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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 

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

TheoryTask 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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• M19 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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• 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.
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Demonstration of tunability of HOFI waveguides via start-to-end simulations
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In recent years, hydrodynamic optical-field-ionized (HOFI) channels have emerged as a promising technique
to create laser waveguides suitable for guiding tightly focused laser pulses in a plasma, as needed for laser-plasma
accelerators. While experimental advances in HOFI channels continue to be made, the underlying mechanisms
and the roles of the main parameters remain largely unexplored. In this paper, we propose a start-to-end
simulation pipeline of the HOFI channel formation and the resulting laser guiding and use it to explore the
underlying physics and the tunability of HOFI channels. This approach is benchmarked against experimental
measurements. HOFI channels are shown to feature excellent guiding properties over a wide range of parameters,
making them a promising and tunable waveguide option for laser-plasma accelerators.

DOI: 10.1103/PhysRevResearch.5.033112

I. INTRODUCTION

Laser-plasma accelerators [1,2] (LPAs) enable the compact
acceleration of charged particles with gradients well above the
GeVm−1 level [3–5], orders of magnitude higher than con-
ventional technologies. Proof-of-principle experiments and
design studies demonstrated the potential of LPA-accelerated
electron beams for applications such as high-energy pho-
ton sources [6–9], free-electron lasers [10], and high-energy
physics [11]. Progress in LPA performance has been strongly
coupled to advances in laser technology, such as the advent of
chirped pulse amplification [12], and further developments are
still required to match the capabilities of conventional acceler-
ators. In particular, guiding of the driving laser pulse through
the plasma is necessary for maintaining high accelerating
gradients over multiple Rayleigh lengths, enabling energy-
efficient electron acceleration in the GeV range [13–15].

In recent years, hydrodynamic optical-field-ionized
(HOFI) channels [16] have attracted considerable attention
as a promising all-optical approach to generate plasma wave-
guides with on-axis densities as low as 1017 cm−3, which is
required for multi-GeV electron energy gain. HOFI channels
enable the guiding of tightly focused (∼10–50 µm spot size)

*mathis.mewesmdi@desy.de
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laser pulses, which is difficult using other guiding methods.
In particular, waveguides based on an electrical discharge in
a gas-filled capillary [17,18] require thin capillaries (easily
damaged by misalignment) or complex additional plasma
shaping [13]. Finally, recent experiments demonstrated the
suitability of HOFI channels for plasma-based acceleration at
high repetition rates [14,15,19–24].

The HOFI channel formation takes place in two steps.
First, an ultrashort laser pulse, hereafter called the HOFI
pulse, is focused into a low-density gas to field-ionize it and
thereby generate a thin plasma filament with high electron
temperature. The HOFI pulse peak intensity is chosen to
be above the over-the-barrier ionization intensity (∼1.4 ×
1014 W cm−2) to reach full ionization at the center of the
filament. Second, due to the thermal pressure, the hot filament
expands radially, producing a cylindrical blast wave with a
density profile that has a dip on axis, suitable for guiding the
driving laser pulse of the LPA, hereafter called the LPA pulse.

In a further step, the power attenuation length of the chan-
nel can be increased by several orders of magnitude, to tens
of meters, by ionizing the neutral gas collar surrounding the
HOFI channel with a subsequent high-order Bessel pulse [22]
or a low-order Gaussian pulse guided along the axis of the
HOFI channel [20,23,25]. These channels are referred to as
conditioned HOFI (CHOFI) channels.

