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Plasma acceleration involves multiple physical models
Example: study for the plasma injector for PETRA IV

Ø A. Martinez de la Ossa et al., The Plasma Injector for PETRA IV: 
Conceptual Design Report https://doi.org/10.3204/PUBDB-2024-06078

• S. A. Antipov et al. Design of a prototype laser-plasma injector for an 
electron synchrotron PRAB 24.11 (2021) 

• A. Ferran Pousa et al., Energy Compression and Stabilization of Laser-
Plasma Accelerators PRL 129, 094801 (2022)

• P. Winkler et al. Active energy compression of a laser-plasma electron 
beam Nature 1-4 (2025)

The Plasma Injector
for PETRA IV.
Enabling Plasma Accelerators for Next-generation Light Sources
Conceptual Design Report

Deutsches Elektronen-Synchrotron DESY
A Research Centre of the Helmholtz Association

Executive summary |

suited to LPAs operating at high repetition
rates and for extended periods of time.

Another crucial aspect of the plasma in-
jector is a stable performance at a relatively
high repetition rate. The KALDERA project
at DESY [28] sets the basis for the needed
technological advance in this direction, aim-
ing to develop a kHz laser system for plasma
wakefield acceleration. The automatic con-
trol over the sources of drift and jitter [16]
by means of active feedback methods, to
be implemented in future high repetition
LPAs, promises to deliver electron beams
with sub-percent energy spread and jitter.
Yet for the conceptual design of the plasma
injector, we have considered a more conser-
vative 1% level of energy spread and stabil-
ity, achievable in state-of-the-art LPAs today.
With the purpose of reducing the remain-
ing energy fluctuations of the LPA beam and
effectively increase the net charge injection
throughput and stability into the PETRA IV
storage ring, we have adopted for the de-
sign an energy compression and stabiliza-
tion strategy, recently proposed for LPAs [29],
that will enable unprecedented levels of rel-
ative energy spread and stability (∼ 10−4).
Such low energy bandwidth and high stabil-
ity, joint to the comparably low emittance of
the LPA beams, will allow for a clean and ef-
ficient injection into the storage ring.

Our conceptual design for PIP4 has been
accurately simulated and benchmarked us-
ing state-of-the-art computing capabilities
for precise modeling, and optimized with
advanced machine-learning algorithms.
Start-to-end simulations for a particular
working point demonstrate the production
of electron beams with 80 pC charge at
6 GeV with < 0.1%-level energy deviations,
by employing laser pulses in the 10–20 J
energy range and considering the realistic
jitters of the LPA. While these simulations
showcase competitive beam parameters for
injection, satisfying the high operational
demands of PETRA IV for filling the storage
ring at an average charge injection rate of
2.6 nC/s would require running the plasma
injector at a relatively high repetition rate:
32 Hz. Higher bunch charges and thus lower
repetition rates are possible with higher
laser pulse energies. The development
of a laser system capable to perform the
rapid fillings of the ring is therefore central
to achieve a competitive plasma injector

Figure 1. PIP4 conceptual schematic. Thanks to its
compact footprint, the plasma injector can be located
directly next to the ring, eliminating the need for an
extended beam transport line. Alternative options,
such as placing the plasma injector next to the current
KALDERA facility, are also considered for near-term im-
plementation. The footprint of the RF injector complex
is also shown for comparison. It consists of a refur-
bished S-band linac (LINAC II) and a new booster ring
(DESY IV).

for PETRA IV. Using KALDERA [28] as the
foundation of the future drive laser for the
plasma injector is a promising path that
will allow us to save cost and benefit from
an exceptional laser beam quality and a
well-established operational performance.
Figure 1 depicts a possible schematic lay-

out of the plasma injector. Located next to
the storage ring, as enabled by its compact
footprint, it would eliminate the need for
an extended beam transport line. Other lo-
cations for the plasma injector are also be-
ing considered. For example, placing the
plasma injector near the current KALDERA
laser would seamlessly integrate the system
with the main injection infrastructure and
minimize the need for civil engineering in-
terventions, thus enabling near-term imple-
mentation.
This innovative plasma injector system

can be used to top up the PETRA IV stor-
age ring, significantly lowering the load on
the RF injector chain. Upon further devel-
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FIG. 23. Schematics of a generic LPA. A laser is strongly focused into a plasma target to excite a strong electromagnetic wake
for the acceleration electron beams to GeVs energies within cm-scale distances.

the critical power for relativistic self-focusing20 [121, 122].
Wakefields: Inside the blown-out region, free of

plasma electrons, a constant focusing strength is gener-
ated by the uniform background of ions [60], such that
Wr → Er ↑ cBω = cKr for all ω. Therefore, by virtue
of the Panofsky-Wenzel theorem [123], inside the cavity,
the longitudinal electric field is uniform along the radius,
i.e. = εrEz = εεWr = 0. The calculation of Ez as a
function of ω inside the cavity is non trivial as it directly
depends on the dynamics of the plasma electron current,
jp, in the plasma sheath [61]: Ez = ↑

∫→
0 (jp,r/cϑ0) dr.

Several models to calculate Ez in the blowout exist in
literature [61, 62, 124, 125]. It was shown in [126]
that for su!cently intense laser drivers (a0 ↭ 4) at ap-
proximately the matched radius, the sheath of plasma
electrons approximates a sphere around its center and
Ez ↓ (mc2/2e)k2p(ω ↑ ωc), with ωc the longitudinal posi-
tion of the cavity center. Evaluating Ez at one blowout
radius upstream the cavity center and using the match-
ing condition kpRb = kpw0 = 2

↔
a0, one gets the follow-

ing estimation for the maximum accelerating field that is
reached at the back of the cavity

Ez,max ↓ ↑E0
↔
a0 . (B5)

Electron trapping: In the blowout regime, the plasma
electrons acquire relativistic velocities. In particular,

20 Self-focusing occurs as a result of an increase of the wave refrac-
tive index arising from two e!ects: the mass increase of electrons
caused by their relativistic quiver velocity in the light wave, and
the reduction of the electron density as a result of ponderomotive
force expulsion of the electrons.

they feature highest longitudinal momentum after the
first oscillation, where the plasma electron sheath closes
at the end of the ion cavity. When these electrons be-
come faster than the wake, they can be trapped into the
cavity forming a witness beam that can be further ac-
celerated to high energies. This process is referred to
as wave-breaking [127, 128] and it has been the mech-
anism behind the production of first high energy elec-
tron beams from LPAs [8–10, 109]. However, relying
on wave-breaking to control the properties of the wit-
ness beam is cumbersome and more refined techniques
to control the injection of witness beam have been devel-
oped with the years. Among these techniques, we high-
light density downramp injection, which confines wave-
breaking to a sharp, localized, downward density transi-
tion [111, 114, 115, 129]; and ionization injection, where
injection is triggered by ionization of deeper electronic
levels contained in a dopant species [79, 112, 113].

