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➤	  Introduc*on	  
	  	  	  	  	  ●	  Luminosity	  target,	  Features	  of	  SuperKEKB,	  ...	  
➤	  Impedance	  calcula*ons	  
	  	  	  	  	  ●	  Modelling,	  Pseudo-‐Green	  wake	  func*on,	  …	  
	  	  	  	  	  ●	  Impedance	  budget	  
➤	  Single-‐bunch	  effects	  
	  	  	  	  	  ●	  Longitudinal:	  Bunch	  lengthening,	  MWI,	  ...	  
	  	  	  	  	  ●	  Transverse:	  Beam	  *lt,	  TMCI,	  …	  
➤	  Coherent	  synchrotron	  radia*on	  (CSR)	  
	  	  	  	  	  ●	  CSR	  effects	  in	  SuperKEKB,	  PE	  and	  numerical	  calcula*ons,	  
Field	  dynamics,	  Experiments	  
➤	  Coherent	  wiggler/undulator	  radia*on	  (CWR/CUR)	  
	  	  	  	  	  ●	  Numerical	  and	  analy*cal	  calcula*ons	  
➤	  Summary



1. Introduction: Lum. trends

3 From	  N.	  Ohuchi,	  IPAC14,	  WEOCA01



1. Introduction: Features of SuperKEKB

4 From	  N.	  Ohuchi,	  IPAC14,	  WEOCA01



1. Introduction: Expected lum. gain

5 From	  N.	  Ohuchi,	  IPAC14,	  WEOCA01



2. Impedance calculations: Modelling
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IR	  (GdfidL)

LER	  typical	  (~90%)	  
Aluminum	  w/	  antechamber

HER	  typical	  (~70%)	  
Copper	  w/o	  antechamber

From	  Y.	  Suetsugu	  and	  K.	  Shibata



2. Impedance calculations: Modelling: LER
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ARES	  RF	  cavity

Bellows

MO-‐type	  flange

Pumping	  port

From	  T.	  Abe	  and	  K.	  Shibata

Comb-‐type:	  Unique	  for	  SuperKEKB



2. Impedance calculations: Modelling: LER
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Collimator	  (PEPII	  type)

BPM SR	  mask

From	  T.	  Ishibashi,	  M.	  Tobiyama,	  and	  K.	  Shibata

Horizontal

Vertical



2. Impedance calculations: Modelling: LER
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Clearing	  electrode Grooved	  surfaces

From	  T.	  Ishibashi

Ref.	  Y.	  Suetsugu	  et	  al.,	  NIMA	  598	  (2009)

Tested	  in	  KEKB

Ref.	  Y.	  Suetsugu	  et	  al.,	  NIMA	  604	  (2009)



2. Impedance calculations: Modelling: HER
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ARES

SCC	  (by	  ABCI) Movable	  mask	  (KEKB	  type)

Bellows

From	  T.	  Abe,	  Y.	  Morita,	  and	  K.	  Shibata

Unique	  for	  KEKB



2. Impedance calculations: Modelling: HER
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SR	  mask

Pumping	  port Flange

BPM

From	  K.	  Shibata	  and	  M.	  Tobiyama
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➤	  Pseudo-‐Green	  wake	  func*on	  
	  	  	  	  	  ●	  σz=0.5mm	  
	  	  	  	  	  ●	  Pumping	  ports	  and	  SR	  masks	  are	  negligible	  sources	  
because	  of	  antechamber	  
	  	  	  	  	  ●	  CSR	  and	  CWR	  (Wiggler	  radia*on):	  CSRZ	  code	  with	  
rectangular	  chamber

2. Impedance calculations: Results: LER
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➤	  Wake	  poten*al	  with	  nominal	  bunch	  length	  
	  	  	  	  	  ●	  σz=5mm	  
	  	  	  	  	  ●	  Main	  sources:	  Collimators,	  Resis*ve	  wall,	  ARES	  cavity,	  
Bellows,	  MO	  flanges,	  Clearing	  electrodes	  
	  	  	  	  	  ●	  CSR	  and	  CWR	  are	  not	  strong	  if	  no	  microbunching	  happens

