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Introduction and OCELOT overview

Started as simulation project (spontaneous radiation, FEL) at European XFEL at 2012
I. Agapov, G.Geloni, S.Tomin, I.Zagorodnov, NIM A. 768, 2014 

Beam dynamics module was developed (linear optics, collective effects, second order effects).
S.Tomin, I. Agapov, M.Dohlus, I.Zagorodnov. doi:10.18429/JACoW-IPAC2017-WEPAB031, 2017

Advanced FEL simulations including the electron beam dynamics effects
S. Serkez et al, Journal of Optics, Volume 20, Number 2, 024005, 2018

Turned into more on-line control-oriented development
Orbit correction tool, Optimizer, adaptive feedback
► S. Tomin and A. Valentinov, On-Line Beam Control With OCELOT at Siberia-2, IPAC2014
► I. Agapov, G.Geloni, S.Tomin, I.Zagorodnov, arXiv:1704.02335, 2017
► S. Tomin et al., doi:10.18429/JACoW-ICALEPCS2017-WEAPL07, 2018
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OCELOT structure

Charged Particle  
Beam Dynamics (CPBD) 

module
(linacs, rings)

Photon field simulation
• FEL simulations (genesis)
• Spontaneous radiation (ocelot)
• Wavefront propagation
• FEL estimator

Online beam control
• Orbit correction
• Adaptive FB
• Optimizer

Data setsEverything in Python. Focus on simplicity. Implement only physics
Open source (On GitHub https://github.com/ocelot-collab/ocelot)
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SASE5Modeling of the European XFEL with OCELOT. Numerical approach

6.5 MeV, I ~ A’s 17.5  GeV , I ~ kA’s

Krack3 / ASTRA OCELOT 
3D Space Charge
3D wakefields
1D CSR
particle motion with transport 
matrices of second order
RF cavity with Rosenzweig-
Serafini model
Chamber with wakes
ISR and quantum fluctuations

S.Tomin, I.Agapov, 
M.Dohlus, I.Zagorodnov, 
Ocelot as  framework for 
beam dynamics 
simulations of x-ray 
sources, in Proceedings 
of IPAC 2017, WEPAB031
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Modeling #1. Beam dynamics for 500 pC, 5 kA
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projected x-emittance 
growth by 37%
projected y-emittance 
growth by 44%
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Modeling #1. Beam dynamics for 500 pC, 5 kA
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SASE2projected x-emittance growth by 60%
slice energy spread growth due to quantum fluctuations in 
SASE2 (K=3.9)
correlated energy spread growth  due to strong wakefields in 
SASE2

SASE4
SASE5
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Overview of options for generating high-brightness attosecond x-ray pulses

Evolution of the 2.3 keV radiation 
emitted by the modulated electron beam.

Current and longitudinal phase space of the 500 pC electron 
beam at different stages of the XLEAP schemeS. Serkez, G Geloni, S Tomin et al, Journal of 

Optics, Volume 20, Number 2, 024005, 2018

CPBDPFS
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Motivation
In some cases, from experimental results follows that intensity of THz radiation is underestimated by 
theory.

One of the explanations can be a presence of the energy chirp in the electron beam which is often a 
case for accelerator based THz sources. 

Electron beam current and energy 
distribution [DESY S2E simulation web page].

FLASH THz Undulator

Eb = 600 MeV
!"# = 145 ()
*+, ≈ −2.7 ))

CPBDPFS
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OCELOT in plasma physics

c Spectrum measured at the exit of the electron source 
(dotted), and simulated at the entrance of the undulator 
after transport in the line (dashed), with the 4mm slit 
(solid curve)

“… Beam transport until the undulator is simulated with 
the OCELOT tracking code, which was modified to
enable the large spectra beam modelling…”

COXINEL
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Interface for implementation of new methods 

Before Laser heater After Laser heater
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Accelerator toy for ML studies

Script uses 
OCELOT 
python module 

GitHub: Python is most popular language 
for Machine Learning

GitHub: python libraries that used in ML are:
Numpy
Scipy
Scikit-learn
Theano
TensorFlow
Keras
PyTorch
Pandas
Matplotlib

I. Agapov, “Some (possible) ML applications for low-
emittance storage rings”. 2nd ICFA Workshop on ML for 
Particle Accelerators PSI, 27 Feb 2019
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Accuracy of the results

Beam dynamics without collective effects
the second-order optics cross-checked with MAD
the chromatic effects in dispersive sections are cross-checked with CSRtrack