Beam loading: The space-charge field of the witness
beam acts on the plasma electron current thus modi-
fying Ez. This e”ect is known as beam loading. In
principle, it is possible to find a certain current pro-
file for the witness beam that flattens Ez along its
length. This optimal beam loading leads to an uni-
form acceleration of the witness beam and therefore
to a virtually zero correlated energy spread. For the
strong blowout regime described in [62], such optimally
beam loading profile was calculated [130] to be trape-
zoidal with the peak current (at the front) given by
Ib,max = (IA/2)

√
(Ez,b/E0)4 + (kpRb/2)4, with IA =

4ϖϑ0mc3/e ↓ 17 kA the Alfvèn current and Ez,b the ac-
celerating field at the front of the witness beam. The
total charge in the witness bunch, Qb, satisfies the fol-
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FIG. 23. Schematics of a generic LPA. A laser is strongly focused into a plasma target to excite a strong electromagnetic wake
for the acceleration electron beams to GeVs energies within cm-scale distances.

the critical power for relativistic self-focusing20 [121, 122].
Wakefields: Inside the blown-out region, free of

plasma electrons, a constant focusing strength is gener-
ated by the uniform background of ions [60], such that
Wr → Er ↑ cBω = cKr for all ω. Therefore, by virtue
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i.e. = εrEz = εεWr = 0. The calculation of Ez as a
function of ω inside the cavity is non trivial as it directly
depends on the dynamics of the plasma electron current,
jp, in the plasma sheath [61]: Ez = ↑

∫→
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Several models to calculate Ez in the blowout exist in
literature [61, 62, 124, 125]. It was shown in [126]
that for su!cently intense laser drivers (a0 ↭ 4) at ap-
proximately the matched radius, the sheath of plasma
electrons approximates a sphere around its center and
Ez ↓ (mc2/2e)k2p(ω ↑ ωc), with ωc the longitudinal posi-
tion of the cavity center. Evaluating Ez at one blowout
radius upstream the cavity center and using the match-
ing condition kpRb = kpw0 = 2

↔
a0, one gets the follow-

ing estimation for the maximum accelerating field that is
reached at the back of the cavity

Ez,max ↓ ↑E0
↔
a0 . (B5)

Electron trapping: In the blowout regime, the plasma
electrons acquire relativistic velocities. In particular,

20 Self-focusing occurs as a result of an increase of the wave refrac-
tive index arising from two e!ects: the mass increase of electrons
caused by their relativistic quiver velocity in the light wave, and
the reduction of the electron density as a result of ponderomotive
force expulsion of the electrons.

they feature highest longitudinal momentum after the
first oscillation, where the plasma electron sheath closes
at the end of the ion cavity. When these electrons be-
come faster than the wake, they can be trapped into the
cavity forming a witness beam that can be further ac-
celerated to high energies. This process is referred to
as wave-breaking [127, 128] and it has been the mech-
anism behind the production of first high energy elec-
tron beams from LPAs [8–10, 109]. However, relying
on wave-breaking to control the properties of the wit-
ness beam is cumbersome and more refined techniques
to control the injection of witness beam have been devel-
oped with the years. Among these techniques, we high-
light density downramp injection, which confines wave-
breaking to a sharp, localized, downward density transi-
tion [111, 114, 115, 129]; and ionization injection, where
injection is triggered by ionization of deeper electronic
levels contained in a dopant species [79, 112, 113].

Beam loading: The space-charge field of the witness
beam acts on the plasma electron current thus modi-
fying Ez. This e”ect is known as beam loading. In
principle, it is possible to find a certain current pro-
file for the witness beam that flattens Ez along its
length. This optimal beam loading leads to an uni-
form acceleration of the witness beam and therefore
to a virtually zero correlated energy spread. For the
strong blowout regime described in [62], such optimally
beam loading profile was calculated [130] to be trape-
zoidal with the peak current (at the front) given by
Ib,max = (IA/2)

√
(Ez,b/E0)4 + (kpRb/2)4, with IA =

4ϖϑ0mc3/e ↓ 17 kA the Alfvèn current and Ez,b the ac-
celerating field at the front of the witness beam. The
total charge in the witness bunch, Qb, satisfies the fol-
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Discharge capillary
D. J. Spence & S. M. Hooker, Phys. Rev. E 63, 015401 (2000)
A. J. Gonsalves et al., PRL 122, 084801 (2019)
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C. G. Durfee & H. M. Milchberg, PRL 71 (1993)
R. J. Shalloo et al., PRE 97 (2018)
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FIG. 23. Schematics of a generic LPA. A laser is strongly focused into a plasma target to excite a strong electromagnetic wake
for the acceleration electron beams to GeVs energies within cm-scale distances.
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plasma electrons, a constant focusing strength is gener-
ated by the uniform background of ions [60], such that
Wr → Er ↑ cBω = cKr for all ω. Therefore, by virtue
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function of ω inside the cavity is non trivial as it directly
depends on the dynamics of the plasma electron current,
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ing condition kpRb = kpw0 = 2

↔
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on wave-breaking to control the properties of the wit-
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light density downramp injection, which confines wave-
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injection is triggered by ionization of deeper electronic
levels contained in a dopant species [79, 112, 113].
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strong blowout regime described in [62], such optimally
beam loading profile was calculated [130] to be trape-
zoidal with the peak current (at the front) given by
Ib,max = (IA/2)

√
(Ez,b/E0)4 + (kpRb/2)4, with IA =

4ϖϑ0mc3/e ↓ 17 kA the Alfvèn current and Ez,b the ac-
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Accurate simulations requires interfacing tools together
Requirements

Ø Simulation tools
• Laser propagators
• Kinetic plasma
• Fluid plasma
• Beam dynamics

Ø Data transfer
• electron beam
• plasma profile
• laser pulse (exp./sim.)
• ad-hoc quantities
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Ø Simulation tools

