 2&"-# 2&1"-6
+1& *&4+$37 G,%+".9&* ,%& 9/*+ "0 d(mT ) < 0 0/% m > 07 !/%
/+1&% +"3&* -&#,+"F& F,9$&* .,- 2& +/9&%,+&67 81& 6"*+,-.&
/0 +1& 2&,3 0%/3 +1& *&4+$3 ,* , 0$-.+"/- /0 t ,-6 ϕ0 "*
F"*$,9";&6 "- !"#7 '7

81& 6"*+,-.& ,**$3&* -&#,+"F& F,9$&* */3& +"3& ,0+&%
t = T 0/% ,-: 41,*& &<.&4+ ϕ0 = 0.67 %,67 81"* *&++"-# ,.C
+$,99: ./%%&*4/-6* +/ +1& ,0/%& 6"*.$**&6 .,*& +1,+ +1& /00*&+
2&./3&* +1& 9,%#&*+ ,0+&% n = 5 +$%-*7 H- !"#7 ' +1& 1/%";/-C
+,9 %&6 9"-& 1"#19"#1+* +1"* *"+$,+"/-7 !/% 0.27 < ϕ0 < 1.09
-&#,+"F& F,9$&* 6/ /..$%5 2$+ -/+ A1"9& +1& 2&,3 4,**&*
+1& *&4+$37 I&-.& +1&%& "* -/ 4,%+".9& 9/** "- +1"* %,-#&
/0 41,*&*7 J+,%+"-# A"+1 +1& *3,99&*+ 4/**"29& 41,*&5 +1&
2&,3 +/$.1&* +1& *&4+$3 ,0+&% K ,-6 @ +$%-*5 A1"9& A"+1
+1& 9,%#&*+ ,99/A&6 F,9$& +1"* 1,44&-* ,0+&% ' ,-6 K +$%-*7
81& #%&&- ,-6 29$& 1/%";/-+,9 9"-&* "- +1& *,3& !#$%& "-6"C
.,+& +1&*& 9"3"+"-# .,*&*7

!"#$%& ' ,9*/ %&F&,9* +1,+ *3,99&% 41,*&* "349: 9,%#&%
6"*+,-.&* ,0+&% L +$%-* 0%/3 A1".1 0/99/A* +1,+ , 9,%#&%
F/9$3& /0 +1& 41,*& *4,.& "* /..$4"&67 G1,*&* .9/*&% +/
1.09 %,6 ,%& 1&-.& 0,F/%,29& $-6&% "6&,9 ./-6"+"/-*7 81"*
*&++"-# *&&3* +/ 3/%& 4%/-& +/ 9/**&* 6$& +/ "34&%0&.+"/-*
9"M& 9,++".& &%%/%* /% ./99&.+"F& &00&.+*5 +1/$#17

81& "-B&.+"/- &-6* A1&- xr = 2a + d7 81& 3,<"3,9
-$32&% /0 +$%-* ,F,"9,29& 0/% +1& "-B&.+"/- "* ./-*&?$&-+9:

nmax =
xr0 − 2a

∆xr
. NOP

!"# !$ # $ "#
%&'()*

!+

!,

!-

#

-

,

+

%.
&')

/0
1*

!"#$%& K( G1,*& *4,.& ,0+&% QR +$%-* A"+1/$+ ./99&.+"F& &0C
0&.+*7

D"+1 +1& 2&,3 4,%,3&+&%* ,**$3&6 0/% +1& 2//*+&% /4&%,C
+"/- 0/99/A* +1,+ 3,<"3,9 SS +$%-* .,- 2& $*&6 0/% +1& "-C
B&.+"/-7 81& +,%#&+&6 SK &00&.+"F& +$%-* .,- +1&%&0/%& /-9:
2& "-B&.+&6 ,..&4+"-# 9/**&*7 81& /4+"3,9 *&++"-# 0/% , 9/**:
"-B&.+"/- "* .$%%&-+9: "-F&*+"#,+&6 TUV7

!"#$%&'"() *+!$%'!

E$3&%". *"3$9,+"/-* A&%& 4&%0/%3&6 A"+1 GW8XHY7 xr0

,-6 x′
r0 A&%& 6&+&%3"-&6 ,* 6"*.$**&6 "- +1& 4%&F"/$* *&.C

+"/-7 H- /%6&% +/ "-B&.+ 3/%& 4,%+".9&* +1,- 4/**"29& A"+1/$+
9/**&*5 +1& %,34 %,+& A,* ,6,4+&6 +/ +1& #"F&- -$32&% /0
"-B&.+"/-* ,../%6"-# +/

