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Laser wakefield acceleration (LWFA) is a promising approach for producing high-brightness electron
beams in the GeV energy range, offering significant potential for compact next-generation accelerator
facilities. In this work, we present a computational study of LWFA in a specially designed single-stage
capillary gas cell target aimed at producing high-quality, GeV-class electron beams. The capillary cell
includes a short (~2 mm) injection region at the entrance filled with a helium (He) and nitrogen gas
mixture. This is followed by a longer (~14 mm) pure He section, which provides the required acceleration
length and limits continuous ionization injection, thereby significantly reducing the energy spread of the
accelerated beam. Hydrodynamic simulations are performed to optimize the capillary geometry and
generate the required two-section gas-pressure profile. The resulting gas density distributions for various
cases are then directly incorporated in particle-in-cell (PIC) simulations to study LWFA. In particular,
our hydrodynamic simulations demonstrate how tailored density profiles in the acceleration section can
be realized in a capillary gas cell, while the corresponding PIC simulations reveal how these profiles
influence the acceleration process and the resulting beam quality. Using a 100 TW-class laser system with
parameters relevant to the L2-DUHA laser at the ELI Beamlines Facility, the PIC results demonstrate
electron acceleration to mean energies exceeding 1.0 GeV with high-quality beam properties. Self-injected
He electrons are also observed, and their impact on the main beam quality is evaluated. The findings of this
study provide valuable insights for upcoming LWFA experiments planned within the EUPRAXIA Project

at the ELI Beamlines Facility.

DOI: 10.1103/18b2-j67x

I. INTRODUCTION

Laser wakefield acceleration (LWFA) [1,2] has emerged
as one of the most promising approaches for generating
high-quality, high-energy electron beams. When an intense
laser pulse propagates through a plasma or gas target,
its ponderomotive force expels electrons from the laser
propagation axis relative to the stationary ions, driving a
trailing charge-density wave with intense electromagnetic
fields, known as a wakefield. This wakefield propagates
with a phase velocity approximately equal to the group
velocity of the laser pulse in the medium and exhibits an
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accelerating gradient on the order of hundreds of gigavolts
per meter (GV/m) [3-5]. This accelerating gradient is
nearly three orders of magnitude higher than that achiev-
able in conventional radio-frequency accelerators, which
are limited by the electrical breakdown threshold of the
metallic accelerating cavities. Consequently, electrons
injected into this ultra-high-gradient laser-driven wake-
field under suitable initial conditions can be rapidly
accelerated and transversely focused to produce high-
energy electron beams over very short distances. Thus,
laser-plasma-based accelerators offer the potential for
significantly more compact and cost-effective accelerator
technologies [6-8].

Following the initial theoretical proposal by Tajima and
Dawson in 1979 [1], LWFA has made significant progress
over the past few decades toward the experimental
realization of high-energy electron acceleration in laser-
plasma systems. Early breakthroughs demonstrated
the generation of high-energy electron beams from

Published by the American Physical Society
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laser-plasma setups [9-12]. These experimental studies
were supported by extensive theoretical investigations of
the LWFA process [13—-19]. Electron beams with peak
energy exceeding 8 GeV have since been achieved using a
centimeter-scale capillary discharge waveguide [20]. More
recently, experiments have produced electron beams
approaching ~10 GeV, marking the highest energies
reported to date in a single-stage LWFA configuration
[21-23]. A recent experimental study has also reported
the efficient acceleration of plasma electrons driven by a
long-wave-infrared laser [24]. In parallel, numerous theo-
retical [25-30] and experimental studies [31-35] have
focused on improving the quality of the accelerated
electron beams to meet the demands of various potential
applications [36—42].

The quality of the accelerated electron beams in LWFA
depends on several factors, including laser parameters and
the parameters of the plasma or gas target. The initial
phase of electron injection into the wakefield also affects
the quality of the final accelerated beam [43]. Various
injection mechanisms, such as self-injection [44-48],
density downramp injection [49-51], colliding-pulse
injection method [52-56], and ionization injection
[57-59], have been proposed and demonstrated both
theoretically and experimentally.

The ionization-based injection mechanism is considered
one of the most effective methods to inject electrons into
the wakefield for acceleration. This mechanism takes
advantage of the large difference in ionization potential
between the inner-shell (K-shell) and outer-shell electrons
of high-Z gases [for example, nitrogen (N,)]. The outer
electrons of high-Z gas atoms, and all electrons of low-Z
gas atoms, are ionized even at the front part of the laser
pulse. In contrast, the K-shell electrons of high-Z gas
atoms are ionized only near the central, high-intensity
region of the laser pulse. Once these inner-shell electrons
are ionized, some of them are trapped in the already
formed wake wave created by the previously ionized
electrons. In the ionization injection mechanism, the
injection mainly occurs near the laser propagation axis.
Thus, by properly tuning the laser and plasma parameters,
electron beams with low divergence and low emittance can
be produced using the ionization injection mechanism
[33,60], whereas these quantities are typically much higher
in self-injection and density downramp injection mecha-
nisms. It also avoids the complexity involved in controlling
and synchronizing two driver laser pulses, as required in
all-optical injection schemes.

The main disadvantage of the ionization injection
mechanism is the large energy spread of the generated
electron beams, which arises from the continuous injection
of electrons along the laser propagation distance. Several
ideas have been proposed to overcome this issue. For
example, the use of an unmatched laser driver has been
suggested to self-truncate the ionization-induced injection

process [61]. Another approach involves using a gas cell
setup that separates the injection and acceleration sections
[29,33,60]. The injection section consists of a mixture of a
low-Z gas (hydrogen) and a high-Z gas (nitrogen), while
the acceleration section contains pure hydrogen. This
method has been both theoretically studied and experi-
mentally verified, producing electron beams with mean
energies of ~350-400 MeV and relative energy spreads
of 2%—5% [25,33,60]. Our present study builds upon this
approach to demonstrate the generation of high-quality,
GeV-class electron beams using a capillary gas cell setup.

