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0.25βy* optics to demonstrate the tightest focusing possibility with a higher 
chromaticity beyond ILC & approaching CLIC 
Exploring the uncharted chromaticity territory; pushing the limits of ATF2
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Ultralow β* optics

[1] R. Tomas et al., PAC 2009
[2] E. Martin et al., IPACÕ10 pp. 4554-4556



Tuning procedures&difficulties
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General tuning procedure (~1 week) 
1. DR tuning —> beta/emittance measurement —> BPM calibration 
2. Optics matching —> FFS orbit/dispersion/coupling correction  
—> sext./skew-sext. BBA —> IPBSM setup 
3. Iteration of linear&non-linear tuning knobs —> Octupoles (?)

IPBSM: laser interferometer covering beam size from ~um to ~20 nm* 

Major difficulties  
static&dynamic imperfections, machine-condition drift, hardware 
breakdown, in-consecutive beam operations, …

J. Yan et al., NIMA 740(2014), 131-177
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* To be demonstrated! 



Simulation predictions
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Measured multipoles, static machine errors (misalignment, magnet strength 
error), dynamic imperfections evaluated from measurements
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Major dynamic errors
GM (fast) ATF2 model

GM (slow)
ATL law 
A=27 "m 2/(m.s)

Vibration of FD 10 (6.5) nm

Mover accuracy <1 "m

Power supply setting 
accuracy

0.001% (FFS)

Initial beam jitters 10#%

[1] B. Bolzon et al., PAC09, TH5RFP086
[2] P. Bambade et al., PRST-AB, 13, 042801 (2009)
[3] G. White, ATF2 optics design, Beam dynamic newsletter 61 (2013)

Fast Ground motion generator: 
- traveling wave

- random t: 0<t<3 mins  
 
 
a(wi, ki) amplitude from PSD function

Δy(t, s) = ∑
i

1

2
a(wi, ki)cos(−kis − wit + ϕ0)



Simulation predictions
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Measured multipoles, static machine errors (misalignment, magnet strength 
error), dynamic imperfections evaluated from measurements

Dedicated linear/nonlinear tuning knobs for ultralow β* optics

Single-shot IP beam size of ~32 nm, limited by 3rd-order chromaticity 
and aberrations; multi-shot beam size enlarged by beam jitter (~20 nm)
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ultra-low beta* optics
10! 1 optics
nominal optics

!* y," [nm] !* y,0 [nm] !* y,m [nm]

ultra-low 
"*

17.3 32.2±4.5 38.3±3.8

10x1 34.6 38.8±2.8 44.9±2.4

nominal 34.6 40.9±3.3 46.4±2.9

�× 50 h
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High-order aberrations
3rd-order terms become dominating when 
entering sub-25 nm region! —> correction 
using octupoles

Two octupoles (larger & small, K3L= 740 
and 90 m-3), fabricated by CERN, have 
been placed in the FFS

Higher probability of obtaining a sub-30 nm 
beam size thanks to the octupoles

Octupoles installed in 2017,  
and swapped in 2019

25βx*0.25 βy*
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Interruption (" 24 hours)

Small beam size achievements
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10⇥1 optics
half-beta* optics
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The record smallest beam size of 
41.1±0.7 nm was achieved in 10x1 
optics in 2016 (2-bunch mode)

IP beam size of less than 60 nm has 
been successfully demonstrated

In ultralow β* optics, an IP beam size 
of <60 nm (min. as 50.1±0.6 nm) was 
obtained and stabilized over long 
periods in June 2019 (single-bunch)

June 2019
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[1] R. Yang et al., PRAB 23, 071003 (2020) 



Limitations to achieved beam sizes
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~10 and ~20 nm gaps for 10x1 and ultralow " * optics
Contributions from beam jitter, beam size growth due to wakeÞeld and 
diagnostic errors!
!
!
σdy: beam position jitter (~20 nm w/o correction)�4 !
σw=wq: beam size growth due to wakeÞeld (w≈125 nm/nC from measurements)!
Ci: modulation reduction (~0.91 by analytical assessments)
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Limitations to achieved beam sizes
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IPBSM beam-size correction σy → σy0

50.1 nm@ultralow " * optics (Q=0.16 nC, #y=12 pm)!
Ñ> !* y,0~35.5 nm  close to simulation!

