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EmiSance	  budgets	  
The	  CLIC	  luminosity	  target	  is	  L0.01	  =	  2	  ×	  1034	  cm−2s−1.	  	  
	  
To	  achieve	  this	  goal	  very	  small	  beam	  emiSances	  are	  required.	  The	  damping	  rings	  will	  
deliver	  emiSances	  of	  	  εx	  =	  500	  nm	  horizontally	  and	  εy	  =	  5	  nm	  ver2cally.	  

During	  the	  transport	  of	  the	  beam	  from	  the	  damping	  rings	  to	  the	  BDS,	  the	  emiSances	  
increase	  due	  to:	  
•  effects	  from	  the	  la^ce	  design,	  e.g.,	  incoherent	  and	  coherent	  synchrotron	  radia2on	  

in	  the	  RTML	  
•  effects	  from	  sta2c	  imperfec2ons,	  e.g.,	  misalignment	  of	  the	  BPMs;	  
•  effects	  from	  dynamic	  imperfec2ons,	  e.g.,	  quadrupole	  jiSer	  

In	  order	  to	  limit	  the	  emiSance	  to	  εx	  ≤	  660	  nm	  and	  εy	  ≤	  20	  nm	  at	  the	  entrance	  of	  the	  
BDS,	  emiSance	  growth	  budgets	  have	  been	  defined:	  
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CLIC RTML 

RTML	  includes	  several	  sub-‐systems:	  
	  
•  Spin-‐Rotator	  (e-‐	  only)	  ;	  Bunch	  Compressor	  1	  ;	  Booster	  ;	  
Central	  Arc	  &	  Ver2cal	  Transfer	  ;	  Long	  Transfer	  Line	  ;	  Turn	  
Around	  Loop	  ;	  Bunch	  Compressor	  2	  	  
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CLIC RTML 
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RTML	  Status	  
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•  A	  complete	  set	  of	  la^ces	  exists	  
•  ISR,	  CSR	  and	  short-‐range	  wakefields	  have	  been	  

considered	  at	  design	  
•  Design	  shows	  performance	  within	  the	  specifica2ons	  
•  Evalua2ons	  of	  misalignment	  tolerances	  have	  been	  

performed	  in	  the	  return	  line	  and	  turn	  around	  loops:	  
•  micron	  range,	  2ghtest	  in	  turn	  around	  loops	  
•  DFS	  works	  for	  pre-‐alignment	  of	  ~100µm	  

(sextupoles	  ~50µm)	  
•  Design	  has	  been	  recently	  updated	  

Beam	  profile	  with	  ISR	  and	  single-‐bunch	  wakes	  
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Layout:	  Booster	  Linac	  

• 	  Electrons	  and	  positrons	  share	  the	  same	  booster	  linac,	  from	  2.86	  to	  9	  GeV	  energy 	  	  
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Layout:	  Transfer	  Lines	  
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Layout:	  Bunch	  Compressors	  

BC1:	  

BC2:	  
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Layout:	  Spin	  Rotator	  
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CLIC	  RTML	  emiSance	  budgets	  

4/34

Budget

Bunch geometry Property Symbol Value Unit
Horizontal emittance ✏

x

500 nm
Vertical emittance ✏

y

5 nm
RMS bunch length �

z

1600 µm

Table: @ exit of damping rings

# RTML

Property Symbol Value Unit
Horizontal emittance ✏

x

<600 nm
Vertical emittance ✏

y

<10 nm
RMS bunch length �

z

44 µm

Table: @ entrance of main linac

Detail for the emittance growth in the RTML:
design static dynamic

�✏
x

[nm] 60 20 20
�✏

y

[nm] 1 2 2
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Emittance growth in “perfect” machine

e� line: horizontal emittance
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Spin Rotator
Bunch Compressor 1
Booster
Central Arc
Vertical Transfer
Long Transfer Line
Turn Around Loop
Bunch Compressor 2

4/34

Budget

Bunch geometry Property Symbol Value Unit
Horizontal emittance ✏

x

500 nm
Vertical emittance ✏

y

5 nm
RMS bunch length �

z

1600 µm

Table: @ exit of damping rings

# RTML

Property Symbol Value Unit
Horizontal emittance ✏

x

<600 nm
Vertical emittance ✏

y

<10 nm
RMS bunch length �

z

44 µm

Table: @ entrance of main linac

Detail for the emittance growth in the RTML:
design static dynamic

�✏
x

[nm] 60 20 20
�✏

y

[nm] 1 2 2
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DFS Correction

Summary of tolerances after correction:
still tight in arcs and BC2 but big improvement

Subsystem Tol. after 1:1 - [µm] Tol. after DFS - [µm]†

BC1 17 (11) 55 (24)
BOO 29 (19) 45 (23)
CA 7 (5) 14 (7)
LTL 153 (88) 280 (150)
TAL 6 (4) 9 (5)
BC2 1.4 (0.8) 3.5 (2)

† Average tolerance and percentile 90 in brackets.

