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Abstract
In this work, particle-in-cell simulations were carried

out to investigate the dynamics of a laser pulse propagat-
ing along a H2 gas jet. The laser-driven wakefield and the
density of ionized electrons are analyzed during the pulse
propagation through the gas jet. The laser and plasma quan-
tities were chosen in order to have the system operating
in the self-modulated regime. Results show how the self-
modulation fragments the laser pulse, originating higher-
amplitude pulses that can induce bubble formation with
wave-breaking and particle injection.

INTRODUCTION
It is well-known that beam physics is a branch of science

that suffered a great development along the past decades [1].
The first particle accelerator was built almost 100 years ago,
producing 50 keV ion beams inside an accelerating struc-
ture with length of approximately a meter [2]. From then
to nowadays, not only the energy but also the charge of the
accelerated beams increased. The increase in charge was
achieved with a better understanding, and consequently the
development of the theory associated with the space-charge
forces, giving rise to what is known today as beam dynamics.
In the other hand, the increase in energy, for many decades,
was dependant on the technological advances, always con-
sisting in producing stronger radio-frequency (RF) cavities
with smaller thermal losses.

The accelerating structures based on RF cavities are lim-
ited to produce electric fields around 100 MV/m [3]. In
this way, for generating beams with higher energies, longer
machines have to be constructed. This paradigm was bro-
ken with the development of the plasma-based accelerating
structures [4]. In this technique, a strong perturbation is
induced in a plasma, causing charge displacements that prop-
agate as a density wave. This strong plasma-wave produces
high-amplitude electric fields, or wakefields, in the order
of GV/cm, opening the horizon for higher energetic beams
produced within centimeter-long accelerating structures [5].
Once the perturbation is usually produced by a laser pulse,
these laser-wakefield accelerators (LWFA) allowed for the
production of ∼nC beams with ∼GeV energies in smaller and
less complex machines [6].

Conventional accelerators were often used for scientific
purposes, and for some specific applications. However, the
possibility of building smaller machines with the plasma-
based technique broadened the range of possible applications.
Among many, it is possible to cite X-ray and 𝛾-ray sources
∗ roger.pizzato@ufrgs.br

for use in biomedical applications, physics, and materials
science [7]. In addition, the accelerated beams by these
machines may be an interesting alternative for the production
of radioisotopes for medical purposes [8, 9].

The purpose of this work is to provide a brief investigation
about the effect of the self-modulation phenomena along the
propagation of a laser pulse in a trapezoidal-shape gas jet.
This investigation is carried out with the aid of particle-in-
cell (PIC) simulations. The next section presents the results
and a brief discussion. The last section summarizes the
preliminary conclusions.

SIMULATION RESULTS
The investigated system consists of a laser pulse imping-

ing in a H2 gas jet target with a trapezoidal-like profile in
the longitudinal direction, and a uniform profile in the radial
direction. The laser has a Gaussian profile, with waist 𝑤0 =
7 µm, and extension 𝑐𝜏 = 15 µm. The laser power is 2 TW,
and its wavelength is 800 nm. The corresponding dimen-
sionless laser vector potential amplitude, or laser strength,
is 𝑎0 ≅ 1.1. The gas jet consists of an up ramp, with length
80 µm, a plateau of 40 µm, and a down ramp, with a length
of 80 µm as well. The gas jet density in the plateau is 𝑛0 ≅
2×1026 atoms/m3, and the laser is focused at the middle of
the up ramp.

The simulations presented in this work were carried out
by using the FBPIC code [10]. FBPIC is a PIC code for simu-
lating relativistic plasma systems. It is especially suitable for
physical simulations of laser wakefield acceleration. FBPIC
uses a spectral cylindrical representation, which allows for
performing accurate quasi-3D simulations in a reasonable
time. Three azimuthal modes were used in the representa-
tion. The axial resolution was 1/30 of the laser wavelength.
The radial resolution used was 1/60 of the laser waist after
self-focusing. A window with length of 100 µm is employed
for following the laser pulse along the gas jet. However,
all the figures presented in this work use a smaller domain,
50 µm, for better depicting the details of the regions under
discussion.

As the laser pulse propagates, the gas jet is ionized, form-
ing a plasma. The laser starts then to interact with the
plasma in a process known as self-modulation [5]. Fig-
ure 1 illustrates this process after 𝑠 = 100.3 µm of propaga-
tion. In this figure, the axial 𝐸𝑧 (in black) and transversal
wakefield 𝑊⟂ (in blue), both rescaled by the cold nonrel-
ativistic wave-breaking amplitude 𝐸0, are plotted together
with the envelope of the dimensionless laser vector potential
𝑎 = 𝑒𝐴/𝜔0𝑚𝑒𝑐 (in red), in which 𝑒 is the electron charge,
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𝐴 is the laser vector potential, 𝜔0 is the angular plasma
frequency calculated at the gas jet density plateau, 𝑚𝑒 is
electron mass, and 𝑐 is velocity of light in vacuum. All
previous quantities are analyzed along the co-moving coor-
dinate 𝜉 = 𝑧 − 𝑠, in which 𝑧 is the axial coordinate, and 𝑠
the propagated distance. Note that the laser profile presents
fluctuations in its envelope which are syncronized with the
ones found in the wakefields, evidencing the self-modulation
phenomena. In addition, peaks in the dimensionless laser
envelope match the wakefield peaks.

