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Laser-wakefield acceleration of electrons in a gas cell is considered. The OpenFOAM package is used to study
the influence of the parameters of the cell on the density profile. Particle-in-cell simulations of laser wakefield
acceleration are performed for a 150 TW laser pulse, accelerated electrons with energies above 1 GeV are observed.

A two-stage gas cell is investigated.
PACS: 52.38.Kd, 47.45.-n

INTRODUCTION

At present, plasma acceleration methods are consid-
ered prospective for obtaining high-energy electrons [1,
2]. The main idea of these methods is to use a short la-
ser pulse [3] or a bunch of charged particles [4] to excite
a wakefield (a longitudinal plasma wave) in plasma.
The electric field in this wave can be used for efficient
acceleration, providing acceleration gradients orders of
magnitude higher than in conventional radio-frequency
linear accelerators.

Nowadays, laser wakefield acceleration (LWFA) in
which plasma wakefield is excited by the ponderomo-
tive force of a laser pulse pushing electrons away is one
of the main methods of plasma acceleration. The rapid
development in the laser technology owing to the inven-
tion of the chirped pulse amplification method [5] has
led to the emergence of laser facilities capable of gener-
ating femtosecond laser pulses with petawatt peak pow-
er. The interaction of such intense laser pulses with un-
derdense plasma is so strong that the plasma wave is
excited in the strongly non-linear (“bubble™) regime. In
this regime, the laser pulse expels almost all electrons
from the axis of its propagation, leading to the for-
mation of a spherical cavity free of plasma electrons [6].
This cavity is often referred to as a bubble.

The bubble regime is of particular interest for laser
wakefield acceleration because it allows for self-
injection of plasma electrons: electrons from the back-
ground plasma can be trapped and accelerated in the
bubble [7]. Self-injection makes the experimental reali-
zation of LWFA much easier, as no external electron
source synchronized with the laser system is required.
The simplest experimental setup includes a supersonic
gas jet and a femtosecond laser system. The laser pulse
generated by this system interacts with the gas jet, fully
ionizing the gas and generating a bubble in the resulting
plasma. Plasma electrons are trapped and accelerated in
the bubble, resulting in an accelerated electron bunch.
Such an electron bunch can have energies of hundreds
of MeVs and a relatively small energy spread if the pa-
rameters of the laser pulse are properly tailored to the
plasma density [8 - 10].

However, the stability, the maximum obtainable en-
ergy and the quality of the accelerated bunch are lacking
in such a simple scheme, and many alternative ap-
proaches are proposed. One of them revolves around
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using a controlled plasma profile. Unlike a gas jet, in
which plasma is significantly non-uniform and only few
parameters controlling the profile exist, a controlled
plasma profile can be optimized for specific tasks. At
the moment, the highest energy of the accelerated elec-
trons equal to 4.2 GeV has been demonstrated for accel-
eration in a 9-cm-long capillary in which plasma with
near-parabolic transverse profile has been created by a
discharge [11]. Such a transverse plasma profile is used
to guide the laser pulse. However, tailoring the longitu-
dinal (along the laser propagation) plasma profile is also
of interest. One of the improved gas targets with a con-
trollable longitudinal profile are gas cells [12, 13]. A
simple gas cell consists of a closed volume filled with
gas with an inlet for pumping the gas into it and two
small outlets on its side through which a laser pulse can
enter and exit the cell. Some of the gas inevitably leaks
into the vacuum outside the cell through these outlets.
Gas density is uniform inside the cell, which can be
used to create a several-cm-long uniform plasma profile
of specified density. More advanced types of gas cells
with two stages can also be used for different injection
techniques [14 - 16].

As experiments with LWFA are costly, and inter-
preting their results is difficult, numerical simulations
play a big role in studying the physics of laser-plasma
interactions. The most general method for self-
consistent simulation of plasmas and the electromagnet-
ic field is the particle-in-cell (PIC) method [17]. This
method relies on solving the Maxwell’s equations for
the fields and equations of motion for macroparticles
consisting of a large number of real particles in the
three-dimensional space. As it is based on fundamental
physical laws, it can be used for a wide range of prob-
lems and can often provide results similar to the exper-
imental ones, which warrants its use as a tool for “nu-
meric experiments”.

