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X-Ray FEL Based Light Sources Provide Great Opportunity 
for Scientific Discovery
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Courtesy of R. Scholenlein 



Some X-Ray FEL User Facilities in the World
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The FEL Cost and Performance Critically Depend on 
Electron Beam Quality
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• Electron beam emittance 

• Peak current Ipeak

• Energy spread E
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• Gain length

Ideal electron beam: 
- high peak current
- small energy spread
- small emittance



• previous studies were done with injector and linac optimization separately
• optimizing the linac using the best-performing solution from the injector does not  
guarantee the best solution at the end of the accelerator.

• local optima may exist given the high dimension of search space
• global optimization method is needed to avoid local optimal solutions
• global start-to-end simulation is needed to allow all machine control parameters to  
vary simultaneously.

Global Machine Design Parameter Optimization

Global Start-to-End Beam Dynamics Optimization Is 
Needed to Achieve the “Best” Electron Beam Quality

Ref: J. Corlett et al., 2013



• Stochastic, population-based evolutionary optimization algorithm 
• Easy to implement and to extend to multi-processor 
• DE has been shown to be effective on a large range of classic optimization problems

- In a comparison by Storn and Price in 1997 DE was more efficient than
simulated annealing and genetic algorithms

- Ali and Torn (2004) found that DE was both more accurate and more
efficient than controlled random search

- In 2004 Lampinen and Storn demonstrated that DE was more accurate
than several other optimization methods including four genetic algorithms,
simulated annealing and evolutionary programming

Differential Evolution Algorithm:

Global Optimization Using a Stochastic Evolutionary 
Method to Overcome Local Optimal Solution



Differential Evolution Algorithm
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J. Qiang and C. Mitchell, in OO digest, 2015.

An Adaptive Unified Differential Evolution Algorithm:
Reduce the Number of Mutation Strategies from 10 to 1



A Pseudo Code of the Adaptive Unified Differential Evolution 
Algorithm



Improve the uDE Using 14 Multi-Variable Test Function Tuning
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Improve the uDE Using 14 Multi-Variable Test Function Tuning



Number Function Name Function Properties

F1 Shifted sphere function unimodal, separable

F2 Shifted Schwefel’s Problem 1.2 unimodal, non-separable

F3 Shifted rotated high conditioned elliptic function unimodal, non-separable

F4 Shifted Schwefel’s Problem 1.2 with noise in fitness unimodal, non-separable, with noise

F5 Schwefel’s Problem 2.6 with global optimum on bounds unimodal, non-separable, optimum on the boundary

F6 Shifted Rosenbrock’s function multi-modal, non-separable, narrow valley

F7 Shifted rotated Griewank’s function without bounds multi-modal, non-separable, no bounds

F8 Shifted rotated Ackley’s function with global optimum on bounds multi-modal, non-separable, optimum on the boundary

F9 Shifted Rastrigin’s function multi-modal, separable, large number of local optima

F10 Shifted rotated Rastrigin’s function multi-modal, non-separable, large number of local optima

F11 Shifted rotated Weierstrass function multi-modal, non-separable, continuous but not 
differentiable

F12 Schwefel’s Problem 2.13 multi-modal, non-separable, random

F13 Expanded extended Griewank’s plus Rosenbrock’s function multi-modal, non-separable, expanded

F14 Shifted rotated expanded Scaffer’s F6 multi-modal, non-separable, expanded

Improve the uDE Using 14 Multi-Variable Test Function Tuning



30 dimensional problem

10 dimensional problem10 di i l bl

Performance Comparison of Different DE Strategies 
with 10 and 30 Dimensional Test Problem



Retune uDE with 3 control variables shows better performance 
than several standard DEs and the jDE!

Performance Comparison of Different DE Strategies 
with 50 Dimensional Test Problem



Evolution of the Average Error in the Objective Value
for the First Four Test Functions



Accelerator Design Needs Multi-Objective Optimization

Examples:
• cost, performance
• injector: emittance, peak current
• linac: peak current, energy spread
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A Variable Population External Storage 
Multi-Objective Differential Evolution Algorithm (VPES-MODE) 

•Step 1: Define the minimum parent size (Npmin), the maximum size (Npmax),
and the maximum size of the external storage (Npext).

•Step 2: Generate initial Npini population of control parameter vectors randomly from
the entire solution space.

•Step 3: Produce offspring population using the unified differential evolutionary algorithm.
•Step 3: Check the new population against boundary conditions and constraints.
•Step 4: Combine the new population with the existing parent population from

external storage. Nondominated solutions (Ndom) are found from this
group of solutions and min(Ndom, Npext) of solutions are put back into
external storage. Pruning is used if Ndom > Npext. Np parent solutions are
selected from this group of solutions for next generation production.
If Npmin ≤ Ndom ≤ Npmax, Np = Ndom;
If Ndom < Npmin, Np = Npmin;
If Ndom > Npmax, Np = Npmax.

•Step 5: If the stopping condition is met, stop. Otherwise, return to Step 2.