Despite auspicious experimental realizations in the last
few years, only modest progress has been made towards
accurately simulating and understanding the full process of
HOFI channels, from the plasma formation to the guiding of
the LPA pulse. Difficulties for such simulations are twofold.
First, the system is largely multiscale and multiphysics:
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FIG. 3. Comparison of experimental measurements (blue) and
simulation results (red) of the phase shift induced on the probe laser,
approximately proportional to the electron density. In (a), a scan of
the temporal evolution of the expanding HOFI channel is shown. The
measurement was taken in a 2-mm-long gas cell, filled at a buffer
pressure of 50 mbar of hydrogen. In (b), the profile after 3.93 ns of
expansion is shown for different gas pressures in a 4-mm-long gas
cell. The radial integral of the phase shift, approximately propor-
tional to the total electron number, over the temporal scan from (a) is
shown in (c).

decays into thermal energy. In this case, uz contributes less
than 5 % to the total thermal energy, and has a modest im-
pact on the dynamics. When the regime is prone to strong
wakefield, this could be the main source of thermal energy,
governing the dynamics of the HOFI channel.

Third, the 2D electron density and temperature profiles are
integrated azimuthally to give ne, Te = f (r). This step is illus-
trated in Fig. 2(d) for the same slice. There, the smoothness
of the profiles is mostly due to the azimuthal averaging: any
radial cut of density in Figs. 2(c) and 2(e) would have a steeper
boundary.

Fourth, the radial profiles at each slice are used as ini-
tial conditions for a hydrodynamic simulation as described
in Sec. III, giving the plasma properties resolved radially,
longitudinally, and in time.

Finally, the phase shift induced on the probe laser is calcu-
lated from the electron and neutral atom densities, as outlined
in Appendix F, to be compared with the experimental mea-
surements.

In Fig. 3, we show comparisons between measurement
and simulation results for two single-parameter scans. Due
to experimental constraints, the exact positions of the gas

cell relative to the laser focus is not precisely known. Thus,
the gas cell position was varied on the simulated data within
its experimental uncertainty of ∼ ± 1 mm to optimize the
qualitative agreement between experimental and simulation
results.

Figure 3(a) shows a scan of the probe pulse delay time,
capturing the temporal evolution of the channel structure, for
a 2-mm-long gas cell operated at a 50 mbar buffer pressure. In
this experimental arrangement, it was not possible to measure
the pressure in the gas cell directly but rather in a buffer vol-
ume nearby. To avoid systematic errors related to the pressure
drop between the cell and the buffer, the initial gas density
(na,0 = 2.09 × 1018cm−3) was obtained by fitting to the flat
top of the first time step of the experiment, which shows the
initial state immediately after ionization. The good agreement
found for the initial profiles validates our procedure to obtain
the initial electron density profile from the HOFI pulse profile.
From the initial state of the simulation, we find the total energy
deposited by the HOFI pulse to be ∼ 90 µJ, only ∼0.36 % of
the HOFI pulse energy. This low efficiency is not surprising
for a proof-of-principle experiment and can certainly be raised
by using an optimized laser system.

Small differences between the measured and simulated
profiles at large radii could be the result of the assumption of
azimuthal symmetry. Another source could be small changes
to the initial ionization profile in the wings of the HOFI pulse
intensity, where the measured signal approaches the limits of
the camera’s dynamic range. The larger disagreement in signal
strength observed at the longest delay may be due to experi-
mental limitations, leading to an underestimation of the phase
shift. The internal oscillations of the HOFI channel, causing
the on-axis bump at 1 ns delay, also seems to be observable in
the experiment, although less pronounced.

In Fig. 3(c), we obtain the radial integral of the phase shift
for each time step, which is effectively the combined phase
shift of all matter in the measured volume. The simulated
initial rise due to collisional ionization is in good agreement
with the measurement, emphasizing the need for the finite
reaction rates of the non-LTE model.

Figure 3(b) presents a scan over the hydrogen pressure in
a 4-mm-long gas cell, showing the state of the channel after
4 ns. The initial condition was not measured in this scan, so the
initial gas density was inferred from other measurements to be
9.05 × 1017 cm−3, 2.09 × 1018 cm−3 and 3.16 × 1018 cm−3

for the three pressures, respectively. Nevertheless, a very good
agreement of the magnitude of the phase shift was found,
while there is a slight difference in the peak positions that may
be explained by the neglected refraction of the HOFI pulse or
ionization of molecular instead of atomic hydrogen, which is
further discussed in Appendix E.

