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Plasma acceleration at DESY: R&D activities
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PIP4 simulation

> The plasma injector for Petra IV
Science case, Conceptual Design Report, open questions

> Progress on simulation methods
Wakefield, hydrodynamics

> Tolerance to transverse misalignment
3D simulations for misalignment in waveguide

~ Simulating HOFI + LPA

> How to make the plasma waveguide

AAC 2026, UCLA - M. Thévenet 4




Petra IV: next-generation synchrotron source

Upgrade of the 2.3-km Petra Il storage ring for synchrotron radiation
Orders-of-magnitude increase in X-ray brightness

Specs: 6 GeV, > 1 nC/s, 1% momentum acceptance, 10 mm.mrad
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Petra IV: next-generation synchrotron source :

Upgrade of the 2.3-km Petra Il storage ring for synchrotron radiation

Orders-of-magnitude increase in X-ray brightness

Specs: 6 GeV, > 1 nC/s, 1% momentum acceptance, 10 mm.mrad
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LUX design + energy compression heamline

L L ol Decompression A. Martinez de
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LUX design + energy compression heamline

Laser Laser-plasma

accelerator Beam-transport

Challenges: 6 GeV beams, few nC/s, 1% energy acceptance magnets

LPA built on LUX design for reliability

HOFI channel for energy efficiency
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LUX design + energy compression heamline

Decompression

Laser Laser-plasma 4
Beam-transport chicane

accelerator

Challenges: 6 GeV beams, few nC/s, 1% energy acceptance magnets 5

LPA built on LUX design for reliability

HOFI channel for energy efficiency
Energy Compression Beamline

30 Hz with filling pattern

c')T\ — plasma = H; = Hy+N; — N;(6.5%) 150
0 50 100 150 200 250
z (mm)
10 N
z=2.00 mm 8 ¢
50 6 ©
45
— 2 =
5o 3 <
X
0.05 2
501 = S @
= 1
-125 -100 -75 -50 -25 0
C (um)

DESY.

M. Kirchen et al. PRL 126.17 (2021)

S. Antipov et al., 24, PRAB 111301 (2021)

A. Ferran Pousa et al. PRL 129, 094801 (2021)
https://qithub.com/fbpic/fbpic

R. Lehe et al., Comput. Phys. Commun. 203 (2016)
M. Kirchen et al., Phys. Rev. E 102, 013202 (2020)

s & .
W 0¢ 6&5 ’*’ Dechirper cavity
5" AR AR T % i

. > Macrepartich 2D cylindrical (quasi-3D) PIC

Open questions
» What misalignement can we tolerate between HOFI and LPA laser?
» (Can the injection method be combined with HOFI?

AAC 2026, UCLA - M. Thévenet
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PIP4 simulation

> The plasma injector for Petra IV
Science case, Conceptual Design Report, open questions

> Progress on simulation methods
Wakefield, hydrodynamics

> Tolerance to transverse misalignment
3D simulations for misalignment in waveguide

~ Simulating HOFI + LPA

> How to make the plasma waveguide
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| Shape the source

Use the beam
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| Shape the source

From the market
Cheetah, Ocelot, Elegant, Genesis, ..

AAC 2026, UCLA - M. Thévenet



Do the wakefield: 2 flavors of PIC available

Push

- / macroparticles

Make sure they talk

\ Solve fields

on the grid

Y

\

+» Particle-In-Cell is expensive
1000 compute units for hours is common

s plasma acceleration requires many (millions) timesteps
CFL with small timesteps vs. long accelerating distance

% Solution 1: the boosted frame
Reduce scale discrepancy with a Lorentz transform

o%

*%

Solution 2: the quasistatic approximation
Calculate the plasma response assuming the laser is frozen: zp > 1,

Fast and accurate but cannot capture injection

DESY. AAC 2026, UCLA - M. Thévenet 9



Do the wakefield: 2 flavors of PIC available
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Solution 2: the quasistatic approximation
Calculate the plasma response assuming the laser is frozen: zp > 1,

Fast and accurate but cannot capture injection
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Do the wakefield: 2 flavors of PIC available

Push
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Make sure they talk
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Wake-T: cylindrical + quasistatic for fast runs

