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PIP4 simulation

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

Ø Progress on simulation methods
Wakefield, hydrodynamics

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

Ø How to make the plasma waveguide
Simulating HOFI + LPA
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Petra IV: next-generation synchrotron source

AAC 2026, UCLA  -  M. Thévenet
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://www.desy.de/research/facilities__projects/petra_iv

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

Orders-of-magnitude increase in X-ray brightness

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

AAC 2026, UCLA  -  M. Thévenet
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://www.desy.de/research/facilities__projects/petra_iv

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

Orders-of-magnitude increase in X-ray brightness

Specs: 6 GeV, > 1 nC/s, 1% momentum acceptance, 10 mm.mrad

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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A. Martinez de 
la OssaCan we do it with plasma?

5

https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://bib-pubdb1.desy.de/record/426140/files/DESY-PETRAIV-Conceptual-Design-Report.pdf
https://www.desy.de/research/facilities__projects/petra_iv/


LUX design + energy compression beamline

AAC 2026, UCLA  -  M. Thévenet

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

• LPA built on LUX design for reliability

• HOFI channel for energy efficiency

• Energy Compression Beamline

• 30 Hz with filling pattern

https://doi.org/10.3204/
PUBDB-2024-06078

A. Martinez de 
la Ossa

M. Kirchen et al. PRL 126.17 (2021)
S. Antipov et al., 24, PRAB 111301 (2021)
A. Ferran Pousa et al. PRL 129, 094801 (2021)
https://github.com/fbpic/fbpic
R. Lehe et al., Comput. Phys. Commun. 203 (2016)
M. Kirchen et al., Phys. Rev. E 102, 013202 (2020) 6
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Open questions

Ø What misalignement can we tolerate between HOFI and LPA laser?

Ø Can the injection method be combined with HOFI?

M. Kirchen et al. PRL 126.17 (2021)
S. Antipov et al., 24, PRAB 111301 (2021)
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Shape the source

Do the wakefield

Use the beam
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Shape the source

Do the wakefield

Use the beam
From the market
Cheetah, Ocelot, Elegant, Genesis, ..
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Do the wakefield: 2 flavors of PIC available

AAC 2026, UCLA  -  M. Thévenet

Push 
macroparticles

Make sure they talk

Solve fields 
on the grid

!"

v Particle-In-Cell is expensive

1000 compute units for hours is common

v plasma acceleration requires many (millions) timesteps

CFL with small timesteps vs. long accelerating distance

v Solution 1: the boosted frame J.-L. Vay PRL 98, 130405 (2007)
Reduce scale discrepancy with a Lorentz transform

v Solution 2: the quasistatic approximation P. Mora and T. M. Antonsen PRE 53 (1996)
Calculate the plasma response assuming the laser is frozen: !! ≫ #"
Fast and accurate but cannot capture injection
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Wake-T: cylindrical + quasistatic for fast runs

AAC 2026, UCLA  -  M. Thévenet

Ángel Ferran Pousa

I-Lin Yeh

Accurate simulations within minutes on a laptop

Ø 2D RZ + quasistatic

Ø Laser-driven or beam-driven

Ø Adaptive grid & ion motion

https://github.com/Wake-T/Wake-T
A. Ferran Pousa et al., J. Phys.: Conf. Ser. (2019)
C. Benedetti et al., PPCF 60 014002 (2018)
P. Baxevanis and G. Stupakov, PRAB 21 (2018)
A. Ferran Pousa et al., accepted in CPC

Hours on A100

Minutes on laptop
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HiPACE++: 3D quasistatic PIC at scale

AAC 2026, UCLA  -  M. Thévenet

Affordable 3D simulations on top supercomputers

Ø Optimized for GPU computing

Ø Little sister of WarpX, C++, built on AMReX

Ø Beam-driven & laser-driven

Ø Multiphysics (collisions, ionization, …)

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

HiPACE++ <insert logo>

LBNL AMP + BELLA

CEA

Alexander 
Sinn

Xingjian 
Hui

Emanuele 
Marchetti
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Both codes agree on challenging simulations

AAC 2026, UCLA  -  M. ThévenetA. Ferran Pousa et al., accepted in CPC

HiPACE++ <insert logo>

Few nanometers!
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An array of open-source GPU-capable codes

AAC 2026, UCLA  -  M. Thévenet

HiPACE++ <insert logo>

https://github.com/Wake-T/Wake-T
https://github.com/fbpic/fbpic
https://github.com/Hi-PACE/hipace
https://github.com/ECP-WarpX/WarpX

Electromagnetic Quasistatic

Quasi-3D

3D

Other codes are available: OSIRIS4.0, PIConGPU, 
SMILEI, VSIM, QPAD, QuickPIC, WAND-PIC, … 

GPU

GPU GPU
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Can we plug codes together?
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Beam
Laser
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Can we plug codes together?
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Beam
Laser

Beam  ✅

Laser   ❌

Electric field vs. vector potential
Full field vs. envelope

…yes with a bit of help
14
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LAser manipulations made eaSY

Ø 3D Cartesian or cylindrical

Ø Envelope representation

Ø Readers from measurement (INSIGHT, etc.)

