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Main	
  sources	
  of	
  emi$ance	
  growth	
  
	
  and	
  their	
  cure	
  

•  Transverse	
  wakefields	
  in	
  the	
  accelera.ng	
  structures	
  
-­‐  Single-­‐bunch	
  break-­‐up	
  	
  	
  	
   	
   	
  :	
  careful	
  la/ce	
  design	
  /	
  BNS	
  damping	
  
-­‐  Bunch-­‐to-­‐bunch	
  instabili.es	
   	
  :	
  damping	
  by	
  RF	
  design	
  /	
  detuning	
  

•  Sta.c	
  imperfec.ons	
  
–  Quadrupole	
  /	
  BPM	
  misalignments	
  	
  	
  	
  :	
  pre-­‐	
  and	
  beam-­‐based	
  alignment	
  

	
  
•  Others	
  

–  Resis.ve	
  wall	
  wakes	
  	
  	
  	
   	
   	
  :	
  strong	
  focusing	
  
–  Fast	
  beam-­‐ion	
  instability	
  	
   	
  :	
  high	
  vacuum	
  
–  RF	
  kicks 	
   	
   	
   	
   	
  :	
  RF	
  design	
  
–  Ground	
  mo.on	
  	
  	
  	
   	
   	
   	
  :	
  feedback	
  loops	
  
–  BPM	
  scaling	
  errors 	
   	
   	
  :	
  tuning	
  and	
  BBA	
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Wakefields	
  
The	
  beam	
  pipe	
  is	
  not	
  a	
  perfectly	
  
conduc.ng	
  pipe	
  of	
  constant	
  aperture.	
  	
  
	
  
A	
  beam	
  passing	
  through	
  a	
  cavity	
  radiates	
  
electromagne.c	
  fields	
  and	
  excites	
  the	
  
normal	
  modes	
  of	
  the	
  cavity.	
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The	
  consequences	
  are:	
  
	
  
1)  the	
  beam	
  loses	
  energy;	
  	
  
2)  energy	
  can	
  be	
  transferred	
  from	
  head	
  to	
  tail	
  of	
  a	
  bunch;	
  	
  
3)  the	
  head	
  of	
  the	
  bunch	
  can	
  deflect	
  the	
  tail;	
  
4)  energy	
  and	
  deflec.ons	
  can	
  be	
  transferred	
  between	
  bunches	
  if	
  there	
  are	
  

normal	
  mode	
  with	
  high	
  Q	
  (quality	
  factor).	
  	
  
	
  
2)	
  -­‐	
  4)	
  can	
  give	
  rise	
  to	
  instabili.es.	
  



Long-­‐range	
  wakefields	
  

Bunch-­‐to-­‐bunch	
  long-­‐range	
  wakefields	
  
can	
  induce	
  transverse	
  instabili.es	
  leading	
  
to	
  beam	
  break-­‐up.	
  

Long-­‐range	
  wakefields	
  are	
  sine-­‐like	
  	
  
func.ons:	
  

They	
  can	
  be	
  reduced	
  by	
  	
  
–  damping	
  
–  Detuning	
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Multi-Bunch Wakefields

• Long-range transverse
wakefields are sine-like

• They can be reduced by
- damping

- detuning

W⊥(z) =
∞
∑
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D. Schulte, 6th Linear Collider School 2011, Main Linac Basics 74



Beam-­‐based	
  alignment,	
  tuning	
  strategy	
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Beam-Based Alignment and Tuning Strategy

• Make beam pass linac
- one-to-one correction

• Remove dispersion, align BPMs and quadrupoles
- dispersion free steering

- ballistic alignment

- kick minimisation

• Remove residual dispersive and wakefield effects
- accelerating structure alignment (CLIC only)

- emittance tuning bumps

- Tune luminosity
- tuning knobs

D. Schulte, 6th Linear Collider School 2011, Main Linac A2 15



Emi$ance	
  budgets	
  

7	
  

Emittance Budget

• CLIC
- the initial emittance has to stay below εx = 600 nm and εy = 10 nm

- for static imperfections an emittance budget of ∆εx = 30 nm and ∆εy = 5 nm
exists, which 90% of the machines have to meet

- for dynamic imperfections an emittance budget of ∆εx = 30 nm and ∆εy = 5 nm
exists

• ILC
- the initial emittances have to stay below εx = 8400 nm and εy = 24 nm

- the final emittances have to stay belowεx = 9400 nm and εy = 34 nm

• We will limit our discussion to the vertical plane

D. Schulte, 6th Linear Collider School 2011, Main Linac A2 2



5 TECHNICAL DESCRIPTION OF THE ACCELERATOR

5.6 Two-beam module
5.6.1 Overview

The CLIC two-beam configuration along most of the length of the Main and Drive linacs consists of
‘repeated modules’ [112] and [113]. Each Main Linac contains more than 10 000 such modules. The
Drive Beam generates in each of the Power Extraction and Transfer Structures (PETS)(see §5.5.2) the
RF power for two accelerating structures (see §5.5.1). Each module contains up to four PETS (see
Fig. 5.136). Space for quadrupoles in the main linac is made by leaving out two, four, six, or eight
accelerating structures and suppressing the corresponding PETS (see Fig. 5.137).

