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Laser-driven wakefield acceleration (LWFA) has attracted lots of attention in recent years. However, few writers have been able to
make systematic research into the bow waves generated along with the wake waves. Research about the bow waves will help to
improve the understanding about the motion of the electrons near the wake waves. In addition, the relativistic energetic electron
density peaks have great potential in electron acceleration and reflecting flying mirrors. In this paper, the bow waves generated in
laser-plasma interactions as well as the effects of different laser and plasma parameters are investigated. Multidimensional particle-
in-cell simulations are made to present the wake waves and bow waves by showing the electron density and momentum
distribution as well as the electric field along x and y directions. The evolution of the bow wave structure is investigated by
measuring the open angle between the bow wave and the wake wave cavity. The angle as well as the peak electron density and
transverse momentum is demonstrated with respect to different laser intensities, spot sizes, plasma densities, and preplasma
lengths. The density peak emits high-order harmonics up to 150 orders and can be a new kind of “flying mirror” to generate higher
order harmonics. The study on the bow waves is important for further investigation on the electron motion around the wake
waves, generation of dense electron beams, generation of high-order harmonics, and other research and applications based on the

bow waves.

1. Introduction

Bow wave is a common phenomenon that can be observed in
fluid and gas. When a ship sails in the sea, in addition to the
backward Kelvin wave, a specific wave will also be generated
at the bow position, which determines the outer boundary of
the wave it makes [1], and this is the bow wave. The bow
wave not only consumes ship’s energy but also damages
coastal facilities and over-water buildings. Therefore, re-
ducing the impact of the bow wave is an important goal of
shipbuilding industry. In the air, when the aircraft breaks
through the sound barrier, it will trigger a specific bow wave
and the associated Prandtl-Glauert condensation cloud [2].

Bow waves are also found in space, such as the bow shock
wave produced when the solar wind meets the Earth’s
magnetic field. At present, the largest observed head wave is
observed by the Spitzer Space Telescope in galaxy collision
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[3]. As can be seen from the above examples, bow waves can
lead to a large number of physical processes, such as the
transverse transfer of momentum and matter and particle
acceleration.

It is well known that the ultra-short laser pulse propa-
gating in the low-density plasma can excite the wake waves
[4, 5], which is very similar to the Kelvin wave generated by
the ship sailing in the sea. In addition to the wake waves, the
laser pulse can also excite the bow waves in the collisionless
plasma. Like a ship’s bow wave, the bow wave generated by a
laser pulse also disperses the energy and momentum of the
laser pulse to the sides. The concept of bow waves in laser
plasma was first proposed by Esirkepov et al. [6] in 2008. It
was revealed that transverse modulation of electron density
caused by the bow wave can effectively increase the potential
of wakefield. In recent years, a large number of researchers
have paid attention to laser wakefield acceleration (LWA)
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[7-11], but few of them have detailed analysis about bow
waves. Further study of bow waves will help to further
understand the crucial problems of wakefield acceleration,
such as the motion of electrons in the wakefield and bow
wave, as well as the high-order harmonics generated by
them.

Research about the electron motion related to the
wakefield is important not only to the LWA but also to the
radiation produced by the ultra-fast electron beam and the
electron “flying mirror” regime. Coherent ultra-short ra-
diation source is an important tool to explore and control
the microcosmic world [12, 13]. The electron beam
accelerated by the wakefield can generate ultra-short pulses
and high-order harmonics [14, 15]. Moreover, high-fre-
quency pulses [16] and self-generated magnetic field can be
generated by using ultra-fast electrons to reflect the probe
light [17].

