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WP3 main goals

Goal: Support the current design of high repetition rate plasma components for the EuPRAXIA project with
beam/plasma/laser interaction simulations tools and theoretical models to guarantee acceleration, radiation and

transport of high-quality electron beams.

Site 1 - beam driven Site 2 - laser driven

(R

TDR was recently released Stage 0: 400-500 MeV
https://doi.org/10.15161/oar.it/k57gz-5gk09 Stage 1: 1 GeV

Laser Phase 0: 3
Laser Phase 1: 5

Key objective: produce high quality electrons for FEL in plasma
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https://doi.org/10.15161/oar.it/k57qz-5qk09

WP3 main goals

Task 3.1 Development of a toolkit for hydrodynamic simulations
DESY (Maxence Thevenet, Task Leader), INFN, ELI-ERIC, CLPU, CNRS

. Task 3.2 Design in the High-Repetition Rate Regime.
ELI-ERIC (Alexander Molodozhentsev, Task Leader), INFN, DESY, CNRS

. Task 3.3 Development of codes for radiation emission in a plasma module.
IST (Jorge Vieira, Task Leader), INFN, GSI, UROM, ELI-ERIC

. Task 3.4 Development of a toolkit for simulating acceleration in finite temperature plasma.
INFN_Mi (Andrea Rossi, Task Leader), UTOV, CNRS, DESYC
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Milestones

M 19 Benchmark hydrodynamic simulations of capillary discharges in
realistic conditions (2D or 3D).

M20 Analysis of different approaches, including the stability analysis of the
accelerated beam caused by the jitter; to design the EuPRAXIA high
repetition rate plasma module.

M34 Benchmark of the code against existing PIC codes implementing
different physical models.

M35 Benchmark of a GPU based spatiotemporal radiation post-
processing tool.
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Deliverables

D3.1 An MHD open-source software toolkit for HOFI simulations.

D3.2 Exa-scale ready post-processing radiation diagnostics for PIC codes.

D3.3 A hybrid fluid-kinetic simulation tool able to take into account
plasma finite temperature effects on acceleration.

D3.4 Design of the EUPRAXIA plasma module in the high-repetition-rate
regime.

WWW.pacri.eu

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)

M19

M20

M34

M35

D3.1

D3.2

D3.3

D3.4




*

‘PACRI Multiscale simulations for plasma accelerators

-

ms fs as
Hydrodynamic Kinetic scales X-ray and y-ray scales
scales
: : Betatron radiation
HOFI (high rep rate compatible) Ideal laser & plasma S |
Post-processing diagnostics
Discharge plasma Non-ideal laser & ideal plasma
Gas-jet (high rep rate compatible) Non-ideal laser & plasma FEL radiation

Genesis, etc
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“PACRI  Multiscale simulations for plasma accelerators

ms fs as
Hydrodynamic Kinetic scales X-ray and y-ray scales
scales

Plasma profile

HOFI (high rep rate compatible)
Discharge plasma

Gas-jet (high rep rate compatible)
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PACRI
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Toolkit for hydrodynamic simulations
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Where we started

Simulation of HOFI waveguide formation

Field ionized expanded HOFI waveguide
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M. Thévenet et al.
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PHYSICAL REVIEW RESEARCH 5, 033112 (2023)

Demonstration of tunability of HOFI waveguides via start-to-end simulations
S. M. Mewes®,12" G. J. Boyle®,> A. Ferran Pousa®,! R. J. Shalloo®,! J. Osterhoff®,! C. Arran®,* L. Corner®,’
R. Walczak®,° S. M. Hooker ®,° and M. Thévenet®!
' Deutsches Elektronen-Synchrotron DESY, Notkestr. 85, 22607 Hamburg, Germany
2Institut fiir Experimentalphysik, Universitit Hamburg, Luruper Chaussee, 22761 Hamburg, Germany
3James Cook University, 1 James Cook Dy, Townsville City QLD 4814, Australia
“York Plasma Institute, Department of Physics, University of York, Heslington, York YO10 5DD, United Kingdom
3Cockcroft Institute for Accelerator Science and Technology, School of Engineering, The Quadrangle,
University of Liverpool, Brownlow Hill, Liverpool L69 3GH, United Kingdom
John Adams Institute for Accelerator Science and Department of Physics, University of Oxford,
Denys Wilkinson Building, Keble Road, Oxford OX1 3RH, United Kingdom

Simulation toolkits available

HOFI
waveguide

v/

Simulation toolkit benchmarked with experiments
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PA(E Toolkit for hydrodynamic simulations