In this work, we investigate LWFA for generating high-
quality, GeV-class electron beams using a truncated
ionization injection mechanism in a single-stage capillary
gas cell setup. An inhomogeneous mixture of helium (He)
and N, is considered inside the capillary. Combined
hydrodynamic and particle-in-cell (PIC) simulations are
used to study the conceptual design and the underlying
physical processes. To effectively truncate the otherwise
continuous ionization-based injection of inner-shell
(K-shell) electrons from N,, the capillary is divided into
two sections. The first section, which is shorter in length
(~2.0 mm) and located at the entrance of the capillary,
contains a mixture of He and N, and serves as the injection
region. The second section, which is longer (~12.0 mm),
extends to the capillary exit and contains pure (100%) He,
providing the extended acceleration length. Hydrodynamic
simulations have been conducted to optimize the design
of the capillary setup. Additionally, these simulations
provide the gas-pressure profiles along the capillary axis
for various configurations. To investigate LWFA using this
capillary gas cell target, the corresponding gas density
profiles for each case are directly incorporated into the PIC
simulations. The capillary configuration considered in this
study is based on the design proposed and experimentally
demonstrated in Ref. [33], where it was used to generate
high-quality electron beams with a mean energy of
approximately 300 MeV. Our present study focuses on
the design and optimization of a three-inlet capillary gas
cell for the generation of GeV-scale electron beams
through LWFA. Moreover, the capillary configuration is
specifically designed to tailor the longitudinal gas density
profile within the acceleration section. A recent study [23]
demonstrated that a linearly upramped longitudinal density
profile in a gas-jet target can significantly increase the
electron-beam energy, from 9 GeV to more than 12 GeV.
In the present work, our hydrodynamic simulations dem-
onstrate how tailored density profiles, featuring longi-
tudinal upramp or downramp profiles in the acceleration
section, can be achieved in a capillary gas cell through
precise control of gas-loading parameters and capillary
geometry. The corresponding PIC simulations demonstrate
how these tailored profiles modify the acceleration dynam-
ics and ultimately influence the final beam quality.
A 100 TW-class laser system is considered to drive the
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wakefield in these gas targets. The PIC simulations
accurately capture the injection processes and the dynam-
ics of the driver laser pulse and the accelerated electron
beams. Our PIC results demonstrate the generation of
electron beams with mean energies exceeding 1.0 GeV,
while maintaining high quality upon exiting the capillary.
The remainder of this paper is organized as follows.
Section II A describes the hydrodynamic simulations
performed in this study. The corresponding results are
presented in Sec. IIB, which discusses the technical
aspects of designing the three-channel capillary setup
and the gas dynamics inside the capillary. Section III
and its subsections provide the details of the PIC simu-
lations and present the PIC results, highlighting the
generation of GeV-class electron beams using LWFA.
Finally, Sec. IV presents a detailed summary of our work
along with concluding remarks and future directions.

II. HYDRODYNAMIC SIMULATION OF
CAPILLARY GAS CELL

Hydrodynamic simulations were performed using the
OpenFOAM [62] computational fluid dynamics (CFD)
toolbox to obtain the gas density profiles within the
capillary gas cell. The main goal was to obtain a gas
density profile such that along the capillary channel, there
would be a narrow region containing a mixture of nitrogen
and helium gases, while the rest of the capillary would be
filled only with helium gas, as illustrated in Fig. 1(a). This
narrow region of mixed gases serves as the injection
section for the ionization injection-based LWFA, whereas
the larger helium-filled region acts as an extended accel-
eration section.

A. Hydrodynamic simulation details

The capillary setup considered in our study has three
inlets (Inlet-1, Inlet-2, and Inlet-3) and two outlets along
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FIG. 1. (a)-(b) Schematic of a specially designed capillary gas
cell target consisting of two sections: (i) a short injection section
with a nitrogen-helium mixture for electron injection, and (ii) a
longer acceleration section where the injected electrons are
further accelerated. This design helps truncate injection and
reduce the final energy spread of the accelerated electron beam.

its axis, as illustrated in Fig. 1(b). The axial length (i.e.,
along X) of the square-shaped capillary was considered
to be 16 mm, with transverse size in each direction (i.e.,
y and Z) of 500 pm. Additionally, two cubic boxes
(pressure ports) with larger volumes (2 mm in each
direction) were placed at the capillary entrance (left edge)
and exit (right edge) to mimic the experimental vacuum
configuration. Square-shaped capillaries are commonly
used in LWFA experiments, primarily because they are
easier to manufacture and assemble than the circular ones
[63]. Inlet-1 is located 1.5 mm from the capillary entrance.
Inlet-2 and Inlet-3 are separated by a fixed distance of
10.0 mm, while the separation between Inlet-1 and Inlet-2
was varied by adjusting the position of Inlet-2. Inlets are
also considered to be square-shaped gas supply channels
with a transverse size of 500 pm and a length of 5 mm.
Inlet-1 was filled with a mixture of N, and He gases, with
10% and 90% molar (volume) concentrations, respec-
tively. Inlet-2 and Inlet-3 were filled with 100% helium
gas. The gas flow inside the capillary was driven by the
pressure difference between the inlets and outlets. The
outlet pressure (i.e., at the vacuum-facing domain walls)
was maintained at 1.0 x 107® mbar. In the simulations,
Inlet-1 and Inlet-2 were set to a fixed pressure of 30 mbar,
while Inlet-3 was typically set to 40 mbar. In some cases,
all inlets were set to 30 mbar.

The gas inside the capillary was modeled as a com-
pressible fluid exhibiting viscous, subsonic flow under
turbulent conditions. The flow field was computed by
numerically solving the discretized Reynolds-Averaged
Navier-Stokes (RANS) equations within the CFD frame-
work. A density-based solver, multicomponentFluid, was
employed, utilizing first-order Euler time discretization,
first-order upwind schemes for convective terms, and
second-order Gauss linear schemes for gradients, to
provide stable transient simulations of compressible,
turbulent, multicomponent flows. A constant heat capacity
was assumed, and viscosity was modeled using the
Sutherland law with standard parameters for nitrogen
and helium obtained from the literature. The turbulent
properties of the flow were described using the k — ¢
turbulence model, where k is the turbulent kinetic energy
and e represents the turbulent dissipation rate. However,
our hydrodynamic simulation results were found to be
nearly identical when using a laminar flow model. This is
because the characteristic Reynolds number (Re) remains
well below the threshold value required (typically ~2000)
for turbulent flow. For example, the maximum steady-state
flow velocity (U) of helium gas through a capillary
channel with a square cross section of side length
L =500 pm is observed to be approximately U ~ 800 m/s.
Using the kinematic viscosity of helium at temperature
T=300K and pressure P =40 mbar, v~3.1x
1073 m?/s, the resulting Reynolds number is Re =
UL /v ~ 129, which is far below the turbulent-flow regime.
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In our simulations, mutual diffusion between helium and
nitrogen was modeled using the FickianEddyDiffusivity
formulation available in OpenFOAM. The binary diffu-
sivity was set to D = 1.77 x 107> m?/s, calculated using
the Chapman-Enskog relation [64] for a dilute He-N,
mixture at the operating conditions of 7 = 300 K and
P = 40 mbar. The turbulent contribution to scalar trans-
port was represented using the standard RANS-based
eddy-diffusivity approach. However, under our operating
conditions, the influence of molecular diffusion is mini-
mal. For the characteristic length scale L = 500 pm and
flow velocity U ~ 800 ms~!, the corresponding Péclet
number is Pe = UL/D ~ 2.2 x 10> > 1, indicating that
convective transport strongly dominates over diffusive
mixing in this regime. The initial simulation time step
was set to 10 ns. An “adjustTimeStep” scheme was
employed, with a maximum Courant number of 0.9,
allowing the time step to vary dynamically according to
the local velocity field.