41.1nm@10x1 optics (#y=8.0 pm, σw$17.8/20.3 nm)!
Ñ> !* y,0~30 nm   approaching !* y," !

Beam jitter, wakeÞeld and IPBSM systematic errors play similar role!

!
23 nm Ñ> 32.3 nm and 37 nmÑ> 40.0 nm for ultralow "*  and 10x1 optics, even 
with orbit stabilization (! dy=10 nm) !!     Barriers to break towards goal beam sizes!  

σy,0 → σy
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Octupole studies
Demonstrations of octupole BBA methods

! Using dipole component (w/ IPBPMs) and quadrupole component (waist shift)
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Not yet observed beam-size reduction by the octupoles (poor BBA? too large σ*y?)
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Momentum bandwidth
Depends on FFS chromaticity correction and higher-order chromatic terms

10% bandwidth* is ~0.64% and ~0.31% for 10x1 and ultralow " * optics, of 
course, the latter shows stronger momentum dependence.

10βx*1βy*  
σ*y0=36.3±2.6 nm

25βx*0.25βy*  
σ*y0=20.5±1.8 nm

* DeÞned as a 10% increase of either horizontal or vertical IP spot size for mono-energetic beam.

hold by 4th-order 
chromatic aberrations 

(U3236/U3246É )
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Probable distortions
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Energy-bandwidth measurements might be deformed by
! Mismatched FFS optics Ñ> realistic FFS optics model 
! Unsatisfactory IP tuning & larger !* y (residual 2nd-order terms) !

Ñ> non-linear knobs correction; reproductions w/ comparable !* y0 

! Chromatic parameters of the extracted beam!
Ñ> measurements and realistic simulations of emittances, Twiss 
parameters and dispersions at the extraction point!
Ñ> may deform horizontal bandwidth ( $%/%>0.5%)
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Chromatic IP orbit draft
IP orbit draft can cause luminosity degradation for colliders
For ATF2, the chromatic IP orbit draft might !
1) induce extra IP position jitter in the presence of energy jitter!
     ~10 um and <5 nm, horizontally, and vertically, respectively!
2) hor. offset may interrupt IPBSM laser-beam interaction for a large 
momentum deviation Ñ> optimization transverse laser-beam overlap at 
every beam energy for bandwidth measurements!
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Large uncertainties to %y/&y* due to residual high-
order (4th or 5th order?) chromatic terms
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Vertical bandwidth
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Measurements in 10x1 and ultralow " *  optics with on-momentum single-
shot beam sizes of 44.6 and 49.4 nm
Narrower bandwidth for ultralow " *  optics, which is more sensitive to 
higher-order chromatic aberrations
Measurements are slightly tinier than simulations, which might be due to 
unexpected higher-order chromatic terms, imprecise optic model or 
diagnostic errors
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σ*y0=49.4 nm
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[1] R. Yang et al., submitted to PRAB
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Horizontal bandwidth
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In the ultralow " *  optics with !* x0 $11 "m, !* y0 $150 nm
There are two regions with smaller !* x: $%/%<0 and $%/%>0.4%
Horizontal " function at the waist decreases versus the momentum offset, 
consistent with simulations based upon realistic FFS optics model
Experimental data has been shifted by +0.13% to match the simulation 
predictions (sudden drift of the RF cavityÕs analog control voltage)
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Achievements 
- Small beam sizes of less than 60 nm (min. ~50 nm) have been obtained   
in both half β* and ultralow β* optics 
- BBA strategies for the new installed octupoles have been established 
- Momentum bandwidth has been evaluated and experimentally demons- 
trated in 10x1 and ultralow β* optics

Lessons & Limitations & solutions 
- Vertical IP position jitter (~20 nm) —> FB/FF 
- Wakefield effects (125 nm/nC) —> FB & wakefield compensation  
- Systematic diagnostic errors —> modulation corrections (jitter-free?) 
- Possible larger multipoles of FD quads. —> new measurements 
+ consecutive dedicated operations for tuning (1-2 weeks)

Future studies (ATF3)… 

Exploring 10βx*0.25 βy* ,1βx*0.25 βy* optics, and new  
optics with long L* 
Momentum bandwidth measurements with smaller σy*

Summary

Thank you! 
Question?