2. Impedance calculations: Results: LER
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➤	  Pseudo-‐Green	  wake	  func*on	  
	  	  	  	  	  ●	  σz=0.5mm	  
	  	  	  	  	  ●	  CSR:	  CSRZ	  code	  with	  rectangular	  chamber	  
	  	  	  	  	  ●	  CWR	  (Wiggler	  radia*on)	  not	  considered	  yet

2. Impedance calculations: Results: HER
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➤	  Wake	  poten*al	  with	  nominal	  bunch	  length	  
	  	  	  	  	  ●	  σz=5mm	  
	  	  	  	  	  ●	  Main	  sources:	  Movable	  masks,	  Resis*ve	  wall,	  Flange	  
gaps,	  Bellows,	  SCC	  cavi*es,	  ARES	  cavi*es,	  Pumping	  port	  
	  	  	  	  	  ●	  CSR	  is	  weak	  if	  no	  microbunching	  happens

2. Impedance calculations: Results: HER



16

➤	  Impedance	  budget	  with	  σz=5/4.9mm:	  
	  	  	  	  	  ●	  Loss	  factors,	  resistance	  and	  inductance	  are	  calculated	  at	  
nominal	  bunch	  lengths	  
	  	  	  	  	  ●	  Bellows,	  flanges	  and	  pumping	  ports	  contribute	  more	  
impedance	  in	  HER	  than	  in	  LER	  

2. Impedance calculations: Impedance budget

Ref.	  D.	  Zhou,	  IPAC14,	  TUPRI021
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➤	  Simula*ons	  with	  input	  of	  Pseudo-‐Green	  wake:	  
	  	  	  	  	  ●	  Use	  Warnock-‐Cai’s	  VFP	  solver	  
	  	  	  	  	  ●	  Collimators	  are	  important	  sources	  in	  bunch	  lengthening	  
	  	  	  	  	  ●	  Simulated	  σz≈5.9mm	  @Design	  bunch	  current	  
	  	  	  	  	  ●	  Simulated	  MWI	  threshold	  is	  around	  NPth=1.05E11	  
	  	  	  	  	  ●	  Interplay	  between	  CSR	  and	  conven*onal	  wakes?

3. Single-bunch effects: Longitudinal: LER
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3. Single-bunch effects: Longitudinal: HER
➤	  Simula*ons	  with	  input	  of	  Pseudo-‐Green	  wake:	  
	  	  	  	  	  ●	  Use	  Warnock-‐Cai’s	  VFP	  solver	  
	  	  	  	  	  ●	  Simulated	  σz≈5.8mm	  @Design	  bunch	  current	  
	  	  	  	  	  ●	  Simulated	  MWI	  threshold	  is	  around	  NPth=1.7E11	  
	  	  	  	  	  ●	  CSR	  and	  CWR	  are	  likely	  to	  be	  not	  important.
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➤	  Y.	  Cai’s	  theory	  on	  CSR	  effects	  in	  rectangular	  chamber:	  
	  	  	  	  	  ●	  Steady-‐state	  CSR	  model	  
	  	  	  	  	  ●	  Square	  chamber	  lowers	  MWI	  threshold	  ...	  
	  	  	  	  	  ●	  Chamber	  aspect	  ra*o	  >2	  preferred

3. Single-bunch effects: Longitudinal: CSR

A:	  aspect	  ra*o

Nth =
CIA
ce

↵p��2
�

�z

�4/3
z

R1/3
⇠th

IA = 4⇡✏0
mec3

e

⇠th = 0.5 + 0.34�

� = �z

r
R

b3

Ref.	  Y.	  Cai,	  PRST-‐AB	  17,	  020702	  (2014)
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➤	  Y.	  Cai’s	  theory	  on	  CSR	  effects	  in	  rectangular	  chamber:
3. Single-bunch effects: Longitudinal: CSR

DR LER HER
E(GeV) 1.1 4 7.007
NP(10 5 9.04 6.53
b(mm) 24 90 50
a(mm) 34 90 104
R(m) 2.7/3 74.7 106

1.49 1.67 2.16 1.15 1.98
ɑ 141 3.25 4.55
σ 5.5 8.08 6.37
σ 6.6 7.8 11 6 5
ξ 1.49 1.67 2.16 1.15 2.1

N 4.4 5.2 7.6 8.8 20.2
ξ 0.5(?) 0.5(?) 0.5(?) 0.25 0.5(?)