Hours on A100

Minutes on laptop Angel Ferran Pousa

Accurate simulations within minutes on a laptop

» 2D RZ + quasistatic -Lin Yeh
» Laser-driven or beam-driven

» Adaptive grid & ion motion

https://qithub.com/Wake-T/Wake-T

A. Ferran Pousa et al,, J. Phys.: Conf. Ser. (2019)
C. Benedetti et al., PPCF 60 014002 (2018)

P. Baxevanis and G. Stupakov, PRAB 21 (2018)
A. Ferran Pousa et al., accepted in CPC

AAC 2026, UCLA - M. Thévenet 10
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HiPACE++: 3D quasistatic PIC at scale

-0.5
=280 =270 =260 =250 =240 —230 —220 ~210 —200

-300

—-400 -300 -200 -100 0 Alexander
z (um) Sinn
HiPACE++ <insert logo> Xingjan
Affordable 3D simulations on top supercomputers - - ‘f"‘l o
» Optimized for GPU computing |
. . . @ P S ERIEE
Little sister of WarpX, C++, built on AMReX Marchetti

>
> Beam-driven & laser-driven
>

MUltiphySiCS (COIliSionS, ionization, ) LBNL AMP + BELLA

CEA

https://github.com/Hi-PACE/hipace
S. Diederichs et al. Comput. Phys. Comm. 278, 108421 (2022)

AAC 2026, UCLA - M. Thévenet 11
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Both codes agree on challenging simulations
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—— Wake-T
Wake-T with AGs
—3— Wake-T (no ions)
-re:= HiPACE++
HiPACE++ with MR
-+e-- HiPACE++ (no ions)

HIPACE++ <insert logo>

P

J -
5/ Few nanometers!

m

BN

A. Ferran Pousa et al., accepted in CPC AAC 2026, UCLA - M. Thévenet 12



An array of open-source GPU-capable codes

Electromagnetic Quasistatic

Quasi-3D ; B P I C

@] BERKELEY LAB

3D

Other codes are available: OSIRIS4.0, PIConGPU,

SMILEI, VSIM, QPAD, QuickPIC, WAND-PIC, ...
https://qgithub.com/Wake-T/Wake-T
https://github.com/fbpic/fbpic
https://github.com/Hi-PACE/hipace
https://github.com/ECP-WarpX/WarpX AAC 2026, UCLA - M. Thévenet 13
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Can we plug codes together?

== plasma == H,

z=2.00mm
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Can we plug codes together?

z=2.00mm
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Can we plug codes together?

=) Wake

== plasma == H,

(@)

z=2.00mm

a

1
8
6
4
2
3
2
1
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Can we plug codes together?

Beam
Laser

Beam V
Laser

Electric field vs. vector potential
Full field vs. envelope

...yes with a bit of help

AAC 2026, UCLA - M. Thévenet



LASY /. LAser manipulations made eaSY

3D Cartesian or cylindrical
Envelope representation
Readers from measurement (INSIGHT, etc.)

Python, open-source

lasy. e
lasy.pr sian_profile GaussianProfile

vV V VYV VY VY

. imports
Converters (field/envelope, E/A)
phVSicaI 2zl:;$zat\or1

L spot_size
description pulse_duration

of laser t_peak

laser_profile = GaussianProfile(wavelength, polarization, energy, spot_size, pulse_duration, t_peak)

dimensions rts

simulation
parameters +
create object

(e, * pulse_duration)
(5 * spot_size, 2.5 * pulse_duration)
(300, 500)

num_points
laser Laser(dimensions, lo, hi, num_points, laser_profile)

propagate laser. gate(-2e-6)

+ plot/save laser. envelope_type=
laser. to_file('test

loa

BERKELEY LAB

Rob Shalloo

DESY. AAC 2026, UCLA - M. Thévenet



LASY /. LAser manipulations made eaSY

3D Cartesian or cylindrical

Envelope representation

Python, open-source

vV V VYV VY VY

Converters (field/envelope, E/A)

Experiment to simulation

camera data +
modal reconstruction

o)

camera image

@\

lasy pulse

Rob Shalloo

DESY.