Fig. 5.136: Schematic layout of CLIC Type-0 module

In order to accomodate all needed configurations five types of modules are needed. Type-0 mod-
ules contain only accelerating structures in the Main Beam line (see Fig. 5.136) whereas Type-1 to Type-4
modules have Main Beam Quadrupoles (MBQs) of variable length, replacing 2, 4, 6 or 8 accelerating
structures correspondingly (see Fig. 5.137).

The module components are mounted on alignment girders. The module length is determined
mainly by considerations about the mechanical and thermal stability of the overall system. Presently a
value of 2010 is chosen. Drive Beam linac simulations show that the Drive Beam Quadrupole spacing
must be about 1 m with a quadrupole length of about 270 mm to produce sufficient strength. The remain-
ing space is available for two PETS and the BPM. A length of 30 mm has been reserved for inter-girder
connections. A few modules with only Main Beam and Drive Beam quadrupoles are needed where each
Drive Beam is fed into and out of a Drive Beam linac sector.

5.6.2 Introduction

The two-beam module design has to take into consideration the requirements for the different technical
systems. The main components are designed and integrated to optimize the filling factor and gain in
compactness. Figure 5.138, shows a 3D view of a typical two-beam module, with the main components,
such as accelerating structures, PETS and quadrupoles. In the following subsections all main technical
systems are described. Some repetition of the material shown also in the specific chapters of these
systems is unavoidable and wanted.
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3 ACCELERATOR PHYSICS DESCRIPTION OF THE MAIN BEAM COMPLEX

3.8.2.2 Main Linac

In the main linac a strong focusing lattice has been chosen to balance the impact of transverse wakefields
in the accelerating cavities. The lattice strength is varied with the beam energy to have an almost constant
fill factor. The twiss parameters of the baseline lattice are as shown in Fig. 3.60. To compensate for
the defocussing effect of the short-range wakefields, BNS damping is used. BNS damping consists in
accelerating the particles slightly off-phase with respect to the rf cavities, so that the bunch tail is slightly
less accelerated than the head and experiences a stronger quadrupole focusing [171]. The RF phase offset
chosen is 8� at the beginning and 30� at the end of the linac. Details on the Main Linac lattice optimisation
can be found in Ref. [172]. The total emittance growth in a Main Linac without imperfections is about
zero.
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Fig. 3.60: Twiss parameters for the main linac. The minima and the maxima of the b -functions for the 12 sectors
are clearly visible.

3.8.2.3 Beam Delivery System

The beam delivery system (BDS) transports the main beam from the linac end to the IP. See §3.5 for
details concerning the design. The BDS uses the dispersion generated by horizontal bending dipoles
to collimate low-energy particles and to correct the chromaticity with the sextupoles in the Final Focus
(FF). This design requirement is an intrinsic source of emittance dilution due to two effects: synchrotron
radiation emission and higher-order transport aberrations.

Incoherent synchrotron radiation is responsible for 20% loss of luminosity. The bending dipoles
and the final doublet are also responsible for an equivalent luminosity loss. The IP vertical beta function
is designed to operate slightly below the theoretical optimum given by the Oide effect [173]. Coherent
synchrotron radiation has negligible effects on emittance dilution.

Higher order aberrations have been carefully minimized by adding multipolar corrector magnets to
the lattice [174]. The residual higher-order aberrations increase the vertical beam size by 15%. Assuming
an ideal transport without aberrations and neglecting synchrotron radiation, luminosity would increase
by about 40%. Thus design aberrations and synchrotron radiation approximately share the luminosity
loss in equal parts.
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CLIC	
  main	
  linac	
  labce	
  design	
  
The	
  main	
  linac	
  injec.on	
  emi$ances	
  are	
  600	
  and	
  10	
  
nm	
  respec.vely.	
  The	
  labce	
  is	
  designed	
  with	
  the	
  
following	
  criteria:	
  
	
  
•  Strong	
  focusing	
  labce,	
  to	
  balance	
  the	
  impact	
  of	
  

the	
  transverse	
  wakefields	
  in	
  the	
  accelera.ng	
  
structures	
  

•  Labce	
  strength	
  is	
  varied	
  along	
  the	
  linac	
  to	
  have	
  
an	
  almost	
  constant	
  fill	
  factor	
  

•  BNS	
  damping	
  is	
  used	
  to	
  compensate	
  for	
  short-­‐
range	
  wakefield	
  effects.	
  The	
  RF	
  phases	
  offset	
  
chosen	
  is	
  8o	
  at	
  the	
  beginning	
  and	
  30o	
  at	
  the	
  end	
  
of	
  the	
  linac	
  

•  The	
  linac	
  is	
  composed	
  by	
  five	
  types	
  of	
  modules	
  
that	
  accommodate	
  two	
  beams:	
  drive	
  beam	
  and	
  
main	
  beam	
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  The	
  total	
  emi$ance	
  growth	
  in	
  a	
  linac	
  without	
  imperfec.ons	
  is	
  about	
  zero.	
  