However, in order to properly model LWFA in a gas
cell, it is necessary to know the density profile of gas in
the cell beforehand. Direct measurements in experimen-
tally realized gas cells pose difficulties and also limit
the freedom of choice of gas cell parameters. Alterna-
tively, computational fluid dynamics (CFD) methods
can be used to calculate the distribution of the gas densi-
ty. Such CFD simulations for simple two- and three-
dimensional models of a gas cell and their application to
PIC simulations of LWFA are considered in this paper.
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In Sec. 2, a simple model of a gas cell is presented, and
the influence of the gas cell parameters on the density
profile is studied. In Sec. 3, PIC simulations of LWFA
based on one of the calculated profiles are described.
Finally, in Sec. 4, a more advanced two-stage gas cell is
considered and the possibility of creating a density pro-
file with two plateaus is discussed.

1. GAS CELL SIMULATIONS

Simulations of a gas cell were performed using the
open-source CFD package OpenFOAM [18, 19]. The
standard sonicFoam solver from this package was cho-
sen to simulate the supersonic gas flow in the cell. In
most simulations, we used two-dimensional gas cell
models which allowed us to significantly decrease the
computation time while leaving it possible to study the
problem qualitatively. The basic two-dimensional model
of a single-chamber gas cell is shown in Fig. 1. It con-
sists of the main volume of the gas cell, the inlet at the
top through which gas enters the cell, and two outlets at
its left and right sides through which the gas leaves the
cell. A laser pulse can pass through the cell through the
outlets along the dashed line in Fig. 1. The semicircles
are used to simulate vacuum outside the gas cell;
boundary conditions on them allow for gas outflow
without reflections. Both the model and the numerical
mesh for this model were created using gmsh [20, 21].

vacuum

\

outlet

A
gas cell

Fig. 1. A schematic of a two-dimensional gas cell.
Arrows show the gas flow in the cell. The dashed line
shows the axis along which a laser pulse propagates

through the cell

In the simulations, we used helium at the tempera-
ture of 300 K and the pressure at the inlet of 8 kPa cor-
responding to the expected mass density of 12.8 g/m°.
Initially, the cell was nearly empty (at 0.2 kPa), and the
pressure at the inlet was linearly raised to 8 kPa over the
course of 100 ps. The flow usually reached a near-
steady state in less than 1 ms. Turbulence was taken into
account using the k- SST model [22, 23] available in
OpenFOAM. Accounting for turbulence is important as
it significantly improves the convergence rate to the
steady state due to the increased viscosity and thermal
conductivity, but it does not influence the end result of
the gas density distribution. The gas cell was 20 mm
long and 5 mm wide, the sizes (widths) of the inlet and
the outlets were 3 mm and 1 mm, respectively. The re-
sulting gas density profile on the axis of the cell (the
dashed line in Fig. 1) is shown in Fig. 2,a. Inside the
cell, the density is mostly uniform, and it rapidly drops
to zero as the gas leaves the cell through the outlets into
vacuum. The resulting level is slightly lower than the
equilibrium density level at 8 kPa due to the constant
flow of gas through the cell.
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The simple model in Fig. 1 allowed us to better un-
derstand which parameters of the gas cell are important
for the resulting density profile on its axis. In order to
do that, we performed a series of simulations with vari-
ous parameters of the cell. First, we varied the trans-
verse and the longitudinal sizes of the cell. The trans-
verse size did not change the density profile in any sig-
nificant way, which means that it can be arbitrary cho-
sen according to the manufacturing and ease-of-use
constraints. At the same time, the length of the cell can
be used to effectively change the length of the plateau in

the density profile, as shown in Fig. 2,b.
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Fig. 2. (a) Gas density profile p(x) on the axis of the cell
in Fig. 1. The vertical dashed lines show the boundaries
of the cell. The horizontal dotted line shows
the expected density at the pressure of 8 kPa
and the temperature of 300 K. (b) Gas density profiles
for different lengths of the cell (1, 2, 3 cm)
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Fig. 3. Gas cell density profiles for (a) different lengths
of the outlets (1, 2, 4 mm), (b) different widths of the
outlets (0.5, 1, 2 mm) for the inlet width of 3 mm. The
vertical dashed lines show the boundaries of the cell.
The horizontal dotted lines show the expected density
at the pressure of 8 kPa and the temperature of 300 K

