
8 years of beam-driven wakefield simulation –

lessons learned, reduced models & future plans

FACET - II Science Workshop

20 October 2017  – SLAC  – Menlo Park, CA

D.L. Bruhwiler
†

B. Hidding
§,$

G. Andonian
#,&

N. Cook
†

A.F. Habib
§

T. Heinemann
$

O. Karger
$

R. Lehe
%  

G. Manahan
§

F.H. O’Shea
&

J. Rosenzweig
#

J.-L. Vay
%

S.D. Webb
†

G. Wittig
$

† %#$ &

RadiaSoft LLC
†

Univ. of Strathclyde§ Univ. of Hamburg$

RadiaBeam Technologies& UCLA# Lawrence Berkeley Lab%

§



20 October 2017 – FACET-II Workshop – SLAC # 2



20 October 2017 – FACET-II Workshop – SLAC # 3

2010:  Simulating hybrid LWFA/PWFA with OOPIC

• XOOPIC at UC Berkeley  (1992)

– 2D (xy & rz),     X11 GUI on Linux

• OOPIC Pro at Tech-X       (1999)

– PWFA (rz) and LWFA (xy)

• Numerical approximations:

– 2D geometry

• xy (slab) required for LWFA

• rz (cylindrical, noisy) for PWFA

– simple particle shapes, 4 ppc

– low resolution

• 16 cells per laser wavelength

Verboncoeur et al., Comp. Phys. Comm. 87, 199 (1995).

Bruhwiler et al., Phys. Rev. ST/AB 4, 101302 (2001).

Bruhwiler et al., Phys. Plasmas 10, 2022 (2003).



20 October 2017 – FACET-II Workshop – SLAC # 4



“Trojan Horse”  aka  “Plasma Photocathode”

– hybrid of LWFA and PWFA Concepts

Combine both in media w/ at least two components:

Low-ionization-threshold (LIT):   H or Li

High-ionization-threshold (HIT):   He or Li+
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Simulating Trojan Horse with VORPAL/VSim

• VORPAL/VSim at Tech-X Corp.

– 2000:  development started at CU

– 2004:  “dream beams” Nature paper

– 2D & 3D Cartesian PIC

• Numerical aspects:

– 2D Cartesian (slab) geometry

– low resolution

• 16 cells per laser wavelength

– noise suppression

• quadratic particle shapes

• spatial 1-2-1 current smoothing

– tunneling ioniz. w/ multiple species

• ‘static fluid’ treatment of neutral gas

• careful handling of ion macroparticles

Nieter and Cary, 

J. Comp. Phys. 196, 448 (2004).



FACET – the premier facility for PWFA

Timeline:

– CD-0 2008

– CD-4 2012, Commissioning (2011)

– Experimental program (2012-2016)

A National User Facility: 

– Externally reviewed experimental program

– >200 Users, 25 experiments, 8 months/year operation

Key PWFA Milestones: 

✓Mono-energetic e- acceleration

✓High efficiency e- acceleration (Nature 515, Nov. 2014)

✓First high-gradient e+ PWFA (Nature 524, Aug. 2015)

7

20GeV, 3nC, 20µm3, e- & e+20GeV, 3nC, 20µm3, e- & e+

“E210:  Trojan Horse PWFA“ experiment approved in 2011

E210: Multi-institutional, cross-continental collaboration of 

academia (Strathclyde—UCLA—Hamburg—Oslo—Texas—

Boulder), research centers (SLAC—DESY) and industry 

(RadiaBeam—Tech-X—Radiasoft)

E210 Trojan Horse Experiment at

PI‘s B. Hidding (Strathclyde) & J.B. Rosenzweig (UCLA)

2012-2017, experiments at FACET ramping up from 2013-2016 

Hidding, Rosenzweig & the E-210 team.
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• inherently 3D physics
• 2 gases with ionization physics

3D simulations resource intensive – need reduced models

• must resolve laser wavelength (0.8 mm)
• cm or m-scale propagation distances
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Hybrid simulations of Trojan Horse

• Numerical aspects:

– 3D Cartesian geometry

• short-time simulation with VSim

– tracking ionized electrons in 3D fields

• wake fields are assumed quasistatic

– explore alternate ionization algorithms

• ADK is very approximate

• YI alg. yields different brightness
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Approach for low-resolution 3D TH simulations

• 2D Cartesian geometry is highly problematic

– laser and beam evolution is not correct;  wakefield is not correct

– low-resolution 3D is much better than high-resolution 2D

• Don’t resolve the laser pulse

– use an analytic paraxial approximation for a 3D laser pulse

• typically, the laser pulse is treated as an envelope

• with care, one can make use of the time & space resolved fields

• We developed very sophisticated VSim input files

– inject the laser pulse from any angle, with specified phase (i.e. timing)

• multiple laser pulses, envelope or explicit (colinear geometry only)

– static domain decomposition to accommodate macro-particles

• macro-particle density is highest near the central axis

– several flavors of resolution (low to high)

• transition easily from fast parameter scans to heroic parallel simulations

– different driver shapes (Gaussian, triangle) and representations

• current profile (fast, non-evolving);  full PIC
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Example:  Low-resolution 3D VSim runs w/ E-210 parameters

e- beam

e- beam

Elong

Eperp

Elong

• 300 pC of trapped charge

– beam loading 

• transversely unmatched beam

– strong betatron oscillations

• ~1.5 GeV in 0.5 cm

– ~2%  dE/E

• ~0.5 mm mrad,   eN,rms

• ~100 kA peak current
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Simulating beam-driven Bragg structures with VSim

• Numerical aspects:

– 3D Cartesian geometry

• initial runs in 2D

– drive beam modeled via current profile

• fast, low noise (no particles)

• non-evolving beam

– high transverse resolution

• to capture dielectric slab thicknesses

• simple 2nd-order algorithm for dielectrics

– alternate between E and D
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Simulating plasma torch injection with VSim

• Numerical aspects:

– 3D Cartesian geometry

– many options for particle layout

• neutral (macroparticles or ‘fluid’)

• preionized

• careful arrangement on mesh

• many species to choose from

– many options for ionization processes

• singly-charged ion macroparticles

– can be ignored

– can be created & further ionized

• different species handled differently

– each species managed separately

• different ions, charge states

• e-’s are tagged by origin (or not)



UNIVERSITY OF 

CALIFORNIA 

LBNL “BLAST” simulation toolset 
for 3-D modeling of plasma accelerators (and more)

blast.lbl.gov

State-of-the-art simulation tools*:
• Multiphysics framework: Warp.

• PIC optimized library: PICSAR.

• New PIC-AMR code: WarpX.

Multiphysics:
• beams, plasmas, lasers, field ionization, ...

Advanced algorithms:
• boosted frame, PSATD, PML, AMR, rel. 

particle pusher, NCI suppr. (Galilean fr.), 

Python steering, …

High-performance computing:
• parallel (MPI, OpenMP), portable 

vectorization, OpenPMD HFD5 I/O., …

*open source: Warp (warp.lbl.gov), PICSAR (picsar.net), WarpX (public release in 2018).

18
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Simulating shaped Trojan Horse e- beams with Warp

• Designer beams:

– reproducing in Warp the VSim input file capabilities described above

– 3 ionizing Trojan Horse laser pulses are used in combination

• nonlinear optimizer is used with Warp to achieve trapezoidal longitudinal profile

Cook, Bruhwiler, Lehe, Vay et al., Phase I DOE/HEP SBIR final report (2016), DE-SC0013855.



Spectral quasi-cylindrical Particle-In-
Cell algorithm
(azimuthal mode decomposition)

Runs on GPU and (multi-core) CPU

Open-source: github.com/fbpic/fbpic
Documentation: fbpic.github.io

Intrinsic mitigation of Numerical Cherenkov Radiation (NCR)

Support for boosted-frame technique 

Calculation of initial space-charge fields

Field ionization physics (ADK model)

Several useful features for plasma acceleration: 

FBPIC (Fourier-Bessel Particle-In-Cell)

Primarily developed at LBNL and CFEL, Hamburg

http://github.com/fbpic/fbpic
http://fbpic.github.io/
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Suppressing NCI in r-z geometry w/ FBPIC

• Numerical aspects:

– 3D Cartesian geometry

– many options for particle layout

• neutral (macroparticles or ‘fluid’)

Cook, Bruhwiler, Lehe, Vay et al., Phase I DOE/HEP 

SBIR final report (2016), DE-SC0013855.