SchemaBc	
  of	
  the	
  CLIC	
  Type-­‐0	
  module	
  

Linac	
  opBcs,	
  the	
  beta	
  funcBon	
  scales	
  with	
  sqrt(E)	
  



Main	
  Linac	
  Tolerances	
  

D.	
  Schulte	
   9	
  

1)  Pre-­‐align	
  BPMs+quads	
  
accuracy	
  O(10μm)	
  

2)	
  Beam-­‐based	
  alignment	
  

3)	
  Use	
  wakefield	
  monitors	
  
accuracy	
  O(3.5μm)	
  

Stabilise	
  quadrupole	
  
O(1nm)	
  @	
  1Hz	
  



Tolerance	
  for	
  sta.c	
  imperfec.ons	
  in	
  CLIC	
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Error CLIC with respect to 
Quad Offset 17 µm girder/survey line 
Quad roll ≤100 µrad survey line 
Girder Offset 9.4 µm  survey line 
Girder tilt 9.4 µrad survey line 
Acc Structures Offset 5 µm girder 
Acc Structures tilt 200 µrad girder 
BPM Offset 14 µm girder/survey line 
BPM resolution 0.1 µm BPM center 
Wakefield monitor 3.5 μm wake center 

•  In	
  ILC	
  the	
  specifica.ons	
  have	
  much	
  larger	
  values	
  than	
  in	
  CLIC	
  
•  More	
  difficult	
  alignment	
  in	
  super-­‐conduc.ve	
  environment	
  
•  Dedicated	
  effort	
  for	
  CLIC	
  is	
  needed	
  

•  Wakefield	
  monitors	
  are	
  currently	
  foreseen	
  only	
  in	
  CLIC	
  



• 	
  Test	
  of	
  prototype	
  shows	
  
• 	
  ver.cal	
  RMS	
  error	
  of	
  11μm	
  
• 	
  i.e.	
  accuracy	
  is	
  approx.	
  13.5μm	
  

• 	
  Improvement	
  path	
  iden.fied	
  

Pre-­‐alignment	
  System	
  

D.	
  Schulte	
   11	
  

• 	
  Required	
  accuracy	
  of	
  reference	
  
point	
  is	
  10μm	
  



Emi$ance	
  growth	
  in	
  CLIC	
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Emittance Growth

• Initial emittance growth is
enormous

• After one-to-one correc-
tion growth is still large
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Dispersion-­‐Free	
  Steering	
  in	
  CLIC	
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Dispersion-­‐free	
  correc.on	
  (DFS)	
  

χ 2 =
yBPMreading
2

σ y ,BPM
2 +σ res

2
BPMs
∑ +

Δymeas −Δymodel

θ( )$

%
&
'
2

2σ res
2

BPMs
∑

Dispersion Free Correction Emittance

• The emittance growth is
largely reduced by DFS

- but still too large

• Main cause of emittance
growth

- trajectory is smooth but
not well centred in the
structures

- effective coherent
structure offset

- structure initial scatter
remains uncorrected
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The	
  emi$ance	
  growth	
  is	
  largely	
  reduced	
  
by	
  DFS,	
  but	
  it	
  is	
  s.ll	
  too	
  large	
  
	
  
Main	
  cause	
  of	
  emi$ance	
  growth	
  are:	
  
•  Trajectory	
  is	
  smooth	
  but	
  not	
  centered	
  

in	
  the	
  structures	
  
•  Effec.ve	
  coherent	
  structure	
  offsets	
  
•  Structures	
  ini.al	
  sca$er	
  remains	
  

uncorrected	
  



RF-­‐structure	
  alignment	
  in	
  CLIC	
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RF	
  structures	
  are	
  equipped	
  with	
  wakefield	
  posi.on	
  
monitors:	
  girders	
  are	
  moved	
  to	
  zero	
  the	
  average	
  center	
  
of	
  the	
  beam	
  w.r.t.	
  the	
  structures	
  
	
  