Overall, Fig. 3 demonstrates excellent quantitative agree-
ment between numerical simulations and experimental mea-
surements of the HOFI channel formation, using only a few
free parameters. In the following section, this predictive sim-
ulation capability is used to explore the guiding properties of
the resulting density profiles. Understanding these properties
and how to tune them for the optimal guiding of a laser pulse
is a significant step for realizing high-performance energy-
efficient LPAs.
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Characterization of discharge capillaries via benchmarked hydrodynamic plasma simulations
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Plasma accelerators utilize strong electric fields in plasma waves to accelerate charged particles, making
them a compact alternative to radiofrequency technologies. Discharge capillaries are plasma sources used in
plasma accelerator research to provide acceleration targets, or as plasma lenses to capture or focus accelerated
beams. They have applications for beam-driven and laser-driven plasma accelerators and can sustain high
repetition rates for extended periods of time. Despite these advantages, high-fidelity simulations of discharge
capillaries remain challenging due to the range of mechanisms involved and the difficulty to diagnose them in
experiments. In this work, we utilize hydrodynamic plasma simulations to examine the discharge process of
a plasma cell and discuss implications for future accelerator systems. The simulation model is validated with
experimental measurements in a 50-mm-long, 1-mm-wide plasma capillary operating a 12–27 kV discharge at
200–1200 Pa hydrogen pressure. For 20 kV at 870 Pa, the discharge is shown to deposit 178 mJ of energy in the
plasma. Potential difficulties with the common density measurement method using Hα emission spectroscopy
are discussed. This simulation model enables investigations of repeatability, heat flow management, and fine
tailoring of the plasma profile with discharges.

DOI: 10.1103/kv2z-ps8h

I. INTRODUCTION

Plasma accelerators [1,2] are compact sources of rel-
ativistic electron beams, where the accelerating gradients
can be orders of magnitude higher than rf-based tech-
nologies. Proof-of-principle experiments and design studies
demonstrated the potential of electron beams accelerated
by laser-driven or beam-driven plasma accelerators [3] for
applications such as high-energy photon sources [4], quan-
tum electrodynamics [5], free-electron lasers [6,7], and
high-energy physics [8,9]. Progress in plasma accelerator per-
formance has been strongly coupled to advances in driver
technology [10,11], but recent efforts demonstrated the impor-
tance of controlling the plasma source [12,13]. In particular,
plans for plasma-based particle colliders [14], free-electron
lasers [15,16], and plasma injectors for storage rings [17–20]
highlighted the importance of accurate and stable tailoring
of the plasma source. Furthermore, bridging the gap between

*Contact author: mathis.mewesmdi@desy.de
†Present address: Department of Physics, University of Oxford,

Keble Road, Oxford OX1 3RH, United Kingdom.
‡Present address: Lawrence Berkeley National Laboratory, 1 Cy-

clotron Road, Berkeley CA 94720, USA.
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test accelerators and application-ready facilities requires high-
repetition-rate operation, and efforts in this direction are being
pursued by the community to explore feasibility and examine
the constraints on the plasma source [21–23].

Besides shaping the gas profile with advanced gas cell or
gas jet designs, two methods are commonly used for the tai-
loring of the plasma source prior to the wakefield acceleration
event. In the first, a carefully shaped laser pulse ionizes a
thin filament of plasma within a gas volume, which can be
used to create a guiding structure [24,25]. In the second, a
high-voltage discharge initiates an electrical breakdown in a
long and thin capillary [26,27]. This discharge technology
remains under consideration for plasma acceleration due to
its favorable scalings to long plasmas and high repetition
rates [12], as well as its versatility for plasma lenses [28] and
electrothermal plasma jets [29].

