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Abstract

The propagation of multiple ultraintense femtosecond lasers in underdense plasmas is investigated theoretically and
numerically. We find that the energy merging effect between two in-phase seed lasers can be improved by using two
obliquely incident guiding lasers whose initial phase is 7 and /2 ahead of the seed laser. Particle-in-cell simulations
show that due to the repulsion and energy transfer of the guiding laser, the peak intensity of the merged light is amplified
by more than five times compared to the seed laser. The energy conversion efficiency from all incident lasers to the
merged light is up to approximately 60%. The results are useful for many applications, including plasma-based optical
amplification, charged particle acceleration and extremely intense magnetic field generation.
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1. Introduction laser manipulation methods based on plasma optics are still
desired.

With the rapid development of laser technologies, a laser In the relativistic regime, relativistic electron mass cor-
pulse with intensity far exceeding 10'® W/cm? is available  rection and plasma density redistribution induced by the
in laboratories'*!. Under the irradiation of this ultraintense =~ ponderomotive force of the laser are responsible for non-
laser, almost all materials are ionized into plasma and liber- linear effects such as relativistic self-focusing and self-
ated electrons can rapidly oscillate in laser fields at velocities ~ modulating instability!'-'?!, Both of these phenomena lead
approaching the speed of light!'l. Plasma, as an ionized to longitudinal and transverse redistribution of laser energy,
product of matter, is a unique candidate for manipulating which in turn has a significant impact on charged particle
ultraintense laser pulses. Recently, numerous innovative con- acceleration, ultra-bright radiation and light amplification.
cepts for plasma-based optical methods and devices have When two laser beamlets copropagate in underdense plasma,
been proposed, including stimulated Raman and Brillouin more exotic effects may occur. The mutual interaction feature
amplification!*!, plasma mirrors'®!, plasma frequency con- s characterized by attraction, repulsion and spiral due to
verters'’l, plasma gratings!®” and plasma holography!'”!.  the difference of electron dynamic behavior in different
The transition from the conceptual stage to the realization of ~ laser—plasma parameterst!' !l In particular, even a small
optical elements requires a profound comprehension of the initial phase difference can result in a strong energy transfer
nonlinear interaction between relativistic lasers and plasmas. between beams, which will greatly affect the formation
To extend more application scenarios, advanced relativistic of coupled light!'*~1, This offers possibilities of merging
multiple laser beams into a single, more powerful laser pulse.
In this paper, we propose to manipulate the energy mer-
gence of two femtosecond (fs) seed lasers in underdense
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laser when the guiding laser is w or 7 /2 ahead of the in-
phase seed laser and incident at a small angle. The energy
conversion efficiency from all incident lasers to merged light
is approximately 60% higher. The amplification effect of
the seed laser intensity is remarkable, and the mergence
length is tunable in a wide laser—plasma parameter range.
This might provide a feasible routine to manipulate the prop-
agation of multiple relativistic laser pulses for applications
such as plasma optics!>*?*!, laser-driven particle acceleration
and radiation”*=", and the generation of intense magnetic
fields®!-321,

In Section 2, we firstly review the propagation properties
of two laser beams in plasma by the nonlinear Schrodinger
equations (NSEs). Then we investigate the beam propagation
dynamics by two-dimensional (2D) particle-in-cell (PIC)
simulations, and reveal the reasons for attraction, repulsion
and energy transfer between the two laser beams at different
phase differences. In Section 3, two methods are proposed
to manipulate the energy mergence process of fs seed lasers
by using obliquely incident guiding lasers with different
phase differences. Section 4 shows the influence of the laser—
plasma parameters on the peak intensity of the merged light
and the experimental consideration. Finally, a summary is
given in Section 5.

2. Propagation of two parallel femtosecond laser beams
in underdense plasmas

When a relativistically intense linearly polarized (LP) or
circularly polarized (CP) laser pulse travels through under-
dense plasma along the x direction, assuming that the ions
are immobile, its envelope evolution can be described by the
NSEgl!1-16:33.34].