Readers from measurement (INSIGHT, etc.)

physical
description
of laser

simulation
parameters +
create object

propagate
+ plot / save

GaussianProfile

wavelength
polarization
energy
spot_size
pulse_duration
t_peak

[ I TI]

laser_profile = GaussianProfile(wavelength, polarization, energy, spot_size, pulse_duration, t_peak)

dimensions

- r+

* pulse_duration)
* spot_size, > * pulse_duration)
500)

num_points
laser = Laser(dimensions, lo, hi, num_points, laser_profile)
laser.pro

laser. nvelope_type:
laser.wri to_file('tes

. BERKELEY LAB

AAC 2026, UCLA - M. Thévenet



LASY /. LAser manipulations made eaSY

vV V VYV VY VY

Experiment to simulation

o)

camera image

camera data +
modal reconstruction

Rob Shalloo

DESY.

@\

lasy pulse

Python, open-source

3D Cartesian or cylindrical

Envelope representation

Converters (field/envelope, E/A)

Readers from measurement (INSIGHT, etc.)

Simulation to simulation

I'njection 'Acceleration _
— e
H>
© s — Hy+N>
i.E
_‘
—— FBPIC

___ WakeT
(continue from FBPIC

imports

physical
description
of laser

simulation
parameters +
create object

propagate
+ plot / save

GaussianProfile

wavelength
polarization
energy
spot_size
pulse_duration
t_peak

[ I TI]

laser_profile = GaussianProfile(wavelength, polarization, energy, spot_size, pulse_duration, t_peak)

dimensions

_—

* pulse_duration)
spot_size, * pulse_duration)
500)

num_points
laser = Laser(dimensions, lo, hi, num_points, laser_profile)
laser.

laser.show(envelope_type:
laser. to_file('tes

BERKELEY LAB

AAC 2026, UCLA - M. Thévenet



| Shape the source

Use the beam

AAC 2026, UCLA - M. Thévenet
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Shaping the source: hydrodynamics

Transverse tailoring for laser wavequide

Longitudinal tailoring for injection & matching

densities (cm™3)
[

lel?7
—— electrons
—— argon

0 2 8 10

Simulation methods

» Gas flow: existing solutions (ANSYS, COMSOL)

» Plasma shaping: hydrodynamics

AAC 2026, UCLA - M. Thévenet
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Shaping the source: hydrodynamics

Transverse tailoring for laser waveguide Longitudinal tailoring for injection & matching
Field ionized expanded HOFI waveguide lel?

plasma column -
lE 2 |
e
w —— electrons
Q1
et
2 —— argon

C. G. Durfee & H. M. Milchberg, PRL 71 (1993) hockw
HOFI channel & ) shaioo et al, pre 97 (2018) sflocrwave S 01 , : : :
0 2 4 6 8 10

Simulation methods
» Gas flow: existing solutions (ANSYS, COMSOL)
» Plasma shaping: hydrodynamics

AAC 2026, UCLA - M. Thévenet 17



Shaping the source: hydrodynamics

Transverse tailoring for laser wavequide

Field ionized

plasma column expanded HOFI waveguide

C. G. Durfee & H. M. Milchberg, PRL 71 (1993)

shockwave
R. J. Shalloo et al., PRE 97 (2018)

HOFI channel

. Spence & S. M. Hooker, Phys. Rev. E 63, 015401 (2000)
. Gonsalves et al., PRL 122, 084801 (2019)

Longitudinal tailoring for injection & matching

__ lel?
IE 2_
3
w —— electrons
Q2 11
2 —— argon
3 0- , , , ,
0 P 4 6 8 10

Simulation methods
» Gas flow: existing solutions (ANSYS, COMSOL)

» Plasma shaping: hydrodynamics

AAC 2026, UCLA - M. Thévenet
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HYQUP: HYdrodynamic QUasineutral Plasma

Assumes fluid
separate for

electrons and heavy particles (ions, atoms,
molecules)

lonization state tracked via collisional
reaction rates

No explicit EM fields required

Implemented in COMSOL Multiphysics,
1D/2D/3D

Flow o -

Electron energy

0 T = e A~ v v
ate+ V[( Te+pe)v]_v'Vp€_v'( VTe)
=~k (T =To) = Y AE
ja Similar for atoms
Species a

on,
ot

+V-(ngd) = ch“
J

AAC 2026, UCLA - M. Thévenet

Key

p: mass density

v: flow velocity

p: pressure

B: magnetic field

T: viscous stress tensor
n: number density

c: stoichiometric const.
r: reaction rate

C: heat capacity

T: temperature

A: thermal conductivity
k._p: collisional energy
transfer

AE: reaction energy

E: electric field

Mathis Mewes

18



HYQUP was benchmarked against experiments

Field ionized
plasma column

expanded HOFI waveguide

shockwave

HOFI channel

Discharge capillar

Imm 5 mm

50 mm
100 mm

Vacuum

rl’?
)
Q
>
@
3
L)
kel
(<)

