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o  Beam	
  instabiliJes	
  are	
  driven	
  by	
  the	
  electromagne+c	
  interac+on	
  with	
  the	
  
accelerator	
  environment.	
  	
  	
  	
  	
  	
  

o  Above	
  a	
  certain	
  intensity	
  threshold	
  the	
  beam’s	
  oscillaJon	
  amplitude	
  increases	
  	
  
	
  	
  	
  	
  	
  	
  exponenJally	
  and	
  the	
  beam	
  is	
  either	
  lost	
  at	
  the	
  wall	
  (transverse	
  instabiliJes)	
  	
  
	
  	
  	
  	
  	
  or	
  the	
  emi4ance	
  increases.	
  	
  	
  	
  

o  Presently,	
  instabiliJes	
  are	
  one	
  of	
  the	
  main	
  beam	
  quality	
  and	
  intensity	
  limita+on	
  
in	
  synchrotrons	
  and	
  storage	
  rings	
  for	
  protons	
  and	
  ions	
  !	
  

	
  
o  Finding	
  cures	
  for	
  instabili+es	
  is	
  one	
  of	
  the	
  major	
  challenges	
  in	
  beam	
  physics	
  and	
  

accelerator	
  technology	
  for	
  future	
  machines.	
  	
  	
  	
  	
  

This	
  presenta+on	
  will	
  focus	
  on	
  (transverse)	
  instabili+es	
  in	
  synchrotrons	
  and	
  storage	
  rings	
  
	
  
PresentaJons	
  by	
  G.	
  Arduini	
  (LHC),	
  J.	
  Stadlmann	
  (synchrotrons),	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  G.	
  FrancheU	
  (beam	
  dynamics)	
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  B.	
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  in	
  accelerators	
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  (1976)	
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  and	
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  Inst.	
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1.	
  ElectromagneJc	
  (EM)	
  interacJon	
  of	
  the	
  (perturbed)	
  beam	
  with	
  its	
  surroundings	
  
-­‐>	
  Frequency	
  dependent	
  impedance	
  or	
  wake	
  fields	
  

2.	
  Coherent	
  beam	
  oscilla+ons:	
  Coherent	
  tunes	
  Q	
  and	
  spectra	
  f(Q)	
  

3.	
  Beam	
  instabiliJes:	
  	
  
	
  	
  	
  	
  	
  	
  Imaginary	
  part	
  of	
  the	
  coherent	
  tune	
  shiI	
  dQ	
  gives	
  the	
  growth	
  rate	
  τ-­‐1	
  

impedance:	
  Z	
  

oscillaJon	
  modes:	
  Re	
  Q	
   Instability:	
  Im	
  Q	
  	
  	
  

above	
  	
  
threshold	
  

	
  EM	
  interacJon	
  

Landau	
  damping,	
  Feedback	
  

Impedance	
  reduc+on	
  

Counter	
  measures	
  

4.	
  Cures:	
  Impedance	
  reducJon,	
  increase	
  the	
  tune	
  spread,	
  feedback	
  systems	
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FREE SPACE AND A PERFECTLY CONDUCTING SMOOTH PIPE =5 

(a) UN T, 
Figure 1.2. Electromagnetic field carried by an 
space; (c) in a perfectly conducting smooth pipe. 

Ampere’s law gives 

for 
Law 

Conducting wall 

ultrarelativistic point charge: (a), (b) in free 

24 
B, = y8(s - ct), (1.5) 

which is equal to E,. The shape of the field distribution resembles a pancake 
moving with the charge. 

We now consider the case in which the point charge moves along the axis 
of an axially symmetric vacuum chamber pipe that is perfectly conducting, as 
shown in Figure 1.2(c). The same application of Gauss’s and Ampere’s laws 
again provides the results (1.4) and (1.5). The sole effect of the pipe wall is to 
truncate the field lines by terminating them onto the image charges and 
currents on the wall. 

The above result that the pipe simply truncates the field lines without 
deformation applies only if the charge moves along the pipe axis. It is no 
longer correct for a point charge moving off-axis. One can consider, for 
instance, a particle that moves down the pipe with an offset a in the 0 = 0 
direction. The charge and current density can be decomposed in terms of 
multipole moments, 

where the distribution with a pure mth moment is given by 

Im 
Pm = Ta”+l (1 + 6 

m0 
) S(s - ct)8(r - a)cos me, 

(1.7) 

 


E = qr

4πε0γ
2 z2 + r2 /γ 2( )3/2

Er =
qλ(s,t)
2πε0r

Bφ =
qµ0λ(s,t)
2πr

v = c

A.Chao	
  (1993)	
  

a
k
e	
  

λ(s,t) = dN
ds

= δ (s − ct)