When a focused laser pulse propagates in under-dense
plasma, if the spot size of the laser is smaller than the
wavelength of the wakefield, the electrons expelled by the
laser cannot be trapped by the wakefield. The electrons will
move to the sides, forming the bow wave of the wakefield. So
far, there are few studies on the bow waves in laser plasma. In
this paper, the effects of laser and plasma parameters on the
bow wave properties are studied in detail. The density of the
electron layer at the junction of the wakefield and the bow
wave is much higher than that at the bottom of the wakefield,
and the longitudinal velocity is close to the speed of light. By
using the ultra-dense energetic electron layer at the joining
part of the bow wave and wake wave as a “flying mirror” to
reflect laser pulse, we can obtain high-order harmonics with
upshifted frequency [18]. In this paper, we investigated how
the open angle, transverse momentum of the bow wave, and
the peak density are influenced by the initial density of
plasma, laser intensity, focal spot size, and preplasma length.
It helps to further understand the formation of the wakefield
and bow wave, the mechanism of high-order harmonic
generation, and coherent Thomson scattering.

2. Simulation Parameters

Two-dimensional and three-dimensional numerical simu-
lations of the interaction between laser and under-dense
plasma were carried out by particle-in-cell (PIC) code EP-
OCH [19]. In 2D simulations: the size of simulation box is
1004, x 1001, and the mesh number is 1600 x 800, where
Ay = 1um is the wavelength of incident laser in vacuum. The
number of macroparticles is 5120000. The fully ionized
plasma is located at 204, < x < 1004, and the density is n, =
1.2 x 10"¥cm™ x (1um/)). The initial intensity of the laser
pulseis I = (6 x 10W/cm?) x [ (1um/ Ay)*], corresponding
to the dimensionless amplitude a = eE/wm,c = 6.62, which
propagates forward along the x-axis and is linearly polarized
along the y-axis, the full width at half maximum of the
transverse focal spot is 10um, and the FWHM of the pulse
width is 35fs = 10.5T . w is the laser frequency, e and m,
denote the charge and mass of the electron, E,, is the am-
plitude of the laser electric field, c is the speed of light in
vacuum, and T, is the laser period. The ions are assumed as
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stationary, that is, the mass ratio of ion to electron is
m;/m, — oo.

The wakefield and bow wave can be observed in a wide
range of parameters. Parameters in the three-dimensional
simulation are as follows: the size of the simulation box is
22), % 301, x 301, and the mesh number is 660 x 900 x 900.
The number of macroparticles is 5.35 x 108, The fully ionized
plasma is distributed in the whole simulation space with the
density of n, = 5.7 x 10"cm™ x (1gm/)). The initial inten-
sity of the laser pulse is I = (9 x 10°W/cm?) x[ (1um/ Ay)*],
corresponding to the dimensionless amplitude a =
eEy,/wm,c = 8.1, which propagates forward along the x-axis
and is linearly polarized along the y-axis, the FWHM
transverse focal spot is 6.7um, and the FWHM pulse duration
is 16.65 fs = 5T,

3. Simulation Results and Analysis

When the laser pulse enters the plasma region, a strong
wakefield will be excited. Under the ponderomotive force
and electromagnetic force of the laser field, electrons will be
expelled to all directions to form a bubble structure without
electrons inside, as shown in the electron density distri-
bution in Figure 1. The electric field not only pushes the
electrons in the longitudinal direction but also pushes the
electrons in the transverse direction, forming bow waves on
both sides of the wakefield.

For the wakefield and bow wave, two-dimensional
simulation is launched for further analysis. The electron
density distribution is shown in Figures 2(a)-2(d).
Figures 2(b) and 2(c) show the distribution of electron
density along the dotted line x = 63um and y = 14um in
Figure 2(a), respectively. The electron number density at the
bow wave reaches 9 x 10'8cm™3. The electron density of the
bow wave increases gradually along the +x direction and
reaches the maximum at the joining part of the bow wave
and the wakefield. At this time (78T)), the peak electron
number density is about 4 x 10cm™2, which is much higher
than the density at the bottom of the wakefield, reaching
more than 30 times the initial electron density. The ultra-
dense electron layer at the joining part of the bow wave and
wake wave has a velocity close to the speed of light. It can be
used as a creative “flying mirror” to reflect laser pulses.
According to the coherent Doppler effect, the frequency of
the reflected laser pulse will be upshifted by 4y%, where y =
1/V1 —v?/c?, v is the velocity of the electron layer, and ¢ is
the speed of light in vacuum [20-22]. As shown in
Figures 2(e) and 2(f), the distribution area of longitudinal
electric field E, is much larger than that of wakefield cavity.
Thus, the potential is not limited by the wake cavity size.