• Laser propagators
• Kinetic plasma
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• Beam dynamics
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• laser pulse (exp./sim.)
• ad-hoc quantities
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Ø Build upon community work
Ø Independent codes + helpers

Requirements
Ø Simulation tools

• Laser propagators
• Kinetic plasma
• Fluid plasma
• Beam dynamics

Ø Data transfer
• electron beam
• plasma profile
• laser pulse (exp./sim.)
• ad-hoc quantities
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General approach to simplify start-to-end workflows

Maxence Thévenet - EAAC2025 - 23.09.2025

Ø Build upon community work
Ø Independent codes + helpers

Requirements
Ø Simulation tools

• Laser propagators
• Kinetic plasma
• Fluid plasma
• Beam dynamics

Ø Data transfer
• electron beam
• plasma profile
• laser pulse (exp./sim.)
• ad-hoc quantities

Open standard for
Particle Mesh Data

LBNL & CASUS https://github.com/openPMD

ü Archive
ü Analyze
ü Exchange
ü Interface

PIConGPU
WarpX

HiPACE++
<your code>
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Ø Build upon community work
Ø Independent codes + helpers

Requirements
Ø Simulation tools

• Laser propagators
• Kinetic plasma
• Fluid plasma
• Beam dynamics

Ø Data transfer
• electron beam
• plasma profile
• laser pulse (exp./sim.)
• ad-hoc quantities

https://github.com/LASY-org/lasy
LAser manipulations made eaSY

poster by R. Shalloo

imports

physical  
description  

of laser

simulation 
parameters + 
create object

propagate 
+ plot / save 

Deutsches Elektronen-Synchrotron DESY 
Ein Forschungszentrum der Helmholtz-Gemeinschaft

*rob.shalloo@desy.de | plasma.desy.de 
European Advanced Accelerator Concepts Workshop | Sep 2025    

Maxence Thévenet 1, Rob Shalloo 1, Igor Andriyash 2, Luca Fedeli 3, Axel Huebl 4, Sören Jalas 1, Remi Lehe 4, Jean Luc 
Vay 4, Parth Patil 1, Timo Eichner 1, Alberto de la Ossa 1, Emily Archer 1, Xingjian Hui 1, Kale Weichman 5, Kristjan Põder 1 
1 Deutsches Elektronen-Synchrotron (DESY), Hamburg, Germany 
2 Laboratoire d‘Optique Appliquée LOA, 181 Chemin de la Hunière 91762 Palaiseau, France 

3 Commissariat à l‘Énergie Atomique CEA Paris-Saclay, 91191 Gif-sur-Yvette, France
4 Lawrence Berkeley National Laboratory, 1 Cyclotron Rd, Berkeley, California 94720, USA 
5 Laboratory for Laser Energetics, University of Rochester, Rochester, NY, USA

Laser Manipulation Made Easy - Latest Updates

Motivation and Overview 
          [1]  is a python library that facilitates the initialisation of complex laser pulses for simulations 

Realistic laser profiles    are key for realistic simulations of laser-plasma interaction [2]. 
Laser manipulations       (conversions, propagation, etc.) are required and error-prone. 
Start-to-end workflows  require interfacing simulation tools with different laser representations. 

         simplifies these workflows with modern programming methods  
(Open-source, Python, CI/CD, data standards). 

 
Define Laser Pulse Manipulate / Analyse Pulse Export / Save

Save / View a Laser Pulse 

Access the 
Code

Code Example 

[1] M. Thévenet et al., arXiv:2403.12191v1 (2024) 
[2] B. Beaurepaire et al. Phys. Rev. X 5.3, 031012 (2015) 
[3] I. Andriyash, “Axiprop: simple-to-use optical propagation tool” (2020)  
[4] K. Oubrerie et al., J. Opt. 24, 045503 (2022) 
[5] A. Huebl et al., DOI:10.5281/zenodo.591699 (2015) 
[6] R. Lehe et al., Comput. Phys. Commun. 203, 66 (2016) 
[7] A. Ferran Pousa et al., Journ. Phys. 1350.1 IOP Publishing (2019) 

Defining a Laser Pulse


Temporal Profile

Spatial Profile

Can be defined as separable (in space and time) 
or as as profiles with spatiotemporal couplings 
✓ Analytic profiles 
✓ Imported from experimental data 
✓ Imported from another simulation via openPMD

camera image

import  
experimental data

lasy pulse

How is a Laser Pulse Represented?
Simplified model covering broad use case: 
✓ Temporal envelope approximation (internally) 
✓ Paraxial approximation  
✓ Constant polarisation.  
✓ Different geometries: 

✓ Cartesian (x, y, t)  
✓ Cylindrical with modal decomposition (m, r, t)  

: 6 components with fast oscillations
: 1 component, no fast oscillations

Adding Optical Elements


laser envelope
spatial coordinates

angular frequency

phase added by optic

Current elements included: 
✓ Parabolic mirror 
✓ Axicon 
✓ Axiparabola 
✓ Chromatic lens 
✓ Intensity mask 
✓ Dazzler 
✓ Spectral Filter 
✓ Zernike Aberrations 

…and easy to add your own!
         also allows direct retrieval of the 
refractive index of desired materials 
from refractiveindex.info 

Propagating the Laser Pulse
Propagation of beam can be easily simulated 
✓ Near field propagation (same grid) 
✓ Far field propagation (re-sampled grid) 
✓ Split-step propagation (nonlinear effects) 
✓ Established libraries such as Axiprop [3,4]  

add phase + 
resampling propagator  

Handshake Between Different Simulation Codes 
         makes it easier to combine codes with different laser representations 

Available formats:  
✓ HDF5 
✓ ADIOS2 

Laser can be written to file following the 
openPMD [5] standard

Envelope can be saved as: 
✓ Electric field 
✓ Vector potential 

Plotting and probing laser 
properties all possible 

More in:

Example use case: 
Injection in full 
electromagnetic PIC 
(eg. FBPIC [6]) + 
acceleration in 
quasistatic PIC code 
(eg. Wake-T [7]) 

LASY Development References 
Hosted on github and powered by community contributions: 

Angel Ferran Pousa, Alexander Sinn, Manuel Kirchen, Anna 
Liisa Puchert, Matt Streeter, David McMahon, Nadezhda 
Khachatrian, Cristina Mariani, Ryan Sandberg, Ilian Kara-
Mostefa 

Organisations and Funding 

Checkout the 
Tutorial

Ø Simulation to simulation
Ø Experiment to simulation

Open standard for
Particle Mesh Data

LBNL & CASUS https://github.com/openPMD

ü Archive
ü Analyze
ü Exchange
ü Interface

PIConGPU
WarpX

HiPACE++
<your code>
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(a) (b)

(c) (d)

Start-to-end studies are enabled by an interconnected ecosystem

HiPACE++

Open-Source

Open-Source

Open-Source

Open-Source

Open-Source

Simulate wakefield acceleration and more… v Plasma source tailoring

v Realistic experimental profiles

v Plasma recovery for repetition rate

v Parallel Bayesian optimization

Real combination of simulation 
tools in past or present studies

… harnessing the fastest supercomputers

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

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

Ø Harness the latest GPUs with FBPIC and address Exascale computing with HiPACE++.

