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LCLS-II: Brighter, Faster, Smaller
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LCLS-II: at the forefront of X-ray science
* Increase the beam repetition up to 1 MHz
* Advanced electron source
* Superconducting accelerator
* Novel beam/FEL configurations
* Provide unique capabilities for scientific exploration
* Fully coherent and high-repetition-rate X-rays

s Simultaneous generation of SXR and HXR
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Challenges of daily operation in XFELs

Online tuning in desired state: [ FEL pulses from LCLS ]

" Beam propertes customization "

* Fast switch between different beam/undulator configurations

« Stable performance of FEL pulses for experiments

Challenges when tuning in control room:

«  Beam behavior varies from simulated results
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* Highly non-linear and time-dynamics system phaton energy (eV)

° Output pu Ises suffer from drift and jitter . Pl:ufile Monimro'ms:u'mzssu 19-Feb-2024 21:1:54

* Operation based on empirical tuning
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Online optimization during LCLS-ll commissioning
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Define a smoothly varying penalty function to act as a constraint
Measure maximum distance from the

ROI center to bounding box corners.

Define a circular ROI

Injector emittance tuning with 6 variables:
SOL1, SOL2, SQ1, CQ1, 5Q2,CQ2

Avoid dark current and beam loss simultaneously
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https://christophermayes.github.io/Xopt/
https://christophermayes.github.io/Xopt/

Combination of live models and online optimization

Real-time physical simulation and Bayesian optimization to aid injector commissioning
Readings from machine via EPICS

— Hand over to BO for subsequent fine tuning

1 Xopt LCLS-Il Emittance Optimization 2022-12-04
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Information-based Bayesian Algorithm Execution (BAX)

Motivation: Emittance measurement is time-consuming

« Calculation is based on scanning a focusing magnet’s
strength while observing the change in beam size on the

downstream screen

* Requires a “secondary scan” along the quad domain

* Lose the information from the individual quad scan

24 Beam-Size Measurements

3 Multipoint Queries
in Joint Domain

in Input Domain

Control Variable
(e.g. solenoid)

° o il
Measurement Variable
(e.g. quadrupole strength)

Measurement Variable
(e.g. quadrupole strength)

< Smaller Beam Size Larger —

Miskovich, et al., doi:10.1088/2632-2153/ad169f.

Build a model of the beam size as a function of quad
strength during optimization

* Model developed based on direct observables

* Emittance prediction based on surrogate
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Update GP model
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Query machine
(expensive)
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Select query with
most information
about optimal
injector config:
[SOL1, CQ1, SQ1, Q5]

I Select virtual | —— Sample beam
injector config: size scans from
[SOL1, CQ1, SQ1] posterior

Iterate until optimal
injector config (with lowest
emittance) is found
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Optimization of emittance on model posterior




Information-based BAX for emittance optimization

Demonstration on emittance tuning for LCLS injector
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Deployment in progress at LCSL-Il injector
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FEL robust modeling at LCLS/LCLS-II

Challenges in modeling FEL pulse intensity

ity

Intensity signal is inherently noise-dominated :

Output drifts over time

o

HXR pulse intens

o

abnormal subsystem condition / hidden anomalous behavior

Typical intensity drift within 1h
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Current approaches: oS & o

o Ensembles 5 Previous work from Lipi Gupta
* Gaussian Processes . test data unseen
. € regions >
« Bayesian NNs 3 '
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* Quantile Regression 52
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6000
Sample Number
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97.5% Quantile
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Measurements Available for Training
Measurements Removed from Training
Median
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FEL robust modeling at LCLS/LCLS-II

Typical intensity drift within 1h

Challenges in modeling FEL pulse intensity
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* Intensity signal is inherently noise-dominated

o
©

o
o

e Output drifts over time

HXR pulse intensity

°
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* abnormal subsystem condition / hidden anomalous behavior

o
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Quantify uncertainties in NN with model ensembles I R N
Time
« Dig data through the archive 20/« "
* Input features include quad strengths, beam energy, =
el
charge, bunch length readback at different location z
«  Model ensembling with bootstrap aggregation s
o %o.s

More ML approaches to be tested

Work in progress ' .
‘ 5000 10000 15000 20000 25000
Sample Index (time ordered)
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Future Directions

Neural net acts as prior for online BO

Physics Information

Bayesian Optimization Algorithm

Surrogate Model Acquisition Function

Acq. Optimization

Prior Kernel Data Objectives Constraints  Biasing Swarm Gradient ~ Bayesian
Test Point
A2 <L > |
A A A
| |
Observation Data
|
€ Periodic retraining
Neural Network Surrogate = == Constant Prior
=== NN, r=0.3, MAE=0.3mm
Demonstration at LCLS injector _
=
£
* Incorporate NN prior based on simulations 9 More details in
@]
W Tobias Boltz’s talk
* Minimize the beam size while keeping it round
« Use combination of correlation and MAE Sttt
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Injector system modeling at LCLS-II