The capillary cell used in this study is described using
the Cartesian coordinate system. The capillary axis is
aligned with the x-direction, while the vertical and hori-
zontal transverse directions correspond to the y and z axes,
respectively, as shown in Fig. 1(b). Variations along the z
axis, arising from the front and back walls of the capillary,
are assumed to be negligible compared to those in the
x — y plane. Based on this assumption, an empty boundary
condition was applied along the z-direction, which elim-
inates any variation, flux, or flow in that direction and
allows the simulation to focus only on the x —y cross
section, reducing computational cost. The simulation
domain was discretized using a hexahedral mesh

0.90 0.95
Helium [mole fraction]

FIG. 2.

generated with the OpenFOAM blockMesh utility, with
finer resolution near the inlet and outlet regions. The
average mesh size in the x —y plane was approximately
0.01 x 0.01 mm?. We have also performed an additional
hydrodynamic simulation for a particular case (Case-1) by
increasing the number of grid points in the transverse plane
to test numerical convergence. The comparative results
shown in Fig. S1 in Supplemental Material [65] indicate
that the pressure profile remains unchanged as the grid
resolution is increased.

The initial boundary condition for the pressure field was
specified as fixedValue at the inlets, while at the outlets, it
was defined as waveTransmissive with a target pressure of
1.0 x 10~ mbar. This configuration effectively minimizes
spurious wave reflections from the outlet patches. At the
walls, a zeroGradient boundary condition was applied
to the pressure field. For the velocity field, the
pressurelnletVelocity boundary condition was employed
at the inlets, whereas the pressurelnletOutletVelocity
condition was applied at the outlets, ensuring a pres-
sure-driven flow of gases through the inlets and outlets. At
the walls, a noSlip boundary condition was applied to the
velocity field to model the viscous interaction between the
gas and the solid surfaces. A constant room temperature of
300 K was considered in the simulation.

B. Hydrodynamic simulation results and discussion

In this section, we present the hydrodynamic simulation
results for different cases. In Figs. 2(al)—(a4), snapshots of
the gas-filling process inside the capillary are shown at
simulation times t = 100 ps, 150 ps, 250 ps, and 400 ps,
respectively. Specifically, the pressure field within the

(a2)

0.00 0.05 0.10
Nitrogen [mole fraction]

(al)—(a4) Snapshots of the gas-filling process in the capillary cell for a particular case (Case-2) at simulation times

t =100 ps, 150 ps, 250 ps, and 400 ps, respectively. Subplots (b) and (c¢) show the mole fractions of helium and nitrogen, respectively,
at t = 400 ps. Here, Inlet-1 is supplied with a 90% He and 10% N, mixture, while Inlet-2 and Inlet-3 are fed with 100% He.
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capillary is displayed at four different times during the
simulation for a selected case. In this case, the distance
between Inlet-1 and Inlet-2 was 1.0 mm. Inlet-1 was
supplied with a mixture of 90% He and 10% N,, driven by
a fixed inlet pressure of 30 mbar. Inlet-2 and Inlet-3 were
supplied with 100% He, with fixed inlet pressures of 30
and 40 mbar, respectively. The gas-filling process was
completed after approximately 200 ps, at which point the
pressure inside the capillary became nearly constant,
indicating that a steady state had been reached. The
simulations were then continued up to t =400 ps to
ensure stable steady-state conditions. It is observed that
the pressure inside the capillary cell is slightly lower
than the inlet pressures (i.e., 30 and 40 mbar), consistent
with the findings of a previous study reported in Ref. [66].
This pressure reduction is attributed to the finite viscosity
of the gas and the no-slip boundary condition at the
surfaces, which prevents the free flow of gas through
the supply channel and capillary.

In Figs. 2(b)—(c), the mole fraction distributions of He
and N, at the final steady state (+ = 400 ps) are shown. It is
observed that near Inlet-1, particularly toward the entrance
of the capillary, helium exhibits a mole fraction of
approximately 0.9, while nitrogen has a mole fraction
of about 0.1. Nitrogen is confined to this narrow region
near the inlet, whereas the remaining portion of the
capillary channel is predominantly filled with pure helium
gas. The confinement of nitrogen near Inlet-1 is attributed
to the fact that the gas entering through this inlet
experiences a stronger pressure-gradient force toward
the left outlet (the capillary entrance) than toward the
right outlet (the capillary exit), due to the shorter distance
to the left. At later times, the higher or more uniformly
distributed helium pressure generates a convective flux
that opposes the diffusion of nitrogen toward the central
region of the capillary channel. As a result, the transport
of nitrogen is limited to a narrow area near its inlet (i.e.,
Inlet-1), while the remainder of the capillary is dominated
by helium.

Hydrodynamic simulations were performed for five
separate cases. In Case-1 to Case-4, the separation between
Inlet-1 and Inlet-2 was varied to 0.5, 1.0, 1.5, and 2.0 mm,
respectively. In all four of these cases, Inlet-1 and Inlet-2
were maintained at a pressure of 30 mbar, while Inlet-3
was set to 40 mbar. For Case-5, the separation between
Inlet-1 and Inlet-2 was fixed at 1.0 mm, and in this case, all
three inlets were set to a consistent pressure of 30 mbar.
The separation between Inlet-2 and Inlet-3 was held
constant at 10.0 mm for all five cases.