19

Test with an Analytical Solution

NSGA-II

VPES
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Start-to-End Beam Dynamics Simulation Using the Parallel 
Multi-Physics Code Suite: IMPACT 

• Some major features:
— Z dependent and T dependent tracking
— Detailed 3D RF accelerating and focusing model, dipole, solenoid, multipole, …
— Multiple charge states, multiple bunches
— Multiple space-charge solvers: 3D shifted-integrated Green’s function, 3D spectral 

finite difference multigrid space-solver, …
— Structure + resistive wall wakefields 
— CSR/ISR
— Gas ionization
— Photo-electron emssion 
— Machine errors and steering

• Can be used to model beam dynamics in:
— Photoinjectors
— Ion beam formation and extraction
— RF linacs
— Rings
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An Example of Start-to-End Beam Dynamics Simulation 
of the LCLS Microbunching Experiments

• Integrated injector and linac simulation using a single code
• Fully 3D time-dependent simulation in the injector
• Fully 3D position dependent simulation in the linac 
• The multi-physics model includes: 

- 5th order single particle tracking
- self-consistent 3D space-charge effects,
- 1D CSR effects, ISR effects
- structure and resistive wall wakefields

energy evolution

rms size evolution rms bunch length
evolution



Final Longitudinal Phase Space Distribution

In collab. 
Y. Ding et al. 

at SLAC, 
WEPOB30



Couple/Decouple Transverse and Longitudinal Beam 
Dynamics in  Global Start-to-End Optimization

23

optimize simultaneously transverse
and longitudinal beam dynamics

Opt. transverse
beam dynamics

Opt. longitudinal
beam dynamics

and longitudinal beam dynamics

Injector <= ~100 MeV: longitudinal and transverse motion tightly coupled

Opt. transverse
beam dynamics

Linac >= ~100 MeV: longitudinal motion is nearly frozen except in BCs

Opt. longitudinal
beam dynamics

g

Ideal beam: small emittance, small energy spread, high peak current

n is neeeeeeeeeeeaaaaaaaaaaarly fro

s

injector

linac



Integration of Self-Consistent Beam Dynamics Simulation with the New Optimization 
Algorithm for Global Machine Design Optimization

Parallel Multi-Objective 
Global Optimization Program

injector 
simulation

linac
simulation

injector control parameters
e.g.
- laser pulse size and length
- gun phase
- solenoid strength
- boosting cavity amplitude + phase
- etc

linac control parameters
e.g.
- L1 amplitude + phase
- HL amplitude + phase
- BC1 R56
- L2 amplitude + phase
- BC2 … etc

energy, peak current
emittances, energy chirp

final energy, peak current, 
emittances, energy spread 

inputs

outputs

Innteeeggggggggggrrrrrrrrraaattttttttiiiiiiiiooooooooonnnnnnnnn ooooooooofffffffff SSSSSSSSSSeeeeeeeeellllllllfffffffff-------CCCCCCCCCCoooooooooonnnnnnnnnnssssssssssiiiiiiisssssssssstttttteeeeeeeeeennnnnnnnnntttttttt BBBBBBBBBBeeeeeeeeeaaaaaaaaammmmmmmm DDDDDDDDDDyyyyynnnnnnnnnaaaaaaaaammmmmmmmmmiiiiiiiiicccccccccssssssssss SSSSSSSSSSiiiiiiiimmmmmmmmmmuuuuuuuuullllllllaaaaaaaaatttttttttiiiiiiiooooooooonnnnnnnnnn wwwwwwwwwiiiiiiitttttttttthhhhhhhhh ttttttttthhhhhhhhhheeeeeeeee  NNNNNNNNNNeeeeeeeeeewwwwwwwwww  OOOOOOOOOOppppppppppttttttttttiiiiiiimmmmmmmmmiiiiiiiizzzzzzzzzzaaaaaaaaatttttttttiiiiiiiiiooooooooonnnnnnnnn 
Algorithm for Gloobbbbbbbbbbaaaaaaaaaalll MMMMMMMMaaaaaaaaccchhhiinnnnnnnneee  DDDDDeeeeeeeeessssssssiiigggggggggnnn  Optimization

A Diagram of Parallel Start-to-End Beam Dynamics 
Optimization

constraintsc s
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Application to an LCLS-II Design Study



11 MHz repetition rate to generate coherent x-ray radiation between 
200 eV to 5 keV

Injector consists of a VHF normal conducting gun, buncher, and 
boosting cavities

Linac consists fo 3 superconducting cavity sections, a 3rd harmonic 
linearizer section, a laser heater and two bunch compressors.  

! "#$

%"
#&

'(
)$

< 800 keV > 800 keV 

x 8 cavities
Injector

Allow beam properties
at the cathode to vary.

2 Objectives characterize
longitudinal beam quality.ssss Apply constraints 

at the injector exit.

< 750 keV > 750 keV

A Layout of the LCLS-II Accelerator
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Multi-Objective Global Optimization with 20 pC Charge
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Multi-Objective Injector Beam Dynamics Optimization with 
20 pC Charge

Two optimization objectives at the injector exit:
- rms bunch length
- transverse rms emittance

Pareto optimal front
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Multi-Objective Start-to-End Beam Dynamics Optimization 
with 20 pC Charge

• Two optimization objectives at the entrance of undulator:
- fraction of the charge inside a window [-7,9] um
- rms energy spread inside the window

• Combine the 12 dimension injector solutions with the 10 dimension 
linac random solutions at the 1st generation solution

• Turn outputs at the injector exit into constraints for global optimization

Global start-to-end optimization
shows significant improvement of 
final optimal solutions.



before optimization

after optimization

~350 A

~450 A

Improvement of Final Electron Beam Quality with Global 
Optimization
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Transverse Beam Dynamics Optimization Significantly 
Lowers the Transverse Emittance Growth

before optimization after optimization

• rematching the lattice including 3D space-charge effects
- 1st 5 quads at the exit of the injector
- 4 quads before LH
- 4 quads after LH
- 4 quads after BC1
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Conclusions

• Next generation x-ray FEL accelerator design needs global 
optimization to attain final optimal solution.

• Multi-objective start-to-end beam dynamics optimization is
doable with advanced optimization algorithm and beam 
dynamics simulation tool.

• One application example shows significantly improvement of final 
electron beam quality, which might lead to “more than 80% 
improvement of the final 5 keV radiation energy.” 
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