Simulations of these devices typically rely on magne-
tohydrodynamics or reduced models [30–33], and are an
active part of plasma acceleration research [34]. However,
systematic benchmarking of simulations against experiments,
including all physical processes, remains uncommon in the lit-
erature [35] due to experimental and multiphysics simulation
challenges, limiting the ability to provide comparable results.
For instance, investigations of demanding regimes about fine
plasma shaping and heat management, as required for the
proposed plasma-based Higgs factory concept HALHF [9],
remain extremely difficult.

In a previous work, we proposed the HYdrodynamic
QUasineutral Plasma (HYQUP) model [36], a colli-
sional plasma simulation framework implemented in the
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FIG. 4. Emission model demonstrated for the example simula-
tion. In panel (a), the radial distribution of emission intensity and
broadened HWHM of the Hα line are shown. In panel (b), the time
evolution of the radially averaged spectral line HWHM is shown.
The black line shows the measured current profile, used as input in
simulations. The × red cross and red dashed line show the distinctive
properties of this curve, namely, peak linewidth "λmax = 1.17 nm
and exponential decay rate δdecay = 0.76 ps−1 [obtained by fitting
"λ ∝ exp(−tδdecay )]. They are used for benchmarks with experi-
ments in Sec. III C.

Fig. 5. Both the trends with the scan parameters, as well as
the absolute values, are in good agreement for the full range of
gas pressures and voltages, indicating a broad reliability range
of the plasma simulation model. The difference between 1D
and 2D simulations in Fig. 5(c) emphasizes the significance of
the longitudinal expulsion for the decay curves of the plasma.

One outlier point in the experimental values in Fig. 5(c)
shows a significantly different time evolution of the signal
compared to all other measurements in the scan. It is likely
that this measurement originates from a malfunction of the
discharge, accidentally operating in an unwanted regime (e.g.,
partly discharging outside the capillary).

The experimental measurements also offer longitudinal
resolution that is compared to the simulation in Fig. 6. The
similar shape of the linewidth color map confirms that the lon-
gitudinal behavior and expulsion are well represented in the
simulation, despite the simplified modeling of the electrode
surfaces.

IV. CHARACTERIZATION OF DISCHARGE PLASMAS

The HYQUP simulations allow us to explore the full
plasma characterization, including local states of the plasma
and global parameters such as total energy and power
distribution.

FIG. 5. Benchmark summary over broad working parameter
space. Panels (a) and (b) show the maximum linewidth, panels
(c) and (d) the exponential decay rate of each time scan. In panels
(a) and (c), a parameter scan over gas pressure and in panels (c) and
(d) a voltage scan are shown. The vertical line marks the example
case used throughout the article.

The time evolution of the plasma density is shown in
Fig. 7(a) to illustrate the complexities of OES measurements
and the importance of start-to-end simulations to shape the
plasma profile. The average gas density na shows the ex-
pulsion of approximately 50% of the original gas content
from the discharge region of the capillary (volume between
electrodes) within 5 µs. By this time, a large fraction of the
plasma has recombined and the gas is cooling down, resulting
in slowing of the expulsion. For accelerator applications, the
electron density profile near the capillary axis is a critical
parameter. It influences key properties of the wakefield such
as accelerating gradient, matching of transverse properties,
beam quality preservation, etc. While OES is a widely used
diagnostic method for the electron density, the limited spa-
tial resolution introduces uncertainty, due to the measured
emission combining signals from an inhomogeneous plasma
volume.

An approximate reconstruction of such a measurement
from the simulation, using the OES model described in
Appendix B, shows differences of up to 50% from the center

