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Outline 

GOAL: 
• Define a tuning procedure to bring the vertical emittance to the design value 

(𝜀𝜀𝑦𝑦 < 1 𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟  to allow for IBS growth) under a misaligned lattice. 
• Identify the alignment tolerances. 
• Study non-linear behaviour of the lattice. 

OUTLINE: 

• Low Emittance tuning 

• Effect of misalignments 

• Closed orbit correction 

• Coupling and dispersion correction 

• Adding BPM resolution 

• Tolerances 

• Dynamic aperture 

• Impact of wiggler, impact of Synchrotron Radiation 

• Frequency Maps 

 



CLIC DR 

Parameter Symbol Value 

Energy E [GeV] 2.86 

Circumference C [m] 427.5 

Bunch population 𝑁𝑁𝑏𝑏[109] 4.1 

Hor. Norm. Emittance 𝜀𝜀𝑥𝑥,𝑛𝑛[nm·rad] 456 

Ver. Norm. Emittance 𝜀𝜀𝑦𝑦,𝑛𝑛[nm·rad] 4.8 

Horizontal Tune 𝑄𝑄𝑥𝑥 48.34 

Vertical Tune 𝑄𝑄𝑦𝑦 16.39 
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• Quads powered individually. 
• Correctors installed: 

• 320 vertical: 
• 141 per arc, 3 per Dispersion Suppressor, 13 per LSS 

• 312 horizontal: 
• 141 per arc, 1 per Dispersion Suppressor, 13 per LSS 

• Monitors installed: 
• 358 vertical&horizontal: 

• 141 per arc, 6 per Dispersion Suppressor, 26 per LSS 
• 2 sextupole families in the arcs. 
• Skew quads installed as windings in the sextupoles. 

• 100 TME arc cells 
• Small defocusing 

gradient dipoles 
• LSS 

• 52 SC damping wigglers 
• DS and beta matching cells 
• Steady-state emittance 

dominated by IBS due to high 
bunch charge and small size in 
3 dimensions 
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Low emittance tuning simulations 
 
 
• Nominal lattice with PDR beam 

 
• Equilibrium emittance 

 
• Feed misalignments 

 
• H&V CO correction 

 
• Coupling and Dispersion correction 

 
• RF Matching 

 
• Chromaticity correction 

 
• Measure equilibrium emittance 

Tuning 
algorithm 

Overview – Tuning algorithm 

𝜀𝜀𝑦𝑦 = 316 𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟 

𝜀𝜀𝑦𝑦 = 10−37𝑚𝑚 · 𝑟𝑟𝑟𝑟𝑟𝑟 
(zero current) 

Simulations done in MADX 
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Feed misalignments – Tuning algorithm 

• Quadrupole vertical off-set (QV) 
 
 

 
 

• Quadrupole roll (QR) 
 
 

 
 

• Dipole roll (DR) 
 

 
 
 

• Sextupole vertical off-set (SV) 
 
 
 
 

𝐵𝐵𝑥𝑥 = 𝑘𝑘 𝑦𝑦 + Δ𝑦𝑦 = 𝑘𝑘𝑘𝑘 + 𝑘𝑘Δ𝑦𝑦 
constant term (vertical dipole) 

𝐵𝐵𝑥𝑥
𝐵𝐵𝑦𝑦

= cos𝜃𝜃 −𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃
𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃

𝑘𝑘𝑦𝑦
𝑘𝑘𝑘𝑘

= 𝑘𝑘𝑦𝑦 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃 − 𝑘𝑘𝑘𝑘 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 
𝑘𝑘𝑘𝑘 cos𝜃𝜃 + 𝑘𝑘𝑘𝑘 sin𝜃𝜃  

skew quadrupole 

𝐵𝐵𝑥𝑥
𝐵𝐵𝑦𝑦

= cos𝜃𝜃 −𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃
𝑠𝑠𝑠𝑠𝑠𝑠𝜃𝜃 𝑐𝑐𝑐𝑐𝑐𝑐𝜃𝜃