The second major feature of a gas cell are the pres-
ence of the inlet and the outlets. As our simulations
showed, their positions (e.g., the inlet being at the center
or closer to the left boundary) are not very important.
The same applies to the length of the inlet, while the
lengths of the outlets modify the distance at which the
density drops to zero (Fig. 3,a), so it is preferable to
make outlets as short as possible. Typically, their length
is equal to the thickness of the gas cell walls. However,
the most important characteristic is the ratio of the total
cross-section of the outlets to the total cross-section of
the inlet (or several inlets if there are many). For exam-
ple, in our case, if the inlet’s size is 3 mm, and the out-
lets are 1 mm each, this ratio is (1+1)/3=2/3. As Fig. 3,b
shows, when this ratio is smaller than 1, the density pro-
file is mostly uniform with the peak density close to the
expected density at the specified pressure. However,
when this ratio exceeds 1, the inlet can no longer main-
tain the desired density, as the gas quickly leaves the
cell. The flow of the gas inside the cell becomes highly
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turbulent, and the density profile becomes non-uniform
and non-stationary (the profile shown in Fig.3,b is a
snapshot at one time moment). Therefore, it is desirable
to make outlets as small as possible and to increase the
size of the inlet. In practice, the size of the outlets is
limited by the ability to robustly focus the laser pulse
onto them, as it may possibly damage the walls of the
cell if not focused properly.

It is also important to estimate the total mass flow
through the outlets to determine the requirements to
maintaining vacuum conditions in the experimental
vacuum chamber. A simple upper boundary for the
mass flow can be given using the model of gas expan-
sion into vacuum, where the expected gas density is
multiplied by the thermal velocity:

am _ v 2.g). 1
sai =P 17.5kg/(m? -s) @

In reality, however, the mass flow should be lower,
as the gas-vacuum boundary is not abrupt. The observed
mass flow in the simulations corresponding to Fig. 2
was equal to 5.5 kg/(m?:s).

Fig. 4. A three-dimensional model of a gas cell
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Fig. 5. Gas density profile on the axis
of the three-dimensional gas cell shown in Fig. 4

Similar simulations have been performed in the 3D
geometry using the model shown in Fig. 4. The model is
similar to the 2D model in Fig. 1 and has one inlet at the
top and two side outlets. The gas profile on the axis of
such a cell is shown in Fig. 5. In general, the observed
properties of the density profile are the same as in the
two-dimensional case. It is uniform inside the gas cell
and drops to zero outside the cell. However, the rate at
which the density drops to zero is different in the 3D and
2D geometries. In the 3D case, the front of the expanding
gas is a sphere, and the density in the vacuum drops as
1/r* with the distance from the cell. This rate is higher
than the 1/r rate in the 2D case. Overall, the comparison
shows that the two-dimensional geometry is suitable for
making qualitative conclusions about gas cells.
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2. PIC SIMULATIONS