Figure 1: The laser pulse self-modulation after propagating
𝑠 = 100.3 µm along the gas jet.

The self-modulation phenomena becomes stronger as the
pulse propagates further in the gas jet. Hence, the original
laser pulse gets fragmented as it propagates, and these laser
fragments begin to individually interact with the plasma.
Since these laser fragments are shorter and higher in am-
plitude, if compared to the initial (non-fragmented) laser
pulse, they can generate the conditions required for the bub-
ble regime. Figure 2 shows the laser pulse fragmentation
for a propagated distance 𝑠 = 150.5 µm, right after the be-
ginning of the down ramp (𝑠 = 120 µm). By inspecting the
wakefields, one can see the nonlinear sawtooth-like aspect,
a characteristic of the bubble regime. These bubbles (ionic
cavities formed due to electrons depletion) can be seen in
Fig. 3, in which the density of electrons in the plasma is
shown. There is a well-defined white (null-density of elec-
trons) bubble with a high-density peak of electrons behind.

If the self-modulation is sustained, the bubble seen in
Fig. 3 can increase, accumulating more electrons behind,
until the breaking of the plasma wave occurs. With the
wave-breaking, the electrons accumulated behind are in-
jected inside the bubble. This process is shown in Fig. 4
for 𝑠 = 156.9 µm. It is possible to see in Fig. 4 that there is
now an intense density of plasma electrons inside the bubble.
As one can see in Fig. 5, inside the bubble the accelerating
wakefield is still strong (look at 𝜉 = −40 µm), and it still can
realize great work over the injected electrons. In addition,
at this point the laser strength is almost 4 times higher than
its initial value.

The self-modulation process continues and new bubbles
can be formed ahead. Figure 6 presents the electron-plasma

Figure 2: Laser pulse fragmentation after propagating 𝑠 =
150.5 µm along the gas jet.

Figure 3: Density of plasma electrons for a propagated dis-
tance 𝑠 = 150.5 µm.

density for 𝑠 = 177.5 µm. The bubble shown in Fig. 3, in
which the electrons were injected, is now in fact the sec-
ond visible bubble. Figure 7 shows the corresponding laser
wakefields at this time. Note that the laser dimensionless
amplitude is now smaller, since the gas jet end is near, but
still high enough for electron depletion.

Figure 4: Density of plasma electrons for a propagated dis-
tance 𝑠 = 156.9 µm.
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Figure 5: Laser wakefields for 𝑠 = 156.9 µm.

Figure 6: Electron-plasma density for 𝑠 = 177.5 µm.

Figure 7: Laser wakefields for 𝑠 = 177.5 µm.

Figure 8 presents the electron-plasma density for 𝑠 =
199.4 µm, right before the laser head exits the gas jet. It is
possible to see that the first bubble is empty, with no electrons
inside, while the second one is almost destroyed, since it is
nearly completely filled by electrons. The presence of this
large amount of electrons inside the second bubble changes
the longitudinal wakefield 𝐸𝑧, and the previously accelerated
electrons now experience decelerating forces. One can see
in Fig. 9 that, inside the second bubble (−50 ≲ 𝜉 ≲ −40),
the longitudinal wakefield 𝐸𝑧 varies, presenting accelerating
and decelerating phases. The result is an intense energy

Figure 8: Electron-plasma density for 𝑠 = 199.4 µm.

Figure 9: Laser wakefields for 𝑠 = 199.4 µm.

chirp between the electrons that are about to exit the gas jet,
forming the accelerated bunch. The laser strength is again
almost equal to its initial value.

CONCLUSIONS
In this work, an analysis on the laser pulse propaga-

tion along a gas jet was performed. The laser pulse self-
modulation is an important process for inducing the bubble
regime, electron injection, and consequently bunch forma-
tion with a low energy chirp. However, this process has
to be ceased adequately, because it can generate new bub-
bles, which will require new adequate conditions for wave-
breaking, particle injection, and acceleration. Otherwise,
the output bunch will be a result of acceleration in secondary
bubbles, with degraded spatial and energy characteristics.
The self-modulation can be can be properly ceased by con-
trolling the down ramp length of the gas jet. In an upcoming
work, the accelerated particles will be tracked, in order to
quantitatively understand the dynamics of the accelerated
particles and the role of the gas jet down ramp length.
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