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• Introduction

– Advanced Light Source Upgrade


– Toolkit for Simulated Commissioning


• Commissioning Simulations for the ALS-U Storage Ring

– Orbit errors in sextupole magnets


– Beam based alignment

Outline
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Design Choice of the Advanced Light Source Upgrade

• Goal: Diffraction Limited Light Source

- Brightness increase:   BALS = 2*1019        => BALSU = 2*1021        


- Emittance decrease:  ɛALS = 2000 pm => ɛALSU ~100 pm 


• Space Constraint

- Use of current building and 12-fold symmetry 


• Requires Strong Focusing Elements

- Quadrupole strength: KALS ~ 3        => KALSU ~15

- Sextupole strength:    MALS ~ 90    => MALSU ~800


• Requires Small Aperture

- Magnet aperture:     dALS = 65 mm        => dALSU = 40 mm

- Undulator aperture: dALS = 30 mm        => dALSU = 6 mm


• Requires on-Axis Swap Out 

- Dynamic aperture:   DAALS = 120 mm2        => DAALSU = 3 mm2


• Requires Accumulator Ring 

- Injected beam:   σALS = 2 mm        => σALSU = 60 µm

ALS-U beam size
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Overview of ALS-U Accelerator Facility

Linac 
(existing)

Booster 
(existing)

Linac 
(existing)

Booster 
(existing)

Storage Ring

Accumulator Ring
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Operating machine High level controls

Magnetic fields
Particle trajectories 

Magnet offsets
…

Limited access!

Power supplies

Setpoints and read back values

Diagnostic
 devices

Limited Accessibility of Machine Properties
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Aux. Structures

Machine state

Auxiliary structures

‣ Diagnostic errors
‣ Injected beam 

trajectory
‣ Injection pattern

Set CM to setpoint

 

Set RF to setpoint

Injection pattern

Machine manipulation

Set Quad to setpoint

‣ Compensates bending 
angle difference by 

setting horizontal CM

‣ Checks for CM range 
(clipping) 

Set Magnet to setpoint PolynomA 
PolynomB

Magnetic fields

Calculate fields

‣ Calibration errors 
of all components

‣ Includes dipole kick 
from bending angle 

(set-point & roll)

Get BPM 
reading

Beam reading

Get BPM reading

‣ Performs tracking 
including aperture

‣ Gets BPM signal 
from ensemble of 

particle trajectories

High level scripts

Get response matrix

Trajectory correction

BBA

RF commissioning

…

High level

‣High level functions 
use only BPM and 
setpoints as input

‣ High level functions 
write only setpoints

Error model

RING

Realistic Workflow of Toolkit Important 
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Large Number of Error Sources Included

7

• Diagnostic Errors

– BPM offset         

– BPM cal. error  

– BPM noise (TbT/CO)   

– BPM roll             

– CM cal. error    

– CM roll 

– CM / skew-quad limits   


• Support Structure

– Rafts, Plinths, Sections 

– 3D Roll & Offsets


• Circumference

• Higher Order Multipoles


– Systematic 

– Random

Magnets

Plinths

Rafts (Girders)
∆yMagnet

y

S

0

∆yPlinth
∆yRaft

∆ySection

Horizontal analogously
• Magnets


– 3D Offset 

– 3D Roll         

– Strength 

– Calibration       


• RF Errors

– Phase

– Frequency

– Voltage


• Injection

– Static

– Jitter
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Annotated ScriptsGit Repository
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Easy Accessibility For New Users: Manual & Example Scripts

ALSU-AR Paper

Toolkit Webpage

ALSU-SR Paper Online Manual

https://sc.lbl.gov
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Toolkit Used in Design Process at Various Laboratories

9https://sc.lbl.gov

NSLS-II (A. Khan)

Elettra 2.0 (S. Dastan)

Diamond-II (D. Amorin)
IPAC’21, MOPAB063

BESSY III (P. Goslawski) SOLEIL U (O. Garcia)
IPAC’23, WEPL070

PETRA IV (T. Hellert)
IPAC’22, TUPOMS018

ALS-U (T. Hellert)
PRAB:22.100702

Korean 4GSR (J. Kim)

ALBA-II (Z. Marti Diaz)
IPAC’23, WEPL003

HBSRS (S. Prakash)