∆xr =
xr0 − 2a

nmax
. NZP

81& 2&,3 6&"&.+"/- +/ 2& .,$*&6 2: +1& 0/$% 2$34&%* A,*
&F,9$,+&6 ,* "- X&07 T@V7

81%&& *.&-,%"/* ,%& 1"#19"#1+&6 "- +1"* *&.+"/-7 81& F,%"C
,29& 4,%,3&+&%* ,%& *$33,%";&6 "- 8,27 S7 ε1 ./%%&*4/-6*
+/ +1& 6&*"#- &3"++,-.& 0/% +1& 2//*+&% /4&%,+"/-7 W [\ ,-6
, 3/%& %&,9"*+". *&3"C],$** NJ]P +%,-*F&%*& 4,%+".9& 6"*+%"C
2$+"/- ,%& ./34,%&67 H- /%6&% +/ ,**&** +1& ./-*&?$&-.&*
/0 , 9,%#&% &3"++,-.&5 *"3$9,+"/-* A&%& ,../349"*1&6 A"+1
ε27 W9A,:* , ],$**",- 9/-#"+$6"-,9 3/3&-+$3 6"*+%"2$+"/-
A"+1 σp = 5 × 10−4 A,* $*&67 81& 9/-#"+$6"-,9 4/*"+"/-
"* 3&,-"-#9&** ,* /-9: +1& +%,-*F&%*& 6:-,3".* "* *+$6"&67
W99 4,%+".9&* ,%& +1&%&0/%& 4$+ "-+/ /-& 6"*.7 81& *&+ +$-&
A,* Qhor = 4.177

81& 1/%";/-+,9 41,*& *4,.& ,+ +1& *&4+$3 ,0+&% QR +$%-*
/0 A1".1 S@ A&%& $*&6 +/ "-B&.+ +1& 2&,35 "* *1/A- "- !"#7 K
A"+1/$+ ./99&.+"F& &00&.+* ,-6 "- !"#7 @ A"+1 *4,.& .1,%#&
,-6 "3,#& .$%%&-+*7 81& *3&,%"-# /$+ /0 +1& 4,%+".9& 6"*C
+%"2$+"/- 6$& +/ *4,.& .1,%#& "* /2F"/$*7 Y9/*& +/ +1& .&-C
+&% "-6"F"6$,9 2&,39&++* &F&- .,--/+ 2& 6"*+"-#$"*1&67 81&

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

1.325 KV
1.325 semi-Gauss (SG)
2.0 KV
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SimulaLon:	
  without	
  space	
  charge	
  	
  

septum	
  

  !x, f !1.5N!x,i

From	
  a	
  linac	
  
Examples:	
  SIS-­‐18,	
  CERN	
  PSB	
  

Anode	
  

Cathode	
  

300	
  kV	
  

SIS	
  electrostaLc	
  injecLon	
  septum	
  

H-­‐	
  injec>on:	
  
Lecture	
  by	
  Chris	
  Prior	
  
on	
  Saturday	
  

0 50 100 150
time in µs

0
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nt
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A

Modell
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Measured	
  MTI	
  performance	
  in	
  SIS-­‐18	
  

Trev=5	
  μs	
  

≈20	
  turns	
  

I = f0I0t
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(Slow)	
  extracLon	
  

28	
  

SIS-­‐18	
  septum	
  
Septum	
  wires:	
  Ø	
  0.025	
  mm	
  (W-­‐Re	
  alloy)	
  
wires	
  are	
  mounted	
  under	
  tension	
  

Separatrix	
  (third	
  order	
  resonance)	
  	
  

Slow	
  extrac>on	
  examples:	
  GSI	
  SIS-­‐18	
  and	
  SIS-­‐100,	
  J-­‐PARC	
  MR,	
  BNL	
  AGS	
  

Fast	
  extrac>on:	
  in	
  one	
  turn	
  using	
  a	
  kicker	
  (e.g.	
  arer	
  bunch	
  compression.)	
  	
  

Slow	
  extrac>on:	
  over	
  many	
  turns	
  (up	
  to	
  seconds	
  !).	
  
The	
  horizontal	
  tune	
  is	
  moved	
  close	
  to	
  a	
  third	
  order	
  	
  
resonance	
  excited	
  by	
  sextupole	
  magnets.	
  	
  
The	
  parLcles	
  on	
  the	
  resonance	
  are	
  extracted	
  	
  
using	
  electrostaLc	
  and	
  magneLc	
  septa.	
  