0
𝐵𝐵 = −𝐵𝐵 𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠 

𝐵𝐵 cos𝜃𝜃  

vertical dipole 

𝐵𝐵𝑥𝑥 = 𝑘𝑘𝑘𝑘 𝑦𝑦 + Δ𝑦𝑦 = 𝑘𝑘𝑘𝑘𝑘𝑘 + 𝑘𝑘𝑘𝑘Δ𝑦𝑦 
𝐵𝐵𝑦𝑦 = 𝑘𝑘 𝑥𝑥2 − 𝑦𝑦 + Δ𝑦𝑦 2 =k(𝑥𝑥2-𝑦𝑦2) − 2𝑘𝑘𝑘𝑘Δ𝑦𝑦 − (Δ𝑦𝑦2) 

skew quadrupole 

ortogonal quad + 

ortogonal quad + 

horizontal dipole + 

ortogonal sextupole + 

Mainly emittance grows through: 
 
Betatron coupling 
 Directly generated and vertical 

non-zero closed orbit [through 
sexts] 

Vertical dispersion 
 Directly generated and vertical 

non-zero closed orbit [through 
quads] 
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+ vertical dipole 



4000 seeds 

Feed misalignments – Tuning algorithm 

• Apply gaussian distributions truncated at 2.5 sigma. 
 

• Lattice too sensible to ARC quadrupole offsets (LSS quads offsets have no 
influence on sensibility) 

• MADX Twiss calculation fails after applying misalignments.  

• For quadrupole misalignments divide the error in 7 parts and apply them 
gradually, correcting x and y CO each step. 

1st Workshop on Low Emittance Lattice Design   J. Alabau-Gonzalvo 



Low emittance tuning simulations 
 
 
• Nominal lattice with PDR beam 

 
• Equilibrium emittance 

 
• Feed misalignments 

 
• H&V CO correction 

 
• Coupling and Dispersion correction 

 
• RF Matching 

 
• Chromaticity correction 

 
• Measure equilibrium emittance 

Tuning 
algorithm 

Overview – Tuning algorithm 

𝜀𝜀𝑦𝑦 = 316 𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟 

𝜀𝜀𝑦𝑦 = 10−37𝑚𝑚 · 𝑟𝑟𝑟𝑟𝑟𝑟 
(zero current) 

Simulations done in MADX 

1st Workshop on Low Emittance Lattice Design   J. Alabau-Gonzalvo 



x 

y 

Max CO 

Closed Orbit correction – Tuning algorithm 

Max kick 

 
• 200 seeds 

 
• 45 µm for QV 
• 345 µrad for QR 
• 450 µrad for DR 
• 195 µm for SV 

 
• MADX SVD algorithm 

 
• ~350 correctors/plane 

 (15cm long) 
 

• ~300 BPMs 
 

 
Max kick = 0.02T 
 

Mean: 1.7 µm 

Mean: 47 µm 
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Coupling and Dispersion correction – Tuning algorithm 

• Previously, the correction canceled dispersion and x-y coupling term of the one turn transfer matrix. 
 

• x-y coupling term was taken directly from MADX, not realistic. 
• To introduce BPM resolution had to simulate the whole transfer matrix measurement. 

 
• Now, build response matrix relating skew strengths with: 

 
• Dispersion at each BPM (D) 
• Change in vertical position at each BPM when beam is horizontally excited by a specific 

kicker (C). 
 
 

 
 

• Pseudoinvert the response matrix to calculate the skew corrections to be applied from the BPM readings. 
 
• If BPM resolution is present: 

 
• Apply directly to C matrix. 