Structure Alignment

• Beam trajectory is hardly
changed by structure
alignment

- beam is re-steered into
BPMs

• But emittance growth is
strongly reduced
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Beam	
  trajectory	
  is	
  hardly	
  changed	
  by	
  structure	
  alignment	
  
but	
  emiOance	
  growth	
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  strongly	
  reduced	
  

Structure Alignment

• Beam trajectory is hardly
changed by structure
alignment

- beam is re-steered into
BPMs

• But emittance growth is
strongly reduced
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Beam-Based Structure Alignment (CLIC only)

• Each structure is equipped with a wake-
field monitor (RMS position error 5 µm)

• Up to eight structures on one movable
girders

⇒ Align structures to the beam

• Assume identical wake fields
- the mean structure to wakefield moni-
tor offset is most important

- in upper figure monitors are perfect,
mean offset structure to beam is zero
after alignment

- scatter around mean does not matter a
lot

• With scattered monitors
- final mean offset is σwm/

√
n

• In the current simulation each structure is
moved independently

• A study has been performed to move the
articulation points

negligible additional effect if additional

• For our tolerance σwm = 5 µm we find
∆εy ≈ 0.5 nm

- some dependence on alignment
method



Final	
  emi$ance	
  growth	
  in	
  CLIC	
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Final Emittance Growth (CLIC)

imperfection with respect to symbol value emitt. growth
BPM offset wire reference σBPM 14 µm 0.367 nm

BPM resolution σres 0.1 µm 0.04 nm
accelerating structure offset girder axis σ4 10 µm 0.03 nm

accelerating structure tilt girder axis σt 200 µradian 0.38 nm
articulation point offset wire reference σ5 12 µm 0.1 nm

girder end point articulation point σ6 5 µm 0.02 nm
wake monitor structure centre σ7 5 µm 0.54 nm

quadrupole roll longitudinal axis σr 100 µradian ≈ 0.12 nm

• Selected a good DFS im-
plementation

- trade-offs are possible

• Multi-bunch wakefield mis-
alignments of 10 µm lead to
∆εy ≈ 0.13 nm

• Performance of local pre-
alignment is acceptable  0
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•  Selected	
  a	
  good	
  DFS	
  implementa.on	
  
•  Trade-­‐offs	
  are	
  possible	
  

•  Mul.-­‐bunch	
  wakefield	
  misalignments	
  of	
  10	
  
µm lead	
  to	
  0.13	
  nm	
  emi$ance	
  growth	
  

•  Performance	
  of	
  local	
  pre-­‐alignment	
  is	
  
acceptable	
  

Imperfection With respect to Value Emittance growth 
Wakefield monitor wake center 3.5 μm 0.54 nm 
Acc Structures tilt girder 200 µrad 0.38 nm 
BPM Offset girder/survey line 14 µm 0.37 nm 
Quad roll longitudinal axis 100 µrad 0.12 nm 
Articulation point offset wire reference 12 µm 0.10 nm 
BPM resolution BPM center 0.1 µm 0.04 nm 
Acc Structures Offset girder 10 µm 0.03 nm 
Girder end point articulation point 5 µm  0.02 nm 

TOTAL 1.60 nm 



Ground	
  Mo.on	
  and	
  Its	
  Mi.ga.on	
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  D.	
  Schulte	
  

	
  	
  
Natural	
  ground	
  mo.on	
  can	
  impact	
  
the	
  luminosity	
  
• 	
  typical	
  quadrupole	
  ji$er	
  tolerance	
  
O(1nm)	
  in	
  main	
  linac	
  and	
  O(0.1nm)	
  
in	
  final	
  doublet	
  

-­‐>	
  develop	
  stabilisa.on	
  for	
  beam	
  
guiding	
  magnets	
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Ac.ve	
  Stabilisa.on	
  Results	
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B10	
  

No	
  stab.	
   53%/68%	
  

Current	
  stab.	
   108%/13%	
  

Future	
  stab.	
   118%/3%	
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ILC	
  sta.c	
  errors	
  and	
  cures	

•  Agreed	
  “standard”	
  errors:	
  Next	
  slide	
  

–  Random	
  Gaussian	
  distribu.ons	
  are	
  used	
  for	
  most	
  studies	
  	
  

•  DMS	
  (Dispersion	
  Matching	
  Steering)	
  correc.on	
  as	
  standard	
  
correc.on	
  method	
  
–  For	
  dispersion	
  measurement,	
  change	
  beam	
  energy	
  10%	
  ~	
  20%	
  
–  Simula.on	
  studies	
  using	
  many	
  different	
  codes	
  and	
  by	
  different	
  persons.	
  
–  BPM	
  scale	
  error	
  is	
  important	
  ß	
  non-­‐zero	
  design	
  dispersion	
  (see	
  3rd	
  next	
  

slide)	
  

•  Other	
  methods	
  (Kick	
  minimum,	
  Balis.c,	
  wake	
  bumps,	
  etc.)	
  as	
  
addi.onal	
  or	
  alterna.ve	
  correc.ons.	
  