N 1.5 1.6 1.8 1.9 4.9

�

Ref.	  Y.	  Cai,	  PRST-‐AB	  17,	  020702	  (2014)
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2
rms
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3. Single-bunch effects: Transverse: Beam tilt
➤	  G.	  Stupakov’s	  theory	  on	  transverse	  beam	  *lt:	  
	  	  	  	  	  ●	  To	  be	  a	  concern	  in	  low	  emiqance	  rings	  
	  	  	  	  	  ●	  Asymmetric	  protrusion	  (if	  exists)

✓rms =
Ne2

�m0c2

q
h(Wy � hWyi)2i

h=1cm

h=0.5cm

h=0.25cm

hWyi =
Z 1

�1
Wy(s)�(s)ds

From	  G.	  Stupakov

σz=6mm

Submiqed	  to	  NIMA
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3. Single-bunch effects: Transverse: Beam tilt
➤	  G.	  Stupakov’s	  theory	  on	  transverse	  beam	  *lt:	  
	  	  	  	  	  ●	  Symmetric	  3D	  structure	  (like	  collimator)	  with	  orbit	  offset	  
	  	  	  	  	  ●	  D02V1	  in	  LER	  as	  an	  example:	  d=-‐2/2mm,	  βy=104.6m	  
	  	  	  	  	  ●	  COD	  DY	  <	  0.2	  mm	  required? Vertical

✓rms =
Ne2�y

�m0c2

q⌦
(W 0

y �
⌦
W 0

y

↵
)2
↵

σz=6mm

�✏y =
1

4 sin2(⇡⌫y)
�y✓

2
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3. Single-bunch effects: TMCI: LER

From	  T.	  Ishibashi	  and	  Y.	  Suetsugu

Lauce	  version:	  
sler_1689



4. CSR: SuperKEKB design
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➤	  CSR	  strongly	  changed	  the	  design	  of	  SuperKEKB	  
	  	  	  	  	  ●	  One	  of	  the	  boqlenecks	  for	  the	  “high-‐current”	  scheme	  
	  	  	  	  	  ●	  Showstopper	  for	  the	  low-‐ɑp	  design	  of	  the	  damping	  ring	  
	  	  	  	  	  ●	  Poten*ally	  dangerous	  for	  the	  present	  “nano-‐beam”	  
scheme	  [P.21	  of	  this	  talk]	  
➤	  Efforts	  of	  dedicated	  researches	  
	  	  	  	  	  ●	  T.	  Agoh,	  PhD	  thesis,	  1999-‐2004	  
	  	  	  	  	  ●	  K.	  Oide,	  CSR	  code	  integrated	  into	  SAD,	  2008	  
	  	  	  	  	  ●	  D.	  Zhou,	  PhD	  thesis,	  2008-‐2011



➤	  Microwave	  instability	  due	  to	  CSR	  	  in	  LER	  was	  very	  
serious.

25
K. Oide, et al., MO3RAI01, PAC’09 (2009)!
T. Agoh, PhD thesis (2004)

Par*cle	  tracking Vlasov	  solver

4. CSR: SuperKEKB: High-current scheme
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Simple	  es*ma*on	  of	  CSR	  instability	  threshold	  [Stupakov	  and	  Heifets	  (2002)]	  ...
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4. CSR: SuperKEKB: High-current scheme



4. CSR: SuperKEKB: Damping ring
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➤	  Found	  to	  be	  important	  in	  DR	  in	  2010	  
	  	  	  	  	  	  ●	  Op*cs:	  CSR-‐op*mized	  
	  	  	  	  	  	  ●	  Vacuum	  chamber	  and	  RF	  system	  
➤	  Collabora*on	  
	  	  	  	  	  	  ●	  KEK:	  T.	  Agoh,	  H.	  Ikeda,	  M.	  Kikuchi,	  K.	  Ohmi,	  K.	  Oide,	  K.	  Shibata,	  K.	  
Yokoya,	  D.	  Zhou	  
	  	  	  	  	  	  ●	  SLAC:	  Y.	  Cai,	  G.	  Stupakov,	  L.	  Wang	  
	  	  	  	  	  	  ●	  CERN:	  F.	  Zimmermann	  
➤	  Intensive	  CSR	  impedance	  calcula*ons	  
	  	  	  	  	  	  ●	  Benchmark:	  5	  codes	  (Agoh,	  Oide,	  Zhou,	  Stupakov,	  L.	  Wang)	  
	  	  	  	  	  	  ●	  Single-‐bend	  and	  mul*-‐bend	  
	  	  	  	  	  	  ●	  Rectangular	  and	  arbitrary	  cross-‐sec*on	  of	  chamber	  
➤	  Intensive	  simula*ons	  of	  MWI	  
	  	  	  	  	  	  ●	  Macro-‐par*cle	  tracking:	  SAD	  
	  	  	  	  	  	  ●	  Vlasov	  solver:	  SAD,	  Warnock-‐Cai’s	  code