 
• Experimentally dispersion is measured as                                      then   

 
 

 
Assume an energy scan equal ±8 times the beam energy spread (as in ATF DR): 16e-3 

 
  Δ𝜂𝜂𝑦𝑦

 𝑤𝑤 · Δ𝑦𝑦 =   𝐷𝐷
 𝑤𝑤 · 𝐶𝐶 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  

 

𝐷𝐷𝑦𝑦 =
Δ𝑦𝑦

Δ(Δ𝐸𝐸𝐸𝐸 )
 𝜎𝜎𝐷𝐷𝑦𝑦 = 𝑓𝑓(

Δ𝐸𝐸
𝐸𝐸

) 
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Coupling and Dispersion correction – Tuning algorithm 

Scan of the algorithm weight  
  Δ𝜂𝜂𝑦𝑦

 𝑤𝑤 · Δ𝑦𝑦 =   𝐷𝐷
 𝑤𝑤 · 𝐶𝐶 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  

 

• 25 seeds per weight value 
 

 
 
 
 
 
 
 
Chosen w = 2.1  
 
because lattice most 
sensible to QV  

QV QR 

DR SV 

     50 µm 

     50 µm 

     100 µrad 

     100 µrad 
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Coupling and Dispersion correction – Tuning algorithm 

 
• 45 µm for QV 
• 345 µrad for QR 
• 450 µrad for DR 
• 195 µm for SV 
 
 
Max pole tip field = 0.03 T 
         (for a 20mm aperture) 
 

1 seed distribution Max skew strenght over 
200 seeds 

Scan of the algorithm weight  
  Δ𝜂𝜂𝑦𝑦

 𝑤𝑤 · Δ𝑦𝑦 =   𝐷𝐷
 𝑤𝑤 · 𝐶𝐶 𝑘𝑘𝑠𝑠𝑠𝑠𝑠𝑠𝑠𝑠  
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1 seed 
 
QV(rms) = 45 µm 
QR(rms) = 345 µrad 
DR(rms) = 495 µrad 
SV(rms) = 195 µm 
 
(tolerance values, next 
slides) 

Example of correction 

Coupling and Dispersion correction – Tuning algorithm 
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Low emittance tuning simulations 
 
 
• Nominal lattice with PDR beam 

 
• Equilibrium emittance 

 
• Feed misalignments 

 
• H&V CO correcion 

 
• Coupling and Dispersion correction 

 
• RF Matching 

 
• Chromaticity correction 

 
• Measure equilibrium emittance 

Overview – Tuning algorithm 

1 RF cavity situated just after a LSS 

Two sextupole families in TME 
cells, LMDIF algorithm 

Target 𝜀𝜀𝑦𝑦 < 1 𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟 
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QV – Results 
500 seeds 

Δ𝑌𝑌𝑅𝑅𝑅𝑅𝑅𝑅 95% 𝜀𝜀𝑦𝑦 < 1𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟 = 45𝜇𝜇𝜇𝜇 
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QR – Results 

Δ𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅 95% 𝜀𝜀𝑦𝑦 < 1𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟 = 345𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 

100 seeds 
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DR – Results 

Δ𝜃𝜃𝑅𝑅𝑅𝑅𝑅𝑅 95% 𝜀𝜀𝑦𝑦 < 1𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟 = 450𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 

100 seeds 
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SV – Results 

Δ𝑌𝑌𝑅𝑅𝑅𝑅𝑅𝑅 95% 𝜀𝜀𝑦𝑦 < 1𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟 = 195𝜇𝜇𝜇𝜇 

500 seeds 
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Contribution of different emittance growth sources, for RMS 45𝜇𝜇𝜇𝜇 (QV), 345 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 (QR), 
195𝜇𝜇𝜇𝜇 (SV), 450 𝜇𝜇𝜇𝜇𝜇𝜇𝜇𝜇 (DR). 
 
Following SLAC-PUB-4937 [T. Raubenheimer] 
 

Analytical predictions 
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Adding BPM resolution 

Tolerances 95% 𝜀𝜀𝑦𝑦 < 1𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟  

Quadrupole Vertical Offset 18 µm 

Quadrupole Roll 138 µrad 

Dipole Roll 180 µrad 

Sextupole Vertical Offset 78 µm 

BPM resolution 200 nm 

• Feed all misalignments together at found tolerances multipled by a factor. 
• Scan this factor from 0 to 1 (for 200 seeds) and calculate the tolerance to BPM resolution as previously 
• Choose a compromise between BPM resolution and QV misaligment (the tightest one) 
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Averaged over many turns 



Dynamic Aperture 

• Dynamic aperture: Region of the transverse space where tracked particles 
survive a given number of turns (1056 here). 