The capillary geometry and inlet configuration were
chosen to obtain a plasma density profile suitable for
GeV-level laser wakefield acceleration. In particular, the
gas pressure and the separation between the inlets were
selected such that the resulting average plasma density lies
in the range 1.2 x 10'8-1.4 x 10'® cm™3, corresponding to

a gas pressure of approximately 30—40 mbar as obtained
from our hydrodynamic simulations. This density range
was estimated using LWFA scaling laws [67] so that the
dephasing (L,;) and pump depletion (L,q) lengths are
comparable to the effective acceleration length of the
capillary. For the chosen laser parameters, the correspond-
ing values are approximately L,;~ 12 mm and L,q~
125 mm at n, ~1.4x 10" cm™. In the simulations,
the separation between Inlet-2 and Inlet-3 is fixed at
10 mm, which approximately defines the acceleration
length and ensures that the main beam does not reach
the dephasing limit during the acceleration process.

The axial pressure profiles within the capillary for the
five cases are presented in Fig. 3. These data are extracted
from the simulations at steady state (¢ = 400 ps). It should
be noted that, in the hydrodynamic simulations, in addition
to the 16-mm-long capillary channel, an additional 2 mm
vacuum region is present on each side of the capillary.
However, in Fig. 3, we show a shorter vacuum region on
each side of the capillary: 0.1 mm before the capillary
entrance and 0.5 mm after the capillary exit. This choice
was made to reduce the computational cost of the PIC
simulations, where these profiles are directly used, as
described later. It is observed that the partial pressure of
helium (Py) increases approximately linearly along the
capillary axis for Case-1 to Case-4, as shown in Fig. 3(a).
This behavior can be attributed to the higher pressure at
Inlet-3 (40 mbar) relative to Inlet-1 and Inlet-2 (30 mbar).
In all cases, it is observed that the maximum pressure
within the capillary channel remains below 30 mbar, which
is lower than the inlet pressures (30 and 40 mbar). This
result is attributed to the effect of finite gas viscosity, as
discussed earlier. It is also noteworthy that in Case-5,
where all three inlets are maintained at a fixed pressure of
30 mbar, a linearly decreasing (downramp) helium pres-
sure profile is observed along the capillary channel. This
behavior is expected because Inlet-1 and Inlet-2 are much
closer to each other (1.0 mm separation) than Inlet-2 and
Inlet-3 (which are separated by 10 mm). Consequently, a
higher net gas feed occurs near the left side of the capillary
(entrance) compared to the right side (exit).

The most prominent effect of increasing the separation
between Inlet-1 and Inlet-2 (from Case-1 to Case-4) is
observed in the amount of nitrogen fed into the capillary
channel for a fixed nitrogen concentration (10%) through
Inlet-1. The axial nitrogen pressure profiles along the
capillary channel for all five cases are presented in
Fig. 3(b). In all cases, the nitrogen gas is confined within
a narrow region extending approximately 2 mm from the
capillary entrance. The peak pressure occurs at the location
where Inlet-1 connects to the capillary channel. It is further
observed that, as the separation distance between Inlet-1
and Inlet-2 increases (from Case-1 to Case-4), the peak
value of the nitrogen partial pressure also increases,
indicating a greater amount of nitrogen being fed into
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(a)—(b) On-axis partial pressure profiles of He and N, along the capillary axis. The different cases are as follows: For Case-1

to Case-4, the separation between Inlet-1 and Inlet-2 is 0.5, 1.0, 1.5, and 2.0 mm, respectively. In these cases, Inlet-1 and Inlet-2 are
maintained at 30 mbar, while Inlet-3 is set to 40 mbar. For Case-5, all three inlets are maintained at 30 mbar, but the separation between
Inlet-1 and Inlet-2 is 1.0 mm. The pressure at both outlets is fixed at 1.0 x 1075 mbar (vacuum) for all cases. (c)—(d) Corresponding
on-axis electron density profiles calculated from the partial pressures, assuming two electrons per He atom and ten electrons per N,
molecule. These on-axis 1D profiles are extracted at the steady-state condition at a simulation time of # = 400 ps.

the capillary channel. This behavior can be attributed to the
reduction in the helium convective pressure flow from
Inlet-2 with increasing separation distance, which allows
more nitrogen to enter the capillary. For a similar reason, in
Case-5, when the helium pressure at Inlet-3 is reduced to
30 mbar, a larger amount of nitrogen is able to accumulate
inside the capillary channel.

These outcomes are expected to have a significant
impact on LWFA in such a capillary configuration. In
particular, the injected electron-beam charge (and con-
sequently, the beam current) and other beam quality
parameters are likely to be affected. The results of PIC
simulations of LWFA incorporating these pressure profiles
for various cases are presented and discussed in the
following sections.

II1. PIC SIMULATION OF LWFA

A. PIC simulation details

We performed PIC simulations to investigate LWFA of
electrons in the capillary setup, as described in Sec. II. The
simulations were carried out using the open-source PIC
code SMILEI [68]. The gas target parameters used in the
PIC simulations were directly adopted from the hydro-
dynamic simulation results presented in Sec. II B.

To reduce computational cost, we assumed that helium
is fully ionized and nitrogen atoms are ionized up to the

fifth ionization state, i.e., only the two K-shell electrons
remain bound. This assumption is reasonable because
helium’s two electrons and the five outer-shell electrons
of nitrogen have relatively low ionization potentials and
are readily ionized by the leading edge of the laser pulse.
In contrast, the two tightly bound K-shell electrons of
nitrogen require much higher intensities and are ionized
only near the peak of the laser field. The resulting electron
density profiles, calculated under these assumptions, are
shown in Fig. 3(c) for the five cases discussed in Sec. II B.
In all cases, a distinct density hump is observed, origi-
nating from the contribution of five electrons per nitrogen
atom. An enlargement view of the net axial electron
density near the density transition region is presented in
Fig. 3(d). It is evident that, from Case-1 to Case-5, the
amplitude of the density hump increases, consistent with
the trends observed in Fig. 3(b).

Accordingly, in our PIC simulations, we initially con-
sidered three species of particles: (i) electrons ionized from
helium atoms, with a longitudinal density profile derived
from Fig. 3(a) using the ideal gas law at room temperature
(300 K); (i1) the five outer-shell electrons from each
nitrogen atom; and (iii) nitrogen ions in the N°* charge
state. The longitudinal density profiles for species (ii) and
(iii) were obtained from Fig. 3(b).