Electric	
  field:	
  

Line	
  density:	
  

pancaked	
  field	
  

Image	
  charges/currents	
  
follow	
  the	
  parJcle	
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
E(z,r)Ez (z)

A.Chao	
  (1993)	
  

Longitudinal	
  wake	
  field	
   Wake	
  electric	
  field	
  lines	
  

Er (z)

Fields	
  of/in	
  a	
  bunch:	
   Ez (z) = − 1
β0c

Ib (z ')Wz (z − z ')
z

∞

∫ dz '

 σ wfinite	
  wall	
  conducJvity:	
  

z	
  z	
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Z(ω ) = − 1

Î
Ez (z)e

− iω z/c dz
z=0

L

∫ [Ω]  Vz (z,t) = −I(z,t)Z(ω )I(z,t) = Îei kz−ωt( )

current	
  modulaJon	
   longitudinal	
  impedance	
   induced	
  voltage:	
  

Zx (ω ) =
−i

qβ0Ix̂
Fx

0

L

∫ e− iω z/cdz [Ω / m]
 
Fx = q Ex +

v0 ×

B⎡⎣ ⎤⎦x( )x (z,t) = x̂ei kz−ωt( )

beam	
  offset	
  modulaJon:	
   transverse	
  impedance:	
   deflecJng	
  force:	
  

 x

beam	
  pipe	
  

beam	
  

⊗  image	
  currents	
  

By	
  

js (φ) = js (0)cos(φ)surface	
  image	
  current:	
  

cos(ϑ)-­‐superconducJng	
  magnet	
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  Ew =σ s
−1 js   

js ≈ − I
2πbd

I(z,t) = Îei kz−ωt( )

	
  	
  	
  Iw ≈ −I

b	
  

 


E ⋅ds∫ = − ∂

∂ t

B ⋅d

A∫

(Faraday’s	
  law)	
  

 Ez

  
⇒ Ez = Ew −

g
4πε0β0cγ

2

∂I
∂z

 σ ssurface	
  wall	
  conducJvity:	
    Z(ω ) = Z
R + iZ

I (ω )

  
Z

R = R
σ wdb

   
Z

I (ω ) =
iωgZ0

2ω0βγ
2

(resisJve	
  wall	
  impedance)	
  

(space	
  charge	
  impedance)	
  

   
Z

I (ω ) =
iωgZ0

2ω0βγ
2

Z0 = ε0c( )−1 = 377Ω

   
Ew = − 1

2πR
Z

R I
  
⇒ Z

R = R
σ wdb

(low	
  frequency	
  resisJve	
  wall	
  impedance)	
  
 
dδw δw =

2
µ0σ wω

(skin	
  depth)	
  

wall	
  thickness:	
  d	
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 ρ(
r ,t), j(r ,t)

beam	
  pipe	
  	
  	
  

dW
ds

= −q λ∫ b
(z)Ez (z)dz

λb (z) =
Ni

2πσ z

exp − z2

2σ z
2

⎛
⎝⎜

⎞
⎠⎟

Energy	
  loss	
  per	
  turn	
  (see	
  e.g.	
  A.	
  Chao):	
  

  
ΔWb = − q

2

R
∣

−∞

∞

∫ λ(ω )∣2 ReZ (ω )dω

Bad	
  conductor	
  

ΔWb ∝
q2Nb

2

σ z
3/2

1
σ wbd

Heat	
  load:	
  	
   P = c
lbb
dW
ds

[W/m]

Example:	
  (Thin)	
  resisJve	
  wall	
  

Energy	
  loss	
  of	
  a	
  bunch:	
  

LHC	
  injecJon	
  kicker	
  (ferrite	
  loaded)	
  heat	
  up	
  and	
  one	
  needs	
  	
  
to	
  wait	
  hours	
  that	
  it	
  cools	
  down	
  to	
  reinject	
  (B.	
  Salvant,	
  2012)	
  	
  

-­‐>	
  CERN	
  Courier,	
  2012	
  

λb (ω ) = Nb exp −
ω 2σ z

2

2β0
2c2

⎛
⎝⎜

⎞
⎠⎟

  
Z

R = R
σ wdb

⇒
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h = b
2

x

x

qλ, I

−qλ,−Ib	
  

x	
  

y	
  
conducJng	
  beam	
  pipe	
  

Image	
  charge/current	
  φ(r = b) = const.