•  Studies	
  for	
  	
  upgrade	
  to	
  1TeV	
  ECM	
  	
  

•  No	
  serious	
  problem	
  expected.	
  
–  An	
  example	
  shown:	
  next-­‐next	
  slide	
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ILC	
  sta.c	
  imperfec.ons	
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Error ML Cold with respect to 
Quad Offset 300 µm cryo-module 
Quad roll 300 µrad design 
RF Cavity Offset 300 µm cryo-module 
RF Cavity tilt 300 µrad cryo-module 
BPM Offset (initial) 300 µm cryo-module 
Cryomoduloe Offset 200 μm design 
Cryomodule Pitch 20 µrad design 

“standard”	
  errors	
  



Dependence	
  on	
  Ini.al	
  and	
  Final	
  energy	
  	
  
“Standard”	
  sta.c	
  errors	
  +	
  BPM	
  resolu.on	
  1um	
  +	
  DMS	
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ΔEinit:	
  
Change	
  of	
  ini.al	
  
energy	
  for	
  dispersion	
  
measurement	
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BPM	
  Scale	
  error	
  affects	
  DMS	
  

K.Kubo,	
  ILC-­‐CLIC-­‐LET-­‐Workshop,	
  2009	
  CERN	
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Ver.cal	
  Orbit	
  and	
  Dispersion	
  
Base	
  line	
  op.cs	
  (same	
  as	
  RDR)	
  and	
  new	
  possible	
  op.cs	
  

In	
  DMS,	
  dispersion	
  is	
  measured	
  at	
  each	
  BPM	
  and	
  adjusted	
  as	
  design.	
  
For	
  non-­‐zero	
  design	
  dispersion,	
  BPM	
  scale	
  error	
  affects	
  the	
  accuracy.	
  	
  
We	
  will	
  need	
  good	
  BPM	
  scale	
  calibra.on	
  (<	
  5%)	
  for	
  baseline	
  op.cs.	
  
Alterna.ve	
  op.cs	
  may	
  mi.gate	
  the	
  effect.	
  (Zero	
  dispersion	
  at	
  every	
  other	
  
BPM)	
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Labce	
  of	
  upgraded	
  linac	
  (1	
  TeV	
  ECM)	


Part	
  of	
  E_beam	
  25~250	
  GeV	
  of	
  old	
  linac	
  will	
  be	
  used	
  for	
  
275~500	
  GeV	
  of	
  new	
  linac.	
  	
  
For	
  using	
  the	
  same	
  quad	
  magnet	
  (week	
  for	
  higher	
  energy),	
  
FOFODODO	
  labce	
  will	
  be	
  used	
  instead	
  of	
  FODO.	
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  .lt	
  random	
  change	
  15	
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  equivalent	
  to	
  	
  Fixed	
  300	
  urad	
  +	
  5%	
  gradient	
  change	
  
Emi$ance	
  growth	
  propor.onal	
  to	
  square	
  of	
  the	
  change	
  

Emi$ance	
  growth	
  by	
  Cavity	
  .lt	
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Final	
  emi$ance	
  growth	
  in	
  ILC	
  
Emittance Growth (ILC)

Error with respect to value ∆γεy [nm] ∆γεy,121 [nm] ∆γεy,dfs [nm]
Cavity offset module 300 µm 3.5 0.2 0.2(0.2)
Cavity tilt module 300 µradian 2600 < 0.1 1.8(8)
BPM offset module 300 µm 0 360 4(2)

Quadrupole offset module 300 µm 700000 0 0(0)
Quadrupole roll module 300 µradian 2.2 2.2 2.2(2.2)
Module offset perfect line 200 µm 250000 155 2(1.2)
Module tilt perfect line 20 µradian 880 1.7 —

• The results of the reference DFS method is quoted, results of a different imple-
mentation in brackets

• Note in the simulations the correction the quadrupoles had been shifted, other
wise some residual effect of the quadrupole misalignment would exist

D. Schulte, 6th Linear Collider School 2011, Main Linac Basics 86

Ini.al	
  ver.cal	
  normalized	
  emi$ance	
  at	
  the	
  exit	
  of	
  the	
  DR	
  is	
  20	
  nm.	
  	