K.	  Shibata



Contributors:	  
➤	  G.	  Stupakov	  and	  I.A.	  Kotelnikov	  (Mode	  expansion,	  PRST-‐AB	  2003,	  2009)	  
➤	  T.	  Agoh	  &	  K.	  Yokoya	  (Mesh	  and	  Eigenfunc*on	  expansion,	  PRST-‐AB	  2004,	  
2009)	  
➤	  D.R.	  Gillingham	  and	  T.M.	  Antonsen	  (Time-‐domain	  PE,	  PRST-‐AB	  2007)	  
➤	  K.	  Oide	  (Mesh	  +	  Eigen	  solver,	  PAC	  2009)	  
➤	  D.	  Zhou	  (Mesh	  +	  Finite	  difference,	  JJAP	  2012)	  
➤	  L.	  Wang	  (Mesh	  +	  Finite	  element,	  2012)	  
➤	  D.A.	  Bizzozero	  (Mesh	  +	  Discon*nuous	  Galerkin	  method,	  2013)	  
➤	  R.	  Warnock	  (?)
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Parabolic	  equa*on	  (PE)	  in	  Frenet-‐Serret	  coordinate	  system:

Longitudinal	  field	  and	  impedance: T.	  Agoh,	  PRST-‐AB	  7,	  054403	  (2004).

4. CSR: Field dynamics
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Single	  dipole

The	  curvature	  is	  variable	  (Single	  dipole,	  so�	  fringe,	  a	  series	  of	  
dipoles,	  wiggler,	  etc.):

CSRZ	  code	  (D.	  Zhou):	  Uniform	  rectangular	  cross-‐sec*on

a
b

Wiggler	  -‐	  “Wiggling	  pipe”
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4. CSR: Field dynamics
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A	  single	  bend:	  excited	  modes	  of	  toroidal	  chamber	  

Real part Imaginary part

Blue solid: Lbend=0.5 m 
Red dashed: Lbend=2 m 
Green dotted: Lbend=8 m 
Black solid: Parallel-plates model

a/b=60/30 mm, R=5 m, Lbend=0.5/2/8 m
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4. CSR: Field dynamics: Eigenmodes
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Re.	  Exr:

Im.	  Exr:

Mode	  paqern:

Freq.	  &	  index

Resonance	  poles	  =	  Eigen	  modes
a/b=60/30 mm, Lbend=8 m, R=5 m

Ex(x, y) = Ex0Ai
�
k2y�

2 � x/�
⇥
sin [ky(y + b/2)]Ex	  mode:

G.	  Stupakov	  and	  I.	  Kotelnikov,	  PRST-‐AB	  6,	  034401	  (2003).

Overtaking	  fields
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4. CSR: Field dynamics: Eigenmodes
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Re.	  Exr:

Im.	  Exr:

Mode	  paqern:

Freq.	  &	  index

Ex(x, y) = Ex0Ai
�
k2y�

2 � x/�
⇥
sin [ky(y + b/2)]Ex	  mode:

G.	  Stupakov	  and	  I.	  Kotelnikov,	  PRST-‐AB	  6,	  034401	  (2003).
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4. CSR: Field dynamics: Eigenmodes
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Re.	  Exr:

Im.	  Exr:

Mode	  paqern:

Freq.	  &	  index

Ex(x, y) = Ex0Ai
�
k2y�

2 � x/�
⇥
sin [ky(y + b/2)]Ex	  mode:

G.	  Stupakov	  and	  I.	  Kotelnikov,	  PRST-‐AB	  6,	  034401	  (2003).
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4. CSR: Field dynamics: Eigenmodes
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Arbitrary	  cross-‐sec*on:	  Finite	  element	  technique	  +	  parabolic	  
equa*on	  (L.	  Wang)

Courtesy	  of	  L.	  Wang

Re.Exr Im.Exr

Re.Eyr Im.Eyr

Re.Es Im.Es

4. CSR: Field dynamics: Eigenmodes
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Rectangular	  cross-‐sec*on:	  Discon*nuous	  Galerkin	  method	  +	  
parabolic	  equa*on	  (D.A.	  Bizzozero)

Courtesy	  of	  D.A.	  Bizzozero

4. CSR: Field dynamics: Eigenmodes
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Outer-‐wall	  reflec*on	  can	  be	  well	  approximated	  by	  op*cal	  model	  
[Derbenev	  (1995),	  Carr	  (2001),	  Sagan	  (2009),	  Oide	  (2010)]

R Θc

Cri*cal	  length	  (Catch-‐up	  distance):

Path	  difference:

Y.	  S.	  Derbenev	  et	  al.,	  TESLA	  FEL-‐Report	  1995-‐05	  (1995).	  
G.	  L.	  Carr	  et	  al.,	  PAC’01,	  p.	  377	  (2001).	  
D.	  Sagan	  et	  al.,	  PRST-‐AB	  12,	  040703	  (2009).	  
K.	  Oide,	  Talk	  at	  CSR	  mini-‐workshop,	  Nov.	  08,	  2010.	  
D.	  Zhou	  et	  al.,	  Jpn.	  J.	  Appl.	  Phys.	  51	  (2012)	  016401.

xb

xb

xb � R
a

b

Shielding	  threshold:

kth = ⇡
p
R/b3

4. CSR: Field dynamics: Optical model

Ray-‐tracing	  for	  CSR
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Since	  the	  interes*ng	  wavelength	  of	  CSR	  is	  much	  smaller	  than	  the	  
chamber	  geometry	  (λ	  <<	  b),	  we	  can	  safely	  do	  ray-‐tracing	  for	  even	  
complicated	  geometry.

4. CSR: Field dynamics: Optical model

From	  R.	  Warnock
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SuperKEKB	  damping	  ring:
a/b=34/34 mm, Lbend=0.74/0.29 m, ρ=2.7/-3 m (reverse bends) 
Ldrift=0.9 m, Ncell=32 

0.0 0.5 1.0 1.5 2.0 2.5
!3

!2

!1

0

1

2

s !m"

R
!m"

Layout
Reverse bends (1 cell)

Bend 1

Bend 2

M.	  Kikuchi,	  et	  al.,	  IPAC’10,	  p.	  1641	  (2010)

The	  vacuum	  chamber	  is	  curved	  along	  the	  beam	  orbit

4. CSR: Field dynamics: Multi-bend interference
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SuperKEKB	  damping	  ring	  (one	  arc	  sec*on)	  (Perfect conducting wall)

Real part Imaginary part

a/b=34/34 mm, Lbend=0.74/0.29 m, ρ=2.7/-3 m (reverse bends) 
Ldrift=0.9 m, Ncell=1/6/16
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Blue solid lines: 16 cells 
Red dashed lines: 6 cells 
Green dotted lines: 1 cell 
Black solid lines: single-bend

�z = 0.5 mm

4. CSR: Field dynamics: Multi-bend interference

D.	  Zhou	  et	  al.,	  Jpn.	  J.	  Appl.	  Phys.	  51	  (2012)	  016401.
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Geometry

Long.	  wakefields	  for	  a	  Gaussian	  bunch

HeadTail

T.	  Agoh,	  PRST-‐AB	  12,	  094402	  (2009).

CSR	  fields	  can	  be	  decomposed	  to	  a	  sum	  of	  propaga*ng	  (oscillatory	  
and	  trailing)	  and	  decaying	  (damped	  and	  overtaking)	  waves	  in	  a	  
toroidal	  waveguide	  [Agoh	  (2009)].