14/17

Sta2c	  alignment	  tolerances	  
•  Acceptable	  sta2c	  misalignments	  amer	  beam-‐based	  alignment	  (BBA)	  to	  produce	  1	  nm	  

emiSance	  growth	  
•  1	  um	  BPM	  resolu2on	  
•  In	  progress	  work:	  fine	  tuning	  of	  the	  parameters	  will	  lead	  to	  improvement	  (*)	  

Conclusion

Summarizing previous results, the current tolerance requirements
for the pre-alignment of the RTML are:

I In SR and LTL tols. seem slack . 200µm

I In BC1 and Booster, tols. seem moderate . 50µm

I In CA (VT), TAL and BC2, tols. seem tight . 15µm

Possible next step:
I Using two test-beams (+�,��)
I Increasing |�| (if possible)
I Considering BPM scale errors
I Considering cumulative effects
I Other correction algorithms? (Kick-Minimization, . . . )

17/17

(*)	  with	  0.1	  um	  resolu2on	  BPMs	  the	  2ghter	  tolerances	  are	  relaxed	  by	  a	  factor	  ≈1.3.	  12	  



RTML	  Post-‐CDR	  
RTML	  la^ces	  have	  been	  updated:	  
	  
•  Pre-‐linac	  collima2on	  system	  (see	  Rob’s	  talk)	  
•  Diagnos2cs	  has	  been	  improved:	  EmiSance	  
measurement	  sta2ons	  have	  been	  added	  	  

•  Beam-‐jiSer	  Feed-‐forward	  (see	  Rob’s	  talk)	  
	  
Besides,	  a	  re-‐baselining	  process	  is	  in	  progress:	  
•  the	  RF	  system	  seems	  an	  obvious	  candidate	  for	  
cost-‐saving	  op2misa2ons	  	  

13	  



CLIC	  Main	  Linac	  
Linac	  design	  choices	  

•  Requirements	  of	  beam-‐stability	  drive	  the	  choice	  
of	  bunch	  parameters	  (charge,	  length,	  …)	  

•  BNS	  damping	  at	  the	  beginning	  of	  the	  linac,	  and	  
strong	  focusing,	  are	  used	  to	  compensate	  the	  
effect	  of	  the	  transverse	  short-‐range	  wakes	  

•  RF-‐phase	  offset	  toward	  the	  end	  of	  the	  linac	  is	  
used	  for	  energy	  spread	  compensa2on	  

	  
14	  



Main	  Linac	  La^ce	  

15	  

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.

180

The	  RF	  phase	  offset	  
chosen	  is	  8◦	  at	  the	  
beginning	  and	  30◦	  at	  the	  
end	  of	  the	  linac.	  	  
	  
Beta-‐func2ons	  scale	  with	  
sqrt(E)	  
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5.6 TWO-BEAM MODULE

Fig. 5.137: Schematic layout of CLIC modules with different Main Beam quadrupoles

Fig. 5.138: 3D view of a Type-1 CLIC two-beam module

5.6.3 RF system
The main components of the RF systems are the accelerating structures, the PETS, and the RF network
comprising the inter-beam waveguides and the RF components. The main parameters of the RF structures

393

Two-‐Beam	  Modules	  



Main	  Linac	  Tolerances	  
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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	  sta2c	  imperfec2ons	  in	  CLIC	  

18	  

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	  specifica2ons	  have	  much	  larger	  values	  than	  in	  CLIC	  
•  More	  difficult	  alignment	  in	  super-‐conduc2ve	  environment	  
•  Dedicated	  effort	  for	  CLIC	  is	  needed	  

•  Wakefield	  monitors	  are	  used	  for	  	  BBA	  



• 	  Test	  of	  prototype	  shows	  
• 	  ver2cal	  RMS	  error	  of	  11μm	  
• 	  i.e.	  accuracy	  is	  approx.	  13.5μm	  

• 	  Improvement	  path	  iden2fied	  

Pre-‐alignment	  System	  

19	  

• 	  Required	  accuracy	  of	  reference	  
point	  is	  10μm	  



EmiSance	  growth	  in	  the	  CLIC	  ML	  

20	  

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

 20

 40

 60

 80

 100

 10  12  14  16  18  20

p(
ε y

>ε
y,

0)
 [%

]