  
Ver.cal	
  emi$ance	
  at	
  the	
  exit	
  of	
  the	
  ML	
  must	
  be	
  31	
  nm	
  or	
  below.	
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ILC	
  ML	
  major	
  dynamic	
  errors	


Source Assumption 
(Tolerance)  

Induced orbit 
jitter 

Induced emittance 
growth 

Quad vibration (offset change) 100 nm 1.5 sigma 0.2 nm 

Quad+steering strength jitter 1E-4 1 sigma 0.1 nm 
Cavity tilt change 3 urad 0.8 sigma 0.5 nm 

Cavity to cavity strength 
change, assuming 300 urad 
fixed tilt 

1% 0.8 sigma 
  

0.5 nm 

Pulse	
  to	
  pulse	
  and	
  in	
  each	
  pulse	
  (flatness)	


ML	
  15	
  GeV	
  to	
  250	
  GeV	
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ILC	
  Other	
  considered	
  issues,	
  examples	


•  Coupler	
  wake	
  and	
  RF	
  transverse	
  kicks	
  
–  No	
  problem	
  because	
  of	
  short	
  bunch	
  length	
  (compare	
  with	
  in	
  RTML)	
  

•  Emi$ance	
  dilu.on	
  in	
  undulator	
  for	
  e+	
  produc.on	
  
–  Dispersive	
  effect	
  will	
  be	
  small.	
  
–  Wakefield	
  in	
  the	
  narrow	
  beam	
  pipe	
  can	
  be	
  significant.	
  

•  May	
  need	
  movers.	
  

•  Specifica.on	
  of	
  magnet	
  change	
  speed	
  
–  For	
  BBA,	
  or	
  startup	
  axer	
  shutdown,	
  etc.	
  
–  Required	
  speed	
  will	
  be	
  achievable	
  without	
  serious	
  R&D.	
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Code	
  benchmarking	
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Parameter unit value
Energy GeV 5.0
σδ % 3.0
σz mm 300
Charge 1010 e 2.0
γεx nm 8000
γεy nm 20
dPz/dz m−1 0.0

Table 1: Initial Main Linac Beam Parameters

have become active, these are CHEF [10], Lucretia [11] and SLEPT [12]. One of these new codes, SLEPT,
has been included in the following analysis. The other two are in different stages of crosschecking. Any
discrepancies between these and the fully reviewed codes are currently being studied.

The decision to perform this round of BBA benchmarking was taken in February 2006. At that
time, there was no standard main linac lattice for the ILC. Some groups were using the TESLA TDR
lattice [13] others were using the USColdLC [14] lattice. Neither of which utilized precisely the current
ILC layout. It was decided that the TESLA TDR lattice would be the benchmarking lattice if for no
other reason than most of the codes had already gotten a version of this lattice to work. The purpose of
this study was not to determine the absolute alignment requirements or absolute DFS performance but
rather to compare the simulation codes and DFS implementations so the choice of the lattice was rather
arbitrary, provided it reflected the general layout of the machine. The wakefields used where the TESLA
TDR wakefields and not the newer version [15]. Table 1 gives the initial beam parameters used in the
study. These values are consistent with the TESLA TDR specification. Some codes track macroparticles
(second moments) whereas others track a distribution of single particles (first moments). The number of
particles tracked also varies between the codes.

3 Study #1: Betatron Oscillation

The first study was to simply track a betatron oscillation due to a 5 micron vertically offset beam entering
the linac. The linac is perfectly aligned. The absolute orbit of the betatron oscillation is not interesting
and will not be plotted here but for comparison with the plotted data, the amplitude was about 10
microns at the beginning of the linac and damped down adiabatically to about 3 microns at the end.
Figure 1 give the difference in orbit between five of the codes with respect to the LIAR results. The
difference in orbit is no more than half a micron and is small compared to the absolute orbit amplitude.
Figure 2 gives the difference in emittance for the five codes with respect to the LIAR results. The absolute
emittance growth curve is again uninteresting but for LIAR the total emittance growth is 1.2 nm. Again,
the difference is small compared to the absolute emittance growth. Also, since the desired accuracy in
emittance measurements need not be greater than 5% the variance in the results of no more than 0.1 nm
is completely negligible.

This study lead to the discovery of some differences in the codes. A wakefield lookup table was
supplied with the lattice file to ensure every code used the same function. However, different codes use
different methods to calculate the reference energy. Since the quadrupole strengths are relative to the
reference energy we found this to be an issue. Specifically, due to beam loading, the cavities will have
lower gradient than the design value of 23.4 MeV/m. Different codes calculated the beam loss separately
and we settled on a specific beam loading value to ensure similarity between the results. In the end, the
difference in beam reference energy was no more than 2.5 Mev at the end of the linac for three of the
codes (BMAD, Merlin and SLEPT). This small difference was found to give good conformance between
the codes. Figure 3 shows the difference in reference energy along the linac. All curves but one lie
along the horizontal axis. The one that doesn’t (PLACET) compensates for the higher reference energy
by increasing the quadrupole strengths by the same relative amount. Figure 4 shows the difference in
quadrupole strength along the linac. The ratio of the reference energy to the quadrupole strengths is
therefore kept constant and this effectively cancels out any difference in the betatron orbit.