Image	
  fields	
  at	
  the	
  center	
  of	
  the	
  beam:	
  

Ex =
qλ
2πε0h

By =
µ0I
2πh ⇒ Fx = q(Ex − v0By ) =

qEx

γ 2 = q2λx
2πε0γ

2b2

Force	
  on	
  the	
  beam	
  center:	
  

beam	
  with	
  a	
  horizontal	
  offset	
  in	
  a	
  pipe	
  

js (φ) = js (0)cos(φ)
surface	
  image	
  	
  
current	
  

⇒ Zx = −i Z0
2π (β0γ 0 )

2b2
Z0 = ε0c( )−1 = 377Ω

(imaginary	
  wall	
  impedance)	
  

cos(ϑ)-­‐magnet	
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x

I

js (φ) = js (0)cos(φ)
b	
  

x	
  

y	
   image	
  current	
  	
  
surface-­‐density:	
  

φ

x (t) = x̂exp(−iωt)

js = ĵs exp(−iωt) js (0) ≈
Ix
πb2

Ez =σ s
−1 js σ s =σ wdEz = Êz exp(−iωt)

(surface	
  conducJvity)	
  

Zx (ω ) =
−i
β0Ix̂

Êx − v0B̂y( )L ⇒
 
Zx (ω ) =

2cR
b3dσ wω

, d δw

δw =
2

µ0σ wω
(skin	
  depth)	
  

(resisJve	
  wall	
  impedance)	
  

By

Ez ≈σ s
−1 js

2b	
  
beam	
  offset:	
  

image	
  surface	
  current	
  density:	
  

longitudinal	
  electric	
  field:	
  

By = B̂y exp(−iωt)

B̂y = −i Êz

ωb
= −i ĵs

bσ sω

 

E∫ ⋅ds = −

B∫ ⋅d

A

(Faraday)	
  

VerJcal	
  B-­‐field:	
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SIS-­‐100	
  thin	
  (0.3	
  mm)	
  stainless	
  steel	
  	
  
beam	
  pipe	
  with	
  cooling	
  tubes	
  aZached.	
  

	
  Longitudinal	
  electric	
  field	
  in	
  the	
  SIS100	
  pipe	
  structure	
  
resulJng	
  from	
  a	
  dipolar	
  excitaJon	
  (≈	
  150	
  kHz).	
  

Wall	
  currents	
  in	
  the	
  	
  
pipe	
  wall	
  

U.	
  Niedermayer,	
  O.	
  Boine-­‐F.,	
  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	
  resis+ve	
  beam	
  pipe	
  is	
  the	
  major	
  source	
  for	
  	
  
	
  	
  	
  	
  	
  	
  	
  the	
  expected	
  head-­‐tail	
  instabili+es	
  in	
  SIS-­‐100.	
  

-­‐	
  sJll	
  mechanically	
  robust	
  (+	
  rips)	
  
-­‐	
  for	
  4	
  T/s:	
  tolerable	
  heaJng	
  +	
  field	
  distorJon	
  
-­‐	
  rf	
  shielding	
  of	
  EM	
  fields	
  (	
  >	
  50	
  kHz	
  )	
  
-­‐	
  problem:	
  large	
  resisJve	
  impedance	
  !	
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 ρ(
r, t), j(r, t)

vz ≈ c

beam	
  pipe	
  	
  	
  

Short	
  (<	
  10	
  ns)	
  proton	
  	
  
bunch	
  (Ni=1011)	
   e-­‐-­‐cloud	
  

ne ≈10
12 −1013 m−3

�2.0 �1.5 �1.0 �0.5 0.0 0.5 1.0 1.5 2.0
z [m]

�1.0

�0.5

0.0

0.5

1.0

E
z
/(

qN
i)

[V
/(q

m
)]

⇥109

bunch profile
2D model
VORPALEz (z)

 

dW
ds

≈ 4π
0
q2Nb

2nere ln
b
a

⎛
⎝⎜

⎞
⎠⎟

Energy	
  loss	
  of	
  a	
  short	
  bunch	
  	
  
in	
  an	
  electron	
  cloud:	
  

Boine-­‐F.,	
  Petrov,	
  Rumolo,	
  et	
  al.	
  PRST-­‐AB	
  (2012)	
  

-­‐>	
  observed	
  rf	
  phase	
  shiv	
  in	
  LHC.	
  

0 0.2 0.4 0.6 0.8 1 1.2 1.4
0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0.4

0.45

Total intensity [10
14

p]

Δ
φ
 [
d
e
g
]

 

 

F
ill

1675

1677

1683

1685

1686

1687

1688

1689

1690

1692

1694J.	
  Esteban-­‐Müller,	
  	
  	
  	
  	
  	
  
E.	
  Shaposhnikova	
  

The	
  e-­‐cloud	
  cannot	
  strictly	
  be	
  described	
  through	
  	
  
a	
  longitudinal	
  impedance	
  !	
  	