We have also performed an additional simulation
considering initially neutral species for both gases and
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compared the results with the preionized case. The results
are presented in Fig. S2 in Supplemental Material [65].
The comparison indicates that there is no significant
change in the laser propagation dynamics between these
two cases.

The PIC simulations were performed using the quasi-3D
axisymmetric cylindrical geometry implemented in
SMILEI, with a decomposition into two azimuthal modes.
A moving window scheme propagating at a speed of ¢ (the
speed of light in vacuum) was employed. The simulation
window had a longitudinal extent (along %) of 821 and a
transverse (radial, ¥) radius of 1404. Here, 4 = 0.82 pm is
the wavelength of the laser used in this study. The grid
resolution was set to 4/50 in the longitudinal direction and
A/5 in the radial direction, with an integration time step
of 1/(51¢).

All three species mentioned earlier were treated as
macroparticles, initially cold and randomly initialized
within each cell. Eight particles per cell were considered
for each species. The longitudinal (%) density profiles
used in the simulations are shown in Figs. 3(b) and (c).
In the radial direction (9), no variation in density was
considered.

A terawatt-class laser (100 TW on target) was launched
from the left boundary of the simulation box, propagating
along X with linear polarization along y. The laser was
assumed to have Gaussian profiles in both the longitudinal
and transverse directions. The laser parameters used in the
simulation are as follows: wavelength of 820 nm, pulse
energy of 3.5 J, pulse duration (FWHM) of 35 fs, and beam
waist (radius) of 20 pm. With these parameters, the laser
intensity at vacuum focus is Iy~ 1.6 x 10" W/cm?,
corresponding to a normalized vector potential of
ag = 2.8. The laser was initially focused at a position
x = 4.5 mm from the left boundary of the simulation box.
The tunnel ionization model based on the Ammosov-
Delone-Krainov direct current (ADKdc) ionization rate
[69], along with zero-momentum initialization for newly
ionized electrons, was employed to account for the laser-
induced ionization of the inner-shell (K-shell) electrons of
N>* ions.

The laser parameters in the PIC simulations were
fixed to correspond to the L2-DUHA laser system at
the ELI Beamlines Facility. Other simulation parameters
were chosen such that a beam charge in the range of
30-50 pC can be obtained, which is suitable for potential
applications such as incoherent or coherent photon radi-
ation in the extreme ultraviolet or x-ray regime. To reduce
the dimensionality of the parameter space, the nitrogen
concentration was fixed at 10% with respect to the helium
pressure at Inlet-1. Several preliminary simulations were
conducted for different laser focusing positions. Based on
these results, the focus position was set to x ~ 4.5 mm to
achieve the desired charge range. The PIC simulation
results for a particular case (Case-1), considering three

different laser focusing positions, are presented in Fig. S3
in Supplemental Material [65].

B. PIC simulation results and discussion

Snapshots of the electron density distribution in 2D
x — y plane at three different simulation times are shown
in Figs. 4(al)—(a3) for Case-2, and Figs. 4(b1)—(b3) for
Case-5. From Figs. 4(al)—(b1), it can be seen that in both
cases, at a laser propagation distance of x = 2.2 mm,
electrons are injected and trapped in the first wake wave
behind the laser pulse. The evolution of the injected
electrons and the wakefield (i.e., the first wake wave) is
illustrated in Figs. 4(a2)—(b3), showing that the injected
electron beams remain confined within the first wake wave
behind the laser pulse. The overall size of the injected
beam is larger in Case-5 compared to Case-2. A more
detailed view of Figs. 4(a2)—(b2) reveals the presence of a
secondary electron beam located immediately behind the
primary beam, which is also trapped within the wakefield.
This feature becomes more evident in Figs. 4(a3)—(b3).
The secondary beam is more pronounced in Case-5 than in
Case-2. The two beams are distinctly separated, indicating
that they are injected at different phases of the wakefield
through two separate mechanisms.

To characterize the origin of the injected electrons, we
track electrons from all three species considered in our study:
electrons corresponding to the first five ionization states of
nitrogen atoms, electrons originating from helium atoms, and
electrons that are ionized from the K-shell of N°* ions. The
phase-space distributions of these electrons, along with the
longitudinal wake electric field E, are illustrated in Fig. 5 at
three different stages of laser propagation for two cases:
Figs. 5(al)—(a3) Case-2 and Figs. 5(b1)—(b3) Case-5.

The red colormap in Fig. 5 represents the longitudinal
phase-space distribution of the ionized K-shell electrons.
It is observed that the ionization-injected electrons are
trapped within the accelerating and focusing phase of the
electric field of the first wake wave, allowing them to
continue gaining energy as the laser propagates. After a
propagation distance of x =~ 14 mm, these electrons
achieve a mean energy of approximately 1.0 GeV for
Case-2 and around 0.75 GeV for Case-5, as depicted in
Figs. 5(a3)—(b3). We have also observed that electrons
from helium are self-injected into the wakefield. The
longitudinal phase-space distributions of these self-
injected electrons are shown by the blue colormap in
Fig. 5. In this analysis, only electrons with energies
exceeding 5.0 MeV are considered. We have observed
that the self-injection occurs near the laser focusing point,
much later compared to the ionization injection, as can be
seen from Figs. 5(al)-(b1), where no helium electrons are
injected yet.

Our simulations indicate that electrons corresponding to
the first five ionization states of nitrogen are not injected
into the wakefield. Instead, they only contribute to the
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FIG. 4. Electron density distributions on the 2D x-y plane at three different simulation times for (al)—(a3) Case-2 and (b1)—(b3) Case-5,
respectively. The electron density is normalized to the critical density n, corresponding to the laser frequency used in the simulation.

formation of the wake wave. This conclusion is based on
the fact that we do not observe any such electrons with
energies above 5.0 MeV. These electrons are located in the
region x ~ 0.01 mm to x ~ 2.2 mm [see Fig. 3(b)], which
is well before the laser focal point at x = 4.5 mm. As a
result, the laser intensity in this region is not sufficient to
drive either self-injection or density downramp injection.