4. CSR: Field dynamics: Steady-state
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S.	  Kramer,	  EPAC	  2002

Microbunching@Streak	  Camera

FIR	  signal

CSR	  measurements	  at	  NSLS	  VUV	  ring

Signal	  spectrum

4. CSR: Field dynamics: Experiments
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a/b=80/42 mm, Lbend=1.5 m, R=1.91 m
CSR	  measurements	  at	  NSLS	  VUV	  ring

Chamber	  cross	  sec*on

Model	  for	  calcula*on
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Blue	  solid:	  SR	  impedance	  
Red	  dashed:	  Measured	  ISR	  spectrum	  
(Data	  provided	  by	  S.L.	  Kramer)

Excellent	  agreements	  in	  peak	  
posi*ons	  and	  widths.	  
The	  discrepancy	  in	  amplitude	  at	  low-‐	  
and	  high-‐frequency	  parts	  is	  
aqributed	  to	  the	  transfer	  func*on	  of	  
the	  detec*on	  system.

Lbend > Lc=0.8 m

4. CSR: Field dynamics: Experiments



4. CSR: Field dynamics: Experiments
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R.	  Warnock’s	  idea:	  Similarity	  of	  steady-‐state	  CSR	  and	  whispering	  
gallery	  modes

From	  R.	  WarnockQ:	  A	  code	  to	  handle	  3D	  chamber	  is	  necessary?

Ref.	  R.	  Warnock,	  in	  ICFA	  beam	  dynamics	  Newsleqer	  63	  (2014)



4. CSR: Field dynamics: Short summary
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➤	  We	  can	  view	  CSR	  from	  various	  aspects:	  
	  	  	  	  	  ●	  Take	  CSR	  as	  light	  and	  apply	  op*cal	  theory	  
	  	  	  	  	  ●	  Take	  the	  vacuum	  chamber	  as	  a	  curved	  waveguide	  and	  
search	  for	  eigenmodes,	  and	  take	  the	  beam	  as	  exci*ng	  source	  
	  	  	  	  	  ●	  Impedance	  theory:	  Think	  about	  the	  proper*es	  of	  CSR	  
impedance	  =>	  Causality,	  Kramers-‐Kronig	  rela*on,	  and	  Hilbert	  
transform,	  …	  =>	  Compare	  with	  space	  charge,	  wiggler/
undulator	  ra*on,	  Chenrenkov	  radia*on,	  …	  
	  	  	  	  	  ●	  Whispering	  gallery	  modes	  in	  acous*cs	  (R.	  Warnock)	  
	  	  	  	  	  ●	  To	  well	  understand	  observa*ons	  in	  accelerators,	  we	  may	  
need	  to	  develop	  3D	  frequency-‐domain	  code	  for	  ring?	  3D	  *me-‐
domain	  code	  for	  linac	  (chicane)?	  
	  	  	  	  	  ●	  Far-‐/near-‐field	  =>	  Radia*on/Instability	  
	  	  	  	  	  ●	  Paraxial	  approxima*on	  works	  well

From	  hqp://www.shintakelab.com/

http://www.shintakelab.com/
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The	  model	  for	  numerical	  calcula*on:

Wiggling pipe

a
b

G.	  Stupakov	  and	  D.	  Zhou,	  SLAC-‐PUB-‐14332	  (2010).

5. CWR/CUR: Problem definition

The	  model	  for	  analy*cal	  calcula*on:

Straight pipe

[1959]	  Motz/Nakamura	  =>	  [1990]	  Y.	  Chin	  =>	  [1998]	  Saldin	  et	  al.	  =>	  
[2003]	  Wu	  et	  al.	  =>	  [2010]	  Stupakov/Zhou
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We	  found	  a	  sa*sfying	  solu*on	  for	  the	  real	  part	  for	  CWR/CUR	  
impedance	  for	  a	  finite-‐length	  wiggler	  [Stupakov	  (2010)]:

With	  presumed	  condi*on	  (small-‐angle	  orbit	  approxima*on):

K/� � 1

G.	  Stupakov	  and	  D.	  Zhou,	  SLAC-‐PUB-‐14332	  (2010).

5. CWR/CUR: Mode expansion method

Very	  good	  agreement	  with	  simula*on:
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Apply	  to	  the	  SuperKEKB	  wiggler	  sec*on:	  Many	  sharp	  peaks	  in	  the	  
impedance	  spectrum.