Highlights

https://github.com/AngelFP/Wake-T
https://github.com/Hi-PACE/hipace
https://github.com/fbpic/fbpic
https://github.com/optimas-org/optimas
https://github.com/LASY-org/lasy

HYQUP
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Codes are being developed to address the needs
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Ø COMSOL - HYQUP. plasma fluid dynamics

• Hydrodynamic Optical-Field-Ionized (HOFI) channels 

S. M. MEWES et al. PHYSICAL REVIEW RESEARCH 5, 033112 (2023)

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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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).
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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.
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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.
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tial conditions for a hydrodynamic simulation as described
in Sec. III, giving the plasma properties resolved radially,
longitudinally, and in time.
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lated from the electron and neutral atom densities, as outlined
in Appendix F, to be compared with the experimental mea-
surements.
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and simulation results for two single-parameter scans. Due
to experimental constraints, the exact positions of the gas
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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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• Plasma discharge capillary
M. Mewes et al. in review (2025)

2

dynamic optical-field-ionized (HOFI) waveguides studied
in Ref. [36] as well as the discharge regime of the present
work (systems where the dynamics is governed by the
magnetic field, like Z-pinch [38], may require a di!erent
approach). HYQUP also models the reaction statistics
(for ionization, recombination, dissociation, etc.) rather
than assuming a Saha equilibrium, allowing for simulat-
ing extreme processes.

In this work, we present a simulation method compris-
ing the electric discharge, the plasma response and the
emission of hydrogen spectral lines based on HYQUP,
where the relevant processes (discharge and interaction
with the wall) were added. Through extensive bench-
marks with experimental results, we demonstrate the im-
portance of accurate boundary conditions and spectral
line calculations to reproduce measurements, and show
that transverse spectroscopy measurements may be im-
precise due to plasma inhomogeneity. This study also
clarifies the flow of energy in the plasma during each
discharge event in conditions relevant for plasma accel-
eration.

Section II presents the additions to the HYQUP model.
The experimental setup and simulation pipeline used for
the benchmark are detailed in Sec. III. Considerations on
the discharge physics and its consequences are explored
in Sec. IV.

II. SIMULATION MODEL

A discharge capillary, like the one shown in Fig. 1, is
a long, thin channel made of an electrical insulating ma-
terial such as sapphire. It is filled with gas supplied by
the inlet channels and a high voltage is applied between
the electrodes to trigger an electrical breakdown. The
gas dynamics involved in filling the cell occur on µs-ms
timescales, while the plasma fluid dynamics of the dis-
charge takes place on a shorter ns-µs timescale, which is
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FIG. 1. Schematic of the discharge capillary. The inset sim-
ulation example shows the electron density ne and neutral
atom density nn near the peak of a discharge (after 350 ns).
The dotted line represents the simulation box used for the
benchmark, assuming cylindrical symmetry.

the focus of this article. A third regime, the kinetic dy-
namics of a wakefield acceleration event occurring on an
even shorter (fs-ps) timescale, is not considered here.
The HYQUP model was updated in order to make it

applicable to capillary discharges. The main enhance-
ments, detailed below, are the introduction of an electric
current flowing through the plasma, the confinement of
the plasma inside a thin capillary, and improvements to
the reaction system.

II.1. Electric current

The discharge current is primarily carried by electrons,
which move faster than ions due to their lower mass. The
ion current is therefore neglected. The current density
ωJ and electric field ωE are computed using Ohm’s law
ωJ = εe

ωE and Gauss’ law ω→ · ωE = 0, where εe is the
electron electrical conductivity. A specified total current
I(t) flowing through the electrode surfaces is set as a
boundary condition

∫

Cathode

ωJ · ωndA = ↑
∫

Anode

ωJ · ωndA ↓ I(t), (1)

where ωn is the normal vector on the surface element dA.
The electrical conductivity, like other transport param-

eters in the original HYQUP model (local dynamic prop-
erties like thermal conductivity, di!usivity or viscosity),
is calculated by statistical consideration of particle col-
lisions in the plasma. The total resistivity is estimated
by summation of the resistivities (εeω)→1 between elec-
trons and all other particle species ϑ. The total electrical
conductivity is then

εe =

(
∑

ω

(εeω)
→1

)→1

(2)

εeω = ϖel,eω
nee2

meω

1

ϱeω
, (3)

where ϖel,eω is a prefactor for additional e!ects (e.g. mag-
netization), ne is the number density of electrons, e is the
elemental charge, meω = memω

me+mω
is the reduced mass,

and ϱeω is the momentum transfer collision rate between
electrons and species ϑ, see Ref.[36] for details.
Ohmic heating is the dominant e!ect by which the cur-

rent a!ects the plasma. The resistive energy losses of the
electron current are converted into electron heat, which
drives the ionization and flow of the plasma. The Ohmic
heating is calculated as

Q! = ωJ · ωE =
1

εe

J2 (4)

and included as a source term in the electron heat equa-
tion.
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FIG. 4. Emission model demonstrated for the example sim-
ulation. In (a) the radial distribution of emission intensity
and broadened HWHM of the Hω line are shown. In (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 line width !ωmax = 1.17 nm and exponential decay rate
εdecay = 0.76 ps→1 (obtained by fitting !ω ↑ exp(↓tεdecay)).
They are used for benchmarks with experiments in Sec. III.3.

distributions for two time steps in the example 1D sim-
ulation are shown in Fig. 4 (a). At 0.5 µs, near the peak
of the discharge current, the emission originates almost
exclusively from the plasma close to the wall, where the
line width is large. Later, at 1 µs, the intensity is more
homogeneous. These complex dynamics make it di!cult
to reliably estimate the plasma density near the axis, the
region of most interest, with OES.