2k L at V2ari2(1-" 0 (1)
ikp—a a ——)a=0,
O9x L P y

where a = eE/mewoc is the normalized laser amplitude,
—e, m, and c are the charge, rest mass and light speed in
vacuum, respectively, E, wog and kg = wo/c are the elec-
tric field, frequency and wave vector of the incident laser,
respectively, y is the relativistic factor of the electron,
which is +/1+a? and \/1+a?/2 for the CP and LP lasers,
respectively, kp, = wp/c and w, = y/nee? /gom, are the plasma
wave vector and frequency, respectively, &y is the vacuum
permittivity and 7 is the plasma electron density normalized
by the initial electron density ng. For two parallel incident
Gaussian lasers with the same amplitude ay, a = a; +
az, where a; = agexp{—[22+ (y—d/2)*/r}]} and a, =
agexp{—[22+ (v+d/2)*/r}] +iAp}, where Ag, ro and d
are the initial phase difference, focal spot radius and spatial
distance, respectively, of the two laser beams. Assuming
that the amplitude envelope changes slowly and the energy
transfer rate is constant, the NSEs can be approximated to
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when the density modulation and relativistic electron mass
correction are neglected, where « is 0.5 and 1 for the LP and
CP laser pulses, respectively. Although Equation (2) ignores
the laser—plasma interaction process, it could predict the pos-
sible propagation behavior of two laser beams with different
phase difference in the plasma, and could provide reference
for the parametric setting of the following PIC simulations.
From Equation (2), we see that the energy transfer 9|a|*/dx
between the two lasers is a sinusoidal function of A¢, and
reaches its maximum value at A¢ = /2. When A¢ =0 and
A¢ = m, there is no energy transfer. Whether they attract
or repel each other can be shown by PIC simulations. In
fact, the actual phase difference depends not only on A¢,
but also on the energy transfer situation. The laser phase
velocity in plasma can be written by v, = ¢//T—n/ync,
where n, is the critical density of plasmas. When the energy
transfer occurs between beams, the phase velocity of the
laser that obtains energy decreases since y actually becomes
larger. In contrast, v, of the other beam is reduced, resulting
in a change in the phase difference. In turn, the energy
transfer will be affected. Note that the above equation can
only give the steady-state solution, and is not suitable for
characterizing the unsteady ultrafast process of short fs laser
pulses propagating through underdense plasmas. In addition,
it is also not valid for predicting accurately how much energy
is transferred since the density modulation and relativistic
electron mass correction become dominant in the relativistic
regime.

To illustrate the dynamics of two fs laser beams interacting
with underdense plasmas, we perform 2D-PIC simulations
by utilizing the code EPOCH™!. The size of simulation
box is x x y = 80Ag x 70Ao with 20 cells per wavelength,
where Ao = 1 wm is the laser wavelength. The fully ionized,
uniform hydrogen plasma target is placed x = [10,70] pm
and y = [—30,30] pm with the initial density of n. =
np = 0.1nc. Each cell has 80 macroparticles, including 40
electrons and 40 protons. Two transverse Gaussian CP laser
pulses of rp = 2 um and d = 4 pum are normally incident
from the left-hand boundary of the box and are focused on
the front surface of the target. The initial phases of the upper
and lower lasers are 0 and A¢, respectively. The laser has
a temporal profile of sin® (wt/219), where 19 = 157 and
Ty = 3.3 fs are the laser duration and period, respectively.
Here, ag = 1.9, corresponding to an intensity of / = a} x Iy =
9.89 x 10" W /cm?, where Iy = 2.74 x 10'® W /cm?. The open
boundary conditions are used for fields and particles.

Figure 1 shows the distribution of the normalized light
intensity I/l for different initial A¢. We see that the two
in-phase lasers of A¢ = 0 (case 1) attracted each other, and
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Figure 1. Snapshot of spatial distribution of the normalized light intensity /Iy of two parallel incident seed lasers with different initial phase difference of
(a)—(c) Agp =0, (d)—(f) Ap = /2 and (g)—(i) A¢ = 7 at different times. The arrows in the left-column panels represent the Poynting vector of the lasers.

merged into a single one with the peak intensity amplified
by a factor of about 2.7 compared to the incident laser,
while they will repel each other and gradually dissipate their
energy during the propagation when A¢ = . At A¢p =
/2, we find that the energy is transferred from the phase-
advancing laser (lower) to the phase-delayed (upper) laser,
resulting in an asymmetric distribution of light intensity. In
fact, when 0 < A¢ < /2, the two laser beams not only
attract each other, but also transfer energy. When 7 /2 <
A¢ < m, the repulsion and energy transfer of the two beams
also coexist. From Figures 1(d)-1(f), we note that a mutual
repulsion also occurs after t = 607. This is attributed to the
amplitude a of the two laser beams no longer being the same
due to the energy transfer, and the phase speed is thus differ-
ent since v, ~ ¢ (1 +n./2an.). The actual phase difference
between two laser beams will range from /2 to . As a
result, early on, the two beams begin to repel each other,
leading their transverse distance to grow larger. Then they
travel separately until their energies are completely depleted.