  
-­‐>	
  depends	
  on	
  beam	
  parameters	
  (e.g.	
  bunched	
  or	
  dc)	
  



O.	
  Boine-­‐Frankenheim,	
  WE	
  Heraeus	
  Seminar,	
  Bad	
  Honnef,	
  Oct.	
  2012	
  

Field	
  of	
  research:	
  Wake	
  field	
  of	
  an	
  electron	
  cloud	
  

14	
  

vz ≈ c

beam	
  pipe	
  	
  	
  

e-­‐-­‐cloud	
  

Transverse	
  wake	
  can	
  be	
  	
  
approximated	
  as	
  a	
  	
  
broad	
  band	
  oscillator:	
  

Zx (ω ) ≈
c
ω

Rs

1+ iQ ω e

ω
− ω
ω e

⎛
⎝⎜

⎞
⎠⎟ Ohmi,	
  Zimmermann,	
  PRE	
  (2001)	
  	
  

one	
  displaced	
  	
  
bunch	
  slice	
  

Fx (z) ≈ c
Rs
Q
sin ω e

c
z⎛

⎝⎜
⎞
⎠⎟

Fx (z)

Rs
Q

∝ ne
ne ≈10

12m−3

Transverse	
  impedance:	
  

fe ≈100 − 300 MHz

electron	
  oscillaJon	
  frequency:	
  

-­‐>	
  Transverse	
  beam	
  instabiliJes	
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Bunch	
  

spectrum	
  
analyzer	
   Pick-­‐up	
  Uin	
  

UΔDifference	
  signal	
  	
  	
  	
  	
  	
  	
  	
  :	
  beam	
  ‘offset’	
  fluctuaJons	
  	
  

s	
  

Δ(t) = I(t)x (t)Dipole	
  moment:	
  

Δ(t) FFT⎯ →⎯⎯ Δ( f )

x (t) ~ eiQ0ω0t

τ (t) ~ eiω0Qst
I(t) = I p exp −

τ −τ( )2
2σ 2

⎛

⎝⎜
⎞

⎠⎟

s = β0c(τ −τ 0 ) = z − z0

Transverse	
  oscillaJon	
  spectrum:	
  	
  

Transverse	
  (rigid)	
  bunch	
  oscillaJon:	
  

Longitudinal	
  (rigid)	
  binch	
  oscillaJon:	
  

(longitudinal	
  posiJon)	
  

Bunch	
  current	
  profile:	
  

x (t) :	
  transverse	
  beam	
  offset	
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x(t) = acos(Q0ω 0t +φ0 ) Δ(t) = x(t) I(t)Dipole	
  moment:	
  Betatron	
  oscillaJon:	
  

Δ(t) = qaf0ℜ exp
n=−∞

∞

∑ −i(n +Q0 )ω 0t +φ0[ ]Frequency	
  domain:	
  

ΔPU 

a 

-a 

Δ(t) = acos(Q0ω 0t +φ0 )qf0 δ
m=−∞

∞

∑ (θ(t)−θPU − 2πm)

Jme	
  T0 =
2π
ω 0

PU	
  

(n-Q)f0+Qsf0	
  
(synchrotron	
  
	
  	
  	
  satellites	
  )	
  

(n-Q)f0                     nf0                         (n+Q)f0 

fn,± = (n ±Q0 ) f0Looking	
  at	
  posiJve	
  	
  
frequencies	
  only:	
  

f	
  

(betatron	
  sidebands)	
  

Only	
  posiJve	
  lines	
  
can	
  be	
  seen	
  by	
  	
  
the	
  spectrum	
  analyzer.	
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ξ Δ=
Δ
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(n-Q)f0                     nf0                         (n+Q)f0 

fn,− = (n −Q0 ) f0

f	
  

(betatron	
  	
  
sidebands)	
  

fn,+ = (n +Q0 ) f0

x (θ0,t) = x̂e
±iω0Q0tBetatron	
  oscillaJon	
  of	
  one	
  beam	
  slice:	
  

ω n,± = (n ±Q0 )ω 0fast/slow	
  mode:	
  	
  

x (θ ,t) = x̂ei(nθ−ωt )
Seen	
  by	
  a	
  staJonary	
  observer	
  (pick-­‐up):	
  

θn=4	
  

Lowest	
  mode	
  in	
  SIS-­‐18	
  (	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  ):	
  	
  

fmin,− = (4 −Qy0 ) f0 ≈ 0.4 f0 ≈ 80 kHz
  
Q0 y = 3.24
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2Q0ΔQx
c

R2

  ⇒ x (θ0 ) = x̂eiω0 (Q0+ΔQx
c )t

ΔQx
c = −i qIR

2Zx

2Q0β0E0
Coherent	
  tune	
  shiv:	
  