Sextupole:	
  

Septum	
  should	
  be	
  
as	
  thin	
  as	
  possible	
  
to	
  avoid	
  losses	
  !	
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Vacuum	
  chamber	
  

30	
  

Main	
  func>on:	
  
	
  
-­‐	
  enclose	
  the	
  vacuum	
  of	
  10-­‐9	
  mbar	
  (protons)	
  or	
  10-­‐12	
  mbar	
  (ions)	
  
	
  	
  	
  	
  	
  	
  	
  -­‐>	
  acLve	
  pumping	
  and	
  low	
  desorpLon	
  inner	
  surface	
  	
  
	
  
-­‐	
  shielding	
  of	
  the	
  EM	
  fields	
  generated	
  by	
  the	
  beam	
  
	
  	
  	
  	
  	
  	
  -­‐>	
  low	
  beam	
  impedance	
  	
  	
  	
  
	
  

Problems:	
  
	
  
HeaLng	
  of	
  the	
  pipe	
  by	
  eddy	
  currents	
  	
  
	
  	
  -­‐>	
  outgassing	
  and	
  vacuum	
  degradaLon	
  
	
  
MagneLc	
  fields	
  induced	
  by	
  eddy	
  currents	
  	
  
	
  	
  	
  -­‐>	
  resonances	
  and	
  beam	
  loss	
  

Beam	
  pipe	
  is	
  one	
  of	
  the	
  most	
  complex	
  components	
  in	
  a	
  synchrotron	
  !	
  

The	
  beam	
  pipe	
  in	
  the	
  SIS-­‐18	
  magnets	
  	
  
is	
  d=0.3	
  mm	
  thick	
  (stainless	
  steel)	
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Eddy-­‐currents	
  in	
  a	
  rectangular	
  beam	
  pipe	
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Dipole	
  magnet	
  with	
  vacuum	
  chamber	
  

B = µ0
NI
h

h	
  

NI	
  

 
!
E !d
!
l = "

!"B !d
!
S #$#$ Ey = "BzxFaraday’s	
  law:	
  

 jy =!Ey = "! !Bzxcurrent	
  density	
  (conducLvity	
  σ):	
  

 I = d!
!Bzx

2
induced	
  current	
  between	
  x=0	
  and	
  x:	
   (wall	
  thickness	
  d)	
  

Power	
  deposiLon	
  /	
  length:	
  	
  	
  	
  
 

P
l
= d!b3 !B2

+x	
  -­‐x	
  

Rectangular	
  vacuum	
  chamber	
  

Bz

z	
  

x	
  

y	
  

2b	
  

induced	
  field	
  from	
  Ampere’s	
  law:	
  
 
!Bz = µ0

d
h
" !Bz x

2 # b2( )
sextupole	
  	
  	
  	
  dipole	
  

see	
  CAS	
  2010	
  	
  
lecture	
  by	
  G.	
  Moritz	
  !	
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Thin	
  beam	
  pipes	
  for	
  fast	
  ramping	
  synchrotrons	
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Thin	
  (0.2-­‐0.3	
  mm)	
  stainless	
  steel	
  pipes	
  for	
  fast	
  ramping	
  machines	
  (<	
  5	
  Hz):	
  
-­‐	
  sLll	
  mechanically	
  robust	
  (with	
  supporLng	
  rips	
  etc.)	
  
-­‐	
  tolerable	
  heaLng	
  (<	
  10	
  W/m)	
  and	
  field	
  distorLon	
  
-­‐	
  sufficient	
  shielding	
  of	
  EM	
  fields	
  for	
  frequencies	
  larger	
  50	
  kHz	
  
-­‐	
  problem:	
  large	
  resisLve	
  impedance	
  !	
  
	
  	
  	
  
	
  

Z! (" ) =
2cR
b3#"d

Transverse	
  resisLve	
  	
  
impedance:	
  

! s =
2

"µ0#

 d !! s

ConducLvity:	
  	
  ! " 106 (!m)#1

Skin	
  depth:	
  

Rf	
  shielding:	
  

! s( f0 ) "1.6 mmFor	
  d=0.3	
  mm,	
  f0=100	
  kHz:	
  

Structures	
  behind	
  the	
  pipe	
  can	
  contribute	
  for	
  the	
  lowest	
  frequencies	
  !	
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Thin	
  (0.3	
  mm)	
  stainless	
  steel	
  beam	
  pipe	
  
for	
  the	
  projected	
  SIS-­‐100	
  synchrotron	
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Vacuum	
  chambers	
  for	
  RCS	
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Intro

ISIS FF

ISIS DF

Summary

..if life was simple..

Of ceramics and shields..

ISIS real chamber: RF shields

G Bellodi Simulation of electron cloud build-up in ISIS

ISIS	
  ceramic	
  beam	
  pipe	
  	
  
with	
  wire	
  cage.	
  

For	
  rapid	
  cycling	
  synchrotrons	
  (above	
  5-­‐10	
  Hz)	
  other	
  soluLons	
  are	
  required.	
  