εy,0 [nm]

no bumps
1 bump

3 bumps
5 bumps
7 bumps

•  We	  rely	  on	  Beam-‐Based	  Alignment	  
•  1:1	  ;	  DFS	  ;	  RF-‐Alignment	  ;	  (Bumps)	  
	  

•  Mul2-‐bunch	  wakefield	  misalignments	  of	  10	  
µm lead	  to	  0.13	  nm	  emiSance	  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 



Ac2ve	  Stabilisa2on	  Results	  

B10	  

No	  stab.	   53%/68%	  

Current	  stab.	   108%/13%	  

Future	  stab.	   118%/3%	  

10−2 100 102
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QP stab V1 meas.

QP stab V1

QP stab V2

Luminosity	  achieved/lost	  

Machine	  model	  
Beam-‐based	  feedback	  

Code	  

Close	  to/beSer	  
than	  target	  

B10	  

No	  stab.	   53%/68%	  

Current	  stab.	   108%/13%	  
114%/7%	  

Future	  stab.	   118%/3%	  

J.	  Pfingstner,	  J.	  Snuverink	  et	  al.	  
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On-‐going	  studies	  
•  Rebaselining	  for	  cost-‐savings	  

–  Developing	  a	  tool	  that	  allows	  to	  es2mate	  the	  cost,	  based	  on	  
la^ce	  design	  performance	  /	  RF	  power	  considera2ons	  

•  Advanced	  Feedback-‐loops	  with	  on-‐line	  DFS	  are	  being	  
developed	  (see	  Juergen’s	  talk)	  

•  Experimental	  Tests	  of	  stabilisa2on	  
–  Synergy	  between	  beam-‐dynamics	  and	  alignment	  engineers	  
–  Stabilisa2on	  experiments	  at	  ATF2	  (see	  ATF2	  day	  	  tomorrow)	  

•  Experimental	  Tests	  of	  Beam-‐Based	  Alignment	  	  
–  (see	  my	  talk	  on	  BBA	  @	  FACET)	  

22	  



FACET	  test-‐beam	  proposal	  to	  study	  advanced	  global	  
correcCon	  schemes	  for	  future	  linear	  colliders.	  
	  
CERN-‐SLAC	  collaboraCon	  where	  algorithms	  
developed	  at	  CERN	  are	  tested	  on	  the	  SLAC	  linac.	  
	  
The	  study	  includes	  linac	  system	  idenCficaCon,	  global	  
orbit	  correcCon	  and	  global	  dispersion	  correcCon.	  
	  
Successful	  system	  idenCficaCon	  and	  global	  orbit	  
correcCon	  has	  been	  demonstrated	  on	  a	  test-‐secCon	  
of	  500	  m	  of	  the	  linac.	  

(Above)	  Iden,fied	  Rx	  response	  matrix	  for	  the	  test-‐sec,on	  of	  the	  
linac	  (17	  correctors,	  48	  BPMs)	   (Above)	  Global	  orbit	  correc,on	  of	  test-‐sec,on,	  with	  feed-‐forward	  to	  prevent	  the	  

correc,on	  to	  affect	  FACET	  S20	  experimental	  area.	  

	  	  	  	  	  Horizontal	  and	  Ver,cal	  O
brits	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Convegence	  

CERN	  BBA	  at	  SLAC	  

A.	  LaCna,	  J.Pfingstner,	  D.	  Schulte	  (CERN),	  E.	  Adli	  (SLAC)	  



Conclusions	
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CDR	  documents	  the	  baseline	  design,	  many	  studies	  have	  been	  carried	  out	  since	  
then	  
	  
In	  the	  RTML:	  
•  The	  design	  has	  been	  completed	  with	  diagnos2cs,	  feed-‐forward	  loops	  to	  

stabilise	  the	  beam,	  pre-‐linac	  collima2on	  
•  Op2misa2on	  of	  costs	  and	  performance	  for	  rebaselining	  is	  in	  progress	  

In	  the	  ML:	  
•  Pre-‐Alignment	  and	  Stabilisa2on	  studies	  are	  progressing	  
•  Experimental	  ac2vi2es	  are	  ongoing	  (stabilisa2on	  at	  ATF2,	  BBA	  at	  FACET)	  

See	  Daniel’s	  talk	  for	  a	  comprehensive	  overview	  of	  all	  ac2vi2es.	  See	  next	  talks	  for	  
details	  on	  the	  men2oned	  studies.	  
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