In order to demonstrate the use of a gas cell for laser
wakefield acceleration, we performed simulations using
the 3D particle-in-cell (PIC) code Quill [24, 25]. In the
simulations, we used a 9J, 60 fs Gaussian laser pulse
with the wavelength of 910 nm corresponding to the
parameters attainable at the laser complex PEARL [26].
The peak power of such a pulse reached 145 TW. The
pulse was assumed to be focused by a f /40 mirror with
the spot size of 30 um. Such a laser pulse fully ionized
helium by its front already, and thus the number density
of electrons in the PIC simulations was simply two
times larger than the number density of helium in the
OpenFOAM simulations of the cell. The discretized
mass density of helium on the gas cell axis from the
OpenFOAM simulations was exported to a CSV file and
transformed by a script into the number density of elec-
trons which was read by the PIC code. By linear inter-
polation of the read discretized values, a longitudinal
profile of plasma was recreated. A 17-mm long single-
chamber gas cell was used in the OpenFOAM simula-
tions. The pressure of 8 kPa used in the simulations cor-
responded to the electron number density in plasma of
3.85x10" cm®,
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Fig. 6. Wakefield excited by a laser pulse
after propagating for (a) 1 mm and (b) 9 mm.
The pulse is propagating to the right

Initially, when the density outside the gas cell is still
small (Fig. 6,a), the interaction of the laser pulse with
the plasma is weak, and no electrons are trapped. As the
laser pulse enters the denser plasma inside the cell
(Fig. 6,b), self-focusing leads to its contraction and the
increase of the peak power. A bubble is formed behind
the laser pulse, and electrons are trapped into it. The
trapped electron bunch is visible in Fig. 6,b.
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Fig. 7. Spectra of accelerated electrons in the logarith-

mic (left) and linear (right) scales for different distances

(3,5, and 15 mm) of the laser pulse propagation
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Spectra of accelerated electrons for different dis-
tances of the laser pulse propagation are shown in
Fig. 7. As the pulse enters the cell and propagates in it,
more electrons are trapped leading to the increase of the
total charge. At the same time, the maximum electron
energy grows rapidly, reaching the values beyond
1 GeV. Higher energies for the considered parameters
cannot be reached as the laser pulse begins to deplete.

3. TWO-STAGE GAS CELL

As shown in Sec. 2, simple gas cells can be used to
create uniform gas density profile which is desirable for
laser-plasma acceleration. However, more complex pro-
files might be of interest. For example, a profile with
two plateaus of different levels might be useful. A mod-
el of a gas cell capable of providing such a profile is
shown in Fig. 8. It consists of two volumes (chambers)
connected by a small hole. Each volume has its own
inlet to control the pressure inside the volume. The re-
sulting gas density profile can be used in the following
way. The first short part with denser plasma is used as
an injector in which plasma electrons are trapped into a
bubble via self-injection [7]. However, the maximum
attainable energy is inversely proportional to the plasma
density, so it might be desirable to accelerate electrons
in a less dense gas. Therefore, the second (longer)
chamber should have a lower density. In addition, this
density might be below the self-injection threshold,
which means that no new electrons will be trapped and
the accelerated bunch will remain quasimonoenergetic.

Fig. 8. A model of a two-stage gas cell

In the design of a two-chamber gas cell, it is im-
portant to understand how large the ratio between the
densities in the two chambers can be. Obviously, as they
are connected, the gas will flow from the chamber with
the higher pressure into the chamber with the lower
pressure, and thus the pressure in the second chamber
cannot be infinitely small. In order to determine the
lowest possible pressure, the inlet in the second cell
might be sealed, so that the only source of gas in it is its
connection to the first chamber. In simulations, it is em-
ulated by changing the boundary conditions on the inlet
to the wall boundary conditions. The results of such
simulations for different sizes of the hole between the
chambers are shown in Fig. 9,a. When the hole is much
smaller that the size of the outlets (the solid line, a
0.2 mm hole and 1 mm outlets), the density level inside
the second cell is much lower than in the first cell, as
the gas leaves the second chamber much faster than
enters it. However, in the opposite case (the dotted line,
a 2 mm hole and 1 mm outlets), the gas cannot leave the
second cell fast enough, and the cell effectively be-
comes similar a single-chamber one. Therefore, it is
extremely important that the size of the hole between
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two chambers is made as small as possible. When this
condition is satisfied, the density levels in two chambers
can be controlled independently, as shown in Fig. 9,b
for the pressures at the two inlets of 8 and 4 kPa, respec-

tively.
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Fig. 9. (a) Gas density profiles in a two-stage cell
without the second inlet for different sizes of the hole
between the two chambers. The solid, dashed,
and dotted lines correspond to the sizes of 0.2, 0.5,