2

Error RMS With respect to...
Quad Offset 300 µm Cryostat
Quad Tilt 300 µrad Cryostat
BPM Offset 300 µm Cryostat
RF Cavity Offset 300 µm Cryostat
RF Cavity Pitch 200 µrad Cryostat
Cryostat Offset 200 µm Survey Line

Table 2: Initial Main Linac Beam Parameters

Another issue was the ponderomotive force [19]. One code package, BMAD, includes this force in
the accelerating cavities. It was found to effect the orbit on the order of 0.1 microns in this study and is
measurable on the scale of Figure 1. For the sake of the comparison, the ponderomotive force was turned
off for the remainder of the studies in this paper. The effects of the ponderomotive force are discussed in
more detail in reference [20].

4 Study #2: A Standard Set of Misalignments and Corrector

Settings

The second study consisted of generating a set of misalignments and then running DFS in only one of the
codes. This set of misalignments and corrector settings was then loaded into the other codes to compare
the emittance dilution in each. Table 2 gives the RMS values used to generate the misalignment file.
These values are not necessarily to be treated as the alignment tolerances for the main linac but just a
standard used for the comparison. The BPM resolution was set to zero (i.e. perfect BPM resolution).
This was done in an effort to simplify the problem. The various codes may very well treat BPM resolution
differently in the DFS algorithm and a future study should probably include this source of error. Another
step taken to simplify the problem was to perfectly align the first 9 cryomodules plus all components
located on them. This was done in order to ignore the varying methods used to re-steer the beginning
of the linac. DFS cannot be performed in this region due to insufficient energy variance from turned off
cavities so some other method must be used (or the bunch compressor could possibly be used to alter
the incoming beam energy).

Figure 5 gives the emittance dilution in each of the codes after reading in LIAR’s misalignments
and corrector settings. The agreement is remarkable and well within acceptable levels. This agreement
was not, however, without discovering and fixing a couple bugs in some of the codes. The spikes seen at
the beginning are due to the DFS method used in LIAR and have since been eliminated. Nevertheless,
the other codes reproduce the spike obediently.

5 Study #3: A Standard Set of Misalignments but Independent

DFS Runs

The final study consisted of one code generating a 100 seed set of misalignment files and then the other
codes reading in the misalignments and performing their own DFS on each.

5.1 Dispersion Free Steering Algorithm Used in this Study

There are several Dispersion Free Steering Algorithms being used. The method chosen for the study
was based on LIAR’s DFS algorithm described in [16] which was derived from the original DFS method
described in [17]. The method is summarized in the following steps:

1. Divide the linac into regions of 20 FODO cells where each region overlaps its neighbor by 10 cells.

2. For each region, first take an orbit at the nominal energy, call it xon
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Figure 5: Emittance dilution after performing DFS in LIAR and reading misalignments and corrector
settings into the other codes.

3. Now change the energy of the beam entering the region by 20% or 18 GeV, whichever is less. This is
achieved by turning off an appropriate number of RF cavities upstream of the region being steered.

4. The off-energy beam will have a different orbit entering the region. Using the measured orbit before
the energy change and the current orbit with the energy change, use three steering magnets and
three BPMs upstream of the region to re-steer the beam to the on-energy orbit.

5. Take the off-energy orbit, call it xoff . The difference between the two orbits is called xd = xon−xoff

6. Minimize the merit function

χ2 =
∑

i

w1

(

x2

oni

)

+
∑

i

w2

(

x2

di

)

+
∑

j

w3

(

c2

j

)

(1)

where i runs over all BPMs and cj runs over the corrector magnet strengths in the region.

7. Goto 2 and repeat until the merit function converges.

8. Proceed to the next region and goto 2.

Before this algorithm can be applied, the response matrix for minimizing the merit function must first
be determined. This response matrix is found using a theoretical model lattice without misalignments.
The various codes do make slight modifications to the above method and the one described most closely
resembles that found in BMAD. For this study the weighting on the corrector magnets was set to zero
(w3 = 0.0). The on-energy orbit weight was set to, w1 = 2.52 × 10−5 and the difference orbit weight,
w2 = 1.0. With the corrector strength weight zeroed there is effectively only one weighting parameter, the
ratio w1/w2. One important difference between this method and others is that the accelerating cavities
within the DFS region are not altered from their design values. This is to ensure dispersive kicks due to
pitched cavities will be correctly accounted for in the dispersion minimization.

Figure 6 gives the results of the study. The agreement is again very good. The SLEPT data is
labeled “SLEPT Mode 1.” SLEPT has three modes of DFS. Mode 1 is most similar to the DFS algorithm
performed in the other codes, and most significantly, the accelerating cavities in the DFS regions are not

6

We	
  rely	
  on	
  simula.ons:	
  code	
  valida.on	
  is	
  essen.al.	
  	