No error 
 
DA:  
  10 𝛔𝛔𝐱𝐱 
  80 𝛔𝛔𝐲𝐲 
 
At injection: 

𝜎𝜎𝑥𝑥 = 330µ𝑚𝑚 
𝜎𝜎𝑦𝑦 = 34µ𝑚𝑚 

 
200 seeds 
 
QV(rms) = 18 µm 
QR(rms) = 138 µrad 
DR(rms) = 180 µrad 
SV(rms) = 78 µm 
BPM resolution = 200nm 
 
DA (95% of lattices):  
>5 𝛔𝛔𝐱𝐱 
>20 𝛔𝛔𝐲𝐲 
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Dynamic Aperture 

1st Workshop on Low Emittance Lattice Design   J. Alabau-Gonzalvo 

Tolerances 95% 𝜀𝜀𝑦𝑦 < 1𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟  

Quadrupole Vertical Offset 18 µm 

Quadrupole Roll 138 µrad 

Dipole Roll 180 µrad 

Sextupole Vertical Offset 20 µm 

BPM resolution 200 nm 

• Impact on the DA of the sextupole vertical misalignment.  

Assuming same alignment as 
quadrupoles need: 
 
Gain from 5𝜎𝜎𝑥𝑥 to 9𝜎𝜎𝑥𝑥 



Impact of Nonlinear Wiggler 

Up to now, linear wiggler (2m long, B=2.5T, λ=0.05m) modeled as a hard edge (sector bends, parallel edges).  
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Δ𝑝𝑝𝑥𝑥 ≈
𝜆𝜆𝑤𝑤
2

𝐵𝐵𝑤𝑤
𝐵𝐵𝐵𝐵

2 𝑘𝑘𝑥𝑥2

𝑘𝑘𝑧𝑧2
𝑥𝑥0 ≈0 

Δ𝑝𝑝𝑦𝑦 ≈
𝜆𝜆𝑤𝑤
2

𝐵𝐵𝑤𝑤
𝐵𝐵𝐵𝐵

2 𝑘𝑘𝑦𝑦
𝑘𝑘𝑧𝑧
𝑦𝑦0 → 𝑘𝑘𝑘𝑘𝑦𝑦 = −1.7 ∙ 10−3 

From now on, add octupolar component (as thin octupoles): 

Δ𝑝𝑝𝑦𝑦
(3) ≈ −

2𝜋𝜋
3

𝐵𝐵𝑤𝑤
𝐵𝐵𝐵𝐵

2

𝑘𝑘𝑧𝑧𝑦𝑦3 

 
(𝑘𝑘3𝐿𝐿)𝑦𝑦 = −18 ∙ 10−3 𝑚𝑚

−3
𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝�  

Dynamic aperture is not drastically affected. 

H V 



Dynamic Aperture 
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200 seeds 
 
QV(rms) = 18 µm 
QR(rms) = 138 µrad 
DR(rms) = 180 µrad 
SV(rms) = 78 µm 
BPM resolution = 200nm 
 
DA (95% of lattices):  
>5 𝛔𝛔𝐱𝐱 
>20 𝛔𝛔𝐲𝐲 
 

 
50 seeds 
 
QV(rms) = 18 µm 
QR(rms) = 138 µrad 
DR(rms) = 180 µrad 
SV(rms) = 20 µm 
BPM resolution = 200nm 
Including wiggler octupolar component 
 
DA (95% of lattices):  
>7 𝛔𝛔𝐱𝐱 
>40 𝛔𝛔𝐲𝐲 
 



 
 
 

Impact of Synchrotron Radiation in DA 

Typically in a DR, radiation effects are slow compared to revolution frequency. 
 