Warp FBPIC

Numerical Cerenkov Instability (NCI) is observed
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Simulating TH-based dechirping of 

the witness bunch, using VSim

• Numerical aspects:

– As the witness beam achieves new levels of 

brightness, we are observing signs of NMI

• the ‘magic time step’ is used, which helps

Godfrey and Vay, J. Comp. Phys. 267, 1 (2014).



24

Plasma photocathodes

Hybrid concept: Use laser pulses to inject high-quality electrons in 

beam-driven plasma wakefield acceleration

 Two modes of operation:

 Plasma torch:  optically controlled, ultraflexible density downramp injection

• (hydrodynamic) density downramp injection was long proposed for PWFA (Suk et al., PRL 

86, 1011 (2001) but until E210 only shown for LWFA.

• Plasma torch goes a step further and avoids hydrodynamics completely: “next-generation 

density downramps” which e.g. can have ultrasharp scale lengths (Wittig et al., PRSTAB 18, 

081304 (2015)

• Density downramps are interesting in its own right, reinforced plans at FACET-II and DESY, 

for example 

 Trojan Horse: implant tunable, ultracold electron population directly within blowout, 

promises emittance (nm rad-scale) and brightness improved by orders of magnitude

• Idea proposed in 2011 and led to E210: Trojan Horse 

programme  (Hidding et al., PRL 108, 035001, 2012)

• Requires fs, µm-scale spatiotemporal alignment of 

laser and electron beam

• Preionized plasma channel width a (technical) 

bottleneck

E-210: Trojan Horse 
collaboration

Hidding, Rosenzweig & the E-210 team;  

multiple papers are in preparation.
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• New hybrid concept:

– replace the plasma with a 

cylindrical dielectric

• or planar geometry…

– neutral H or He gas inside

• Simpler than standard TH

– only one plasma species

• Otherwise, very similar

– e- drive beam

– ionizing laser pulse

Modeling “Capillary Trojan Horse” concept with Warp

F.H. O’Shea et al., Phase I DOE/HEP SBIR project (2017), 

DE-SC0017690.
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• Numerical aspects:

– starting with 2D Cartesian in planar structure

– dielectric wakefield is represented by an analytic function

– laser pulse is not resolved

– we’ve started exploring the parameter space

• laser pulse energy and length

• resolution, PPC, …

Modeling “Capillary Trojan Horse” concept with Warp

F.H. O’Shea et al., Phase I DOE/HEP SBIR project (2017), 

DE-SC0017690.
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Partial list of EM PIC codes for plasma accelerators

J.-L. Vay and R. Lehe, “Simulations for Plasma and Laser Acceleration”, 

Reviews of Accelerator Science and Technology 9, 165 (2016).
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Future Plans

• Ongoing simulation of E-210 experiment

– better understand the experimental data

– papers are in preparation

• Continued exploration of new beam-driven ideas

– assist in development of plans for FACET-II & other facilities

– support “capillary Trojan horse” 

• Codes

– VSim will continue to be used by those with access

• highly-productive work flow

– Ongoing use of Warp – moving to WarpX

• 2D and 3D Cartesian, manycore, pseudospectral solvers (no NCI)

– Begin using FBPIC

• 2D cylindrical with azimuthal modes, manycore, spectral solvers

• New symplectic EM algorithm with r-z spectral solver
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Webb et al., “A Spectral Symplectic Algorithm for 

Cylindrical Electromagnetic Plasma Simulations (2016);

https://arxiv.org/abs/1609.05095

https://arxiv.org/abs/1609.05095
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Explicit maps for charged particle & field dynamics

2nd-order advance;

H approx. conserved

4th-order advance;

via Ruth-Yoshida

Gaussian r-z distrib. 

of macro-particles

Beam/field update is a sequence of explicit maps:
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