We can understand the interaction mechanism of two laser
beams in underdense plasmas through the electron dynam-
ics. The light propagation in a medium is closely related to its
refractive index N = /1 — n./yn.. From Figures 2(a)-2(c),
we can observe that the ponderomotive force of the laser f,
(f, o< da*/dr, where r = \/x2+y2)1*°! drives the electrons
away from the central region, forming two hollow density
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channels. When A¢ = 0, the ponderomotive force pushes the
electrons sideways toward the same directions. The current
element direction at the same x position driven by two seed
lasers is therefore identical, as shown in Figure 2(d), and
thus they appear to attract each other according to Ampere’s
law. Under the synergistic expulsion of the two beams,
a small density cavity is formed (see the white dotted
box), which acts as an energy storage container and in
turn promotes the mergence of two laser beams since N
becomes smaller inside the cavity. At A¢ = m, the current
element direction at the same x position is opposite, as
seen in Figure 2(f), and they behave as mutually repellent.
Note that a portion of the electrons are piled up in the
region of —31p <y < 3A¢ due to the inward squeeze of
the ponderomotive force of two seed lasers. The electron
density in the middle is thus greater than that on both
sides and the two lasers begin to deflect outward due to the
difference in refractive index. The repulsive effect is further
enhanced and the actual gap between the two channels
becomes larger as they propagate separately in their own
half space. Here, A¢ = /2 could be regarded as a dividing
point at which the beam attracts and repels. When A¢ is
farther away from /2 and toward O or m, the attraction or
repulsion effect is more significant, and the energy transfer
becomes weaker. At A¢ = /2, a lot of transverse sloping
upward gaps (represented by the white arrows) are induced,
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Figure 2. Snapshots of spatial distribution of the electron density n./n. (a)—(c) and the current density j/jo (d)—(f) at different times for two parallel
incident seed lasers of (a), (d) A¢ =0, (b), (e) /2 and (c), (f) 7, respectively. Here, the current density is normalized by jo = 1 x 10 A/cm2 and

Ip =2.74 x 108 W /cm?.

as shown in Figures 2(b) and 2(e). A portion of the
phase-advancing laser energy reflected by the dense
boundaries at the bottom flows into the phase-delayed
laser-induced channel by these gaps, which is the direct
reason for the energy transfer. It should be mentioned
that the accumulation of electrons does not occur only in
2D geometry. We performed three-dimensional (3D)-PIC
simulation and found similar features. The slight difference
is that the filamentous structure of electron density (seen in
Figures 2(a)-2(c)) resulting from the electrons oscillating in
the laser electric field is no longer significant.

3. Manipulation energy mergence by obliquely incident
external guiding lasers

As discussed above, the actual phase difference between two
lasers determines their propagation properties in underdense
plasma. In fact, in addition to changing A¢ and N, the real
phase difference can also be modulated with an obliquely
incident laser. For one of the two beams obliquely incident
at an incident angle 6, as the parallel beam travels L distance,
the resulting phase difference Ay can be expressed as

follows:
AY =2nN |:L (L - 1)} /0. 3)
cosf

Here, we propose two possible methods to manipulate
the energy mergence between two parallel fs seed lasers of
A¢ = 0 by obliquely incident external guiding beamlets. The
first method is to use two guiding lasers of A = m with an
incident angle 6 = 6° (the optimal angle for obtaining the
highest intensity of the merged laser) relative to the seed
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lasers (case 3), where Ag is the initial phase difference
between the guiding and seed lasers. For comparison, we
also perform the case of the parallel guiding lasers (6 = 0°,
case 2). Figure 3 shows the distribution of the normalized
laser intensity I/l in cases 2 and 3. With respect to Fig-
ure 1(b), we can see that the merging process of the seed
lasers becomes earlier due to the repulsion effect of two
external guiding lasers in both cases. In case 2, since the
guiding laser energy is eventually consumed, their energy
does not participate in the coupling of the seed laser, result-
ing in the intensity of the merged laser being comparable to
that in case 1. However, for case 3, we find that the mergence
time and distance of the seed lasers are slightly shortened,
and the merging effect is significantly strengthened. This
is because the repulsion and energy transfer from the seed
lasers occur simultaneously since the actual phase difference
between the guiding and seed lasers is slightly less than 7 in
the initial stage. It should be noted that the energy obtained
from the guiding lasers is transmitting off-axis, so that the
merged light disperses around at a later time.