0.0 02 04 0.6 0.8 1.0
dQsr/dzdE [pC/pm/MeV]

However, the central part of the laser pulse still has
sufficient intensity to ionize the inner K-shell electrons
of the N°* ions. Once these K-shell electrons are ionized
near the center of the laser pulse, they become situated
within the fully formed wake wave. Some of these ionized
electrons, which meet certain criteria [57], become trapped
in the wake wave and gain energy. To explicitly identify
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FIG.5. The on-axis longitudinal electric field £, and the corresponding energy distributions of accelerated electrons at three different
simulation times are shown for (al)—(a3) Case-2 and (b1)—(b3) Case-5. The longitudinal electric field E, is plotted as green solid lines.
The red colormap represents electrons ionized from N3* jons, while the blue colormap corresponds to electrons originating from
helium with energies exceeding 5.0 MeV.
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the injection mechanism of the inner-shell (K-shell)
electrons of nitrogen, we track the net charge of electrons
ionized from N>T ions as a function of propagation
distance, as shown in Fig. 6(a). Our analysis indicates
that injection begins at x ~ 1.75 mm, which occurs before
the density downramp region (between x ~ 2.0 mm and
2.4 mm), as shown in the inset of Fig. 6(a). It should be
noted that only electrons with energies exceeding 5.0 MeV
are considered in this analysis. Therefore, the actual
injection location is expected to occur earlier than
x~ 1.75 mm. This confirms that the initial electron
injection is primarily driven by the ionization-induced
mechanism. However, a sudden increase in beam charge is
observed between x ~ 2.0 and 2.2 mm. This enhancement
is caused by the density transition in this region [see
Fig. 3(d)], which reduces the wake phase velocity due to a
rapid increase in the bubble length, as shown in Fig. 6(b).
Therefore, the injection mechanism in our study can be
described as downramp-assisted ionization injection [70].
Furthermore, the net charge of the ionization-injected
electrons remains constant throughout the propagation,
indicating no beam charge loss.

Our analysis reveals that the self-injected electrons from
helium are trapped in the same plasma wake as the
ionization-injected electrons. However, they remain well
separated in phase space, as shown in Figs. 5(a2)-(b3).
The self-injected electrons produce a strong beam-loading
effect, which significantly modifies the accelerating field
E ., as illustrated in Figs. 5(a2)-(b2). However, since the
self-injected electrons are located behind the main ioniza-
tion-injected beam throughout the propagation, the wake-
field perturbation caused by their beam loading is confined
to the region trailing the main beam. Moreover, both
electron beams propagate at approximately the wake phase
velocity (~c), and due to causality, perturbations in the
wakefield generated by trailing charges cannot influence
the fields experienced by leading charges. Consequently,
the beam-loading effect of the self-injected electrons does
not affect the acceleration process or beam quality of the
ionization-injected electron beam. Our simulations also
indicate that most of these self-injected electrons decel-
erate and defocus over time, eventually being lost later in
the propagation, as shown in Figs. 5(a3)—(b3). This occurs
because the bubble length steadily decreases in each case
after x ~ 8 mm, as shown in Fig. 6(b).

To quantitatively describe the evolution of self-injected
helium electrons, we calculate the net charge (Qg;) of these
self-injected electrons as a function of laser propagation
distance. In our analysis, we consider only electrons with
energies greater than 5.0 MeV. The results are presented in
Fig. 7(a) for all five cases. It is observed that self-injection
begins in all cases after x ~ 3.0 mm. In each case, there are
two distinct locations where the net charge of the self-
injected electrons reaches peak values. The peak values of
the self-injected electrons vary from Qg = 150 to 400 pC
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FIG. 6. (a) Evolution of the net charge (Q,) of electrons

ionized from the K-shell of N3* ions as a function of laser
propagation distance. Only electrons with energies greater than
5.0 MeV are considered. (b) Evolution of bubble length (L;) of
the first wake behind the laser pulse as a function of propagation
distance.

across the five cases. These two peaks in the net charge
profile correspond to two peaks observed in the profile of
the normalized vector potential a, as shown in Fig. 7(b).

The laser power (Py = 100 TW) considered in our
study exceeds the critical power (P, = 17w]/w}, =
22.5 TW). Here, w, is the laser frequency and . is
the plasma frequency, calculated based on an average
plasma density of n, = 1.25 x 10** m=3. As a result, the
driver laser beam undergoes the relativistic self-focusing
effect as it propagates through the plasma. Consequently,
ag reaches its peak value at x ~ 3.8 mm, prior to the laser
focusing point, achieving a maximum value of 5.0, which
is significantly higher than the vacuum focus value of
(ap = 2.8). Additionally, the laser pulse considered in our
study is initially not matched with the plasma density, i.e.,
k,wo # 2\/ay [67], where k, and w, represent the wave
number of a plasma wave and the laser spot size. As a
result, the diverging effect of the laser pulse does not
counterbalance the self-focusing effect, leading to oscil-
lation of the laser spot and the emergence of a second peak
in the a, profile, which can be seen in Fig. 7(b).
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FIG.7. (a)Evolution of the net charge of self-injected electrons

from He as a function of laser propagation distance. Only
electrons with energies greater than 5.0 MeV are considered.
(b) Variation of the peak normalized vector potential (a,) of the
laser pulse with propagation distance.

It is interesting to notice that for Case-1, the net charge
of the self-injected electrons is significantly lower at the
first peak compared to the second peak, despite a higher
value of a for the first peak. This feature distinctly differs
from the trend observed in other cases, as illustrated in
Fig. 7(a). This difference can be attributed to the fact that,
in Case-1, the rate of increase in the density around
x ~ 3.0 mm is significantly higher than in the other cases
[see Fig. 3(d)]. This leads to a rapid decrease in wake size
with propagation distance, resulting in less injection of
helium electrons near the first peak. Moreover, in each
case, we see a steady drop in the self-injected trapped
electron charge after the second peak. This again matches
the evolution of ag, which decreases quickly after
x ~ 8 mm. As a, decreases during propagation, the wake
size also becomes smaller, as illustrated in Fig. 6(b).
Because of this, most of the self-injected electrons
dephase and move into the decelerating and defocusing
phase of the second wake wave.