′x = dx
ds

s = β0ct

Zx = Zx
R + iZx

I

  
τ I

−1 =ω0Im ΔQx
c( ) ⇒ x (θ0 ) = e

−τ I
−1te±iω0 (Q0+ΔQR

c )t

  
ΔQR

c =ω0 Re ΔQx
c( )

Complex	
  impedance:	
  

Coherent	
  tune	
  shiv:	
  

Growth	
  rate:	
  

+me	
  

beam	
  oscilla+on	
  driving	
  force	
  

In	
  order	
  to	
  increase	
  the	
  	
  
amplitude	
  of	
  a	
  driven	
  	
  
oscillator	
  the	
  driving	
  force	
  	
  
must	
  be	
  ahead	
  (in	
  phase)	
  	
  
of	
  the	
  moJon.	
  
	
  
Anyone	
  who	
  has	
  pushed	
  	
  
a	
  child	
  on	
  a	
  swing	
  will	
  	
  
know	
  this.....	
  	
  

F x
Zx (ω ) =

−i
qβ0Ix

Fx

  
′′x +

Q0
2

R2 x =
Fx

γ 0mv0
2 = i

qIZx

β0E0

x

beam	
  offset:	
     
x (s) = x∫ ρb(x, y,s)dxdy

  
′′x +

Q0
2

R2 x =
Fx

γ 0mv0
2

single	
  parJcle	
  	
  
betatron	
  oscillaJons:	
  

horizontal	
  divergence:	
   path	
  length:	
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4n =

2 Instability Measurements at SIS18

Transverse instabilities of a coasting beam presented here have been observed in a SIS18

Machine Development compain in August 2008. Xe48+ coasting beams were kept at the

injection energy with E=11.42 MeV/u, f0=213.9 kHz, for several seconds. Chromaticity

has been compensated using sextupoles in order to reduce Landau damping [1, 2]. The

set tunes were Qx = 4.2, Qy = 3.25. Instabilities have been observed in both planes,

horizontally and vertically, for high (Nion = 1.2 × 1010) and moderate (Nion = 4 × 109)

intensities.

Figure 2 presents an example of an instability in the vertical plane with the beam offset

(upper plot) and the beam current (lower plot). The BPM data were recorded with the

sampling rate 2.5 MHz. We observe an exponential amplitude growth, with the growth

time of 38ms. The spectrum of this instability is shown in Fig. 3, where the dominant

peak is located at the frequency f = (1 − Qf)f0 (vertical Qf = 0.25), in a good agreement

with the theory for the resistive-wall coasting beam instability, see the previous Section.

Figure 2: Instability at SIS18 in the vertical plane: time evolution of the beam offset

(upper plot) and of the beam current (lower plot). The growth time of this instability is

38 ms.

3

Beam	
  offset	
  vs.	
  Jme	
  observed	
  in	
  SIS	
  18	
  

1exp( )x tτ −∝

38 msτ ≈

min 0( ) 160 kHzyf n Q f == −

4n =

  
τ −1 =ω0Im ΔQx

coh( ) = qIR2c
2πQβ0E0b

3dσ wω

Zx
R(ω ) = c

πb3dσ wω

ω
2π

= fmin,− = (4 −Qy0 ) f0 ≈160 kHz

(transverse	
  resisJve	
  	
  
	
  	
  wall	
  impedance)	
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0( )n n Qω ω= −

A.	
  Hofmann,	
  Landau	
  damping,	
  CAS	
  1995	
  

( )1 ˆ, ( ) expn n n nx t x i t tτ δω ω δω− −≈ =

Damping:	
  
  
⇒ δω n = (ξ −η0(n−Q))ω0

Δp
p

Frequency/tune	
  spread:	
  

slow	
  mode/betatron	
  line:	
  

0/
Q
p p

ξ Δ=
Δ 0

0 0

p
p

ω η
ω
Δ Δ= −

0
0)

(
(

/( / ) / )) (
n dn Q

d
d dQ
dp p dp pp p
ω ω ω= − +

momentum	
  dependence:	
  

(chromaJcity)	
   (frequency	
  slip)	
  

o  Landau	
  damping	
  vs.	
  phase	
  mixing	
  

o  Landau	
  damping	
  causes	
  emiZance	
  growth	
  

o  Landau	
  damping	
  can	
  be	
  reversed:	
  Echoes	
  

o  Octupoles:	
  increase	
  Landau	
  damping	
  

 τ n
−1τ I

−1Beam	
  stability:	
  

Instability	
  threshold	
  !	
  

