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Abstract

We performed 3D fluid simulations of a tun-
able length gas cell designed to vary in length
between 0 cm and 5cm. The simulations pre-
dict that the density non-uniformity inside the
cell drops below 1% after 300 ms. We present
a method to estimate the density equilibrium
time based on the fluid simulations, which can
be used to estimate the minimal delay for the
initiation of gas flow to enable a uniform tar-
get density. This has implications for optimis-
ing electron beam quality and reproducibility in
wakefield acceleration.

1 Introduction

Laser-wakefield acceleration (LWFA) is a novel
type of accelerator that accelerates electrons to
relativistic speeds by using a laser to drive a
plasma wave. Typical targets are gas jets, gas
cells and capillary discharge. Varying the target
length is challenging for gas jets and capillary
discharge. The length is typically set by the
originally engineered design. A gas cell typically
consists of an inlet and two outlets along the
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laser direction. Some gas cells adopt a movable
piston [1]. This allows the gas cell to be adjusted
between a few hundred micrometres up to a few
centimetres.

The length control makes the gas cell suitable
for a wide range of densities as the distance to
reach the maximum electron energy scales in-
versely with density. Additionally, the variable
cell length allows direct control of the electron
energy by changing the acceleration distance.
This allows the acceleration dynamics to be de-
termined [14]. The outlets can be designed to
tailor the shape of the density profile and the
scale length of the density profile, which is im-
portant for optimising the LWFA electron beam
quality. Furthermore, a homogeneous density
inside the cell is critical for stability, as the
laser evolution and the electron acceleration is
strongly affected by the density. Density pertur-
bations might introduce uncontrolled electron
injection and also scatter already injected elec-
trons, which can degrade the beam quality [3].
Gas cells provide more uniform density com-
pared to gas jets which are subjected to small-
scale plasma density gradients over a range of
only a few plasma wavelengths, A,. This den-



sity non-uniformity causes fluctuations in the
plasma wavelength, which is dependent on den-
sity. S. Kuschel et al. reported a gradient of
0.2, = 3% [8]. To model the density distri-
bution inside the gas cell, computational fluid
dynamics (CFD) simulations can be employed.

Many CFD solvers require fine-tuning of sev-
eral parameters to achieve a stable solution. Ar-
tificial viscosity, for instance, is introduced to
suppress numerical oscillations, especially when
dealing with shocks. It is challenging for CFD
solvers to simulate vacuum and extreme den-
sity changes [9]. Ryujin is an open-source finite-
element solver for conservation equations such
as the compressible Navier-Stokes and FEuler
equations of gas dynamics [6, 10]. The code uses
a convex limiting algorithm to ensure a converg-
ing solution without the need for any tuning pa-
rameters. The robust numeric strategy guaran-
tees convergence even under extreme shock con-
ditions and complex geometries, making Ryu-
jin particularly suitable for modelling scenarios
with significant density variation, sharp transi-
tions and real-life geometries such as gas cell se-
tups.

2 Simulations

A tunable length gas cell designed for ionisa-
tion injection was simulated. The helium gas
doped with a few percent of nitrogen by mass is
fed into the cell for controlled ionisation injec-
tion [3, 11, 13]. The nitrogen K-shell electrons
are only ionised near the peak laser intensity,
where the laser pulse is strongest [12]. By ad-
justing the laser focus, the timing of the injec-
tion can be controlled to produce high-quality
electron beams [15].

FIG. 1 is an illustration of the gas cell de-
sign. The target’s length is defined as the dis-
tance between the piston tip and the outlet.
A smooth on-axis density profile is desirable
for high-quality electron beams. Therefore, the
nozzle is designed with a convergent section, a
throat, and a divergent section, similar to the
de Laval nozzle used in rocket design [4]. This
configuration smooths the transition from the

subsonic flow to the supersonic flow, reducing
abrupt density changes that degrade beam qual-
ity, and provides a long output scalelength to al-
low adiabatic damping of betatron motion [2].

Gas Inlet

Figure 1: Drawing of the cell geometry and a
zoomed-in plot of nozzle at the laser exit.

To investigate the sonic and supersonic flows
that can occur in the gas cell, an optimised
solver module for the compressible Euler equa-
tions was used. Ryujin’s convex limiting al-
gorithm ensures the preservation of key phys-
ical invariants by enforcing entropy inequali-
ties. This convex limiting scheme characterises
shocks and discontinuities without the need
for artificial tuning parameters, unlike other
schemes that might become questionable for su-
personic and transonic flows due to the lack of
pointwise stability.

We simulated pure helium with an inlet pres-
sure of 100 mbar. The density was calculated
from the ideal gas law, assuming the temper-
ature was 300 K. The initial vacuum pressure
was assumed to be 107° mbar. It is worth not-
ing that the wall conditions were set to slip. The
Knudsen number, Kn, is the ratio of the molec-
ular mean free path to the physical scale in the
system. It characterises the type of the flow.
For Kn < 0.01, the continuum flow assump-
tion is valid, and the no-slip boundary condi-
tion applies. For 0.01 < Kn < 0.1, the veloc-
ity slip at the wall becomes important, and the
slip boundary conditions should be used [17].
The Knudsen number for helium at 300 K and
100 mbar, with the nozzle throat as the small-
est length scale at 20 pm is approximately 0.069.
This value indicates that the gas flow in the cell
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is within the transitional regime, between con-
tinuum flow and free molecular flow, where rar-
efied gas effects start to emerge.