FIG. 6. Longitudinally resolved evolution of linewidth for the
example operating point. The measurement in the top half is com-
pared with the simulation in the bottom half.
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Laser Wakefield Acceleration in a Capillary Gas Cell Producing GeV-Scale
High-Quality Electron Beams
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Laser Wakefield Acceleration (LWFA) is a promising approach for producing high-brightness
electron beams in the GeV energy range, offering significant potential for compact next-generation
accelerator facilities. In this work, we present a computational study of LWFA in a specially designed
single-stage capillary gas-cell target aimed at producing high-quality, GeV-class electron beams.
The capillary cell includes a short (∼ 2 mm) injection region at the entrance filled with a helium
(He) and nitrogen (N2) gas mixture. This is followed by a longer (∼ 12 mm) pure He section,
which provides the required acceleration length and limits continuous ionization injection, thereby
significantly reducing the energy spread of the accelerated beam. Hydrodynamic simulations are
performed to optimize the capillary geometry and generate the required two-section gas-pressure
profile. The resulting gas-density distributions for various cases are then directly incorporated in
Particle-In-Cell (PIC) simulations to study LWFA. In particular, our hydrodynamic simulations
demonstrate how tailored density profiles with longitudinal density tapering in the acceleration
section can be realized in a capillary gas cell, while the corresponding PIC simulations reveal how
these profiles influence the acceleration process and the resulting beam quality. Using a 100 TW-
class laser system with parameters relevant to the L2-DUHA laser at the ELI Beamlines Facility,
the PIC results demonstrate electron acceleration to mean energies exceeding 1.0 GeV with high-
quality beam properties. Self-injected He electrons are also observed, and their impact on the main
beam quality is evaluated. The findings of this study provide valuable insights for upcoming LWFA
experiments planned within the EuPRAXIA Project at the ELI Beamlines Facility.

I. INTRODUCTION

Laser Wakefield Acceleration (LWFA) [1, 2] has
emerged as one of the most promising approaches for gen-
erating high-quality, high-energy electron beams. When
an intense laser pulse propagates through a plasma or
gas target, its ponderomotive force expels electrons from
the laser propagation axis relative to the stationary ions,
driving a trailing charge-density wave with intense elec-
tromagnetic fields, known as a wakefield. This wakefield
propagates with a phase velocity approximately equal
to the group velocity of the laser pulse in the medium
and exhibits an accelerating gradient on the order of
hundreds of Gigavolts per meter (GV/m) [3–5]. This
accelerating gradient is nearly three orders of magni-
tude higher than that achievable in conventional radio-
frequency accelerators, which are limited by the elec-
trical breakdown threshold of the metallic accelerating
cavities. Consequently, electrons injected into this ultra-
high-gradient laser-driven wakefield under suitable initial
conditions can be rapidly accelerated and transversely fo-
cused to produce high-energy electron beams over very
short distances. Thus, laser–plasma–based accelerators

∗ srimantamaity96@gmail.com

offer the potential for significantly more compact and
cost-effective accelerator technologies [6–8].
Following the initial theoretical proposal by Tajima

and Dawson in 1979 [1], LWFA has made significant
progress over the past few decades toward the exper-
imental realization of high-energy electron acceleration
in laser–plasma systems. Early breakthroughs demon-
strated the generation of high-energy electron beams
from laser–plasma setups [9–12]. These experimen-
tal studies were supported by extensive theoretical in-
vestigations of the LWFA process [13–19]. Electron
beams with peak energy exceeding 8 GeV have since
been achieved using centimeter-scale capillary discharge
waveguide [20]. More recently, experiments have pro-
duced electron beams approaching ∼ 10 GeV, mark-
ing the highest energies reported to date in a single-
stage LWFA configuration [21–23]. A recent experimen-
tal study has also reported the efficient acceleration of
plasma electrons driven by a long-wave-infrared laser
[24]. In parallel, numerous theoretical [25–30] and ex-
perimental studies [31–35] have focused on improving the
quality of the accelerated electron beams to meet the de-
mands of various potential applications [36–42].
The quality of the accelerated electron beams in LWFA

depends on several factors, including laser parameters
and the parameters of the plasma or gas target. The
initial phase of electron injection into the wakefield also
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Cooperation length