 δQn  ΔQcor	
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θ

xΔ ′x

G = RΔ ′x
Q0x

≈ 2T0τ I
−1

Pickup:	
  Deflector:	
  
  
′′x +

Q0
2

R2 x = Δ ′x δ (s− sk )

Frequency	
  range:	
  10	
  kHz-­‐50	
  MHz	
  	
  

Normalized	
  gain:	
  

PU	
   Defl.	
  

Feedback	
  	
  
processing	
  unit	
  	
  

FPGA	
  Pickup	
   Deflector	
  	
  

Beam	
  
(Digital)	
  transverse	
  feedback	
  system:	
  

Poster:	
  A.	
  Alhumaidi	
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x (t) = Ae−iω0Q0t

Dipole	
  signal:	
  Standing	
  wave	
  paZern.	
  

× Aeiω0Q0tΔ(t) =
Ib (τ )

(n-Q)f0                nf0                  (n+Q)f0 

fn = (n ±Qj ) f j

f	
  

(betatron	
  sidebands)	
  

Discrete	
  	
  
power	
  spectrum	
  

f	
  

h( fn ) = Δ( fn )
2

δ f ≈στ
−1 (bunch	
  	
  

	
  	
  length)	
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ΔQ = ξ Δp
p

Shived	
  power	
  spectrum	
  

f	
  

h( f )→ h( f − fξ )

fξ =
ξ
η0

f0

τ

Δp / p
ΔQ > 0

ΔQ < 0

bunch	
  head	
  bunch	
  tail	
  

 

Δp
p

= −
τ
η0

x (t) = Ae
iχ τ
τb e−iω0Q0t

Traveling	
  wave	
  paZern	
  !	
  

χ = 0 χ ≠ 0

ZoZer,	
  Sacherer	
  (1976)	
  

2π
T0

ΔQdt
0

τ

∫ (betatron	
  phase	
  shiv)	
  

χ = 2π
T0

ΔQdt
0

τb

∫ = ξ
η0

ω 0τ b

(head-­‐tail	
  phase	
  shiv)	
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Δ(τ ,t) = I(τ )xk (τ ,t)∝ cos(kπτ /τ b )e
−iχτ /τbe−iQkt

k=0	
  	
  	
  	
  	
  	
  k=1	
  	
  	
  	
  	
  	
  k=2	
   ZoZer,	
  Sacherer	
  (1976)	
  

χ = 0 χ ≠ 0

× eiω0Qkt Qk =Q0 + kQs

overcome space charge effects in the PSB. The drawback 

of this filling scheme is that the bunches of the first batch 

(injected at 170 ms in Fig. 3) have to wait 1.2 s at 

1.4 GeV kinetic energy, and during that time about 75% 

of the beam is lost due to the above instability, if no 

counter measures are taken. In the presence of coupling, 

the beam losses can be removed as observed in Fig. 3(a), 

for A4.0−≈skewI , corresponding to a “closest-tune 

approach” of ~ 0.05. 

The natural (relative) chromaticities were measured in 

the past to be 9.0−=xξ  and 3.1−=yξ  [5]. Different 

head-tail modes were also observed when the horizontal 

chromaticity was scanned, as seen in Fig. 4. 

 

 

 

 

 

 

 

 

 

 

 

Figure 4: Measured ∆R signals from a radial beam-

position monitor during 20 consecutive turns, in the PS 

with minimum coupling [5]: (a) 5.0−≈xξ , 

(b) 7.0−≈xξ , (c) 1.1−≈xξ , (d) 2.1−≈xξ , 

(e) 3.1−≈xξ . Time scale: 20 ns/div. 

EFFECT OF CHROMATICITY 

As a first step, the HEADTAIL code has been 

benchmarked against Sacherer’s analytical formula for the 

(slow) head-tail instabilities using the PS and beam 

parameters reported in Table 1, but using for the length of 

the resistive-wall impedance 10000 m instead of the 

   

Table 1: Basic beam and PS parameters relevant for this 

simulation study. 