The time evolution of the line width of the radially
integrated emission signal is shown in Fig. 4 (b). The
2D simulation, including the longitudinal expulsion of
plasma from the capillary, demonstrates much better
agreement of the decay process than the 1D simulation,
highlighting the importance of the expulsion on longer
time scales. The remaining di”erence to the measure-
ment data, especially at late times, can be attributed to
lower accuracy for both simulations and measurements
for cool, low-ionization plasma.

The initial kinetic breakdown phenomena, which can
not be simulated in this model, lead to a lower reliabil-
ity of the simulation at early times. An inhomogeneous
initial condition can greatly influence the dynamics, be-
cause the heating and ionization processes amplify the
inhomogeneity. But upon reaching a steady state near
the peak of a strong discharge, the results become inde-

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

pendent of the initial conditions, making the peak and
decay rate of the curve the best targets for a benchmark.

III.3. Benchmark Results

For each working point measured in the experiment
and simulated, the maximum value and the exponential
decay rate are extracted as shown in Fig. 4 (b) and sum-
marized in Fig. 5. Both the trends with the scan parame-
ters, as well as the absolute values, are in good agreement
for the full range of gas pressures and voltages, indicat-
ing a broad reliability range of the plasma simulation
model. The di”erence 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 di”erent 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 o”er longitudinal
resolution that is compared to the simulation in Fig. 6.
The similar shape of the line width color map confirms
that the longitudinal behaviour and expulsion are well
represented in the simulation, despite the simplified mod-
elling of the electrode surfaces.

Benchmarks in the ADVANCE lab at DESY
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• 2D (axisymmetric) quasistatic
• Laser-driven or beam-driven

• Python, second/minutes on a laptop

• Adaptive grid & ion motion

Open-source https://github.com/AngelFP/Wake-T
Ferran Pousa et al., in preparation

Ø Wake-T. quasistatic & cylindrical wakefield on a laptop

Numerical convergence:
7 min on a CPU core

Numerical convergence:
9 hours on a NVIDIA A100 GPU

Ø COMSOL - HYQUP. plasma fluid dynamics
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Codes are being developed to address the needs

Maxence Thévenet - EAAC2025 - 23.09.2025

Ø Wake-T. quasistatic & cylindrical wakefield on a laptop

Ø COMSOL - HYQUP. plasma fluid dynamics

Ø HiPACE++. quasistatic PIC in 3D on GPU

• Multi-physics
• C++, laptop to supercomputers
• Mesh refinement

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

Production runs 5 nm resolution take 
30 min on 16 GPU-equipped nodes
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Codes are being developed to address the needs

Maxence Thévenet - EAAC2025 - 23.09.2025

Ø Wake-T. quasistatic & cylindrical wakefield on a laptop

Ø COMSOL - HYQUP. plasma fluid dynamics

Ø HiPACE++. quasistatic PIC in 3D on GPU

Ø Quasi-static codes make challenging simulations very affordable
• 5 nanometer transverse resolution for convergence ion motion

• Standard HPC allocation allows for ~ 10,000s 3D simulations
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Modular framework for ensemble of s2e simulations: Optimas
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Next input 
to probe

. . . Best beam obtained 
for laser spot size 
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Modular framework for ensemble of s2e simulations: Optimas

Maxence Thévenet - EAAC2025 - 23.09.2025

Beam 
output

Next input 
to probe

. . . Best beam obtained 
for laser spot size 

=… 
etc.

DESY. Page 11

Enabling 10x faster optimization
Using Wake-T to guide a high-fidelity FBPIC optimization

| Efficient simulation of multistage laser-plasma accelerators with Wake-T | Ángel Ferran Pousa, 15.5.23

A. Ferran Pousa et al., arXiv:2212.12551 (2022)

Optimization at scale
Bayesian Optimization 

LBNL, DESY, ANL

https://github.com/optimas-org/optimas
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These methods are being used in most of our studies today
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LPA 
injection

Ø A. Martinez de la Ossa et al., The Plasma Injector for PETRA IV: Conceptual Design Report

The Plasma Injector
for PETRA IV.
Enabling Plasma Accelerators for Next-generation Light Sources
Conceptual Design Report

Deutsches Elektronen-Synchrotron DESY
A Research Centre of the Helmholtz Association
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Laser-Plasma Accelerator | The Plasma Injector

plasma target

(a)

(b) (c)
Accepted charge 

83.5 pC +/- 10.0% (rms) 
Charge throughput  = 96.5%(d)Energy = 6.000 GeV (0.04% rms)Energy = 5.999 GeV (0.96% rms)

LPA Chromatic chicane Main chicane X-band structurelaser 
pulse Quad triplet(20 J)

collimator5 m

Figure 3. Schematic layout of the plasma injector for PETRA IV (a): the LPA produces electron beams at 6 GeVwith
1% (projected) energy spread. A quadrupole triplet (red) captures the beam and matches it to a dispersive section
(chromatic chicane), made up of dipoles (blue) and sextupoles (green), that corrects the chromatic emittance
growth. The beamline continues with the main chicane that induces a large longitudinal decompression and a
linear energy-time correlation over the beam. The energy correlation is then canceled out by a 5-meter-long X-
band RF structure (orange). The integrated spectrumof the beam is compressed by a factor 24, enabling an efficient
injection into the storage ring. Electron beams spectra before (b) and after (c) energy compression. Distribution of
the initial and accepted beam charge (d).