2 mm, respectively. The size of the outlets is 1 mm.
(b) Gas density profile in a two-stage cell for the pres-
sure at the first and the second inlets of 8 kPa
and 4 kPa, respectively. The size of the outlet is 1 mm,
the size of the hole between the chamber is 0.2 mm.
The horizontal dotted lines show the expected density
levels at these two pressures. The vertical dashed lines
show the boundaries of the cells

CONCLUSIONS

Specifically tailored plasma density distribution can
be used to improve laser wakefield acceleration of elec-
trons. In this paper, gas cells were considered as one of
the methods of creating longitudinal plasma profiles
with long uniform plateaus. In order to investigate the
influence of the gas cell parameters on the gas density
distribution inside it, numerical CFD simulations with
the open-source OpenFOAM package were performed.
In these simulations, we considered a simple two-
dimensional model of a gas cell and showed that the
profile of the gas in such a cell is quasistationary and
uniform if the size of the outlets is small enough. Three-
dimensional simulations confirmed our findings. Using
one of the resulting profiles, particle-in-cell simulations
of the laser wakefield acceleration were performed with
the 3D PIC code Quill. The simulations showed that
accelerated electrons with the energy above 1 GeV can
be obtained in such a gas cell. In addition, a two-stage
gas cell capable of creating two different-level plateaus
in the gas density was considered. It was shown that
such a profile can be realized if the hole connecting the
two chambers is small enough.

Gas cell computation has been supported by the
Russian Foundation for Basic Research through Grant
Ne 18-32-00943 (A.A.G. and V.S.L.). Simulations of
electron acceleration have been supported by the Rus-
sian Science Foundation through Grant Ne 16-12-10383
(1.Yu.K.).
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PA3PABOTKA I'A30BOM STUYEMKHU 1JI51 TASEPHO-IIVIASMEHHOI'O YCKOPEHUS DJIEKTPOHOB
A.A. I'onosanos, B.C. Jleoeoes, H.10. Kocmrokoe

PaccmoTpeHo ntazepHO-IUTa3MEHHOE YCKOpPEHHE JJIEKTPOHOB B Ta30BOM sueiike. [Ipm momommm makera Open-
FOAM wuccrenoBaHo BIMSHHEE TTApaMETPOB SYCHKH Ha MPOQIIL IIIOTHOCTH. [IpoBeIcHO MOIETUPOBAHIE METOIOM
«JaCTHII B STYEHKax» JIa3epHO-TUIa3MEHHOT0 YCKOPEHHS IS Ja3epHOro uMITyiasca MomHocTsio 150 TBT, mpu sTom
HaOIIOAAIIICh YCKOPEHHBIE 3JIEKTPOHEI ¢ dHeprueii 6onee | ['3B. ccnenoBana aByxcraaniiHas ra3oBas s4erka.

PO3POBKA I'A30BOi KOMIPKH /1151 JIASEPHO-IIJIA3SMOBOI'O IPUCKOPEHHS EJTEKTPOHIB

A.A. I'onoeanos, B.C. Jlebeoes, H.10. Kocmriokoe

PosrnsHyTO Na3epHO-IUIa3MOBE MPHUCKOPEHHS EJIEKTPOHIB y Ta30Biil Komipmi. 3a momomoror makera Open-
FOAM pocnipkeHO BIUIMB MapaMeTpiB CEPEIOBHUINA HA Npodiine rycTHHU. [IpOBENCHO MOJEIIOBAHHS METOJO0M
«YACTHHOK Y KOMIpII» JIa3epHO-TUIa3MOBOTO MPUCKOPCHHS JJIs JIA3ePHOTO IMIyNbey moTyxkHicTio 150 TBT, mpu
[OMY CIIOCTEpIraiucs MPUCKOPEHI eJIeKTpoHH 3 eHepriero Oinbire 1 I'eB. Jlocnimkena aBocTaiiiHa ra3oBa KoMip-
Ka.
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