G.	  Stupakov	  and	  D.	  Zhou,	  SLAC-‐PUB-‐14332	  (2010).

5. CWR/CUR: Mode expansion method

BUT:	  The	  imaginary	  part	  of	  CWR/CUR	  impedance	  is	  very	  hard	  to	  
tackle,	  far	  beyond	  your	  expecta*ons!
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A	  weak	  wiggler:	  a	  test

Real part Imaginary part
Blue solid lines: numerical 
Red dashed lines: analytic 
model w/ waveguide 
Green dashed line: analytic 
model in free space

a/b=100/20 mm, λw=1 m, R0=100 m, Nw=10
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G.	  Stupakov	  and	  D.	  Zhou,	  SLAC-‐PUB-‐14332	  (2010).	  
J.	  Wu,	  et	  al.,	  PRST-‐AB	  6,	  040701	  (2003).

5. CWR/CUR: Numerical calculation
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5. CWR/CUR: Numerical calculation
Varying	  chamber	  dimensions	  and	  wiggler	  length
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An	  infinitely	  long	  wiggler:	  
w/h=100/20 mm, λw=1 m, R0=100 m
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p: harmonic number of beam motion

Steady-state CSR [Agoh (2009)]

Steady-state CSR and CWR impedances have similar features.!
The physics is contained in the real and imaginary singular poles.

T.	  Agoh,	  PRST-‐AB	  12,	  094402	  (2009).

5. CWR/CUR: Steady-state
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6. Summary
➤	  Impedance	  and	  single-‐bunch	  instability	  in	  SuperKEKB	  
	  	  	  	  	  ●	  Pseudo-‐Green	  func*on	  wakes	  are	  available	  
	  	  	  	  	  ●	  CSR	  is	  becoming	  a	  concern	  once	  again	  
	  	  	  	  	  ●	  Pseudo-‐Green	  func*on	  wakes	  for	  CSR	  (Z~k1/3)	  and	  
resis*ve	  wall	  (Z~k1/2)	  might	  not	  be	  proper	  
	  	  	  	  	  ●	  Beam	  *lt	  and	  TMCI	  are	  poten*al	  important	  
➤	  CSR	  
	  	  	  	  	  ●	  Here	  or	  there,	  it	  shows	  mysterious	  proper*es	  
	  	  	  	  	  ●	  The	  power	  of	  PE	  is	  far	  from	  fully	  inves*gated	  
	  	  	  	  	  ●	  CSR	  remains	  to	  be	  a	  concern	  in	  SuperKEKB	  
	  	  	  	  	  ●	  BUT,	  definitely	  useful	  from	  another	  side:	  THz	  sources	  
➤	  CWR/CUR	  
	  	  	  	  	  ●	  Chamber	  shielding	  makes	  difference	  
	  	  	  	  	  ●	  A	  not	  fully	  solved	  problem	  
	  	  	  	  	  ●	  BUT,	  definitely	  CUR	  is	  important	  for	  FEL
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Backup



1. Introduction: Scaling SuperKEKB/KEKB

54
See	  hqp://www-‐superkekb.kek.jp/index.html	  for	  details

LER HER
SKEKB KEKB Factor SKEKB KEKB Factor

E(GeV) 4 3.5 1.14 7.007 8 0.876
I 1.44 1.03 1.4 1.04 0.75 1.4
ε 3.2 18 0.18 4.6 24 0.19
ε 8.64 180 0.048 11.5 240 0.048
β 0.032 1.2 0.027 0.025 1.2 0.021
β 0.27 5.9 0.046 0.3 5.9 0.051
ɑ 3.25 3.31 0.98 4.55 3.43 1.33
σ 8.08 7.73 1.11 6.37 6.3 0.96

σ 5 4.6 4.9 5.2
*Machine	  parameters	  on	  Jun.17,	  2009

http://www-superkekb.kek.jp/index.html
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➤	  Simula*ons	  with	  input	  of	  Pseudo-‐Green	  wake:	  
	  	  	  	  	  ●	  BUT,	  pseudo-‐Green	  wakes	  for	  CSR,	  CWR	  and	  RW	  are	  not	  
good	  choices.	  =>	  To	  be	  improved.	  
	  	  	  	  	  ●	  Poten*al-‐well	  distor*on	  =>	  Longitudinal	  beam	  *lt	  =>	  
Impact	  on	  luminosity	  to	  be	  evaluated