Pcen (mbar)

AAC 2026, UCLA - M. Thévenet

Sim.
Exp.:
25 mbag &
45 mpér

M. Mewes et al. PRR 5,
033112 (2023)

Experiments at Oxford
University (S. Hooker)

M. Mewes et al. PRR 7,
043193 (2025)

Experiments in the ADVANCE
lab at DESY (J. Wood)

19



CHEQUP: open-source HOFI simulations

Time = 0.00e+00 s

HYQUP CASTRO (Stony Brook Uni + LBNL)  * CHEQUP
+ = FRF R AT
physics C++, GPU, MR ol
| BERKELEY LAB ° 1 2 o 5 6

» Project initiated by R. Lehe (LBNL), DESY joined merrily

i)
)

» Open-source since June 24
» Go check talk by Christian McCombs (LBNL)

Remi Lehe Christian McCombs Alexander Sinn Thibault Benahmed

https://github.com/chequp-org/chequp
pesy. https://github.com/AMReX-Astro/Castro AAC 2026, UCLA - M. Thévenet



Start-to-end supported by openPMD standard

CHEQUP v Archive

e

v' Analyze
/

T~ v Share

N

<your code> v’ Interface

WarpX

\
HIPACE++ —

» Open standard for Particle Mesh Data

BERKELEY LAB NMaedJd/ » Comes with C++ & Python implementations

HELMHOLTZ ZENTRUM

DRESDEN ROSSENDORF » Largely simplifies start-to-end simulations

https://github.com/openPMD
https://github.com/openPMD/openPMD-api
https://github.com/openPMD/openPMD-viewer AAC 2026, UCLA - M. Thévenet 21



An international suite of open-source tools for S2E

Simulate wakefield acceleration and more... \V.V \Y 4 % Plasma source tailoring BLAST

BEAM PLASMA & ACCELERATORSIMULATION TOOLKIT
& .
-

/

X/

% Realistic experimental profiles

- All open-source LASY CILIEQUP < Plasma recovery for repetition rate
open &)
- All PM 6 % Parallel Bayesian optimization
Aptimas T
F'PACEH ... harnessing the fastest supercomputers
2
Highlights

» Affordable multi-stage simulations in RZ and 3D with Wake-T & HIPACE++ at 5-nm resolution using mesh refinement.

» Easy code handshakes with broad adoption of openPMD standard and library LASY, including plasma source tailoring with HYQUP.
» Support studies at DESY and worldwide with open-source codes FBPIC, Wake-T in scalable Bayesian optimization with Optimas.

» Harness the latest GPUs with FBPIC and address Exascale computing with HIiPACE++.

DESY. AAC 2026, UCLA - M. Thévenet 22



Build your own toolchain

LASY - éCHEQUP

lAxicon laser iHOFI expansion

I
U N
HiPﬂg+

lonization

DESY.

AAC 2026, UCLA - M. Thévenet

Shape the source
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Build your own toolchain

m I'njection 'Acceleration ' _
| — e
€ — H,
v]
w 1F g uE: — H2+ N,
= [—
— =
c
0 a :

Laser handshake

.

Tm FBPIC T\rf" 1

LPA injection LPA acce

TLASYJV_

Realistic laser

DESY. AAC 2026, UCLA - M. Thévenet

Shape the source

Do the wakefield

24



Build your own toolchain Shape the source

' Do the wakefield

AP~ ¢ Use the beam

PETRAIY

"o o ELEGANT
Beam dynamics

DESY. AAC 2026, UCLA - M. Thévenet 25



Build your own toolchain [P timas

Optimization at scale
Bayesian Optimization

@K I|bEnsembIe

éCHEQUP

iHOFI expansion

LASY _i;
leicon laser
Tp
H|PAC ++
lonization

fWakeT
0 100 200 300
—

oo
3
7 p* =081

=== FBPIC only
= FBPIC assisted by Wake-T

20 40 60 80 100 120
Run time (h)

,?E Injection | Acceleration i Z;
wU 1 gné) — Hz+N;
<, \
LASY ./ !
Laser handshake Beam dynamics

. .