3.2. Laser-Plasma Accelerator

Laser-plasma accelerators are driven by
highly-intense laser pulses, which excite
wakefields in a plasma bymeans of the pon-
deromotive force [5, 62, 63]. The unper-
turbed plasma density, 𝑛𝑝, sets the spatio-
temporal scale of the wakefield structure,
defined by the plasma wavelength 𝜆𝑝 =
2𝜋/𝑘𝑝, with 𝑘𝑝 = (𝑛𝑝𝑒2/𝑚𝜖0𝑐2)1/2 the plasma
wavenumber, 𝑚 the rest mass of the elec-
tron, 𝑒 the elementary charge, 𝑐 the speed
of light in vacuum and 𝜖0 the vacuum per-
mittivity (see Appx. B.2). For efficient wake-
field excitation, the plasma shall be driven in
the blowout regime [64, 65] by laser pulses
with a high peak normalized vector poten-
tial amplitude, 𝑎0 ≳ 2, and resonant in du-
ration, 𝜏 ∼ 1/𝑘𝑝𝑐 (see Appx. B.3). The in-
tensity of the laser pulse is related to 𝑎 by
𝐼 = (𝑚𝑐2𝑘0/𝑒)2 (𝑐𝜖0/2) 𝑎2, with 𝑘0 the laser
wavenumber. For typical laser wavelengths
around 1 μm, reaching the high peak in-
tensities to drive a plasma blowout (𝐼0 ≳
5 × 1018 W/cm2) requires tight focusing of
the laser pulse to a spot size, 𝑤0, compara-
ble but smaller than the plasmawavelength.
The plasma density also sets the scale of the
accelerating gradient present in the wake-
field which, in the blowout regime, is given
approximately by 𝐸𝑧 ∼ 𝑎1/20 (𝑚𝑐2/𝑒) 𝑘𝑝 ∝
𝑎1/20 𝑛1/2𝑝 [66]. The acceleration of a witness
beam of electrons at this rate is ultimately
limited by the depletion length of the drive
laser [63], which scales as 𝐿depl ∝ 𝑛−3/2𝑝
(see Appx. B.5). Thus, the energy gain of a

single-stage LPA [63] in the depletion-limited
regime scales inversely with the plasma
density, i.e. Δℰdepl ∼ 𝑒𝐸𝑧𝐿depl ∝ 𝑛−1𝑝 . Operat-
ing at lower plasma densities to achieve high
beam energies requires, in turn, increasing
the laser pulse size by a factor ∝ 𝑛−1/2𝑝 in ev-
ery dimension while keeping its peak inten-
sity, which results in an increase of the laser
peak power as 𝑛−1𝑝 and the energy as 𝑛−3/2𝑝 .

Drive Laser

The Ti:Sapphire (Ti:Sa) laser technology is
the most commonly used in LPA research as
it allows for ultra-short laser pulses (down
to 30 fs) and high peak power. With a cen-
tral wavelength of 800 nm, achieving the ap-
propriate laser parameters for a 6 GeV en-
ergy gain with a Ti:Sa system requires oper-
ating plasma densities in the 2 × 1017 cm−3

range, with lasers of up to few tens of
Joules per pulse and peak powers near the
Petawatt level [67] (see Appx. B.5). Success-
fully proven in multiple LPA experiments
(see Table 11), Ti:Sa laser technology pro-
vides good laser pulse quality with a high
degree of spatial coherence and is therefore
still today the technology of choice. Over
the past two decades, laser-plasma accelera-
tors have shown rapid development and im-
pressive performance demonstrating elec-
tron beam parameters of quality similar to
modern RF-based accelerators. However,
the reproducibility and reliability of the gen-
erated electron beams has been until re-
cently considered insufficient to drive user

13
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Figure 3. Schematic layout of the plasma injector for PETRA IV (a): the LPA produces electron beams at 6 GeVwith
1% (projected) energy spread. A quadrupole triplet (red) captures the beam and matches it to a dispersive section
(chromatic chicane), made up of dipoles (blue) and sextupoles (green), that corrects the chromatic emittance
growth. The beamline continues with the main chicane that induces a large longitudinal decompression and a
linear energy-time correlation over the beam. The energy correlation is then canceled out by a 5-meter-long X-
band RF structure (orange). The integrated spectrumof the beam is compressed by a factor 24, enabling an efficient
injection into the storage ring. Electron beams spectra before (b) and after (c) energy compression. Distribution of
the initial and accepted beam charge (d).

3.2. Laser-Plasma Accelerator

Laser-plasma accelerators are driven by
highly-intense laser pulses, which excite
wakefields in a plasma bymeans of the pon-
deromotive force [5, 62, 63]. The unper-
turbed plasma density, 𝑛𝑝, sets the spatio-
temporal scale of the wakefield structure,
defined by the plasma wavelength 𝜆𝑝 =
2𝜋/𝑘𝑝, with 𝑘𝑝 = (𝑛𝑝𝑒2/𝑚𝜖0𝑐2)1/2 the plasma
wavenumber, 𝑚 the rest mass of the elec-
tron, 𝑒 the elementary charge, 𝑐 the speed
of light in vacuum and 𝜖0 the vacuum per-
mittivity (see Appx. B.2). For efficient wake-
field excitation, the plasma shall be driven in
the blowout regime [64, 65] by laser pulses
with a high peak normalized vector poten-
tial amplitude, 𝑎0 ≳ 2, and resonant in du-
ration, 𝜏 ∼ 1/𝑘𝑝𝑐 (see Appx. B.3). The in-
tensity of the laser pulse is related to 𝑎 by
𝐼 = (𝑚𝑐2𝑘0/𝑒)2 (𝑐𝜖0/2) 𝑎2, with 𝑘0 the laser
wavenumber. For typical laser wavelengths
around 1 μm, reaching the high peak in-
tensities to drive a plasma blowout (𝐼0 ≳
5 × 1018 W/cm2) requires tight focusing of
the laser pulse to a spot size, 𝑤0, compara-
ble but smaller than the plasmawavelength.
The plasma density also sets the scale of the
accelerating gradient present in the wake-
field which, in the blowout regime, is given
approximately by 𝐸𝑧 ∼ 𝑎1/20 (𝑚𝑐2/𝑒) 𝑘𝑝 ∝
𝑎1/20 𝑛1/2𝑝 [66]. The acceleration of a witness
beam of electrons at this rate is ultimately
limited by the depletion length of the drive
laser [63], which scales as 𝐿depl ∝ 𝑛−3/2𝑝
(see Appx. B.5). Thus, the energy gain of a

single-stage LPA [63] in the depletion-limited
regime scales inversely with the plasma
density, i.e. Δℰdepl ∼ 𝑒𝐸𝑧𝐿depl ∝ 𝑛−1𝑝 . Operat-
ing at lower plasma densities to achieve high
beam energies requires, in turn, increasing
the laser pulse size by a factor ∝ 𝑛−1/2𝑝 in ev-
ery dimension while keeping its peak inten-
sity, which results in an increase of the laser
peak power as 𝑛−1𝑝 and the energy as 𝑛−3/2𝑝 .