4. Single-bunch effects: Longitudinal: LER

NP=9.04E10
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➤	  Simula*ons	  with	  input	  of	  Pseudo-‐Green	  wake:	  
	  	  	  	  	  ●	  BUT,	  pseudo-‐Green	  wakes	  for	  CSR,	  CWR	  and	  RW	  are	  not	  
good	  choices.	  =>	  To	  be	  improved.	  
	  	  	  	  	  ●	  Poten*al-‐well	  distor*on	  =>	  Longitudinal	  beam	  *lt	  =>	  
Impact	  on	  luminosity	  to	  be	  evaluated

4. Single-bunch effects: Longitudinal: HER

NP=6.53E10



4. CSR: SuperKEKB: Damping ring
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➤	  Findings:	  General	  
	  	  	  	  	  ●	  CSR:	  High-‐frequency	  impedance	  in	  the	  mm	  wave	  regime;	  
Overtaking	  self-‐fields	  
	  	  	  	  	  ●	  Numerical	  noise	  in	  impedance	  calcula*on:	  Low/high	  in	  
rectangular/arbitrary	  chamber	  cross-‐sec*on	  	  
	  	  	  	  	  ●	  Instability	  analysis(Stupakov-‐Heifets	  theory):	  a	  simple,	  
but	  robust	  method	  for	  es*mate	  of	  CSR	  effect

Op*cs	  version	  1.140 Op*cs	  version	  1.210



4. CSR: SuperKEKB: Damping ring
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➤	  Findings:	  Impedance	  
	  	  	  	  	  ●	  CSR	  impedance:	  Forest	  of	  “narrow-‐band”	  spikes	  	  
	  	  	  	  	  ●	  Mul*-‐bend	  interference	  in	  CSR:	  Interes*ng	  but	  likely	  not	  
important	  for	  both	  single-‐	  and	  mul*-‐bunch	  instability

DR	  layout
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LdriH≈0.9	  m



4. CSR: SuperKEKB: Damping ring
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➤	  Findings:	  Mul*-‐bunch	  instability	  
	  	  	  	  	  ●	  Long-‐range	  CSR	  wake	  extend	  to	  distance	  of	  ~0.1	  m	  
	  	  	  	  	  ●	  Not	  considered	  in	  CSR	  impedance	  calcula*on:	  Resis*ve	  
wall	  and	  chamber	  discon*nui*es	  
	  	  	  	  	  ●	  No	  mul*-‐bunch	  CSR	  instability(?)	  	  

L.	  Wang	  and	  D.	  Zhou

R Θc

σz=0.2mm	  
Freq.	  <	  1.4THz



4. CSR: SuperKEKB: Damping ring
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➤	  Findings:	  PIC	  tracking	  
	  	  	  	  	  ●	  CSR	  instability	  is	  sensi*ve	  to	  number	  of	  kicks	  per	  turn	  
	  	  	  	  	  ●	  Mesh	  size	  contribute	  to	  numerical	  noise	  
	  	  	  	  	  ●	  Tracking	  always	  suffers	  from	  numerical	  noise

1	  kick/turn

5	  kicks/turn

30	  kicks/turn

Courtesy	  of	  H.	  Ikeda



4. CSR: SuperKEKB: Damping ring
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➤	  Findings:	  Vlasov	  solver	  
	  	  	  	  	  ●	  CSR	  instability	  is	  sensi*ve	  to	  number	  of	  kicks	  per	  turn	  
	  	  	  	  	  ●	  Sizes	  of	  mesh	  and	  domain	  contribute	  to	  numerical	  noise	  
	  	  	  	  	  ●	  Numerical	  noise	  significantly	  suppressed	  
	  	  	  	  	  ●	  Typical:	  1024	  kicks	  per	  synch.	  period	  
	  	  	  	  	  ●	  Almost	  no	  CSR	  instability	  below	  design	  bunch	  current	  
	  	  	  	  	  ●	  Threshold(CSR)	  close	  to	  Stupakov-‐Heifets-‐Cai	  theory
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