The longitudinal and transverse electron momentum is
shown in Figure 3. Due to transverse wave breaking, the
electrons move outwards transversely, increasing the po-
tential in the wakefield. Therefore, wake breaking is mainly
aroused by the self-generated electrostatic field in the
wakefield caused by the tightly focused laser [23]. The bow
wave is piled up by the electrons directly accelerated by the
laser ponderomotive force. When the laser enters the
plasma, the electrons move forward and at the same time
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FIGURE 1: The electron density distribution at 24T,.
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FIGURE 2: 2D simulation results at 78T, (a)-(d) Electron density distribution in the (x, y) plane, (b) and (c) are the distributions along the

dashed lines x = 63 ym and y = 14um in (a), (d) is the distribution with the number density shown in z-axis, and (e) and (f) are the
longitudinal transverse electric fields, respectively, in the (x, y) plane.
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FIGURE 3: Longitudinal (a, c¢) and transverse (b, d) electron momentum at 42T, and 78T,.

transversely to both sides continuously, gradually increasing
the area of bow wave. Unlike the wake wave cavity easily
being destroyed by electron injection, the properties of the
bow wave are usually stable, as the laser propagates.

The structures of the wake waves and bow waves pro-
duced by different laser and plasma parameters are shown in
Figure 4. The laser with higher intensity generates stronger
ponderomotive force F, = —e*/4m,w?VE?. Therefore, with
more intense laser, larger number of electrons will be ex-
pelled to the transverse sides, under larger ponderomotive
force. As a result, the angle 6 between the bow wave and the
wake wave boundary is larger. The longitudinal length of the
wake wave cavity is larger due to stronger electrostatic field
and ponderomotive force, as shown in Figures 4(a) and 4(b).
Denser plasma will repress the effect of ponderomotive
force, resulting in shorter wake wave cavity and larger angle
0, as shown in Figures 4(c) and 4(d).

The laser focal spot size is 8y and 20um, and the latter is
closer to the matched spot size of a self-focused laser w, =
2+/aglk, = 25um. Here k, = \/n.e*/m,elc, where ¢ is the
vacuum dielectric constant. The laser intensity hardly decays
during the simulation with spot size of 20um [24]. The
electrostatic field is stronger and ponderomotive force is
smaller, as shown in Figures 4(e) and 4(f). The preplasma
can restrain the wave breaking and increase the energy of
transverse ponderomotive force, so the distribution range of
the bow wave in transverse direction is larger.

Laser and plasma parameters play important roles in the
structure and distribution of wake wave and bow wave, as
well as the electron momentum. The transverse momentum
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distribution of electrons is shown in Figure 5. Increasing
laser intensity will directly enhance the laser ponderomotive
force and thus increase the transverse momentum of elec-
tron in wakefield and bow wave. Increasing electron density
will lead to immature electron injection. The longitudinal
momentum of the injected electron increases sharply, while
the transverse and longitudinal momentum of the electron at
the bow wave decreases. The focal spot size of the laser
increases from 8um to 20um, closer to the matched laser self-
focusing radius. The laser with larger spot size makes the
normalized electric field amplitude increase from a, = 4.58
to a, = 6.58, enhancing the wakefield and bow wave, as well
as the electron momentum.