Commissioning Simulations 
for the ALS-U Storage Ring
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Error Analysis by Start to Finish Commissioning Simulations

• Commissioning Simulations Carried out for all 
Subsystems:

– Booster-to-Accumulator Transfer Line


– Accumulator Ring


– Storage Ring


– Accumulator-to-Storage Ring Transfer Line


– Storage Ring-to-Accumulator Transfer Line


• Specific Errors and Perturbations:

– Misalignments from sectors, plinths and rafts


– Dynamic multipoles from (corrector-)coil excitations


– Septa leakage fields


– Pulsed elements stability and pulse shape


– Differential circumference change between AR/SR with locked 
RF frequency


– Planar undulators and EPUs

• Initial Transmission

– Achieve first turn transmission 


– 2-turn trajectory correction 


• Multi-Turn Transmission

– Trajectory based BBA


– Static injection error correction


• Sextupole Ramp-Up

– In loop with 2-turn trajectory correction 


• Achieve Beam Capture

– RF phase correction


– RF frequency correction


– Tune scan


• Linear Optics Correction

– Beam based alignment


– Closed orbit correction


– LOCO based optics correction


• ID Compensation

– Close IDs and include kick maps


– Global optics correction


– Evaluation of lattice properties

Storage Ring Correction Chain
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Error Amplitudes for ALS-U Commissioning Simulations

• Magnet errors 

– Magnet offset = 35 µm

– Sector offset  = 100 µm

– Raft offset     = 30 µm

– Raft roll         = 100 µrad

– Magnet roll/pitch/jaw = 200 µrad

– Magnet long. offset        = 200 µm

– Magnet strength          = 1E-3

– Magnet calibration      = 1E-4


• Static injection errors

– Δx   = 500 µm

– Δx’  = 200 µrad

– Δy   = 500 µm

– Δy’  = 200 µrad

– ∂E   = 0.1 %

• Diagnostic errors

– BPM offset          = 500 µm

– BPM cal. error     = 5%

– BPM noise (TbT)  = 30 µm

– BPM noise (CO)    = 1 µm

– BPM roll              = 4 mrad 

– CM cal. error       = 5%

– CM roll                = 0.2 mrad


• Circumference 

– ΔL   = 0.2 mm

• Injection jitter

– Δx   = 10 µm

– Δx’  = 10 µrad

– Δy   = 1 µm

– Δy’  = 0.5 µrad

– ∂E   = 0.01 % 

– Δɸ   = 0.1º


• RF errors

– Δf  = 0.1 kHz

– ΔV  = 0.5 %

– Δϕ = π/2


• Higher order multipoles

– Systematic from primary coils

– Systematic from corrector coils 

– Random from primary coils
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• 9 Arcs (+3 with Superbends) with Each:

– 19 BPMs (suitable for TBT evaluation)


– 25 hor.corrector magnets (CM)


– 18 ver. corrector magnets


– 17 BPMs and 16 CMs used for orbit correction


– 8 skew quadrupole correctors


• All CMs Embedded in Other Magnets

– H/V CMs in all sextupoles


– HCMs in all dipoles (except BEND1)


– VCM limits: ±0.8 mrad (quad) / ±0.4 mrad (sext)


– HCM limits: ±0.8 mrad (quad) / ±0.4 mrad (sext) 
                   + 5% of corresponding magnet bending            
                      angle (combined function magnets!)


• Normal- and Skew Quadrupoles 
Embedded in Sextupole Magnets 

– Skew limit: 0.1 m-2


– Normal limit: 0.26 m-2

BPM/CM Layout Guided by Commissioning Simulation

13
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Importance of BPM Offsets During Commissioning

• Errors included in all runs:

– RF, Injection, Diagnostic


– Sys. multipoles, magnet strength and roll 
errors


– Girder/Magnet offset


• Errors varied in all runs:

– Simulated trajectory/orbit BBA accuracy


• Findings: 

– Beam transmission with sextupoles at 500µm  

initial BPM offset virtually zero


• Conclusion:

– Reliable BBA procedure based on 2 turn 

transmission required to store beam


– Stored beam BBA accuracy of <50um required 
to allow for successful correction chain
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Importance of BPM Offsets in Commissioning
• Errors included in all runs:


– RF, Injection, Diagnostic


– Sys. multipoles, magnet strength and roll 
errors


• Errors varied in all runs:

– Girder/Magnet offset 


– Simulated stored beam BBA accuracy


• Findings: 

– Correlation between pre-LOCO closed orbit 

deviation (COD) in sextupole magnets and 
post-LOCO performance


– Lifetime virtually zero above COD of 50 µm 
rms


• Conclusion:

– Small COD in sextupoles most crucial for 

lattice performance

Horizontal Vertical
Different data sets
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• BBA Chalenges:

– All but 2 quadrupole families are combined function magnets


– No suitable quadrupole for BPMs adjacent to sextupole 
magnets 


• Detailed Study of BBA Possibilities Performed:

– Regular BBA on quadrupoles


– Using main sextupole coils with stored beam


– Using quadrupole trim coils in sextupoles with trajectories 
(2 turn) & with stored beam


– Assumed K values for quadrupole trim coils: +/- 0.26 m-2


• Challenge with Combined Function Quadrupoles:

– HCM trim coil exercised in order to correct for dipole change


– Dipole compensation compromised by calibration errors of 
main quadrupole coil and HCM


– HCM calibration error correction depends on optics 
correction accuracy


– Optics correction depends on orbit correction accuracy


– Orbit correction depend on BBA accuracy

Beam Based Alignment Challenges

16
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Beam Based Alignment Challenges
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• BBA Chalenges:

– All but 2 quadrupole families are combined function magnets


– No suitable quadrupole for BPMs adjacent to sextupole 
magnets 


• Detailed Study of BBA Possibilities Performed:

– Regular BBA on quadrupoles


– Using main sextupole coils with stored beam


– Using quadrupole trim coils in sextupoles with trajectories 
(2 turn) & with stored beam


– Assumed K values for quadrupole trim coils: +/- 0.26 m-2


• Challenge with Combined Function Quadrupoles:

– HCM trim coil exercised in order to correct for dipole change


– Dipole compensation compromised by calibration errors of 
main quadrupole coil and HCM


– HCM calibration error correction depends on optics 
correction accuracy


– Optics correction depends on orbit correction accuracy


– Orbit correction depend on BBA accuracy
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Correction Chain for ALS-U SR Commissioning
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• Initial Transmission

– Achieve first turn transmission 


– 2-turn trajectory correction 


• Multi-Turn Transmission

– Trajectory based BBA


– Static injection error correction


• Sextupole Ramp-Up

– In loop with 2-turn trajectory correction 


• Achieve Beam Capture

– RF phase correction


– RF frequency correction


– Tune scan


• Linear Optics Correction

– Beam based alignment


– Closed orbit correction


– LOCO based optics correction


• ID Compensation

– Close IDs and include kick maps


– Global optics correction


– Evaluation of lattice properties

2 Iterations

3 Iterations



T. Hellert | Commissioning Simulations for ALS-U | FCC Workshop | June 27 | CERN

Correction Chain for ALS-U SR Commissioning
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• Initial Transmission

– Achieve first turn transmission 


– 2-turn trajectory correction 


• Multi-Turn Transmission

– Trajectory based BBA


– Static injection error correction


• Sextupole Ramp-Up

– In loop with 2-turn trajectory correction 


• Achieve Beam Capture

– RF phase correction


– RF frequency correction


– Tune scan


• Linear Optics Correction

– Beam based alignment


– Closed orbit correction


– LOCO based optics correction


• ID Compensation

– Close IDs and include kick maps


– Global optics correction


– Evaluation of lattice properties

2 Iterations

3 Iterations
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Summary
• Advanced Light Source Upgrade


– 9 bend achromat lattice with 70 pm-rad emittance


– Very fast commissioning process required


• Development of Commissioning Simulation Toolkit

– Commissioning simulations are key for the design of future storage rings


– Wide range of application successfully demonstrated at multiple machines 


• High Sensitivity of ALSU-SR Performance on Misalignments

– Single turn beam based alignment procedure required to store beam


– Orbit errors in sextupole magnets must be limited to ~30µm


• Effective Correction Chain Established

– BBA on combined function quadrupoles


– Quadrupole trim coils on sextupole magnets


– Performance requirements achieved 