Drive Laser

The Ti:Sapphire (Ti:Sa) laser technology is
the most commonly used in LPA research as
it allows for ultra-short laser pulses (down
to 30 fs) and high peak power. With a cen-
tral wavelength of 800 nm, achieving the ap-
propriate laser parameters for a 6 GeV en-
ergy gain with a Ti:Sa system requires oper-
ating plasma densities in the 2 × 1017 cm−3

range, with lasers of up to few tens of
Joules per pulse and peak powers near the
Petawatt level [67] (see Appx. B.5). Success-
fully proven in multiple LPA experiments
(see Table 11), Ti:Sa laser technology pro-
vides good laser pulse quality with a high
degree of spatial coherence and is therefore
still today the technology of choice. Over
the past two decades, laser-plasma accelera-
tors have shown rapid development and im-
pressive performance demonstrating elec-
tron beam parameters of quality similar to
modern RF-based accelerators. However,
the reproducibility and reliability of the gen-
erated electron beams has been until re-
cently considered insufficient to drive user
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Figure 1: Schematic view of the new HALHF baseline at 250 GeV CoM. The red sections relate to
electrons, blue to positrons and green to photons. Other components are as labelled on the figure.

the power requirements (and thereby the number of klystrons plus modulators, which is the largest cost
driver) of the drive-beam linac compared to the linac accelerating the colliding positron bunch. Another
is the length, directly proportional to the assumed accelerating gradient, of the linacs. The gradient of
the PWFA arm is not a strong cost driver, so a reduction in the plasma density from 7→1015 cm→3 to 6→
1014 cm→3 has been made (see Fig. 3). This greatly reduces performance requirements on many aspects
of the PWFA accelerator, which is the most novel element of the facility. This is a very conservative
choice; once experience is gained with operating a PWFA accelerator in collider mode, it should be
possible to increase the gradient by e.g. using a higher plasma density. The optimum found by the
Bayesian optimiser for the baseline has an electron energy of 375 GeV and a positron energy of 41.7 GeV,
corresponding to a boost of 1.67 (compared to the original 2.13).

The optimisation of the drive-beam linac quickly converges to very close to the CLIC drive
beam [12]. This is reassuring, as CLIC has had many person-years of effort [13] devoted to it and
the requirements are similar for HALHF. These linacs can be thought of as one arm of a transformer that
converts low-energy, high-current electron bunches to high-energy, low-current bunches. The charge
in each drive bunch in the HALHF linac is 8 nC at 3.9 GeV. The similarity between the new HALHF
baseline and CLIC extends to the addition in HALHF of a delay loop plus combiner rings, with the
same functions, viz. to produce the required bunch pattern while reducing the peak power load on the
linac to an acceptable level. The linac has an average gradient of ↑3 MV/m, higher than that of CLIC
of ↑1 MV/m, and runs with 1 GHz klystrons and modulators. A longer drive-bunch separation and a
higher beam energy results in the combiner rings being larger than those of CLIC. The two combiner
rings are assumed to be in the same tunnel and interleave in two steps of 3→ and 4→, giving an overall
combination factor of 12. Every fourth RF bucket is filled. Other parameters can be seen in Table 1.

The PWFA linac has a larger number of lower-energy stages than the original baseline: 48 com-
pared to 16. Such a longer train at higher average current but lower final driver energies is more cost
effective overall. The gradient in the plasma cells is conservatively chosen to be 1 GV/m, and the trans-
former ratio to be 2, which means each stage is 7.8 m long. The drive beams are distributed to each
cell in synchronisation with the accelerated bunch by a system of RF deflectors in which drive bunches
emerging from the combiner rings are alternately distributed to each side of the array of plasma cells.

The required timing precision to ensure correct drive-beam injection relative to the beam to be
accelerated is ↑10 fs. Such precision is achievable with state-of-the-art synchronisation; however, the
details of this scheme remain to be finalised. The spent drive beams, which have a near-100% energy
spread but heavily peaked at low energies (a few 100 MeV), are extracted to beam dumps after each cell.

Since the positron charge is high (↑4.8 nC) and we want to maximise the RF gradient, the positron
linac is ideally S-band. In principle, any suitable RF technology could be used; a good option that
provides high gradient at only moderate risk is copper structures cooled to liquid-nitrogen temperatures,
as developed by the C3 Collaboration [14], operated at low gradient (40 MV/m) when compared to the
final goal of C3 (>150 MV/m). This choice reduces the length of the linac, which otherwise would
be the longest single item in the HALHF facility. The choice of cooled copper adds complication in
that liquid-nitrogen cryogenics is required, with a power of 16.6 MW (at 250 GeV CoM energy), with
concomitant cryogenic plants on the surface and the safety implications of liquid nitrogen in the tunnel. It
provides a simple path to increasing the positron energy for higher CoM running (see Sec. 5). A fallback
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Figure 1: Schematic view of the new HALHF baseline at 250 GeV CoM. The red sections relate to
electrons, blue to positrons and green to photons. Other components are as labelled on the figure.

the power requirements (and thereby the number of klystrons plus modulators, which is the largest cost
driver) of the drive-beam linac compared to the linac accelerating the colliding positron bunch. Another
is the length, directly proportional to the assumed accelerating gradient, of the linacs. The gradient of
the PWFA arm is not a strong cost driver, so a reduction in the plasma density from 7→1015 cm→3 to 6→
1014 cm→3 has been made (see Fig. 3). This greatly reduces performance requirements on many aspects
of the PWFA accelerator, which is the most novel element of the facility. This is a very conservative
choice; once experience is gained with operating a PWFA accelerator in collider mode, it should be
possible to increase the gradient by e.g. using a higher plasma density. The optimum found by the
Bayesian optimiser for the baseline has an electron energy of 375 GeV and a positron energy of 41.7 GeV,
corresponding to a boost of 1.67 (compared to the original 2.13).

The optimisation of the drive-beam linac quickly converges to very close to the CLIC drive
beam [12]. This is reassuring, as CLIC has had many person-years of effort [13] devoted to it and
the requirements are similar for HALHF. These linacs can be thought of as one arm of a transformer that
converts low-energy, high-current electron bunches to high-energy, low-current bunches. The charge
in each drive bunch in the HALHF linac is 8 nC at 3.9 GeV. The similarity between the new HALHF
baseline and CLIC extends to the addition in HALHF of a delay loop plus combiner rings, with the
same functions, viz. to produce the required bunch pattern while reducing the peak power load on the
linac to an acceptable level. The linac has an average gradient of ↑3 MV/m, higher than that of CLIC
of ↑1 MV/m, and runs with 1 GHz klystrons and modulators. A longer drive-bunch separation and a
higher beam energy results in the combiner rings being larger than those of CLIC. The two combiner
rings are assumed to be in the same tunnel and interleave in two steps of 3→ and 4→, giving an overall
combination factor of 12. Every fourth RF bucket is filled. Other parameters can be seen in Table 1.

