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Motivation
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Scope – simulating crystal CPA amplifiers
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100 TW Ti:Sapphire amplifier layout

Example 100 TW laser amplifier layout, courtesy of Berkely Lab’s BELLA Center
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• An operator splitting approach is used
• simpler and faster than solving 3D PDEs
• laser pulse slices interact with crystal slices
• 2D Cartesian wavefront is the fundamental object
• use open source SRW code for physical optics

• potentially to be replaced by linear canonical transforms
• GUI to be implemented via Sirepo.com

Modeling approach – slice the laser pulse



7Advanced Accelerator Concepts Nov. 8, 2022

• Fundamental interaction is a laser pulse 
propagating through a crystal slice
• Frantz-Nodvik approximation works well
• 2D Cartesian mesh for transverse variations
• quadratic radial variation is useful approximation

• nonlinear effects can be included perturbatively

Modeling approach – slice the crystal
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• Prop. wavefronts via linear canonical transforms (LCT)2

• we use the decomposition of Pei and Huang3

• this recasts a standard ABCD matrix into 3 simpler matrices
• each of which SRW can use to transform wavefront

• We are developing a Python library for LCTs4

• enables propagation via more general ABCD matrices

Leveraging Synchrotron Radiation Workshop (SRW)1

[1] O. Chubar, SRW: Synchrotron Radiation Workshop,  https://github.com/ochubar/srw
O. Chubar and R. Celestre, “Memory and CPU efficient computation of the Fresnel free-space 
propagator in Fourier optics simulations,” Optics Express, V.27 (2019); doi:10.1364/OE.27.028750

[2]  J. Healy et al., Linear Canonical Transforms: Theory and Applications, V.198 (2016); 
doi:10.1007/978-1-4939-3028-9

[3] S.-C. Pei & S.-G. Huang, “Two-dimensional nonseparable discrete linear canonical transform based 
on CM-CC-CM-CC decomposition,” J. Opt. Soc. Am. A, V.33 (2016); 
doi:10.1364/JOSAA.33.000214

[4] B. Nash et al., “Linear Canonical Transform Library for Fast Coherent X-Ray Wavefront 
Propagation,” Intern. Part. Accel. Conf. (2022); doi:10.18429/JACoW-IPAC2022-THPOPT068

https://github.com/ochubar/srw
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Experimental setup

Experiments conducted at the LBNL BELLA Center
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WFS images taken as initial condition for simulations
Intensity (arb. Units) phase (radians)

• Wavefront sensor (WFS) images
• taken in the absence of crystal pumping (no thermal effects)
• 32x40 pixels is typical WFS resolution

• SRW wavefronts are instantiated – identical to the data
• truncated to 32x32 mesh to accommodate FFT algorithms
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Comparing simulations with data from a warm crystal
Experiment:  Intensity (arb. Units) Simulation:  Intensity (arb. Units)

• WFS image (left), taken with crystal pumped at 1 kHz
• thermal lensing increases peak intensity from 50 to 70
• pulse timing chosen to prevent laser amplification effects
• seed pulse wider than pump pulse (not typical for amplifier)

• Simulation assumes linear focusing, which is not correct
• absence of focusing at large radii can be included in simulations
• focusing force is increased in simulation to match peak intensity
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• Initial experiment/simulation validation effort is underway
• the simulated laser pulses are instantiated from WFS image pairs

• the images:  intensity & phase
• 32x40 pixel wavefronts (truncated to 32x32) propagate well with SRW

• dn/dT (aka n2) inferred from thermal modeling of Ti:Sapph crystal
• simulations done with the open source FEniCS finite-element solver

• Thermal focusing seen in experiments are stronger than simulation
• the discrepancy is not yet understood
• two possibilities to consider – both to be addressed with FEniCS

• nonlinear effects due to temperature dependence of physical quantities
• outward bulging of the crystal faces could yield focusing effects

Initial lessons learned

[5] FEniCS,  https://fenicsproject.org
[6] M.A. Rincon et al., “A nonlinear heat equation with temperature-dependent parameters,” Math. Phys. 

Electron. J. 12 (2006);  http://www.maia.ub.es/mpej/Vol/12/5.pdf
[7] D.T. Abell et al., “Thermal Modeling and Benchmarking of Crystalline Laser Amplifiers,” Intern. 

Part. Accel. Conf. (2022);  doi:10.18429/JACoW-IPAC2022-THPOTK062

https://fenicsproject.org/
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• Other integral transforms are special cases of the general LCT:
• Fourier & fractional Fourier, Fresnel, chirp multiplication & scaling

• An LCT can be composed of simpler LCTs
• decompose matrices, then compose the corresponding transforms

Definition of the 1D Linear Canonical Transform
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Definition of the 2D LCT

A.J. Dragt, Lie Methods for Nonlinear Dynamics, with Applications to 
Accelerator Physics (Nov. 2020); https://physics.umd.edu/dsat/

https://physics.umd.edu/dsat/
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Testing the separable 2D LCT

• Application of three 120 deg transformations:
• approximately recovers the original electric fields
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Gaussian duct, for quadratic variation of n0
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Gaussian duct, comparing SRW vs LCT

Initial 
wavefront

SRW 
wavefront

LCT 
wavefront

Integrated energy: 75.6595989 75.6595881 75.2317080

Initial 
wavefront

SRW 
wavefront

LCT 
wavefront

Integrated energy: 75.6595989 75.659585 73.826219

nsigma: 10
mesh: 300 x 300
LCT calc time: 0.47 s
SRW calc time: 0.013 s

nsigma: 24
mesh: 300 x 300 points
LCT calc time: 0.45 s
SRW calc time: 0.013 s
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• 1D Frantz-Nodvik applied in each cell of the 2D mesh
• will soon be integrated with the propagation code:

Next steps: include amplification effects (1)
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Next steps: include amplification effects (2)
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Next steps:  deploy Sirepo-based GUI
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• High-power short-pulse lasers are moving toward high rep rate;  
e.g., 1 PW at 1 KHz

• There is a need for widely-available modeling software
• developing a Python library,  https://github.com/radiasoft/rslaser/

• operator splitting (slicing pulse & crystals) allows for 2D simulations
• Fourier optics, together with laser amplification and thermal effects

• Fourier optics is enabled via LCTs, initially by leveraging the SRW code

• thermal modeling via the FEniCS code;  available in Jupyter server of Sirepo.com

• Sirepo.com UI is being developed to support these capabilities

• Experiments at the BELLA Center enable detailed comparisons
• the experimentally observed thermal focusing is stronger than expected

• possible explanations are being explored

• Future work: add amplification & compare with 100 TW amplifier

Summary

https://github.com/radiasoft/rslaser/


Thanks!

Questions?

This material is based upon work supported by the U.S. Department 
of Energy, Office of Science, Office of High Energy Physics, under 
Award Numbers DE-SC0020931 and DE-AC02-05CH11231.
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