After a propagation distance of x ~ 9 mm, the net charge
of the self-injected electrons becomes nearly constant for
all cases, with values ranging from 0.1 to 18 pC, as shown

in the inset of Fig. 7(a). The highest remaining charge
corresponds to Case-5, owing to the largest amount of self-
injected charge in this case. For Case-2 to Case-4, the
final saturated charge lies in the range of 0.1 to 0.5 pC,
with the lowest value observed in Case-2, followed by
Case-3, and the highest in Case-4. This trend can be
attributed to the rate of density increase, which is fastest
in Case-2, slower in Case-3, and slowest in Case-4.
Consequently, a larger fraction of self-injected helium
electrons in Case-2 undergo dephasing and enter the
decelerating and defocusing phase of the second wake
wave. However, Case-1 does not follow this trend, despite
having an upramp density profile. In this case, the final
net charge of the self-injected electrons is Qg ~ 12 pC,
which is significantly higher than in Case-2 to Case-4.
This can be attributed to the comparatively higher plasma
density and q at later stages of the evolution, which leads
to more rapid acceleration of the self-injected electrons.
As a result, fewer self-injected electrons undergo phase
slippage into the second wake wave.

Overall, our simulation results show that, in addition to
the primary ionization-injected electron beam originating
from the K-shell of nitrogen, a large number of self-
injected electrons from helium are also accelerated. The
simulations further indicate that these two electron beams
remain well separated within the wake structure through-
out the propagation. Due to causality, the trailing self-
injected beam cannot influence the dynamics of the
leading ionization-injected beam. In most cases, the energy
spectra of the self-injected beams are clearly separated
from those of the primary beam [see Fig. 5]. Therefore, in
principle, these self-injected electrons can be experimen-
tally filtered out using a dipole magnet. However, in
certain cases [e.g., Case-5; see Fig. 5(b3)], the energy
spectrum of the self-injected electrons overlaps with that
of the ionization-injected beam. In LWFA experiments,
such spectral overlap makes it difficult to distinguish
between the two electron bunches and can significantly
degrade the quality of the final accelerated electron beam.
Importantly, our simulations demonstrate that using a gas
target with a slowly rising density ramp in the accelerating
section (as in Case-2, Case-3, and Case-4) can strongly
suppress, or even completely eliminate, self-injected
electrons during propagation.

The mean energy gained by electrons ionized from the
K-shell of N°* ions is shown in Fig. 8. It is observed that
for Case-1 to Case-4, the ionization-injected electrons gain
energy monotonically during propagation until reaching
the exit downramp, after which the energy saturates. The
rate of energy gain, and consequently the final energy
achieved, increases from Case-4 to Case-1. In contrast, for
Case-5, the mean energy of the injected electrons almost
saturates well before reaching the exit downramp. In all
cases, the injected electron beams do not reach the
dephasing limit, as shown in Figs. 5(a3)—(b3). Although
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FIG. 8. Mean energy (E,,) of the ionization-injected electron
beam as a function of laser propagation distance. The inset shows
the corresponding rms energy spread.

ao steadily decreases after a propagation distance of
~8 mm in each case, the tailored increasing density profile
for Case-1 to Case-4 prevents the wakefield amplitude
from decreasing at the same rate. As a result, the injected
electrons continue to gain energy as they propagate up to
the exit downramp, with a higher rate of energy gain for
cases with a stronger increasing density tailoring. For
Case-5, however, both a and the plasma density decrease
with the axial position. Consequently, the electrons stop
gaining energy well before reaching the exit ramp and the
dephasing distance. The corresponding rms energy spread
is shown in the inset. The energy spread follows the same
trend across all cases. The variation in the energy spread as
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a function of propagation distance appears to follow the
evolution of a,, which strongly influences the beam’s
position within the phase of the wakefield.

The properties of the accelerated electron beam, initially
injected through ionization injection from the inner-shell
(K-shell) electrons of N>* ions, are shown in Fig. 9 at the
exit of the capillary gas cell (i.e., at x = 16.5 mm). The
results correspond to Case-2, where Inlet-1 and Inlet-2
were separated by 1.0 mm and both were maintained at an
inlet pressure of 30 mbar, while Inlet-3 was located 10 mm
downstream of Inlet-2 and was held at 40 mbar. Figure 9(a)
presents the energy distribution of the generated electron
beam, showing a mean energy of approximately 1.0 GeV
with a narrow energy spread. The angular distributions
(beam divergence) in the transverse y- and z-directions are
shown in Fig. 9(b). The distributions are centered at zero
and have narrow widths of about 1.5 mrad, which confirms
that electrons move primarily along the beam axis with
only small transverse momentum. The nearly identical
shapes in y and z indicate that the focusing fields
experienced by the beam electrons are close to uniform
in both transverse planes. The transverse phase-space
distributions shown in Figs. 9(c)—(d) exhibit tilted ellipses
in the P, —y and P, — z planes. This indicates a weak
correlation between the transverse position and momen-
tum, implying that the beam is not fully emittance
matched. Such phase-space coupling may originate from
asymmetric radial focusing fields in the plasma wake
and/or from the off-axis injection of ionized electrons,
both of which introduce a position-dependent transverse
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FIG. 9. Properties of the accelerated electron beam at the exit of the gas cell, i.e., x = 16.5 mm, for a particular case (Case-2) with a
separation of 1.0 mm between Inlet-1 and Inlet-2. In this case, Inlet-1 and Inlet-2 are fixed at 30 mbar, while Inlet-3 is maintained

at 40 mbar.
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TABLE I. Properties of the ionization-induced injected electron beam at the exit of the gas cell target (i.e., at x = 16.5 mm) for

different cases. The laser was focused at x = 4.5 mm in all cases.

Beam properties Case-1 Case-2 Case-3 Case-4 Case-5

Beam charge 31 pC 41 pC 48 pC 55 pC 63 pC

Mean energy 1.1 GeV 1.02 GeV 0.98 GeV 0.94 GeV 0.74 GeV

Relative energy 2.2% 2.4% 3.1% 4.6% 2.2%
spread (FWHM)

Beam charge (within 10 pC 21 pC 30 pC 33 pC 17 pC
FWHM)

rms beam divergence (1.1, 0.8) mrad (1.1, 0.9) mrad (1.2, 1.0) mrad (1.3, 1.0) mrad (1.5, 1.2) mrad
(9\',2)

rms normalized
emittance (€,y.,.)
rms beam size (o, ;)

(2.1, 1.1) mmmrad (2.1, 1.2) mm mrad

(1.6,1.1,0.8) pm  (1.7,1.0,0.7) pm

(2.1, 1.2) mmmrad (2.2, 1.3) mmmrad (2.2, 1.2) mm mrad

(1.9,1.1,0.8) pm  (2.0,1.1,0.8) pm  (2.1,1.2,0.9) pm

momentum. However, the transverse momentum spreads
are still negligible compared to the longitudinal momen-
tum, so the beam remains well collimated.

