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What to simulate and why?
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Ø Shape gas (Gas cell, gas jet)

Ø Shape plasma (Laser or discharge)

Ø Do wakefield (PWFA, LWFA)

Ø Sustain operations
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exit density out-ramp that allows for adiabatic electron beam
propagation and emittance control.

In addition to the cell entrance and exit gas density distribu-
tion, the gas density and composition inside the cell is a core
topic. Whether for a tank-like or channel design, whether with
one or multiple gases, one wants to ensure control over the
longitudinal and transverse gas distribution. The dimension
and position of gas inlets and gas outlets (aperture pumping
but also specific additional pumping holes) play a major role
in the design, and the overall selection of these parameters is
impacted by the cell apertures. For a single species gas cell,
the density profile can be tailored by varying the shape of the
aperture between two regions with a pressure differential42, or
the inner channel diameter, and injection inlet sizes, orienta-
tion and shape43. Gas cells5,44, like combined gas jets45, can
have a tailored longitudinal distribution of the gas species: by
using multiple regions5,6,42 or by inserting a pumping aperture
to limit inter-diffusion of gas species11. The selection of the
cell geometry is complex, and Computational Fluid Dynam-
ics (CFD) simulations8,12,46 help in the design efforts and in
tuning the geometric constraints (see section VIII C 1). Ba-
sic Reynolds number calculation and CFD simulations allow
for the assertion that the gas flow remains laminar, except for
the interfaces with the vacuum where the gas expands to tran-
sonic up to supersonic velocities at relatively high cross sec-
tions (cm-scales) and thus can potentially be turbulent. In the
injection pipes and within the cell, high velocities are mostly
reached within very small cross sections, in the hundreds of
microns range, thus allowing the flow to remain laminar. Less
turbulence, in theory, should lead to improved electron beam
quality and shot-to-shot stability6,10,47, since turbulent flows
are more susceptible to produce shot-to-shot density fluctua-
tions and thus electron beam parameter variations.

The reservoir/tank/slab cells are generally assembled from
many constituent parts — eg a main body offering the sub-
compartments, input and output nozzles for controlled gas
flow etc. — which allows the exchange of the parts damaged
by the laser and ad-hoc customizations of the geometry of the
cell (Fig.2). In addition to easy maintenance, the motivation
is also to offer a versatile design with geometrical tuning pos-
sibilities during operation. The channel cells are generally
manufactured by etching a flow channel into a piece of glass,
crystal, ceramic, or plastic material, with a second piece glued
onto the etched piece to complete the assembly (Fig. 3). Al-
ternatively, channel etching designs also exist with 3 layers
instead of 215, without milling of the surfaces, thus preserving
optical quality for interferometric transverse optical diagnos-
tics. As opposed to the reservoir/tank/slab design, the channel
design does not offer, so far, any geometrical tunability during
operation.

The state-of-the-art gas cell configurations used for ioniza-
tion injection-based electron sources comprise a two-region
gas cell in a channel geometry with a first compartment of
0.5mm length with 10% nitrogen doping and a second com-
partment of 4mm of pure hydrogen (see Fig. 4 for the den-
sity profile along the propagation direction). These sources
have successfully demonstrated high shot-to-shot stability
over 5000 shots11, the generation of beams with charges be-

FIG. 2. (a) - 3D section view of an example of a two-cell beamline
integrated gas target prototype for ionization injection with ceramic
input and output nozzles. The laser driver beam goes from left to
right, and the left region length is 0.7mm. The gas cell is operated
in continuous-flow and coupled to two differential pumping crosses
upward and downward42. (b) example of a channel-type gas cell for
ionization injection for continuous flow operation similar to LUX de-
sign implementation48. A compact target chamber with differential
pumping aperture can stand directly in the beamline (c) long gas cell
for GeV range laser-driven plasma acceleration7,9 for HOFI channel
waveguide with front section closed by the axicon lens.

tween 28 and 60pC and with average energies between 250
and 300MeV at energy spreads of 7MeV (FWHM).

2. Long gas structure

Extending the length of the gas/plasma structure from the
few cm to meter scale is crucial for the LPI-HE scheme for
EuPRAXIA. Slit nozzle gas jets from cm51 to 30-cm in length
have been developed52,53. Variable length gas cells and gas
cell tubes are used for PW-class experiments7,9,54 or to pro-
vide a gas container for HOFI guiding structures9 (see section
IV).