PHYSICAL REVIEW RESEARCH 7, 043193 (2025)

Simulation of discharge plasma formation

Characterization of discharge capillaries via benchmarked hydrodynamic plasma simulations

I T~ ) S. M. Mewes®,>" G. J. Boyle®,> R. D’Arcy ®," J. M. Garland,' M. Huck®,' H. Jones,! G. Loisch®,! A. R. Maier,!
J. Osterhoff®,"* T. Parikh,! S. Wesch®,! J. C. Wood®,! and M. Thévenet®!
' Deutsches Elektronen-Synchrotron DESY, Notkestrafie 85, 22607 Hamburg, Germany
2Institut fiir Experimentalphysik, Universitit Hamburg, Luruper Chaussee, 22761 Hamburg, Germany
3James Cook University, 1 James Cook Drive, Townsville City QLD 4814, Australia

Simulation toolkits available

Pcen =346 Pa

L HOFI discharge
(d) waveguide plasma

, %204 06 05710 12 10 15 20 725 30 Simulation toolkit benchmarked with experiments
M. Thévenet et ¢,
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:*ISACRI Toolkit for hydrodynamic simulations

1D Hydrogen-Filled Capillary Discharge (Bobrova et al.)

Model Governing equations

P 1D radial simulation of a
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PACRI Toolkit for hydrodynamic simulations
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Laser Wakefield Acceleration in a Capillary Gas Cell Producing GeV-Scale
High-Quality Electron Beams

Srimanta Maity,'>* Francesco Massimo,? Alex Whitehead,* ¢ Pavel Sasorov,® and Alexander Molodozhentsev?

] ! Atomic, Molecular and Optical Physics Division,
Physical Research Laboratory, Navrangpura, Ahmedabad 380009, India
1 ~4omm] 2 Laboratoire de Physique des Gaz et des Plasmas,
“ g 1 CNRS, Unigversité Paris-Saclay, 91405 Orsay, France
MM 3ELI Beamlines Facility, The Extreme Light Infrastructure ERIC,
U R RV SN | Za Radnici 835, 25241 Dolni Brezany, Czech Republic
4 Crech Technical University in Prague, FNSPE, Bichovd 78/7, 11519 Prague, Czech Republic

Atomic density [atoms/cm”]

- X[mm]

ANSYS S.Lorenz / ELI Beamlines Simulation toolkits available

HOFI discharge capillary and
Y spm waveguide plasma gas jet
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- PACRI Multiscale simulations for plasma accelerators

ms fs as
Hydrodynamic Kinetic scales X-ray and y-ray scales
scales

Plasma accelerator

|deal laser & plasma
Non-ideal laser & ideal plasma

Non-ideal laser & plasma
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Cooperation length Normalized emittance

5F

Cooperation Length [nm]

200}

100}

50}

Beam quality requirements for FELs

Assumptions
* A,=15mm
¢ K,=1

* 6,=20 um

1500
Energy [MeV]

Normalized emittance [mm mrad]

0.5}

* 500 MeV - 2 mm-mrad
e 1GeV —> 1 mm-mrad

1500
Energy [MeV]

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Slice Energy Spread [%]

[y
T

0.5}

Energy spread
* 500 MeV = 1%
e 1GeV—> 0.5%

1500
Energy [MeV]




‘PACRI  Multiscale simulations for plasma accelerators

ms fs as
Hydrodynamic Kinetic scales X-ray and y-ray scales
scales

Plasma accelerator

|deal laser & plasma
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PA(_:E Shock-injection: 0.5 GeV class electron bunches

Plasma profile for shock injection

15 lit le with blad i isi i
mm slit nozzle wi ade A) Constant profile B) Rising profile
Elect ergy spect
10 — Longitudinal phase-space Longitudinal phase-space
9t —— Rising profile 5
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g 3 . T -
3s 2. = S =
9.? 4 5 o 5 ®
g g - g
z 3r
| 2
e —— L 320 B S
%00 300 400 500 600 - o T T 00 20 15 -10 05 00 05 10
E [MeV] - A [jm) Az [pm]

Simulated profile

: OSIRIS simulation:
* 1.5Jlaser (relevant to ELI beamlines)
* Plasma density profile similar to K. Feng et al., arXiv:2501.09916 (2025)
PUA—— Beam parameters:
* 0.3 GeV case: Charge 34 pC (22 pC at FWHM),6E /E = 1.0 % (slice 0.57 %)
ANSYS S.Lorenz / ELI Beamlines | * 0.5 GeV case: Charge 33 pC (14 pC at FWHM), 6E /E = 0.6 % (slice 0.4?)i’») eli
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j@ Shock-injection: 1 GeV class electron bunches
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PIC simulation - key results

Simulation profile and energy gain 1000 e =172 oC 5[ = 238.1 nm 5[e, = 282.4 nm .
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X. Wu et al
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Peak density

Self-truncated ionization injection

Density profile

Fraction N3

|

Laser focal
position

Fixed up ramp

Bayesian optimisation (BO), can help us find a regime
where self truncation injection of electrons can occur

Hypervolume growth

—— hypervolume
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* 5 K

Self-truncated ionisation injection without self-trapping
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N6-7-injector p,x, [a.u.]