Parameter Value Unit 

Circumference 628 m 

# of bunches 1  

Relativistic ! 2.49  

# of protons / bunch 1.6 " 1012  

Horiz. tune 6.22  

Vert. tune 6.25  

Horiz. / vert. relative 

chromaticities 

{-1,-0.1} / {-1,-0.1}  

Rms bunch length 12.8 m 

Rms long. mom. spread 0.001  

Synchrotron tune 0.00124  

Cavity harmonic number 7  

Mom. compaction factor 0.027  

Beam pipe ! axes (H,V) (70,35) mm 

Beam pipe resistivity 10-6 #m 

circumference (628 m) to reduce the computation time by 

~ 16. The results compared to Sacherer’s predictions 

using a parabolic bunch are shown in Fig. 5. It is found 

that a good agreement is obtained as concerns both the 

instability rise-times and the mode numbers, except for 

$x = -0.1, where the head-tail mode m = 0 is found to be 

unstable in the simulation (even for 0 chromaticity). This 

is explained by the fact that the threshold for the 

Transverse Mode–Coupling Instability was reached for 

the lower values of chromaticity, due to the artificially 

increased impedance. A relatively good agreement is also 

obtained for the real part of the tunes. The difference 

might be explained by the fact that only the dipolar 

impedance was considered in the analytical computation 

(with the correct Yokoya factor), whereas the detuning 

impedance was also included in the HEADTAIL 

simulations. Note that using a Gaussian bunch [6] the 

rise-times and mode numbers are very different for large 

chromaticities (see Fig. 6), which indicate that for high-

order head-tail modes a parabolic bunch should be 

preferred when applying Sacherer’s formula, even if the 

transverse bunch profile is Gaussian. 

 

 

 

 

 

 

 

 

 

Figure 5: Comparison of the instability rise-times (left) 

and real part of the tunes (right) with the associated mode 

number |m| between Sacherer’s theory (using a parabolic 

bunch) and HEADTAIL simulations vs. chromaticity. 
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Figure 6: Instability rise-times (with the associated mode 

number |m|) vs. chromaticity predicted from Sacherer’s 

formula using a Gaussian bunch. 

 

As in the measurements reported in Fig. 4, different 

head-tail modes are observed when the horizontal 

chromaticity is varied (see Fig. 7). Note that in the 

simulation, the beam goes through the centre of the beam 

position monitor, whereas in the measurements the 

(stable) beam had an offset. This explains why the 

unstable motion was measured on top of a Gaussian-like 

profile. 
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Exercises 389 

Stable  
A 

d h O ( W - W c )  Fig. 9.10 Positive chro- 
maticity above transition 
shifts the all modes of exci- 
tation towards the positive 
frequency side by us. Mode 
m = 0 becomes stable, but 
mode m = 1 may be unsta- 
ble because it samples more 
negative 'Re Zk than posi- 
tive ~e 2;. 

Unstable  
R e  Z; 

If the transverse impedance is sufficiently smooth, it can be removed from 
the summation in Eq. (9.88). The growth rate for the rn = 0 mode becomes 

(9.110) 

The transverse impedance of the CERN Proton Synchrotron (PS) had been 
measured in this way by recording the growth rates of a bunch at different 
chromaticities (Exercise 9.4). 

We learn in above that chromaticity is a means of shifting the overlap of the 
impedance function with the bunch mode power spectrum. The chromaticity is 
often so chosen that an instability can be avoided. However, the chromaticity is 
often not something that we can choose completely at will. A high chromaticity 
implies a large betatron tune spread and parametric resonances will be encoun- 
tered. In most cases, high-strength sextupoles are required to generate such high 
chromaticity and the lattice of the accelerator will become so nonlinear that the 
aperture of the accelerator ring becomes greatly reduced. 

9.9 Exercises 

9.1 Fill in all the steps in the derivation of Sacherer's integral equation for 
transverse instabilities. 

9.2 Derive the power spectra of the sinusoidal modes of excitation in Eq. (9.99), 
and show that they are given by Eq. (9.101) when properly normalized 
according to Eq. (9.102). 

ΔQx
c = −i qIR2

2Q0β0E0
Zx (ω n )

coasJng	
  beam	
  spectrum	
  /	
  coherent	
  tune	
  shiv:	
  

Δ(ω ) = I0x (ω ) = δ (ω −ω n )

ΔQx
c ∝ Δ(ω ) 2 Z(ω )∑

τ k
−1 = − 1

1+ k
qI

2Q0β0E0lb

h(ω −ωξ )ReZ(ω )∑
h(ω −ωξ )∑

τ 0
−1 = − qI

2Q0β0E0lb
ReZx (ωξ )

Head-­‐tail	
  tune	
  shiv:	
  

ωξ =
ξ
η0

ω 0

for	
  a	
  smooth	
  impedance:	
  	
  

ZoZer,	
  Sacherer	
  (1976)	
  

PosiJve/negaJve	
  chromaJcity	
  above/below	
  transiJon	
  shivs	
  all	
  modes	
  	
  
towards	
  the	
  posiJve	
  frequency	
  side.	
  Mode	
  k	
  =	
  0	
  becomes	
  stable,	
  but	
  	
  
mode	
  k	
  =	
  1	
  may	
  be	
  unstable	
  because	
  it	
  samples	
  more	
  negaJve	
  Z	
  than	
  	
  
posiJve.	
  No	
  head-­‐tail	
  instability	
  for	
  compensated	
  chroma+city.	
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k=1	
  

k=0	
  

k=-­‐1	
  

k=-­‐2	
  

Bunch	
  intensity	
  

ΔQk

Qs

Well	
  known	
  for	
  electron	
  ring	
  machines.	
  