In CLIC DR: 
 Revolution period 𝑇𝑇0 = 1.4 𝜇𝜇𝜇𝜇  
 Horizontal damping time 𝜏𝜏 = 2 𝑚𝑚𝑚𝑚 
 
Simplified simulations: 
 
 
 
Perform 1-turn tracking using exit coordinates as an input of next 1-turn tracking. 
 
 
 
 
 
 
 
Multiply position and angle by a damping factor 
at the end of each whole turn. 
 
 
 
Since MADX needs to reload the tracking environment, the simulations become extremely slow and takes 
near a factor 1056 (number of turns) in running time. Lower the factor by taking the non SR DA and tracking 
from it.  

One damping time is 1400 turns 

𝜀𝜀 𝑡𝑡 = 𝜀𝜀0𝑒𝑒−2
𝑡𝑡 𝜏𝜏�  

𝑥𝑥 ∝  𝜀𝜀 →  
𝑥𝑥2
𝑥𝑥1

~ 𝑒𝑒−2
𝑇𝑇0 𝜏𝜏� = 0.999303 
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Impact of Synchrotron Radiation in DA 

Typically in a DR, radiation effects are slow compared to revolution frequency. 
 
In CLIC DR: 
 Revolution period 𝑇𝑇0 = 1.4 𝜇𝜇𝜇𝜇  
 Horizontal damping time 𝜏𝜏 = 2 𝑚𝑚𝑚𝑚 
 
Simplified simulations: 
 No SR SR 

Couple of hours runtime 3 days runtime 

No difference in DA at least in the spacing of scanned initial positions (0.6𝜎𝜎𝑥𝑥 and 6.5𝜎𝜎𝑦𝑦):   
  Maximum difference in DA: 8%  

One damping time is 1400 turns 
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• Frequency Map: Evolution of the tune of particles during the acceleration as a function of the initial off-
set. 

• Color code: Diffusion parameter. 
 

• On momentum particles, no misalignments included: 
 

W/O wiggler  
octupolar 
component 

Frequency Maps 
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With wiggler 
octupolar 
component 



Normal Form Analysis 
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𝐹𝐹(𝑎𝑎,𝑏𝑏) = � 𝑓𝑓𝑗𝑗𝑗𝑗𝑗𝑗𝑗𝑗(𝜖𝜖𝑥𝑥)
𝑗𝑗+𝑘𝑘
2 (𝜖𝜖𝑦𝑦)

𝑙𝑙+𝑚𝑚
2

𝑗𝑗𝑘𝑘𝑘𝑘𝑘𝑘
𝑗𝑗+𝑘𝑘+𝑙𝑙+𝑚𝑚≤𝑁𝑁

𝑗𝑗−𝑘𝑘=𝑎𝑎 , 𝑙𝑙−𝑚𝑚=𝑏𝑏

 

• (1,0) resonance seems to be killing particles 
 
 

• Install an octupolar scheme to reduce detuning with amplitude 
  



• A corrector scheme to recover the nominal vertical emittance has been elaborated 

for the CLIC DR. 

• Tolerances to main misalignments have been found and are feasible: 

 

 

 

 

 

 

 

• The Dynamic Aperture accomodates 7 𝜎𝜎𝑥𝑥 for the 95% of the lattices (it includes 

misalignments, wiggler octupolar component. SR has no big effect). 

• The resonance structure is being investigated to further ameliorate the DA.  

• Multipolar field errors still to be included. (10 seeds fast test, including a set of 

multipole errors showed no big impact in vertical emittance and DA). 

Summary 

Tolerances 95% 𝜀𝜀𝑦𝑦 < 1𝑝𝑝𝑝𝑝 · 𝑟𝑟𝑟𝑟𝑟𝑟  

Quadrupole Vertical Offset 18 µm 

Quadrupole Roll 138 µrad 

Dipole Roll 180 µrad 

Sextupole Vertical Offset 78 (20) µm 

BPM resolution 200 nm 
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Thank you for your attention! 
 

Comments are welcome. 
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