Ø Python, open-source

Ø Converters (field/envelope, E/A)

Rob Shalloo
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Do the wakefield
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Shaping the source: hydrodynamics

Longitudinal tailoring for injection & matchingTransverse tailoring for laser waveguide

Simulation methods

Ø Gas flow: existing solutions (ANSYS, COMSOL)

Ø Plasma shaping: hydrodynamics

17
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HOFI channel
C. G. Durfee & H. M. Milchberg, PRL 71 (1993)
R. J. Shalloo et al., PRE 97 (2018)
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Shaping the source: hydrodynamics

Longitudinal tailoring for injection & matchingTransverse tailoring for laser waveguide

Simulation methods

Ø Gas flow: existing solutions (ANSYS, COMSOL)

Ø Plasma shaping: hydrodynamics

HOFI channel
C. G. Durfee & H. M. Milchberg, PRL 71 (1993)
R. J. Shalloo et al., PRE 97 (2018)

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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HYQUP: HYdrodynamic QUasineutral Plasma

Assumes single, quasi-neutral fluid

Two temperatures (2T), separate for 
electrons and heavy particles (ions, atoms, 
molecules)

Ionization state tracked via collisional 
reaction rates

No explicit EM fields required

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

$%
$& + ∇ ) %+⃗ = 0

$%+⃗
$& + ∇ ) %+⃗+⃗ = −∇/ − ∇ ) 0∇+⃗

Flow

Species !
$1#
$& + ∇ ) 1#+⃗ = 2

$
3$#4$

$5%6%
$& + ∇ ) 5%6% + /% +⃗ − +⃗ ) ∇/% − ∇ ) #%∇6%

= −7%&' 6% − 6( −2
$,	#

Δ9$4$

Electron energy

Similar for atoms

Key

+: mass density
,: flow velocity
-: pressure
.: magnetic field
/: viscous stress tensor
0: number density
c: stoichiometric const.
r: reaction rate
1: heat capacity
2: temperature
3: thermal conductivity
4!"# : collisional energy 
transfer
Δ6: reaction energy
6: electric field

Transport Coefficients
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Mathis Mewes
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HYQUP was benchmarked against experiments

HOFI channel

Discharge capillary

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.

033112-6

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

Experiments at Oxford 
University (S. Hooker)

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

100 mm

Electrode
Capillary Wall

50 mm5 mm

1 
m

m

1 mm

Gas

Va
cu

um

Gas
Inlet

Plasma

Current

nn (10  m )0 8

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.

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

Experiments in the ADVANCE 
lab at DESY (J. Wood)
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CHEQUP: open-source HOFI simulations

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

Ø Open-source since June 24

Ø Go check talk by Christian McCombs (LBNL)

HYQUP

physics

+

CASTRO (Stony Brook Uni + LBNL)

C++, GPU, MR

=

CHEQUP

Christian McCombsRemi Lehe Alexander Sinn Thibault Benahmed

https://github.com/chequp-org/chequp
https://github.com/AMReX-Astro/Castro



AAC 2026, UCLA  -  M. Thévenet

Start-to-end supported by openPMD standard

Ø Open standard for Particle Mesh Data

Ø Comes with C++ & Python implementations

Ø Largely simplifies start-to-end simulations

ü Archive

ü Analyze

ü Share

ü Interface

CHEQUP

WarpX

HiPACE++

<your code>

https://github.com/openPMD
https://github.com/openPMD/openPMD-api
https://github.com/openPMD/openPMD-viewer 21



An international suite of open-source tools for S2E

HiPACE++

Simulate wakefield acceleration and more… v Plasma source tailoring

v Realistic experimental profiles

v Plasma recovery for repetition rate

v Parallel Bayesian optimization

… 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

CHEQUP

AAC 2026, UCLA  -  M. Thévenet

• All open-source

• All 
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Build your own toolchain

AAC 2026, UCLA  -  M. Thévenet

Axicon laser

HiPACE++
Ionization

CHEQUP
HOFI expansion

Realistic laser

LPA injection LPA acceleration

Laser handshake
OCELOT

Beam dynamics

ELEGANT
Beam dynamics

Shape the source
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Build your own toolchain

AAC 2026, UCLA  -  M. Thévenet

Axicon laser

HiPACE++
Ionization

CHEQUP
HOFI expansion

Realistic laser

LPA injection LPA acceleration

Laser handshake
OCELOT

Beam dynamics

ELEGANT
Beam dynamics

Shape the source

Do the wakefield
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Build your own toolchain

AAC 2026, UCLA  -  M. Thévenet

Axicon laser

HiPACE++
Ionization

CHEQUP
HOFI expansion

Realistic laser

LPA injection LPA acceleration

Laser handshake
OCELOT

Beam dynamics

ELEGANT
Beam dynamics

Use the beam

Shape the source

Do the wakefield
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Build your own toolchain