X [c/w)

(%) H * *

8 a, : 2.346 Q Resolution [nm] * [nm] 26 * 50
)

P W, : 30 [um] = Energy [MeV] 446.2

8_ 8‘ Energy spread RMS [%] 3.08

@) Focus. :3.66 [mm] = ) )

— . Q. Projected emittance 3.39/1.31

Q Duration: 30 [f's] c

. [mm mrad]

Q Energy :4.9[]] © -

s Power :168.7 [TW] o Divergence [mrad] 2.95/2.18
@ Charge [pC] 24.66

B. Thakhur et al
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- PACRI Multiscale simulations for plasma accelerators

ms fs as
Hydrodynamic Kinetic scales X-ray and y-ray scales
scales

Plasma accelerator

Non-ideal laser & ideal plasma

Non-ideal laser & plasma
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*:PACRI Pushing the frontiers of high-fidelity LWFA modeling

|dealized Realistic

Quasi-cylindrical Quasi-cylindrical
geometry (¢=0) geometry (1=0)
simulation (m<=1) simulation (m<=1)

Quasi-cylindrical
geometry (m>=0) Fully 3D simulation
simulation

Quasi-cylindrical
geometry ({=0)
simulation

Fast computations — Computationally demanding
Most articles T. L. Steyn et al 2025, L.T. Dickson et al., PRAB 2022; J. Ferriet al,
in LWFA literature https://arxiv.org/abs/2506.18047 |. Moulanier et al, PoP 2023 Scientific Reports 2016

I. Moulanier’ F- Massimol B. Cros LABORATOIRE DE PHYSIQUE DES GAZ ET DES PLASMAS
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Modelling LWFA with realistic laser drivers

Funded by
the European Union

Frequency chirp

_PACRI

Electron spectra
experiment @ Lund Laser Centre
? | 0__0.1 2 (pCMeV 'mrad™?) 22 (I)C‘\I((‘)\(vml)
e T LS R J Ly prrr L L) 0 T T T T T T T T T T—
- Without aberrations
g = =100 . L EAGE N
_ : s \
3 % [ o |
) 3920 20 ~20 20 ~20 20
SE i °8 slice emittance 0 (mrad)
E 1 1 1 1 1 1 1 E E 18 nm il
00 42 44 46 48 50 52 54 0 140 142 144 146 148 150 152 154  '° Fu||y reconstructured laser
u 0
- with aberrations no chirp optimal chirp term
5 ] " ) g o _\f\/\\/\,\
Lol p=c 3 ' D
O T K S 0.2
P 4 OVANE
: 1 F slice emittance S L % N
: E : 56n S 0.0 A T T T \—I T T
00 42 44 46 48 50 52 54 10740 142 144 146 148 150 152 154 'O 50 75 100 125 150 175 200
x [c/w x.[c/wn] E (MeV)
‘!I' | Moulanier, PhD thesis 2025 (https://theses.fr/282680284) & |__
.90
X.Wu et al submitted to PP (2026) ==P9AP
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https://theses.fr/282680284

“PACRI Optimization with realistic lasers is needed
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Example: using a realistic laser model in a
working point found for a Gaussian beam

Laser field reconstruction for the modeling of laser—plasma interaction in
cylindrical geometry

,S. 10 - ﬁ Gaussian beam F. Massimo!? I. Moulanier! A. Guerente!, O. Khomyshyn®, M. Masckala®, T. L. Steyn!,
§ g | ::E Realistic laser model U. Schramm?, A. Irman?, B. Cros'
) i
B 0] R
B4 Y . . .
% - ! * |deal vs. Real: Optimal working point for
SN ' highest quality electron acceleration may differ
0 50 100 150 200 250 * Simulations with realistic drivers are crucial
E [MeV]
F. Massimo et al., submitted
https://hal.science/hal-05404087v1/document 3 Lpgp
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PWFA in warm plasma
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Fluid model: the closure problem
Relativistic Vlasov equation - Moment equations - Conservation laws: unclosed equations chain - Need for a proper closure