	
  
Observed	
  in	
  the	
  CERN	
  SPS	
  with	
  protons.	
  
	
  
Caused	
  by	
  the	
  kicker	
  impedance	
  or	
  e-­‐clouds.	
  	
  

B.	
  Salvant	
  et.	
  al.	
  2008	
  	
   -­‐>	
  field	
  of	
  study:	
  feedback	
  for	
  TMCI	
  

running	
  unstable	
  wave	
  



O.	
  Boine-­‐Frankenheim,	
  WE	
  Heraeus	
  Seminar,	
  Bad	
  Honnef,	
  Oct.	
  2012	
  

Field	
  of	
  study:	
  role	
  of	
  space	
  charge	
  

28	
  

ΔQx
sc ∝− q

m
I pR

ε xβ0
2γ 0

3

Incoherent	
  space	
  charge	
  tune	
  shiv:	
   Coas+ng	
  beams:	
  
o  Loss	
  of	
  Landau	
  damping.	
  
o  Increases	
  the	
  Landau	
  damping	
  caused	
  by	
  octupoles.	
  	
  
o  Does	
  not	
  change	
  the	
  coherent	
  tune	
  !	
  
	
  
	
  

Bunched	
  beams:	
  
o  Does	
  change	
  the	
  coherent	
  tunes	
  !	
  
o  Causes	
  ‘intrinsic’	
  Landau	
  damping.	
  	
  
o  Suppresses	
  TMCI.	
  	
  	
  ΔQ = −ΔQsc

posiJve	
  k	
  

negaJve	
  k	
  

ΔQk → 0

ΔQk →−ΔQsc ΔQk = −
ΔQsc

2
± (ΔQsc / 2)

2 + (kQs )
2

head-­‐tail	
  tune	
  shiIs:	
  

ΔQk = kQsΔQsc = 0 :ΔQsc

Qs

Blaskiewicz,	
  Phys.	
  Rev.	
  ST	
  Accel.	
  Beams	
  (1998)	
  
Boine-­‐F.,	
  Kornilov,	
  Phys.	
  Rev.	
  ST	
  Accel.	
  Beams	
  (2009),	
  Burov	
  (2009),	
  Balbekov	
  (2009)	
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impedance:	
  Z	
  

oscillaJon	
  modes:	
  Re	
  Q	
   Instability:	
  Im	
  Q	
  	
  	
  

above	
  	
  
threshold	
  

	
  EM	
  interacJon	
  

Feedback,	
  Landau	
  damping	
  

Impedance	
  reduc+on	
  

Counter	
  measures	
  

o  Damping	
  of	
  fast,	
  high-­‐frequency	
  or	
  mulJple	
  mode	
  instabiliJes	
  ?	
  

o  Possible	
  cure:	
  High	
  gain,	
  broadband	
  feedback	
  (>	
  100	
  MHz)	
  to	
  resolve	
  the	
  internal	
  	
  
	
  	
  	
  	
  	
  	
  head-­‐tail	
  bunch	
  offset.	
  
	
  
	
  
o  Interplay	
  of	
  different	
  coherent	
  and	
  incoherent	
  effects	
  (-­‐>	
  strange	
  new	
  instabiliJes):	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  Space	
  charge,	
  beam-­‐beam,	
  impedances,	
  octupoles,	
  feedback,	
  beam	
  cooling	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  
	
  	
  	
  	
  	
  	
  	
  	
  	
  	
  -­‐>	
  Large	
  scale	
  simulaJon	
  studies,	
  experimental	
  validaJon.	
  	
  	
  

C.	
  RiveZa	
  et	
  al.,	
  BROAD-­‐BAND	
  TRANSVERSE	
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  TMCI,	
  Proc.	
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Fields	
  of	
  study	
  (selec+on):	
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Beam	
  breakup	
  instability	
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J.	
  Gareyte	
  (2000)	
  

R.	
  Cappi	
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ObservaJon	
  in	
  the	
  CERN	
  PS	
  near	
  transiJon	
  
x1(t) = Acos(Q0ω 0t)

 x2 + Q0ω 0( )2 x2 =α x1(t)

α = q
2NW1

2mγ 0

x2 (t) ≈ A
α

2Q0ω 0

t sin(ω 0Q0t)

The	
  instability	
  (in	
  rings)	
  is	
  usually	
  suppressed	
  	
  
by	
  the	
  synchrotron	
  oscillaJons.	
  