Courtesy of S. Jalas
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Why simulations?
• Test designs
• Virtual diagnostics
• S2E simulations
• …
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Simulation of gas source relatively well-controlled
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Ø Shape gas (Gas cell, gas jet)
Capture/injection, acceleration, guiding
Fluid dynamics: OpenFOAM, COMSOL-Multiphysics, ANSYS-fluent
TRL: 7+

Ø Shape plasma (Laser or discharge)

Ø Do wakefield (PWFA, LWFA)

Ø Sustain operations

M. Kirchen et al., PRL 126, 174801 (2021)

variations of the drive laser. Such a surrogate model opens
up unique possibilities to evaluate the experiment and
allows us to explore strategies for future improvement.
The experiment was performed at the LUX plasma

accelerator [25,26] at DESY [Fig. 1(a)]. The Ti:sapphire
laser system ANGUS delivered pulses at 1 Hz, with an on-
target energy of 2.6 J (0.6% rms stability) and a pulse
duration of 34 fs FWHM (∼2% rms stability), correspond-
ing to a peak power of 69 TW. The laser was focused by a
2 m focal length off-axis parabolic (OAP) mirror at f=25 to
a 25 μm FWHM spot size (0.85 Strehl ratio) inside a gas-
filled target, resulting in a peak normalized vector potential
of a0 ¼ 2.1. Online laser diagnostics measured the pulse
energy and spectrum before the compressor as well as the
near- and far-field and the wavefront behind the final
focusing mirror.
Electron bunches leaving the plasma were either focused

by a compact electromagnetic quadrupole doublet or
allowed to naturally diverge in a free drift to a permanent
magnet dipole spectrometer. The spectrometer had an
energy resolution ≤ 1% between 220 and 310 MeV for
unfocused beams with rms divergences ≤ 2 mrad and
∼0.1% for energies focused onto the screen. Transverse
beam profiles were measured on a retractable scintillator
screen and the center of mass and bunch charge were
noninvasively measured by a cavity beam position monitor
(BPM). The latter was used to calibrate the spectro-
meter [27].
The plasma source [Fig. 1(b)] consisted of a micro-

machined structure of square-shaped channels (500 μm
edge length), milled into a sapphire crystal. A first inlet
continuously supplied the entrance of a 5-mm-long on-axis
channel with a 90∶10 mixture of hydrogen (H2) and
nitrogen (N2). In this section, a high-quality electron bunch
was produced from ionization injection and then acceler-
ated to higher energies in a following section, which was
supplied with pure hydrogen by a pair of inlets with equal
mass flow. An integrated vacuum outlet separated both
sections. Operation at a balanced pressure ratio prevented
the diffusion of nitrogen, which resulted in the formation a

short (∼700 μm) transition region. Additional on-axis ports
allowed a direct measurement of the static pressure at the
mixed gas inlet (19.9 mbar) and in the center of the
hydrogen region (24.9 mbar). Based on the measured mass
flow and pressure values, the gas distribution was derived
from computational fluid dynamics simulations with
ANSYS FLUENT, assuming turbulent flow and using the
Chapman-Enskog kinetic theory to model the mixing of gas
species.
The laser-plasma interaction was modeled with particle-

in-cell simulations using the spectral, quasicylindrical code
FBPIC [34,35]. The measured radial laser intensity evolution
was approximated by a flattened Gaussian beam [36]. To
account for absolute measurement errors, we used an
optimization algorithm that varied the simulation input
parameters within the error of the experimentally measured
parameters and, thereby, converged the simulation results to
the experimental data [27].
In the experiment, key laser and plasma source para-

meters provided control over the initially injected phase
space and its subsequent acceleration. The overall gas
density scaled the nominal accelerating gradient and mainly
defined the final beam energy. The dopant concentration
not only changed the injection rate, but also affected the
trapping process by influencing the plasma profile.
Operation at a high concentration maximized the injection
rate at low laser intensities, which improves the quality of
the initial phase space. The longitudinal focus position zfoc
and the laser energy Elaser both gave control over the
amount of injected charge, yet, balancing their contribu-
tions was required to minimize the final energy spread.
Tuning those parameters, we optimized the accelerator to a
working point with optimal beam loading conditions.
Before presenting the measured data at this working

point, we explain the injection and acceleration dynamics
that result in optimal beam loading, based on the corre-
sponding simulation shown in Fig. 2.
As the laser pulse is focused through the target

(zfoc ¼ 4.75 mm), its leading edge preionizes the weakly
bound energy levels of the gas atoms (Hþ, N1−5þ), forming
a background plasma of density ne ≃ 9.6 × 1017 cm−3. The
inner electrons of nitrogen (N6;7þ), however, are tunnel-
ionized only in regions of high laser intensity at later wake
phases and, therefore, can get trapped [37]. Along the first
density upramp, the evolution of the wakefield initially
suppresses trapping of those electrons [Fig. 2(a)]. As the
pulse reaches higher intensities, the plasma wave transi-
tions to the blowout regime [38], and localized injection of
electrons occurs over a short distance of ∼700 μm along
the density downramp, which lowers the trapping threshold
by decreasing the wake phase velocity [39,40]. In combi-
nation with the decrease in nitrogen doping, this leads to the
injection of a bunch with a ramped current profile that
decreases from head to tail. Eventually, the tail of this
profile gets truncated in the second density upramp and an

(a)

(b)

FIG. 1. Laser-plasma accelerator. (a) Schematic of the LUX laser
and electron beam line. (b) Structured plasma source supplied
with H2 and doped with 10% N2 in the front for controlled
injection of electron bunches into the laser-driven plasma wave.