We have analyzed the properties of the electron beam
produced by ionization injection for all cases at the exit of
the capillary gas cell (x = 16.5 mm). These properties are
listed in detail in Table I for each case. In our study, the
generated electron beam has a charge ranging from 30
to 65 pC. From Case-1 to Case-5, the net beam charge
increases. This follows from Fig. 3(b), which shows that
the amount of nitrogen seeded into the capillary cell
increases from Case-1 to Case-5. Additionally, the density
transition becomes steeper [see Fig. 3(d)] as we move from
Case-1 to Case-5. The final energy gain of the accelerated
electron beam ranges from 1.1 to 0.74 GeV, from Case-1 to
Case-35, respectively. The decrease in the final energy from
Case-1 to Case-5 is mainly due to the increase in beam
charge from Case-1 to Case-5. A higher beam charge
flattens the local gradient of the accelerating wake electric
field because of the space-charge electric field of the beam.
This effect was also reported in Ref. [29]. In addition, the
axial plasma density profile in the accelerating section of
the capillary is not uniform. For Case-1 to Case-4, the
density has a linear upramp, and at any fixed axial position,
the density decreases from Case-1 to Case-4. Case-5
instead has a downramp profile, as shown in Fig. 3(c).
Since the amplitude of the accelerating wake electric field
follows the scaling E, o /n,, a higher plasma density
produces a stronger accelerating field. Thus, for a fixed
acceleration length, electrons gain more energy in Case-1,
followed by Case-2, Case-3, and Case-4, with the least
energy gain in Case-5. In our study, the relative FWHM
energy spread of the accelerated electron beam varies
between 2.2% and 4.6% across the different cases. From
Case-1 to Case-4, the relative energy spread increases from
2.2% to 4.6%, primarily due to the corresponding increase
in beam charge. In Case-5, although the net beam charge is
comparatively high (63 pC), the charge contained within
the FWHM is lower (17 pC), leading to a reduced relative

energy spread. The beam divergence, rms normalized
emittance, and the rms beam size remain nearly constant
across all cases as presented in Table I.

Among the configurations investigated in our study,
Case-2 demonstrates the most favorable performance,
producing an electron beam with a net charge of 41 pC,
a mean energy of 1.01 GeV, a relative FWHM energy
spread of 2.4%, an rms beam divergence of 1.0 mrad, and
an rms normalized emittance of 2.1 and 1.2 mm mrad in
the two transverse planes, respectively. A further opti-
mization in designing the capillary geometry, laser
parameters, and gas target parameters can reduce the
energy spread of the generated electron beam to below
1%. For example, periodic changes in the accelerating
field slope, as theoretically proposed in a recent study
[30], can be implemented in our capillary setup to reduce
the electron-beam energy spread to below the percent-
age level.

IV. SUMMARY AND CONCLUSIONS

LWFA, generating high-quality electron beams with
energy in the GeV range, has been investigated using
computational modeling. In particular, the capability of a
capillary gas cell target to produce high-quality electron
beams at the GeV scale has been extensively examined. A
start-to-end modeling combining hydrodynamic and PIC
simulations has been performed. The ionization injection
mechanism has been employed for the LWFA.

In this study, a single gas cell target with two separate
sections is considered. The first section, about ~2 mm
long, contains a gas mixture of 90% helium and 10%
nitrogen. The second section, with a longer length of
~14 mm, consists of pure helium gas. The purpose of such
a design is to limit the ionization-induced injection process
from the high-Z gas atoms of nitrogen within the first
section, effectively reducing the energy spread of the
generated electron beams, which is otherwise large in
the ionization-based injection mechanism. The second
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section, which consists of pure helium gas, then provides a
long acceleration region for the electrons injected in the
first section.

Extensive hydrodynamic simulations have been per-
formed to accurately design such a capillary gas cell
target. We have demonstrated that a capillary cell with
three inlets, where one inlet is supplied with a gas mixture
of nitrogen and helium, and the other two inlets are fed
with pure helium gas, is highly effective in creating a gas
cell target that separates two sections. The hydrodynamic
simulation results, including the capillary geometry, inlet
and outlet pressures, gas density profiles, and other
parameters, have been analyzed and discussed in detail.
LWFA using this specially designed capillary cell has
been investigated by directly incorporating the gas
density profiles obtained from hydrodynamic simulations
into the PIC simulations. Our hydrodynamic modeling
reveals how tailored upramp or downramp density pro-
files in the acceleration section can be produced in a
single-stage capillary setup, while PIC simulations high-
light how these profiles affect the injection and accel-
eration processes, ultimately determining the quality of
the accelerated beams.

A 100 TW-class laser system with a wavelength of
820 nm, a pulse duration of 35 fs, a beam waist of 20 pm,
and a pulse energy of 3.5 J has been considered to drive the
wakefield. These laser parameters correspond to the
L2-DUHA laser system of the ELI Beamlines Facility.
The PIC simulation results show that electrons injected
through ionization-based injection can reach a mean
energy of 1.1 GeV after propagating 14 mm through the
capillary cell. For the optimized case, the generated
electron beam has a net charge of ~40 pC, a relative
energy spread of ~2.2%, an rms beam divergence of
1.0 mrad, and an rms normalized emittance of 2.1 and
1.2 mm mrad in the two transverse planes, respectively.
With further optimization of the capillary design and
laser parameters, the energy spread of the generated
electron beams can be reduced to below 1%. In addition
to the ionization-injected electrons, our simulations also
capture helium electrons injected via self-injection.
These electrons trail the primary ionization-injected
beam throughout the propagation, and due to causality,
they cannot affect the dynamics of the primary beam.
However, in some cases, their energy spectra can over-
lap, leading to a degradation of the overall beam quality
to be observed in experiments. As a possible solution,
our simulations indicate that employing a slowly increas-
ing density profile in the accelerating section can control,
or even eliminate, such self-injected electrons.

The methods presented in this work will be applied in
upcoming experimental campaigns at the ELI Beamlines
Facility under the EuPRAXIA Project [36,71]. The find-
ings of this study will be highly valuable for those future
experiments.
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