Beam quality requirements for FELs

lr=11.7 nm

lr=2.9 nm

Assumptions

• lu=15 mm

• Kw=1

• sr=20 µm

Normalized emittance
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lr=11.7 nm

lr=2.9 nm

Emittance

• 500 MeV → 2 mm-mrad

• 1 GeV → 1 mm-mrad

Energy spread
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] lr=11.7 nm

lr=2.9 nm

Energy spread

• 500 MeV → 1%

• 1 GeV → 0.5%

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Post-processing diagnostics

FEL radiation
Genesis, etc

Task 3.3

Multiscale simulations for plasma accelerators
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Plasma profile for shock injection

ANSYS

15 mm slit nozzle with blade

Simulated profile

S.Lorenz / ELI Beamlines

PIC simulation results

A) Constant profile B) Rising profile

Shock-injection: 0.5 GeV class electron bunches

OSIRIS simulation:
• 1.5 J laser (relevant to ELI beamlines) 
• Plasma density profile similar to K. Feng et al., arXiv:2501.09916 (2025) 

Beam parameters:
• 0.3 GeV case: Charge 34 pC (22 pC at FWHM),𝛿𝐸/𝐸 = 1.0 % (slice 0.57 %)
• 0.5 GeV case: Charge 33 pC (14 pC at FWHM), 𝛿𝐸/𝐸 = 0.6 % (slice 0.43 %)

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Shock-injection: 1 GeV class electron bunches

16

Laser: a0 =1.9 (5J)
w0 =  37.4 um, t=38.3 fs
Focus at z = 5 mm
Down-ramp length: 35 um

Shock-injection for GeV e- acceleration PIC simulation - key results

Simulation profile and energy gain

X. Wu et al

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Self-truncated ionization injection 

17

Shock-injection for GeV e- acceleration

Density profile

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

Resolution [nm] * [nm] 26 * 50

Energy [MeV] 446.2

Energy spread RMS [%] 3.08

Projected emittance
[mm mrad]

3.39/1.31 

Divergence [mrad] 2.95/2.18

Charge [pC] 24.66

a0   :  2.346
w0 : 30 [𝜇𝑚]

Focus.    : 3.66 [𝑚𝑚]
Duration: 30 [𝑓𝑠]
Energy   : 4.9 [𝐽]
Power    :168.7 [𝑇𝑊]La

se
r p

ro
pe

rt
ie

s

e-
be

am
 p

ro
pe

rt
ie

s

Self-truncated ionisation injection without self-trapping

B. Thakhur et al

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Pushing the frontiers of high-fidelity LWFA modeling
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Fast computations Computationally demanding

RealisticIdealized

Gaussian driver Flattened Gaussian 
driver

Reconstructed Laser 
(GSA, GSA-MD),

Laguerre-Gauss with 
(l=0) 

Reconstructed Laser 
(GSA, GSA-MD)

with asymmetries
Fully reconstructed 

laser (GSA, GSA-MD)

Quasi-cylindrical 
geometry (l=0)

simulation 

Quasi-cylindrical 
geometry (l=0)

simulation (m<=1)

Quasi-cylindrical 
geometry (l=0)

simulation (m<=1)

Quasi-cylindrical 
geometry (m>=0)

simulation
Fully 3D simulation

Most articles 
in LWFA literature

T. L. Steyn et al 2025, 
https://arxiv.org/abs/2506.18047

L.T. Dickson et al., PRAB 2022;
I. Moulanier et al, PoP 2023

J. Ferri et al, 
Scientific Reports 2016

I. Moulanier, F. Massimo, B. Cros
J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Modelling LWFA with realistic laser drivers

20

Aberrations

Without aberrations

with aberrations

slice emittance
18 nm

slice emittance
256 nm

Strehl ratio=1.0

Strehl ratio=0.86

Frequency chirp

no chirp optimal chirp term

I. Moulanier, PhD thesis 2025  (https://theses.fr/282680284) 
submitted to PoP (2026)

Electron spectra
experiment @ Lund Laser Centre

Fully reconstructured laser

X. Wu et al.

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Optimization with realistic lasers is needed

21

Optimal parameters depend on laser profile

F. Massimo et al., submitted
https://hal.science/hal-05404087v1/document

Example: using a realistic laser model in a 
working point found for a Gaussian beam