PHYSICAL REVIEW LETTERS 126, 174801 (2021)
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DISCHARGE PLASMA FORMATION IN SQUARE … PHYSICAL REVIEW RESEARCH 4, 013063 (2022)

FIG. 5. 2D distribution (bottom) of electron density after 200 ns of the discharge and its axial (top) profiles at several moments of model
time (top).

of total gas mass in the computational domain is shown. By
this moment the gas flow rate has reached 0.264 mg/s.

B. Discharge

Dynamics of the plasma formation (the plasma density
distribution) inside the capillary in the case of electrical dis-
charge is shown in Figs. 5 and 6. After approximately 50 ns
from the discharge initiation, the channel is not formed yet
and the plasma is still partially ionized—about 50% in the
vicinity of open ends and about 30% in the middle of the
capillary. On the axis, the electron density distribution has
small pits in the regions where gas supply channels are placed.
In these regions the generated plasma begins to flow back into
the channels. At the moment of 100 ns from the beginning of
the electrical discharge the ionization process is almost com-
pleted inside the capillary. The ionization level reaches 100%

everywhere except areas in the vicinity of the supply chan-
nels where it is around 90%. At this moment, the maximum
of the on-axis density is reached, i.e., equilibrium between
plasma generation and its outflow is set. The shock waves
in both the electrode region and the supply channel region
are formed. The stationary shock waves in the joint region
of the supply channels and the capillary channel are formed
by two opposite plasma flows. One comes from the inner
part of the capillary and the other comes from the outer part
between the supply channel and the nearest electrode. The
longitudinal homogeneity of the plasma channel is reduced
to the length of about 0.3 cm (z ∈ [−0.15,+0.15] on the
top frame in Fig. 7) while its transverse profile still has a
noticeable asymmetry, caused by the fact that the plasma
from the top part of the capillary, y > 0, outflows faster to
the supply channels than from the bottom part, y < 0. At
the moment when the electric current reaches its maximum

FIG. 6. Transverse electron temperature profiles along (solid) and across (dashed) the capillary axes in the capillary center (z = 0) at
several moments of modeled time (left) and at several axial positions by t = 150 ns (right).

013063-5

Plasma shaping modelling is still a research topic
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Ø Shape gas (Gas cell, gas jet)
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Fluid dynamics: OpenFOAM, COMSOL-Multiphysics, ANSYS-fluent
TRL: 7+

Ø Shape plasma (Laser or discharge)
Create plasma, injection, guiding, plasma optics
EM, discharge, plasma hydrodynamics
TRL: 3-9

Ø Do wakefield (PWFA, LWFA)

Ø Sustain operations

K. Oubrerie et al., Science & Applications 11, 180 (2022)
M. Mewes et al., PRR 5, 033112 (2023)
B. Miao et al., PRAB 27, 081302 (2024)
G. A. Bagdasarov et al., PRR 4, 013063 (2022)
M. Mewes et al., in preparation
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Simulate wakefield: bread and butter
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Large challenges towards simulating production operation
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Rep rate & heat management, up time, stability, laser damage
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TRL: 1-9

R. Zgadzaj et al., Nat. Comm. 11, 4753 (2020)

shows, however, that two-step processes become dominant only
at Δt≳ 400 ps (see brown dotted, orange dot-dashed, red filled
circle curves). Simulated probe images (Fig. 1f) widen more than
twice as rapidly as for Simulation 2 (Fig. 1e). Moreover, a
substantial vertex shift Δz(1200 ps) ≈ 500 μm develops by the
end of Simulation 3. Simulated average growth of rO(Δt) and
rB(Δt) agrees with observed average growth over the interval

100 < Δt < 1300 ps (see Fig. 2e, f). Finally, simulated and observed
probe image lineouts near the beginning (Fig. 2h, i) and end
(Fig. 2j, k) of Simulation 3 agree well in width and depth, despite
discrepancies in fringe amplitude. Thus Simulation 3 captures all
qualitative features of the data, including the vertex shift Δz(Δt)
that Simulation 2 missed, as well as some key quantitative
features.