Beam dynamics with collective effects
the space charge is cross-checked with ASTRA and with analytical estimations
CSR in dispersive sections is cross-checked with CSRtrack
the results are checked by increasing of macroparticle number 200k -> 2M
the results are checked by varying of sampling/mesh parameters in wakes, CSR, space-charge

Photon field simulation module
Spontaneous radiation module is cross-checked with Spectra and SRW
Wavefront propagation functions is cross-checked with SRW
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Optimization of accelerators
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OCELOT Optimizer

Optimization algorithms are faster than scanning

OCELOT optimizer is a flexible platform for 
optimization:

Interchangeable optimization methods
GUI 
► Add/select device or group of devices
► Craft/modify target function
Infrastructure for testing new methods
Save/load configs
Logging

Collaboration

- I. Agapov et al, arXiv:1704.02335
- S. Tomin et al, https://doi.org/10.18429/JACoW-IPAC2017-WEPAB031
- M.W. McIntire et al, DOI:10.18429/JACoW-IPAC2016-WEPOW055
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Use cases

FEL facilities 
FEL pulse energy maximization:
► Launch orbit and orbit inside an undulator (EuXFEL)
► Phase-shifters (EuXFEL)
► Orbit in low energy sections (EuXFEL)
► Matching quads (LCLS & EuXFEL)
► RF settings (EuXFEL)
Local dispersion correction (EuXFEL & FLASH)
HOM signal minimization in cavities (FLASH)

Storage rings:
Injection efficiency optimization (Kurchatov Institute)
Beam life time (test at BESSY-II)

I Driven by last years presentations at

this workshop.

I OCELOT optimizer test: optimize 4

skew quads

I Randomized 4 skew quads

I Run OCELOT optimizer

I Convergence achieved

I Comparable lifetime, loss-rate and

beam size

I Next test planned for March

Accelerator Controls

optimization

Agapov, Tomin, Birke,

Ries, Li, Mertens
T. Mertens, G. Hartmann, L. Vera, AI and optimisation @ BESSY II, 2nd ICFA Workshop on Machine Learning for Charged Particle Accelerators, 27/02/2019 1

Optimization - OCELOT (DESY) @ HZB - BESSYII
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OCELOT Optimizer: Statistics

SLAC: Ocelot with Nelder-Mead simplex reduced tuning 
times on average by 25% to 50% compared to hand 
tuning
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OCELOT Optimizer: Statistics

Average duration: 3.5 min

In most optimizations 4 devices are used and the average 
time duration of a single optimization is 3.5 minutes  

Number of actuators 

OBC

DB
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Sequence of optimizations: automatic optimization

Action 1 
(actuators, obj. function, 

hyper.)

OPTIMIZER

Accelerator

Ac
tio

n 
2 

Ac
tio

n 
3 

Ac
tio

n 
4 

New version (v1.1) was deployed 

Predefined sequence of optimization 
without operator intervention 
Optimizer monitors machine state – paused 
optimization if necessary.

Two Actions in a row w/o operator intervention 

SASE1 optimization with aircoils

Optimization with small number of actuators (4-6) is more 
efficient than with many due to noise and slow drifts
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Sequence of optimizations: even more automation with ML?

More logged DOOCS channels about machine state

Action 1 
(actuators, obj. 
function, hyper.)

Accelerator

DB of 
successful 

optimizations  

algorithm of optim. 
selection

(ML) Ac
tio

n 
2 

Ac
tio

n 
3 

Ac
tio

n 
4 

OPTIMIZER

I. Agapov, G. Geloni, S. Tomin, I. Zagorodnov. arXiv:1704.02335, 2017
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Hyperparameters. Beam matching

Quads tuning in front of SASE1 is one 

of the steps of standard optimization 

procedure with Optimizer. 

Hyperparameters, such as initial steps, 

number of iterations, were corrected as 

experience increased.

SASE optimization with 4 quads
SASE1

SASE2

SASE3
design initial twiss params

Beta-mismatch params

Beta-mismatch phase

Initial quad step

Group of quads

SASE

Quads
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Hyperparameters. Beam matching

Quads tuning in front of SASE1 is one 
of the steps of standard optimization 
procedure with Optimizer. 

Hyperparameters, such as initial steps, 
number of iterations, were corrected as 
experience increased.

Tweaking beta-mismatch and beta-
mismatch phase instead of 
quadrupoles directly.

