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LASER PLASMA ACCELERATION

Unique source features
@ compact
@ ultra-fast ~ fs

@ multi-kA current
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e~ diffraction, Compton X-rays future XFELs and colliders
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TIME-SCALES IN LWFA

High power
ultrafast laser Gas flow  EES 1
v My
Electron beam
gas flow plasma laser plasma e.m. field
formation  hydrodynamics propagation response oscillations
1 1 1 1 1

Time millliseconds nanoseconds  picoseconds  femtoseconds

@ gas flow: (super)sonic, transient/steady-state, turbulent, viscosity
@ plasma hydro-dynamics and heat transport: channel/shock formation
@ laser spot formation, measurements interpretation

@ LWFA: e.m. field, plasma response, propagation



OPEN-SOURCE /ON-REQUEST SOLUTIONS

PIC codes

WA R PXmulti-G/solv, port
Smilejmultidl/solv
OSIRISMulti-&2/solv
PIConGPU™Multic/solv, port
EPOCH multid/solv
FBPICRZ, PSATD, GPU
ChimeraCLRZ PSATD, GPU
HiPACE++Q5A
QuickPICQ5A
WAND-PICQ5A
ArchitectR% Fluid
Piccante/ALaDyn

VPIC

iPic3D

Hydrodynamics SR
@ OpenFOAM
@ FluidX3D

@ COOLFluiD
Plasma MHD
@ FLASH

@ CASTRO

@ FRONT3D
Bunch Transport

@ ELEGANTALL
ASTR ARK,SC,SCR

OCELOTMTRX,SC,SCR
ATMTRX

FEL
o

MTRX
Beta P

Synergia™¢

SynchRadSRGPU
Axi PropP top,GPU
SRWSR Prop

XRTSR Prop,GPU
CHIMERASR
Shadow3 (OASYS)

OPCProp

GENESIS®P/ TP
PUFFINSD,TD, unav
CHIMER A3D/PSATD,TD, unav

Bremsstrahlung / K-«

GEANT4



PIC BOOSTING TECHNIQUES AND CHALLENGES

e=Vxb-j, b=-Vxe,
V.e=n, V:b=0,

ri,Pi

Ei,Bi °

Challenges: typically 10° — 10° steps, numerical artefacts



PIC BOOSTING TECHNIQUES AND CHALLENGES
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ri, Pi Eg, Bg

Q’Y .
Pyl
S

Challenges: typically 10° — 10° steps, numerical artefacts
@ Quasi-cylindrical: Xx2N /Ny,



PIC BOOSTING TECHNIQUES AND CHALLENGES

Standard L Envel
Simulation Simulation F Massimo et al 2019 PPCF  1,/n,
800 0.0003
Envelope simulation
160
400
— 0.0002
Z 420 >
v
2 g
P o)
380 = 0.0001
400
Standa Laser simulati
340 w0 Standard Laser simulation 0.0000
1521 1522 152 152 152 119600 120000 120400
x (mm) X (mm) x (¢/w,)

Challenges: typically 10° — 10° steps, numerical artefacts
@ Quasi-cylindrical: x2N /Ny,

@ Laser field envelope: x#nc/npe



PIC BOOSTING TECHNIQUES AND CHALLENGES

Laboratory frame fbpic.github.io

-

Boosted frame

)

AR

Challenges: typically 10° — 10° steps, numerical artefacts
@ Quasi-cylindrical: x2N /Ny,
@ Laser field envelope: x#nc/npe

@ Lorentz boosted-frame: xnc/npe



PIC BOOSTING TECHNIQUES AND CHALLENGES

@)y WarpX (b)
2 0 T ——————]
1 =3
3o =2 — WarpX
, Sy --- HiPACE
) -4 s —-— HiPACE++ explicit
. HiPACE++ _6 595 —5.00 HiPACE++ pred.-corr.
0 ! 20 N ! —6 -4 -2 0 2 4
S. Diederichs et al CPC 2022 kG

Challenges: typically 10° — 10° steps, numerical artefacts
@ Quasi-cylindrical: Xx2N /Ny,
@ Laser field envelope: xnc/npe
@ Lorentz boosted-frame: xnc/mnp,

@ Quasi-static + envelope: x+/27, n¢/ Tpe



PIC BOOSTING TECHNIQUES AND CHALLENGES

de=Vxb-j, db=-Vxe,
Ay, V-e=n, V-b=0,

%4,
So, 0,
%, S
o <

ri, pi | A Eg, Bg

Uy,
2, sy e
S

Challenges: typically 10° — 10° steps, numerical artefacts

@ 2D,3D,RZ @ current deposition: direct,
Esirk , ZigZ.
@ FDTD: Yee, NDFX, DS, CKC SIFEEpOV, 216448