Discussion
Nevertheless, some quantitative discrepancies remain. Early in
Simulation 3 (100 < Δt < 600 ps), rB(Δt) grows faster (2 × 106 m/s)
than observed (1.2 × 106 m/s), resulting in rB values at Δt ~ 600 ps
nearly 50% larger than observed. Later (600 < Δt < 1200 ps), on
the other hand, rB(Δt) grows more slowly (1.2 × 106 m/s) than
observed (1.7 × 106 m/s), yielding rB values at Δt ~ 1200 ps that
agree well with observations. Thus, radial expansion of simulated
(observed) images decelerates (accelerates) during the simulated
(observed) Δt interval.

There are several plausible reasons for these discrepancies.
First, although incident drive bunches were thoroughly char-
acterized, properties of the bunch after its trailing part focused
inside the plasma (Fig. 3b) govern plasma expansion dynamics.
Because plasma lensing is nonlinear, small errors in incident
bunch properties can lead to large errors in focused bunch
properties. For example, simulations assumed axisymmetric drive
bunches, whereas ~10% asymmetries between σx and σy, and 10-
fold differences between focusing functions βx and βy, were
typically present at the plasma entrance, and could have led to
asymmetric downstream focusing and plasma expansion. A sec-
ond probe in an orthogonal plane would help to diagnose such
expansion asymmetries, if present. Similarly, deviations in the
longitudinal bunch shape from Gaussian, which were not well
characterized, sensitively influence the intra-bunch position at
which ionization and self-focusing begin, and in turn the fraction
of incident bunch charge that drives a nonlinear wake. This can
also lead to significant discrepancies between observed and
simulated expansion rates.

In the later part of Simulation 3 (600 < Δt < 1200 ps), the radial
slope ∂η/∂r of advancing refractive index profiles at the turning
point radius shrinks rapidly (see Fig. 4f). As a result, simulated
radii rB(Δt≳ 900 ps) in Fig. 2f become sensitive to small pertur-
bations in η(r) profiles, and by extension to small deviations in
the radial profile of the focused drive bunch. Departures of the
incident drive bunch radial profile from its assumed Gaussian
shape prior to plasma focusing, and depletion or re-shaping of
focused drive bunches for z > 30 cm, which are neglected in
quasistatic LCODE simulations, are possible sources of such
deviations. In addition, neglected drive bunch evolution within
the ~100-cm probed region imprints left–right asymmetry onto
probe images beyond that currently simulated.

These residual discrepancies indicate that detailed quantitative
comparison of simulated and measured ns-scale plasma dynamics
will require selected improvements to both experiment and
simulation, as noted above. Nevertheless, the broad agreement
obtained in the spatial and temporal scale of post-wakefield
expansion validates the basic plasma/atomic physics on which
Simulation 3 is based. Its output can thus elucidate additional
internal properties of the expanding plasma beyond those that
were directly observed.

An example is the plasma’s energy budget. According to
Simulation 3, the fully focused drive bunch (Fig. 3b) deposits
energy into the plasma at rate ~3.5 J/m (see Fig. 5c), in rea-
sonable agreement with the average deposition rate (2.2 J/m)
inferred from analysis of the spent drive bunch’s energy spectrum
(Supplementary Fig. 2 and Supplementary Methods). The latter
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Fig. 5 LCODE simulations of ionization and energy transport channels. a
Plot of Li+ ion [(1)–(4)] and Li neutral atom [(5) and (6)] density
distributions corresponding to electron density distribution at Δt= 1200 ps
in Fig. 4e. Regions (1), (2), and (4) indicate relative contributions of original
ions (region 1) and of electron-impact-ionized ground state (2) and excited
(4) neutrals, while the barely visible region 3 (black) indicates ion-impact-
ionized Li atoms. b Time evolution of indicated impact ionization channels.
Ion-impact ionization (solid purple curve) dominates for 50≲Δt≲ 160 ps;
electron-impact ionization (dark-brown dashed, light-brown dotted, orange
dot-dashed, red filled-circle curves) dominates for Δt≳ 160 ps. c Time
evolution of indicated energy transport channels. Hot electrons carry ~10%
of the energy deposited in the original wake to the walls in the first ~20 ps
(region 4). The expanding plasma column retains the rest without
noticeable attenuation throughout the remainder of the simulated period.
Electrons (2) and fields (3) carry most of the latter energy initially (20≲Δt
≲ 40 ps), but transfer ~85% of it to radial ion motion (1) within 300 ps. The
small jumps evident in curves (2)–(4) are nonphysical. They result from
occasionally doubling macro-particle size and halving density as ionization
increases particle number, in order to speed up the simulation.
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Thank you for your attention

Conclusion & perspectives
• Simulation components exhibit different TRL

• Challenges: space/time scales, multi-physics
• S2E simulations become the norm, openPMD helps

• New questions towards actual production

• Looking around: the Fusion community tackles similar problems

Ø Shape gas (Gas cell, gas jet)

Ø Shape plasma (Laser or discharge)

Ø Do wakefield (PWFA, LWFA)

Ø Sustain operations