By changing the laser intensity, plasma density, laser
focal spot size, and length of preplasma, the effects of laser
and plasma parameters on the structure, density, and
electron momentum of the bow wave are further studied.
The bow wave can be produced within a wide range of
parameters, but sometimes it is difficult to distinguish be-
cause it is located near the wake wave. It is found that the
angle 0 of the bow wave to the boundary of wake wave cavity
is closely related to laser parameters such as laser intensity
and focal spot radius. With higher laser intensity, 0 increases
obviously and the bow wave structure is easier to observe, as
shown in Figures 4(a), 4(b), and 6(a). When the laser focal
spot radius increases from 8um to 20um, it is closer to the
matched radius of the wakefield acceleration, and the
wakefield energy and electron momentum are enhanced, but
the angle 6 between the bow wave and the wakefield wall
decreases, as shown in Figures 4(e), 4(f), and 6(c). When the
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Ficure 4: Continued.
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FIGURE 7: The evolution of the electron transverse momentum with respect to the laser and plasma parameters.
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FiGURE 8: The evolution of the electron peak density of the bow wave with respect to the laser and plasma parameters.

laser focal spot is reduced to 5um, with the propagation of
the laser, the laser will be defocused. With a, becoming
smaller, 0 decreases sharply and the shape of the bow wave
becomes irregular. With increasing plasma density from 6 x
107cm™3 to 2.4 x 10'8cm ™3, the angle 6 decreases gradually,
as shown in Figures 5(c), 5(d), and 6(b). When the pre-
plasma is introduced, the angle 6 is increased, as shown in
Figures 5(g), 5(h), and 6(d).

As the laser interacts with the plasma, the electrons pile up
to form the wake wave, and the electron transverse momentum
increases. After the whole laser pulse entered the plasma and the
wake wave cavity is completely formed, the transverse mo-
mentum of the electron decreases slowly, as shown in Figure 7.
With the increase of laser intensity and focal spot radius, the
transverse momentum of electrons increases significantly, en-
larging the bow wave area. When the plasma density increases
from 6x 107cm™ to 2.4 x 10"cm™, the transverse mo-
mentum and longitudinal momentum of electron decrease
correspondingly until electron injection occurs. When the laser

https://doi.org/10.1155/2023/9414451 Published online by Cambridge University Press

focal spot increases, the transverse momentum of electron
decreases more slowly. With a FWHM focal spot size of w, =
20um, approximately equal to self-focusing matched size, the
electron transverse momentum does not decay with time. The
preplasma makes the laser interact with plasma earlier, and after
the whole laser pulse entered the plasma, the electron transverse
momentum is no longer influenced.

The electron density of the bow wave increases near the
front and central area. A density peak is generated at the joining
part of the bow wave and the wake cavity wall. The peak density
fluctuates with time, but the overall trend is positively corre-
lated with laser intensity and plasma density, as shown in
Figures 8(a) and 8(b). This effect gets saturated when the laser
intensity is over 1.2 x 10°W/cm™ and when the density
exceeds 2.4 x 10" cm ™. The peak density of the bow wave has
no correlation with the size of the laser focal spot and the length
of the preplasma, but when the laser focal spot is too small for
the self-focusing effect, laser defocusing causes the density peak
to decrease, as shown in Figures 8(c) and 8(d).


https://doi.org/10.1155/2023/9414451

10

4. Conclusion

In this paper, multidimensional PIC code is used to simulate
the generation of the wakefield and bow wave by the in-
teraction of laser and plasma. By analyzing the influence of
laser and plasma parameters on the structure of the bow
wave, the peak electron density, and the electron momen-
tum, the properties of the bow wave in the wakefield are
further explored. The results show that increasing the laser
intensity and reducing the plasma density are beneficial to
the observation of the bow wave in the laser-induced
wakefield, and the introduction of the preplasma is also
helpful to observe the bow wave. When the focal spot size of
the Gaussian laser beam is smaller than the matched self-
focused laser in the wakefield, the transverse momentum of
the electron is positively correlated with the focal spot ra-
dius. At the joining part of the bow wave and the wake cavity
wall, the electron density is very high. The peak density is
positively correlated with the laser intensity and plasma
density. This high-density electron peak can be used as a new
kind of electronic “flying mirror” to generate high-frequency
high-order harmonics. This paper is innovative and forward-
looking in the study of the bow wave of the wakefield, which
is helpful to further understand the motion of electrons in
the laser wakefield and bow wave, and has significance for
the generation of high-frequency ultra-short pulses through
a new kind of electronic “flying mirror.” The work on laser

and plasma is also beneficial to satellite laser
communication.
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