J-­‐PARC	
  RCS	
  ceramics	
  beam	
  pipe	
  with	
  outer	
  rf	
  shield	
  (copper	
  stripes).	
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o  Intensity	
  limitaLons	
  in	
  proton	
  synchrotrons:	
  
	
  	
  	
  	
  	
  	
  -­‐	
  At	
  injecLon	
  energy:	
  Space	
  charge	
  tune	
  spread	
  and	
  ring	
  resonances	
  (‘hard	
  limit’).	
  	
  
	
  	
  	
  	
  	
  	
  -­‐	
  At	
  all	
  energies:	
  Coherent	
  beam	
  instabiliLes	
  (not	
  covered	
  in	
  this	
  lecture)	
  
	
  	
  	
  	
  	
  	
  -­‐	
  At	
  top	
  energy:	
  Beam	
  loss	
  induced	
  acLvaLon	
  of	
  accelerator	
  components	
  

o  Synchrotrons:	
  typically	
  the	
  ‘working	
  horse’	
  in	
  an	
  accelerator	
  chain.	
  	
  	
  

o  Average	
  beam	
  power	
  up	
  to	
  ≈300	
  kW	
  (achieved)	
  and	
  1	
  MW	
  (expected	
  at	
  J-­‐PARC)	
  with	
  RCSs.	
  

o  In	
  fast	
  ramping	
  synchrotrons:	
  Large	
  peak	
  power	
  per	
  cycle	
  due	
  to	
  bunch	
  compression.	
  	
  

o  AddiLonal	
  intensity	
  limitaLons	
  in	
  heavy-­‐ion	
  synchrotrons:	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Current	
  from	
  the	
  ion	
  source.	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Efficiency	
  of	
  the	
  mulL-­‐turn	
  injecLon.	
  
	
  	
  	
  	
  	
  	
  -­‐	
  Charge	
  changing	
  processes	
  with	
  residual	
  gas	
  molecules.	
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AddiLonal	
  	
  transparencies	
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Strahl	
  im	
  Vakuumrohr	
  

Er	
  

Bθ	
  

Ladung	
  +	
  
	
  
Strom	
  ¤	
  

a:	
  Strahlradius	
  

!(r) =
!0 (s), r " a
0, r > a

#
$
%

&%

Konstante	
  Ladungsdichte:	
  	
  

a	
  

! Er =

"0r
2#0

, r < a

"0a
2#0r

, r $ a

%

&
'
'

(
'
'

r	
  

Er	
  

!0 Er dA = "dV##Gauss’scher	
  Satz:	
  

Fr = q(Er ! v0B" ) =
qEr

# 2 = q$0
2%0&0c# 0

2 r

Defokussierende	
  Raumladungskrar	
  auf	
  ein	
  Strahlteilchen:	
  

B! ds = µ0v0 "dA## ! B" =
v0
c2
ErStokes:	
  

Q =Q0 ! "Q
sc !Qsc " q2

m
N

a2# 2$ 3

Beispiel	
  SIS-­‐18:	
  
Qy,0 = 3.23 !Qy " 0.5

Raumladungsverschiebung	
  des	
  “tunes”:	
  

N = !0"a
2L
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  moLon	
  in	
  a	
  circular	
  accelerator	
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rf	
  cavity	
  	
  
T =

2πR
v

R0

R0 + ΔR

R0 − ΔR

R =
p
qBy

p = p0 + Δp

ΔT
T

=
ΔR
R

−
Δv
v

Δv
v

=
1
γ 2

Δp
p

ΔR
R

=
1
γ t
2

Δp
p

By

RevoluLon	
  period:	
  

η =
1
γ t
2 −

1
γ 2

ΔT
T

= η Δp
p

Frequency	
  slip	
  factor:	
  

R→∞ γ t →∞ η→ −
1
γ 0
2

Linac:	
  

⊗
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Charge-­‐exchange	
  injecLon	
  of	
  H-­‐	
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2.3 Charge-exchange H- injection 

Multi-turn injection is essential to accumulate high intensity. Disadvantages inherent in using an 
injection septum include [2] 

– septum thickness of several millimetres reduces aperture, 

– beam losses resulting from circulating beam hitting the septum render it radioactive, 

– number of injected turns limited to 10–20. 

Charge-exchange injection provides an elegant alternative method of injection. A uniform 
transverse phase space density is painted by modifying a closed orbit bump and steering injected beam 
[1, 2] (Fig. 4 and Fig. 5). The conversion from H- ion to p+ means that the protons can be accumulated 
into already-occupied phase space, which allows very high densities to be achieved with relatively low 
losses. 

 
Fig. 4: Charge exchange – start of injection process 

 
Fig. 5: Charge exchange – end of injection process 

Examples:	
  ISIS,	
  J-­‐PARC	
  RCS,	
  CERN	
  PSB	
  (with	
  Linac	
  4)	
  