SASE optimization with 4 quads SASE1

SASE2

SASE3
design initial twiss params

Beta-mismatch params

Beta-mismatch phase

SASE

Quads
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Beta mismatch parameter* optimization

* M. Sands, SLAC-AP-85 1991

Mismatch parameters

Mismatch phases

Quadrupoles changes

SASE1 pulse energy opt. 25 iterations.

OCELOT beam dynamics module is already used for orbit 
correction

Bounds and hyperparameters are defined for all matching 
sections 

Only 4 actuators are used while number of quads can be 
more - reduction of dimensionality in some cases

CPBD OBC
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Orbit correction tool with adaptive feedback.

OCELOT orbit correction is the standard tool for orbit correction (using SVD algorithm).

The Adaptive Feedback is a statistical optimizer exploiting the orbit jitter and its correlation with a fast 
FEL intensity signal (shot-to-shot resolution) to optimize the undulator launch orbit

Orbit correction tool GUI Adaptive Feedback GUI

CPBD OBC
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Adaptive Feedback: how it works

Horizontal orbit in undulator FEL pulse energy

Optimal orbit

golden orbit
Iteration #1
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Adaptive Feedback: how it works

Horizontal orbit in undulator FEL pulse energy

Optimal orbit

golden orbit
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Adaptive Feedback: how it works

Horizontal orbit in undulator FEL pulse energy

Optimal orbit

golden orbit
Iteration #4
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Adaptive Feedback: how it works

Horizontal orbit in undulator FEL pulse energy

Optimal orbit

golden orbit
Iteration #7
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Adaptive Feedback: how it works

Horizontal orbit in undulator FEL pulse energy

Optimal orbit

golden orbit
Iteration #14
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Adaptive Feedback statistics
Number of runs: 513
Total working time: 43 hours
Average working time: 5 mins

Adaptive Feedback has become one of the main tools for 
SASE tuning

In some cases the adaptive feedback is used as an orbit 
feedback

The soft X-Ray FEL pulse energy signal is not sensitive to 
the orbit jitter in the SASE3 undulator.

artificially induced orbit changes have to be used to catch 
correlations

Deployed to FLASH2 

Active search?

Statistic of the Adaptive Feedback runs from 
March 11 to April 7, 2019



37Modeling and optimization of accelerators with OCELOT S. Tomin, DESY, Hamburg, Germany, 24.09.2019

Conclusion

OCELOT modules and functions
for accelerator modeling and optimizing 

Available Python modules:
Math., data analysis, ML, plotting, 
optimization algorithms etc

+
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Documentations

Tutorials

Description of functions and classes in source 
files OR use help() in python/ipython/Jupyter
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Unit-tests 

Main functions and modules are covered with 
unit-tests
But bugs are unavoidable, if found any please 
report it:

https://github.com/ocelot-collab/ocelot/issues
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Thank you for your attention 

And thanks to all contributors and collaborators (the order is random J):

G. Geloni, S. Serkez, T. Tanikawa – the European XFEL

I. Agapov, M. Dohlus, W. Kuropka, M, Scholz, I. Zagorodnov – DESY

J. Duris, D. Ratner, H. Slepicka, J. Shtalenkova - SLAC

E. Fomin – Kurchatov Institute 

A. Trebushinin – BINP (Novosibirsk)

M. Veremchuk – Kyiv National University
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Backup slides
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Modeling of accelerators with OCELOT

Wavefront propagation
SRW

Wavefront propagation
OCELOT

2014 2018

FEL simulations
Genesis
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Accuracy of the results. Check of SC and RF focusing models

Comparison of /-function and projected emittance in the booster calculated by 
ASTRA (in blue) and Ocelot (in red) 

I. Zagorodnov, M. Dohlus, and S. Tomin, Phys. Rev. Accel. Beams 22, 024401, 2019.
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Accuracy of the results. Check of SC and RF focusing models

Comparison of  the slice parameters after the booster calculated by 
ASTRA (in blue) and Ocelot (in red)

I. Zagorodnov, M. Dohlus, and S. Tomin, Phys. Rev. Accel. Beams 22, 024401, 2019.
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Accuracy of the results. Increase of number of macroparticles

increase of the 
macroparticle number 
by factor 10: from 
200k to 2M

the slice and 
projected parameters 
do not change

I. Zagorodnov, M. Dohlus, and S. Tomin, Phys. Rev. Accel. Beams 22, 024401, 2019.
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Extremum seeking in Optimizer

Launch orbit optimization 

16 phase-shifters optimization
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Bayesian optimization method in OCELOT

Joseph Duris et al, Bayesian optimization 
for FEL tuning, 2nd ICFA Workshop on 
Machine Learning at PSI