>

TLASYJV_

Realistic laser

https://github.com/optimas-org/optimas
https://github.com/Libensemble/libensemble
DESY. Hudson et al. IEEE Trans. Parallel Distrib. Syst. 33 (2021)

T FBPIC T\'N"" T

LPA injection LPA acceleration - ELEGANT

Beam dynamics

AAC 2026, UCLA - M. Thévenet 26



PIP4 simulation

> The plasma injector for Petra IV
Science case, Conceptual Design Report, open questions

> Progress on simulation methods
Wakefield, hydrodynamics

. . minaly
» Tolerance to transverse misalignment

3D simulations for misalignment in waveguide

cminaly
> How to make the plasma waveguide Ziaus

— Simulating HOFI + LPA

\

AAC 2026, UCLA - M. Thévenet 27




Laser pointing jitter causes beam degradation 3

2m2R?
Alexander Sinn
Ao

A=

20 — 0.0 um

X, (um)
o

-20

0 5 10 15 20 25 30
z (cm)

|deal HOFI LASY
\ Laser handshake

— Tm FBPIi TW“ T>

|Ideal laser LPA injection LPA acceleration

DESY. Maxence Thévenet et al.,, PRAB 22 (2019) AAC 2026, UCLA - M. Thévenet o8



Laser pointing jitter causes beam degradation 3

\ y
2m2R?

Alexander Sinn
Ao

A=

20 — 0.0 um

Xy (um)
o

-20

0 5 10 15 20 25 30
z (cm)

|deal HOFI LASY
l Laser handshake

l’ AN
‘ ‘ )
Ideal laser LPA injection

LPA acceleration

> Replace cylindrical codes with 3D codes

DESY. Maxence Thévenet et al.,, PRAB 22 (2019) AAC 2026, UCLA - M. Thévenet 28



We can reproduce initial WP in 3D

Cylindrical FBPIC+Wake-T

Full 3D WarpX + HIPACE++

Alexander Sinn

0.5 0.5
6.751 17000 mm Q=282.7 pC 6.751 - 200,00 mm Q = 305.4 pC
0,/Y=0.5310"2 04 i 0,/y=0.90 1072 04
6.50 \ 0,=2.69 um : 6.50 - 0,=2.75 um :
€n,x=14.11 um €n,x=16.19 um
< 6.25 1 \ En.y=9.15 um < 6.25 -. €ny=1178 um
g i 03§ (7] B 03 §
= 6.00 e ecareome s £ 6.00 - e N S . ~inary
[ R 2 m\n
5 s 3 “ : prelt
g 5.75 1 023 o 5757 02¢
L | EEE— % w .
5.50 1 5 5.50 1 25 %
pC/MeV ',,’( pC/MeV \?‘
% 0.1 .
5.25 5254 Laser 10% longer and %, ot
Emed =5.991 GeV . % Emed = 6.001 GeV
5.00 5.004 10% higher energy \
: ; ; . 0.0 ' : : L1 . 0.0
25 e = Current (kA) 30 ] == Current (kA)
=@~ Emit. y (um) =@~ Emit. y (um)
20 : Emlt. X (uni)2 -@- Emit. x (uni)
pread (10-2) 20 =@~ Spread (1072)
151
10 1 104
5 o
= T 0 T T T T
—-100 -90 —-80 -70 -100 -90 -80 -70
¢ (um) ¢ (um)

WarpX: 14 node-hours / cm

Laser 20 J, 33 fs, 37 um spot, focus 2.2 mm
Plasma 2x10cm™3, wy; = 40 um, 20 cm

HiPACE++: 0.25 node-hours / cm (but cannot model injection)

» Connecting electromagnetic and quasistatic model is worth it!