The PWFA linac has a larger number of lower-energy stages than the original baseline: 48 com-
pared to 16. Such a longer train at higher average current but lower final driver energies is more cost
effective overall. The gradient in the plasma cells is conservatively chosen to be 1 GV/m, and the trans-
former ratio to be 2, which means each stage is 7.8 m long. The drive beams are distributed to each
cell in synchronisation with the accelerated bunch by a system of RF deflectors in which drive bunches
emerging from the combiner rings are alternately distributed to each side of the array of plasma cells.

The required timing precision to ensure correct drive-beam injection relative to the beam to be
accelerated is ↑10 fs. Such precision is achievable with state-of-the-art synchronisation; however, the
details of this scheme remain to be finalised. The spent drive beams, which have a near-100% energy
spread but heavily peaked at low energies (a few 100 MeV), are extracted to beam dumps after each cell.

Since the positron charge is high (↑4.8 nC) and we want to maximise the RF gradient, the positron
linac is ideally S-band. In principle, any suitable RF technology could be used; a good option that
provides high gradient at only moderate risk is copper structures cooled to liquid-nitrogen temperatures,
as developed by the C3 Collaboration [14], operated at low gradient (40 MV/m) when compared to the
final goal of C3 (>150 MV/m). This choice reduces the length of the linac, which otherwise would
be the longest single item in the HALHF facility. The choice of cooled copper adds complication in
that liquid-nitrogen cryogenics is required, with a power of 16.6 MW (at 250 GeV CoM energy), with
concomitant cryogenic plants on the surface and the safety implications of liquid nitrogen in the tunnel. It
provides a simple path to increasing the positron energy for higher CoM running (see Sec. 5). A fallback
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Figure 1: Schematic view of the new HALHF baseline at 250 GeV CoM. The red sections relate to
electrons, blue to positrons and green to photons. Other components are as labelled on the figure.

the power requirements (and thereby the number of klystrons plus modulators, which is the largest cost
driver) of the drive-beam linac compared to the linac accelerating the colliding positron bunch. Another
is the length, directly proportional to the assumed accelerating gradient, of the linacs. The gradient of
the PWFA arm is not a strong cost driver, so a reduction in the plasma density from 7→1015 cm→3 to 6→
1014 cm→3 has been made (see Fig. 3). This greatly reduces performance requirements on many aspects
of the PWFA accelerator, which is the most novel element of the facility. This is a very conservative
choice; once experience is gained with operating a PWFA accelerator in collider mode, it should be
possible to increase the gradient by e.g. using a higher plasma density. The optimum found by the
Bayesian optimiser for the baseline has an electron energy of 375 GeV and a positron energy of 41.7 GeV,
corresponding to a boost of 1.67 (compared to the original 2.13).

The optimisation of the drive-beam linac quickly converges to very close to the CLIC drive
beam [12]. This is reassuring, as CLIC has had many person-years of effort [13] devoted to it and
the requirements are similar for HALHF. These linacs can be thought of as one arm of a transformer that
converts low-energy, high-current electron bunches to high-energy, low-current bunches. The charge
in each drive bunch in the HALHF linac is 8 nC at 3.9 GeV. The similarity between the new HALHF
baseline and CLIC extends to the addition in HALHF of a delay loop plus combiner rings, with the
same functions, viz. to produce the required bunch pattern while reducing the peak power load on the
linac to an acceptable level. The linac has an average gradient of ↑3 MV/m, higher than that of CLIC
of ↑1 MV/m, and runs with 1 GHz klystrons and modulators. A longer drive-bunch separation and a
higher beam energy results in the combiner rings being larger than those of CLIC. The two combiner
rings are assumed to be in the same tunnel and interleave in two steps of 3→ and 4→, giving an overall
combination factor of 12. Every fourth RF bucket is filled. Other parameters can be seen in Table 1.

The PWFA linac has a larger number of lower-energy stages than the original baseline: 48 com-
pared to 16. Such a longer train at higher average current but lower final driver energies is more cost
effective overall. The gradient in the plasma cells is conservatively chosen to be 1 GV/m, and the trans-
former ratio to be 2, which means each stage is 7.8 m long. The drive beams are distributed to each
cell in synchronisation with the accelerated bunch by a system of RF deflectors in which drive bunches
emerging from the combiner rings are alternately distributed to each side of the array of plasma cells.

The required timing precision to ensure correct drive-beam injection relative to the beam to be
accelerated is ↑10 fs. Such precision is achievable with state-of-the-art synchronisation; however, the
details of this scheme remain to be finalised. The spent drive beams, which have a near-100% energy
spread but heavily peaked at low energies (a few 100 MeV), are extracted to beam dumps after each cell.

Since the positron charge is high (↑4.8 nC) and we want to maximise the RF gradient, the positron
linac is ideally S-band. In principle, any suitable RF technology could be used; a good option that
provides high gradient at only moderate risk is copper structures cooled to liquid-nitrogen temperatures,
as developed by the C3 Collaboration [14], operated at low gradient (40 MV/m) when compared to the
final goal of C3 (>150 MV/m). This choice reduces the length of the linac, which otherwise would
be the longest single item in the HALHF facility. The choice of cooled copper adds complication in
that liquid-nitrogen cryogenics is required, with a power of 16.6 MW (at 250 GeV CoM energy), with
concomitant cryogenic plants on the surface and the safety implications of liquid nitrogen in the tunnel. It
provides a simple path to increasing the positron energy for higher CoM running (see Sec. 5). A fallback
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Conclusion
Ø Start-to-end studies are becoming the norm. Often start from experiment.

Ø Approach with common standard openPMD + targeted libraries LASY & Optimas.
Ø Modularity important as use cases differ a lot. Very few studies now done with 1 code.

Ø Compatible with a “backbone” approach e.g. ABEL @ HALHF.

Ø Next steps: plasma standard, beam manipulation, share methods.

Ø Don’t worry about the simulation capabilities
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