@ PSATD: FFT2D/3D, FFT+Hankel
RZ, Gallilean frame @ QSA: predic-corr, explicit

@ pushers: Boris, Vay, Higuera-Cary

@ Envelope: 2D, 3D, RZ



SPECTRAL MAXWELL SOLVERS
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SPECTRAL MAXWELL SOLVERS

1
2 2
(V B ?zaf)

Classic wave optics: scalar field, no plasma waves

Temporal-spatial spectra:
@ TXY:E(xy) =,k

@ TRO:E(t,1,0)

Ky
= Ywpy o B ki,m) Ju(kyr) emi(whlt=m)

é(w, ke, ky) efi(w/c t—kyx—kyy)

Are used to propagate optical field:

with k2 =W -k

E( )_ EO el.kHZ\/l n

2

1/1 .
E=— (fzatu Vp) = PE=- (%
€0 \C c

- ki) B (] - “;p)

k%, and 7 corrects for non-linear conductivity f / E #const

Axiprop: open-source CPU-GPU portable library [github/hightower8083/axiprop]

@ paraxial, non-paraxial
@ T1XY, TRO

@ plasma response
(linear+perturbation)

@ LASY. i integration

logl[E%6t) @0

T

|

2 4
2llg



SPECTRAL MAXWELL SOLVERS

1 1 /1 .
(v2 - fzaf) E=— (—zag + Vp) — PE=-— (“’2
c € \C c
Interactions with particles: FEL modeling

@ TEM spectral decomposition with envelope
(SVEA)

Gaussian-Hermite or Gaussian-Laguerre
[Tang, Sprangle IEEE ]. Quantum Electron. 1985], [Freund,
Yu NIMA 1997] etc

@ Full spectral decomposition:
3D Fourier, Fourier-Bessel, non-averaged, NUFT z < w
[Andriyash et al JCP 2016]

PSATD implemented in multiphysics code CHIMERA
[github/hightower8083/chimera]




SPECTRAL MAXWELL SOLVERS

Full electromagnetic PIC

VXEZ—/LQBtH, 8¢]§:—ikXE,
— Coae A -
VxH=¢E+], ¢ HE=ik x B — pngJ,
V-E=p/e ik-E=p/e

PSTD PSATD

@ Cartesian geometry T o N i
-[%,¥,2] [k, ky, k.] via 3D FFT - - o f
- MPI domain[Vay CPC 2013] . | . N

- stencil order [Vincenti CPC 2016]
- Warp — WarpX
@ Quasi-cylindrical geometry

- [r,z,0] < [kz, kr, m] Fourier-Bessel
- FBPIC [Lehe et al CPC 2016]
- CHIMERA(CL) [Andriyash et al PoP 2016]
- Galilean frame [Kirchen et al PoP 2016]
- Finite-order stencil [Jalas et al PoP 2017]



GUIDED LWFA AT LOA: EXPERIMENT

[Oubrerie et al Light Sci. Appl. 2022]

Spherical mirror P3
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Laser, 30fs, 810 nm
@ P2: fy = 200 mm, axiparabola 6 = 30 mm, 1.46 mJ

@ P1:fy =1.5m,1.7] (60% in main peak), + 2ns

Target
@ Slit nozzle 15mm 40 bars — np. = 1.4 x 10 cm =3

@ Injection: ionization (Hy+1%N3), shock (Hp)
@ motorised blade to produce shock



GUIDED LWFA AT LOA: EXPERIMENT

[Oubrerie et al Light Sci. Appl. 2022]
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Laser, 30fs, 810 nm
@ P2: fy =200 mm, axiparabola § = 30 mm, 1.46 m]
@ Pl:fy = 1.5m, 1.7] (60% in main peak), + 2ns

Target
@ Slit nozzle 15mm 40 bars — npe = 1.4 X 10 em—3
@ Injection: ionization (H,+1%N3), shock (Hz)
@ motorised blade to produce shock



GUIDED LWFA AT LOA: MODELING

@ Optical propagation (AxiProp) — OFI heating (home-made)
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@ Channel formation (FRONT3D)
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GUIDED LWFA AT LOA: MODELING
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@ Lorentz-boosted PIC (FBPIC)

10



GUIDED LWFA AT LOA: MODELING
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@ Lorentz-boosted PIC (FBPIC)
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