  
	
  
Emi$ance	
  dilu.on	
  axer	
  performing	
  DFS	
  in	
  LIAR	
  and	
  reading	
  misalignments	
  and	
  
corrector	
  sebngs	
  into	
  the	
  other	
  codes.	
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Experimental	
  Ac.vi.es	
  
Simula.ons	
  are	
  not	
  sufficient.	
  

•  Measure	
  of	
  transverse	
  wakefields	
  in	
  the	
  CLIC	
  accelera.ng	
  
structures	
  (CLASSE,	
  ex-­‐ASSET)	
  
–  So	
  far	
  we	
  rely	
  on	
  simula.ons,	
  experimental	
  verifica.on	
  needed	
  
–  Short-­‐	
  and	
  long-­‐	
  wakefields	
  at	
  FACET/SLAC	
  

•  Beam-­‐based	
  Alignment	
  algorithms	
  and	
  System	
  Iden.fica.on	
  
Procedures	
  at	
  SLC	
  (T-­‐501	
  at	
  SLAC)	
  
–  Dispersion-­‐Free	
  steering	
  in	
  a	
  linac	
  has	
  never	
  been	
  proven	
  

•  Collimator	
  wakefields	
  measurement	
  at	
  ESTB	
  (SLAC)	
  
–  Cri.cal	
  for	
  beam	
  delivery	
  system	
  performance	
  (next	
  talks)	
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T501:	
  FACET	
  test-­‐beam	
  proposal	
  to	
  study	
  advanced	
  
global	
  correc>on	
  schemes	
  for	
  future	
  linear	
  colliders.	
  
	
  
CERN-­‐SLAC	
  collabora>on	
  where	
  algorithms	
  
developed	
  at	
  CERN	
  are	
  tested	
  on	
  the	
  SLAC	
  linac.	
  
	
  
The	
  study	
  includes	
  linac	
  system	
  iden>fica>on,	
  global	
  
orbit	
  correc>on	
  and	
  global	
  dispersion	
  correc>on.	
  
	
  
Successful	
  system	
  iden>fica>on	
  and	
  global	
  orbit	
  
correc>on	
  has	
  been	
  demonstrated	
  on	
  a	
  test-­‐sec>on	
  
of	
  500	
  m	
  of	
  the	
  linac.	
  

(Above)	
  IdenBfied	
  Rx	
  response	
  matrix	
  for	
  the	
  test-­‐secBon	
  of	
  the	
  
linac	
  (17	
  correctors,	
  48	
  BPMs)	
   (Above)	
  Global	
  orbit	
  correcBon	
  of	
  test-­‐secBon,	
  with	
  feed-­‐forward	
  to	
  prevent	
  the	
  

correcBon	
  to	
  affect	
  FACET	
  S20	
  experimental	
  area.	
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  and	
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  O
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  Convegence	
  

T501:	
  CERN	
  BBA	
  at	
  SLAC	
  

A.	
  La>na,	
  J.Pfingstner,	
  D.	
  Schulte	
  (CERN),	
  E.	
  Adli	
  (SLAC)	
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Conclusions	


•  Extensive	
  studies	
  exist	
  both	
  for	
  CLIC	
  and	
  ILC	
  

•  CLIC	
  requirements	
  are	
  .ghter	
  but	
  beam-­‐based	
  alignment	
  
procedures	
  seem	
  to	
  fully	
  recover	
  the	
  performance	
  

•  CLIC	
  showed	
  an	
  excellent	
  synergy	
  with	
  the	
  pre-­‐alignment	
  /	
  
stabiliza.on	
  groups	
  	
  

•  Simula.on	
  code	
  are	
  growing	
  and	
  becoming	
  more	
  trustworthy	
  	
  

•  Experimental	
  programs	
  are	
  on-­‐going	
  with	
  promising	
  results	
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Possible	
  Further	
  studies	
  	
  
(some	
  studies	
  already	
  exist	
  but	
  not	
  completed)	


•  Studies	
  with	
  realis.c	
  alignment	
  model	
  
–  Alignment	
  engineers	
  and	
  beam	
  dynamics	
  physicists	
  should	
  

agree.	
  	
  
•  More	
  realis.c	
  DMS	
  procedure	
  

–  E.g.	
  Simula.ons	
  combined	
  with	
  upstream	
  (RTML)	
  
•  Op.cs	
  choice,	
  for	
  making	
  less	
  sensi.ve	
  to	
  BPM	
  scale	
  error	
  (ILC)	
  
•  Simula.ons	
  with	
  failed	
  components	
  (BPM,	
  Cavi.es,	
  Magnets)	
  
•  …	
  
	
  
None	
  of	
  these	
  are	
  expected	
  to	
  be	
  cri.cal.	
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