Gaussian beam

Realistic laser model

Laser field reconstruction for the modeling of laser–plasma interaction in

cylindrical geometry

F. Massimo1�, I. Moulanier1†, A. Guerente1, O. Khomyshyn1, M. Masckala1, T. L. Steyn1,

U. Schramm2, A. Irman2, B. Cros1

1Laboratoire de Physique des Gaz et des Plasmas, CNRS, Université Paris-Saclay, 91405 Orsay, France
2Helmholtz-Zentrum Dresden Rossendorf, Bautzner Landstraße 400, 01328 Dresden, Germany

Abstract

High-accuracy modeling of laser-plasma interactions at high intensity requires precise knowledge of the laser field,
including its asymmetries. However, the experimental characterization of such lasers is often limited to fluence
measurements in transverse planes, which creates the need for a reliable field reconstruction method. In this
work, we present an implementation of the Gerchberg-Saxton Algorithm with Mode Decomposition (GSA-MD)
using the Laguerre-Gauss mode basis in cylindrical geometry. We show that, for lasers with a high degree of
cylindrical symmetry, this approach can be more e�cient than its Cartesian counterpart. Additionally, we show
how the reconstructed laser field can be more directly used as input in Particle in Cell simulations using the
azimuthal Fourier decomposition through simple analytical expressions. Both versions of the GSA-MD and an
example of input for a Particle in Cell code implementing the reconstructed laser are made available.

1 Introduction

Laser pulses with peak intensities exceeding 1016

W/cm2 and durations of the order of tens of femtosec-
onds, currently obtained through Chirped Pulse Am-
plification [1], are widely used for the study of laser-
matter interaction. Their focusing and amplification,
needed to reach these intensities, introduces imper-
fections in their energy distribution close to the focal
plane [2]. As a result, the field achieved in the interac-
tion volume may be reduced and prevent the observa-
tion of the investigated phenomena. Examples where
imperfections in the laser field distribution can be par-
ticularly detrimental for the experiment performances
are high-harmonic generation [3,4], laser wakefield ac-
celeration (LWFA) [5–8] and related radiation genera-
tion [9–13]. Future applications of these laser systems
which may su�er from these imperfections are strong
field QED studies [14–16], or accelerators based on
laser wakefield acceleration [17].

A common kind of imperfections in short pulses are
the spatio-temporal couplings (STC) [18–24], the char-
acterization and correction of which are particularly
challenging [19–22, 24–33]. Even when STC are neg-
ligible, asymmetries in the laser transverse field dis-
tribution [34] may remain and cause a degradation
in the performance of laser-matter interaction exper-
iments [3, 8, 35–38]. To characterise these asymme-
tries, to study their role in laser-matter interaction,
and hopefully correct them, fluence measurements and
wavefront sensors can be used, albeit it is particularly
challenging to obtain a fluence and wavefront charac-
terization for a single shot [33,39].

In [8, 36–38, 40–44], the results of Particle in Cell

(PIC) simulations [45] of LWFA using idealized Gaus-
sian beams, laser pulses with realistic field amplitude
distributions, and laser pulses including both realistic
field amplitude distributions and laser wavefront have
been reported. The conclusions of these references are
consistent: as the laser model in the simulations be-
comes more realistic, including a cylindrically asym-
metric wavefront, the accelerated electron beam qual-
ity progressively degrades, e.g. in terms of significantly
reduced charge [36–38], lower energy [36–38, 42, 43],
broader transverse extent [8], and increased divergence
[38, 44]. Transverse asymmetries in the laser intensity
distribution may trigger electron beam centroid oscil-
lations around the propagation axis that are essentially
not present in simulations with a cylindrically symmet-
ric laser model like a Gaussian beam [37, 38, 41, 44].
Several of these works also provide direct comparisons
with experimental data [8, 36–38]. Simulations using
a realistic laser field amplitude distribution and wave-
front show the best agreement with measurements, for
example in the transverse electron beam distribution
[8], betatron photon number yield [36], beam charge
and angular displacement as function of the laser fo-
cal plane position [37], and energy–angle distributions
measured with a spectrometer [38]. These di�erences
with simulations using idealized laser pulses arise be-
cause the laser field (amplitude and phase) distribu-
tion has a strong impact on the laser propagation, the
wakefield generation, and the electron injection and
acceleration [8, 41, 44]. This motivated studies on the
control of the laser field distribution to improve the
performances of LWFA [37,40,46].