More complicated beam dynamics

Lower gun gradient

Sol1B,
€Qo1B,

sQois IMO1B

Xcois
YCo1s8

Longer laser profile

uv

Buncher laser
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Velocity bunching
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5Q028
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BPM

Emittance compensation

OTROHO4

QOHOS - 08

Bunch
length

Matching

A fast and reliable simulator is on demand during machine operation

Cavity phase

N Fully Connected
Hidden Layers

Norm. Emittances

Solenoid field
Bunch Charge

Scalar inputs

VCC Size

50 x 50 pixels
laser distribution input
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Beam Kinetic Energy
Mean X, Y, Z

# Particles

Mean X", Y, Z°

Beam Sizes

Scalar outputs
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Deconvolution Layers

50 x 50 pixels
electron distribution
output
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Lipi Gupta et al 2021 Mach. Learn.: Sci. Technol. 2 045025
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Work in progress
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Autonomous LCLS-Il Beam Measurement

DIAGO: Diagnostic line at the injector end without interfering beam delivery

e HTR s £ % 3 8
N GUNB 1 LOB l z § N T Qco11- 12
2.;;:, "'"‘"”“G”"‘ Lambertson g
Buncher I-se- 2 e @*D@im_ |:| ;’ss QHDO1 ———-QHDO4 BLRDGO i
iy / M M@ @gqj%@ |ﬂ5ﬂ)% ) %%m' - -
— Matching PMDGO000
‘9“/_1 ‘ kicked
iy | B Emit_y beam
(QOHO08) (QOHO8] only Qo
L ) %,

OTRDG04

F(‘D(‘M

« High-repetition-rate (1 MHz) bunch train brings new challenges DIAGO Emit .y (QDG00S)
mit_x,y

for diagnostics B_x,y=0.58m
A_x,y =0

* MW beam power limits intercepting diagnostics usage

* DIAGO: A low rate (120 Hz) diagnostic line at the injector end
* Fast kicker to extract beam within bunch train to DIAGO

Emittance Energy spread
measurement measurement

* Constantly run in background without interfering beam
delivery and human monitoring
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Autonomous LCLS-Il Beam Measurement

DIAGO: Diagnostic line at the injector end without interfering beam delivery
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Acq. Function

. 0.35
0.30
. 0.25
0203
' us®  Autonomous
=V 0.10
... quadrupole

alignment

AWA:Drive:DT8H_B_S:Ctrl

6-D phase space reconstruction

More detail in Ryan
Roussel’s talk tomorrow

CYCO1 cxco1

Matching QCo05 - 6

Qcoo1 -4
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COLO
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OTRDG04
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Emit_x,y (QDG009)

B_x,y=0.58m
A_x,y =0
Emittance Energy spread
measurement measurement

Joint (Product) Domain

BAX for emittance optimization
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Ecosystem development for physical simulations, Al/ML driven online optimization

LCLS-II fires up to a million beam/photon pulses per second

Goal: Integration of online system modeling, Al/ML driven optimization and simulations to aid operations

Model Prediction Displays Model Output Predictions (e.g. beam images, scalars) HPC cluster
(e.g. SDF at SLAC,

NERSC at LBNL)

Online Modeling

Measured Input Data Data High-fidelity Physics
(accelerator settings, [ENEeIE=NNIT Simulations
input diagnostics)

Cluster
Compute
Adaptive ML Models (CPU,GPU)
EPICS
gonttrol Measured Output Data RS
ystem (scalars, images processing P T
describing the beam) Online Optimization %.
and Characterization Tools g
Archives =
Active Learning + (Measurements, = &
Efficient Exploration Predictions, and [
Models) %
Model and ML-Based o
Changes in Accelerator Settings Optimization |
e An Online Control GUI | ¢ 1
DS



Summary

*  We are working on integrating a variety of online modeling and tuning tools into regular operation
at LCLS-II

* Automatic alignment and characterization including 6-D phase space reconstruction
* Live model run in parallel with machine operation

* Sample-efficient emittance optimization with Information-based BAX

* Future work
* Online modeling to beam/FEL pulses through linac to FEL
* Using the historical data to capture the behavior and dynamics of accelerator system

e HPC cluster at SLAC (S3DF) for real-time data processing and model updating

Comprehensive holistic view of the electron beam behavior to aid

tuning, and extend downstream through the entire accelerator

Thank you!
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