— — 16 —
P;: initial pressure. Isotropic. P, : transverse pressure. P”: longitudinal pressure. no = 10 cm 3
Two choices | PLIP; | ~
;58'22_ N [EC ;g @1 A T) KN 0 =0.05
' _:‘__-_A 9] (“X<) 1.3
050 — 201 o | 11l o .°| kT=3Tpv
oge 0 b ’ ~ .
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0,00 - 1.0 peoe o o N o
;Qggg— PIC 0.5 1 ..‘—“./‘ 0.7 1 .....
ops . . . . — 0.00 0.0 T T T 0.5
Probability distribution: f= f,, 0—‘————42 Y " d 004 e 8% T - !
Consequence: pressure P isotropic » o o
0.50 ! 3.0 P" 45 1.5 !
;D.O.ZS 1 n LEC 2.5 (a2) ~ (b2)
. . e RS . 7 . 7
Truncate equations chain (WARMC) 0.00 m=——dL. . ] -] 1.3
0.50 WARMC 2.0 RN 1.1 .......
30251 72 - 1.51 ra " pooe? o b
. 000 — - | 0‘.\ 0.9 1 ° o
Implies small temperature: k,7" < mec2 050 S ;g Peot ey p0t? feo’ . 0,0
- . . . 0.25- = 54 Ts-l- - .
Probability distribution: f # f, 208 | , , , a8 ‘ , ,
eq . 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8
Consequence: pressure P anisotropic koG ket kol
k,r;=0.05 WARMC PIC LEC
Non-evolving driver simulations W k=015 ® O _ _——— = I

INFN

A. Rossi et al. TOR VERGATA
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j@ INFN WARMC closure validity

k,r,=0.05

P;: initial pressure. Isotropic. P : transverse pressure. P”: longitudinal pressure.
0.9 I 3 PL/P; 17 1 r P"/P,' | - kp r2 - 015
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Non-evolving driver simulations

INFN

A. Rossi et al. WARMC performs reasonably well in a wide parameter range TOR VERGATA
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Work in progress

ms fs as
Hydrodynamic Kinetic scales X-ray and y-ray scales
scales
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jA(ﬂ Toolkit for hydrodynamic simulations

Development of computational toolkits

Bridge the gap between hydrodynamic
and kinetic scales

* Fully kinetic: OK with PIC codes (HiPACE++, Osiris,
Smiley, etc)

* Hydrodynamic: OK (HYQUP toolkit, ANSYS, etc)

* In-between: several approaches (e.g., Lattice-
Boltzmann, quasistatic kinetic)

M. Thévenet et al.
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Laser Electric
Ionization Thermalization Discharge

HOFI Gas
Wakefield Expansion Flow
fs ps ns ps ms
CT T T T T 11T T T TTTTT T T TTTTTM
Kinetic Regime Hydrodynamic Regime
. v A A v )

Y
WIP
Work In Progress,
see also task 3.4
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:;PiACRI Bayesian Optimization with down-ramp injection

Down-ramp + ionization injection

Smooth Down-Ramp Density Profile

Mixture of He + N, gases

Low conc. of N, gas (5% as dopant)

Height of the ramp - Fgry e—

Relative Density n(z)

Length of the ramp - L.,

z

var_l = VaryingParameter , Be-6, 30e-6 Cosine-function down-ramp
Nar_Z = VaryingParameter( , 0.5, 2.0)

var_3 = VaryingParameter( , 400e-6, 700e-6) Analyzed parameters -

l -
Goa Objective function —

Energy range ~ 400 MeV energy_med = Parameter(
Good charge (pC) — __qEmed energy_mad = Parameter(
100 Emad e charge = Parameter(
emittance = Parameter(
Low energy spread divergence = Parameter(

K. Proxi, L. Fedeli, H. Vicenti et al.
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Summary and outlook
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Multi-scale simulations

* Bridge gap between hydrodynamics and kinetic scales (on-going)

LWFA

* Shock-injection is the most promising injection technique so far. Works for stage O.

* Reduce energy spread for 1 GeV case is required (e.g., by using tailored density profiles, on-going)
» Self-truncated ionisation injection: injection volume may be to large

Non-ideal effects

* Laser pulse: optimal parameters depend on details of laser spectrum/profile
* Finite plasma temperature effects: reduced codes reproduce PIC

Radiation
e Simulate radiation from FEL (on-going)
* Radiation from post-processing tools in plasma (on-going)
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