AAC 2026, UCLA  -  M. Thévenet

Axicon laser

HiPACE++
Ionization

CHEQUP
HOFI expansion

Realistic laser

LPA injection LPA acceleration

Laser handshake
OCELOT

Beam dynamics

ELEGANT
Beam dynamics

Optimization at scale
Bayesian Optimization

https://github.com/optimas-org/optimas
https://github.com/Libensemble/libensemble
Hudson et al. IEEE Trans. Parallel Distrib. Syst. 33 (2021) 26



PIP4 simulation

AAC 2026, UCLA  -  M. Thévenet

Preliminary

Preliminary

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

Ø Progress on simulation methods
Wakefield, hydrodynamics

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

Ø How to make the plasma waveguide
Simulating HOFI + LPA
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Laser pointing jitter causes beam degradation

AAC 2026, UCLA  -  M. Thévenet

Laser handshake

LPA injection LPA acceleration

Ideal HOFI

Ideal laser

Alexander Sinn

Maxence Thévenet et al., PRAB 22 (2019)

#̅ = 2<7=87
#9
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Laser pointing jitter causes beam degradation

AAC 2026, UCLA  -  M. Thévenet

Laser handshake

LPA injection LPA acceleration

Ideal HOFI

Ideal laser

Ø Replace cylindrical codes with 3D codes

Alexander Sinn

Maxence Thévenet et al., PRAB 22 (2019)

#̅ = 2<7=87
#9

28



We can reproduce initial WP in 3D

AAC 2026, UCLA  -  M. Thévenet

WarpX: 14 node-hours / cm

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

Ø Connecting electromagnetic and quasistatic model is worth it!

Alexander Sinn

Laser 10% longer and 
10% higher energy

Preliminary

Cylindrical FBPIC+Wake-T Full 3D WarpX + HiPACE++

Laser 20 J, 33 fs, 37 µm spot, focus 2.2 mm
Plasma 2×10:;cm&<, w= = 40 µm, 20 cm

29



Current setup could tolerate micron-scale offset

AAC 2026, UCLA  -  M. Thévenet

Alexander Sinn

Offset

(!")

x amplitude 

(!")

#! amplitude 

(mrad)

Emittance 

(!")

Charge

(pC)

0.0 0.290 0.115 16.1 310

0.1 0.213 0.0881 16.3 308

0.4 0.444 0.246 17.3 309

1.0 0.867 0.494 19.4 306

2.5 1.55 0.875 20.1 286

5.0 3.18 1.78 40.6 257

10 4.94 2.69 45.1 207

Ø Laser oscillations damped, coherent betatron oscillations

Ø No offset: width ~ EF, divergence ~F4GH
Ø Final betatron phase matters:

trade-off final position offset ~JK vs. pointing ~LMJN/P>
Ø Few-micron offset comparable to beam width and divergence

Ø Solutions investigated to reduce offset and mitigate effect

#? ≃ 1.1 3F

P. Blum et al. Optics letters 51 (2025)

Preliminary
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PIP4 simulation

AAC 2026, UCLA  -  M. Thévenet

Preliminary

Preliminary

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

Ø Progress on simulation methods
Wakefield, hydrodynamics

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

Ø How to make the plasma waveguide
Simulating HOFI + LPA
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AAC 2026, UCLA  -  M. Thévenet

Original: simulate LPA from ideal profiles

A. Martinez de la Ossa

Ideal HOFI

Ideal
laser

LPA injection LPA acceleration

Laser handshake
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New: HOFI simulation included in pipeline

Ideal laser

HiPACE++
Ionization

CHEQUP
HOFI expansion

Ideal laser
LPA injection LPA acceleration

Laser handshake

Thibault Benahmed

AAC 2026, UCLA  -  M. Thévenet 33



CHEQUP simulations give appropriate profile

AAC 2026, UCLA  -  M. Thévenet

Thibault Benahmed

Gas density 2.8 10"#)*$%
Argon dopant 13.8%
HOFI laser is Gaussian, collimated
+& = 17 .* and /& = 0.04
Hydro expansion time 3.5 ns
LPA laser: 20 J, focused at 1.93 mm, duration 33 fs

PreliminaryIdeal plasma profile Realistic plasma profile
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Conclusion & Perspectives

Ø Plasma injector for Petra IV demands s2e modelling

Ø Many high-quality open-source tools are available

Ø standard openPMD + libraries LASY & Optimas

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

Ø Tight tolerance between waveguide and LPA

Ø We are working on generating the long HOFI channel

Ø Happy to share s2e methods, reach out if interested

Ø More on X-ray generation coming soon

Thank you for your attention

AAC 2026, UCLA  -  M. Thévenet

The plasma group

C. McCombs, J. Osterhoff, C. Benedetti, J.-L. 
Vay, A. Huebl, R. Lehe, A. Myers, W. Zhang, C. 
B. Schroeder

G. J. Boyle

S. Hooker

L. Fedeli

Axicon laser

HiPACE++
Ionization

CHEQUP
HOFI expansion

Realistic laser

LPA injection LPA acceleration

Laser handshake
OCELOT

Beam dynamics

ELEGANT
Beam dynamics

Future work to improve:
Ø Accuracy of HOFI simulations
Ø Accuracy of laser ionization
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