3 Results
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Figure 2: Density distribution and density uni-
formity for the simplified 2D geometry. (a) A
transverse slice of the density distribution at
5ms. (b) Mean helium atomic density in the
entire cell. (c) Density uniformity.

The density equilibrium time of a gas cell
sets the minimum time for the delay, before
which the laser can be fired into the cell. Af-
ter this delay, the cell can be considered suffi-
ciently uniform to facilitate the production of a
high-quality electron beam. The characteristic
time scale, 7, is the time constant for the ex-
ponential increase in cell density.. The density
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Figure 3: Density distribution and density uni-
formity for the 2D cell geometry. (a) A trans-
verse slice of the density distribution at 5ms.
(b) Mean helium atomic density in the entire
cell. (¢) Density uniformity.

requires approximately two to three characteris-
tic times to achieve uniformity within 1%, mea-
sured as the standard deviation (s.t.d.) of the
density inside the cell. The characteristic time
can be estimated as the ratio of the fluid mass
contained within the cell to the mass flow rate
exiting through the nozzle. 7 is given by [5]:

14 | _Po
= 1
! C’dAAoutlet 2AP , ( )

where pg is the density, and AP is the pres-
sure difference between the cell and the vacuum.
Cy is the discharge coefficient, which is close to




unity for a nozzle [16]. A,y is the area of the
outlet, and V is the volume of the cell. The ra-
tio of the volume of the cell to the size of the
outlet is dependent on the dimensionality of the
simulation. It can be shown that,

2Lcell

Tl outlet

T3d = Tad (2)
Leey is the length of the cell in the direction
perpendicular to the plane of the 2D simulation,
and 7,16 1S the radius of the outlet. Therefore,
T34 18 approximately 25.5 times longer than 754.

To test the capability of the Ryujin code,
we performed 2D trial simulations with a sim-
plified geometry, as shown in FIG. 2a). The
density plateaus at 5.09 x 10%* m~2 after 50 ms.
The mean density in the cell exhibited an ex-
ponential increase with a characteristic time of
11.5ms. FIG. 3 shows the results for the 2D
simulation with a more realistic representation
of the gas cell. This model includes a plunger
mechanism that enables adjustment of the gas
cell length. Flows around the plunger might in-
troduce density inhomogeneities that are not ac-
counted for in the simplified model lacking the
plunger. FIG. 3a) is an illustration of the cell
geometry. The cell consists of an inlet at the
bottom and a piston inside. The outlet on the
piston was neglected, as the area is much smaller
as compared to the nozzle size. We observe that
the density levels off at 4.92 x 10® m~3 after
30ms. The small density deviation from the 2D
simplified geometry is caused by the different
vacuum and cell geometries. The mean density
showed an exponential increase with a charac-
teristic time of 4.92ms. The density inhomo-
geneity in both the entire cell and the LWFA
region, defined as a cylinder within the cell with
a radius twice that of the outlet and centered
along the laser direction, decreased to below 1%
after 20 ms. The piston reduces the volume in-
side the cell, which leads to a smaller character-
istic time. This is consistent with Eq. 1.

The 2D simulations are fast to compute, but
to investigate the full 3D behavior, we con-
ducted 3D simulations that require significantly
longer computational times. The simulations

Figure 4: View of the cell geometry used for 3D
simulations.

were performed on the Imperial HPC system
with 4 nodes and 64 Icelake CPUs on each node
[7]. The 2D simulations only took a few hours
to run. In comparison, it took eight days to
compute 400ms for the 3D simulation. FIG. 4
illustrates the gas cell geometry for the 3D simu-
lation, and FIG. 5 shows the mean density inside
the cell plateaus after 400ms. The characteris-
tic time is about 100 ms for the mean density in-
crease. The density spread in the cell decreases
to below 1% after 300 ms.

The equilibrium time is much longer than the
2D case. The longer equilibrium time is caused
by the fact that there is a larger volume to fill
in 3D, which agrees with Eq. 1. FIG. 5¢) com-
pares the density spread in the entire cell and
in the LWFA region. There is a smaller den-
sity spread in the LWFA region. After the ini-
tial fluctuations, the density spread decreases
monotonically after 220 ms, reaching 0.165% at
400ms. For LWFA operation, the laser can be
fired once the density in the interaction region
becomes uniform.

4 Conclusion

We performed 2D and 3D simulations of the
variable gas system. A standard deviation of
the density below 1% was observed for both 2D
and 3D simulations. The high density unifor-
mity reduces shot-to-shot instabilities caused by
density fluctuations. This demonstrates that a
gas cell target provides much finer control over
density compared to a gas jet. We have shown
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Figure 5: Density distribution and density

spread for the 3D cell geometry. a) A transverse
slice of the density distribution at 5ms. b) Mean
helium atomic density. ¢) Density uniformity.

that the 2D simulations underestimate the true
equilibrium time, and 3D simulations should be
employed to estimate the time it takes for the
gas to settle inside the cell. The 3D simulation
shows a characteristic time of 110 ms for a gas
cell with a volume of 38 cm?, and predicted that
the density variation inside the cell drops below
1% after 300ms. The results predict the ap-
propriate interval between the gas release time
and when the laser arrives, which has implica-
tions for high-quality electron beams. The long
equilibrium suggests that a gas cell in pulsed

mode will not be suitable for high-repetition-
rate LWFA. For a 10Hz LWFA, a gas cell in
continuous mode might provide a more uniform
density profile.
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