In [8,36,42,43] it has been shown that using only the
amplitude of the field, without the information on the

1

• Ideal vs. Real: Optimal working point for 
highest quality electron acceleration may differ

• Simulations with realistic drivers are crucial

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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PWFA in warm plasma

22

Fluid model: the closure problem
Relativistic Vlasov equation → Moment equations → Conservation laws: unclosed equations chain → Need for a proper closure

Non-evolving driver simulations

WARMC better describes the process. Assess validity limits!

PIC LECWARMCkp r1 = 0.05
kp r2 = 0.15

Two choices WARMC works better

A. Rossi et al.
J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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WARMC closure validity

WARMC performs reasonably well in a wide parameter range

PIC

LEC

WARMC

kp r1 = 0.05
kp r2 = 0.15

Non-evolving driver simulations

A. Rossi et al.
J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Work in progress
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• 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)

msµsnspsfs

Kinetic Regime Hydrodynamic Regime

Laser 
Ionization

Wakefield

Thermalization

HOFI
Expansion

Electric
Discharge

Gas
Flow

Figure 1.6: Timescales of phenomena relevant to plasma sources. The relevant physics regimes
and their applicable time scales are also shown

a large number N of particles because the field interactions grow / N , compared to / N
2 for each

particle interacting directly with all others. In plasma accelerator research, PIC simulations
are used to simulate the high energy plasma responses to particle or laser beams. The

wakefield oscillates with the plasma frequency !p =
q

nee2

"0me
⇡ 1013 Hz for ne = 1024 m�3, putting

these physics on a femtosecond timescale, as shown in Fig. 1.6. Here the dynamics are in the
kinetic regime, where particles move as independent actors, rather than a collective population.
A very conspicuous example of this is found at the end of a wakefield bubble, where the electrons
converge toward the beam axis from all sides: a few scatter randomly, but most pass through the
convergence uninterrupted. This is very di↵erent from the behavior of a thermal population, with
a Maxwellian velocity distribution, which would compress and decompress. On a longer time
scale the plasma is thermalized and fluid-like FEM simulations are not only viable
but also computationally more e↵ective. The intermediary physics, a decaying wake field for
example, may require a hybrid model, treating part of the population as a fluid and part as kinetic
particles.

8

WIP
Work In Progress, 
see also task 3.4

Development of computational toolkits

Bridge the gap between hydrodynamic 
and kinetic scales

Toolkit for hydrodynamic simulations

M. Thévenet et al.

J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Bayesian Optimization with down-ramp injection

26

Mixture of He + N2 gases

Low conc. of N2 gas (5% as dopant)

Height of the ramp - 𝟏
𝟏 " 𝒉𝒓𝒂𝒎𝒑

Length of the ramp - Lramp

Down-ramp + ionization injection

Varying parameters -

Analyzed parameters -

Objective function –

f = 𝒒 𝑬𝒎𝒆𝒅
𝟏𝟎𝟎 𝑬𝒎𝒂𝒅 √)

Goal -
Energy range ~ 400 MeV

Good charge (pC)

Lower emittance

Low energy spread

Cosine-function down-ramp

K. Proxi, L. Fedeli, H. Vicenti et al.
J. Vieira and A. Rossi, PACRI Annual Meeting (Lisbon)
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Summary and outlook

• 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 0.
• 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
• Simulate radiation from FEL (on-going)
• Radiation from post-processing tools in plasma (on-going)

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