DESY. AAC 2026, UCLA - M. Thévenet 29



Current setup could tolerate micron-scale offset 3

DESY.

c laser Alexander Sinn
' —— beam
— -
E ol 1
2 09 %
X
5 pretimina®
0 25 50 75 100 125 150 175 200
Z (mm)
Offset x amplitude 0, amplitude Emittance Charge o o
(um) (um) (mrad) (um) (pC) » Laser oscillations damped, coherent betatron oscillations
0.0 0.290 0.115 16.1 310 > No offset: width ~ um, divergence ~ mrad
01 0.213 0.0881 16.3 308 » Final betatron phase matters:
0.4 0.444 0.246 17.3 309 o
trade-off final position offset ~Ax vs. pointing ~2mAx /4,
1.0 0.867 0.494 19.4 306
55 155 0875 201 586 » Few-micron offset comparable to beam width and divergence
50 318 178 406 257 » Solutions investigated to reduce offset and mitigate effect
10 4.94 2.69 451 207

P. Blum et al. Optics letters 51 (2025) AAC 2026, UCLA - M. Thévenet 20



PIP4 simulation

> The plasma injector for Petra IV
Science case, Conceptual Design Report, open questions

> Progress on simulation methods
Wakefield, hydrodynamics

. . minaly
» Tolerance to transverse misalignment

3D simulations for misalignment in waveguide

cminaly
»> How to make the plasma waveguide & elim e

— Simulating HOFI + LPA

\

AAC 2026, UCLA - M. Thévenet 31




Original: simulate LPA from ideal profiles

. 1lel7?
£ 27
LA
. —— electrons
21
2 —— argon
3 01 , , , ,
0 P 4 6 8

Z (um) |deal HOFI

n[1018 cm—3]

Laser handshake

FBPIC KkeT

: LPA injection LPA acceleration
0 25 50 75 100

radius (um)

AAC 2026, UCLA - M. Thévenet 32



kL

New: HOFI simulation included in pipeline D

-/

Thibault Benahmed

_3]

Injection | Acceleration

éCHEQUP

5 1t olF -
Ideal laser HOFl expansion 3 BE
l i C O |
TD , LASY
: (?\ Laser handshake
HIPACE++

lonization l

I Tm FBPIC TW" T

LPA injection LPA acceleration

>

DESY. AAC 2026, UCLA - M. Thévenet 33



CHEQUP simulations give appropriate profile

Ideal plasma profile

Realistic plasma profile

q‘g—‘ &‘)
Ly
:@;)

Thibault Benahmed

orelimina’y
lE plasma — H3 Ar (13.8 %) lE plasma — H Ar (13.8 %)
S 2.5 v 25
= Argon = /—/ Argon
= 0.0 7 el 05 1.0 = 0.0 . 05 1.0
150 - 150 .
ne (10 cm™3) | ] Nne (10Y cm™3) | i
100 - 0 2 100 1 2
50 i 50 i i
£ i S ! i
Z 0 ! 2 O ! !
< ! X ! !
-50 ! —501 i E 1
: : ! —
—1001 —100 1
-150 - - - - -150 - - - - -
0 2 4 8 10 2.0 5.2 0 2 4 6 8 10 2.0 6.2
Z (mm) Z (mm)
Gas density 2.8 108¢m ™3
Argon dopant 13.8%
HOFI laser is Gaussian, collimated
DESY. AAC 2026, UCLA - M. Thévenet Hydro expansion time 3.5 ns 34

LPA laser: 20 J, focused at 1.93 mm, duration 33 fs



LASY ] /, CHEQUP

iy < Conclusion & Perspectives

lonization
Laser handshake Beam dynamics

ELEGANT
Beam dynamics

LPA injection LPA acceleration Plasma injector for Petra IV demands s2e modelling
Many high-quality open-source tools are available
standard openPMD + libraries LASY & Optimas

3D is affordable e.g. combining EM and QS PIC

LASY /. -
Realistic laser Future work to improve:

» Accuracy of HOFI simulations
» Accuracy of laser ionization

The plasma group Tight tolerance between waveguide and LPA

C. McCombs, J. Osterhoff, C. Benedetti, J.-L. We are working on generating the long HOFI channel
&l BERKELEY LAB Vay, A. Huebl, R. Lehe, A. Myers, W. Zhang, C.

B. Schroeder Happy to share s2e methods, reach out if interested

vV V V VYV V VY VYV VY

G. ). Boyle More on X-ray generation coming soon
S. Hooker

L. Fedeli

Thank you for your attention

* X %
*

* %
*
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*
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