Another method is to employ two guiding lasers of
Ag = /2. We still consider parallel incidence (6 = 0°, case
4) and oblique incidence at a small angle of & = 5° (case 5),
which corresponds to the optimal angle for obtaining
the highest intensity of the merged light. Compared with
case 1, it is found that the intensity of the merged light is
stronger in case 4 because of the energy transfer from the
guiding laser to the neighboring seed laser, as presented in
Figure 4(a). Accompanied by the laser propagation, the
actual phase difference between the guiding laser and seed
laser gradually exceeds /2, and the inner in-phase seed
lasers begin to merge aided by the repulsion of the guiding
lasers in Figures 4(b) and 4(c). The peak intensity of the
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Figure 3. Snapshot of spatial distribution of the normalized light intensity //Ij at different times using two external guiding lasers of initial phases advancing
7 compared to seed lasers (i.e., Ap = ) with the incidence angle of & = 0° ((a)—(c), case 2) and 6 = 6° ((d)—(f), case 3), respectively. The initial phase

difference of the seed lasers is A¢ = 0.
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Figure 4. Snapshot of spatial distribution of the normalized light intensity //Ij at different times using two external guiding lasers of initial phases advancing
/2 compared to seed lasers (i.e., Ap = 7r/2) with the incidence angle of 6 = 0° ((a)—(c), case 4) and 6 = 5° ((d)—(f), case 5), respectively. The initial phase

difference of the seed lasers is A¢ = 0.

merged light is thus obviously higher than that in cases 1
and 2. Figures 4(d)-4(f) show that the energy merging
of seed lights is more effective as the guiding lasers are
obliquely incident. The guiding laser and its adjacent seed
laser begin to merge earlier, avoiding more energy loss
during the propagation process, as seen in Figure 4(d).
Subsequently, they undergo a secondary mergence into a
single beam of light and the overall mergence time and
distance are obviously extended, as shown in Figure 4(f).
When a relativistic fs laser pulse propagates through
underdense plasma, the electron density will be significantly
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modulated, and nonlinear structures such as the electron
cavity and channel may appear, which in turn will affect
the subsequent propagation behavior of the laser. Figure 5
shows the electron density distribution at different times in
the five cases. We see that a multi-cavity structure is induced
in cases 1, 2 and 4, but without a large number of electrons
injected into the tail of the cavities, which is different from
the bubbles in the highly nonlinear broken-wave regimel*’!.
In case 3, with the use of two obliquely incident guiding
lasers of Agp = m, the merged light will break through the
tail of the cavities to form a long plasma channel that can
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Figure 5. Snapshot of the normalized electron density ne/n for t = 60T, from case 1 to case 4, and for r = 44T and ¢ = 767 in case 5.

hold a large amount of laser energy. When Ag is reduced
to 7t /2 for case 5, two plasma channels are firstly formed at
t = 44T, and then gradually evolve into two front and rear
large size cavities at t = 76T, which is more beneficial for
storing the light field energies.

Figures 6(a) and 6(b) show the axial profile of the merged
light intensity along the y = 0 direction and the transverse
profile in the x position, which corresponds to the peak
intensity when the merged laser is strongest in the above five
cases. For reference, the distribution of the seed lasers in the
propagation axis and the transverse distribution at the peak
intensity are also given. One can see that in cases 3 and 5, the
peak intensity of the merged light I,,, reaches 5.84 x 10" and
5.12 x 10 W/cm?, respectively, which are the highest in all
five cases. Compared to that of the seed laser, the light inten-
sity can be amplified by more than five times, and the focused
spot size is significantly reduced in both cases. The highest
energy conversion efficiency n from all incident lasers to the
merged light in the five cases is displayed in Figure 6(c). We
see that although the use of the guiding lasers brings more
energy loss during the propagation, 7 in cases 3 and 5 is still
approximately 60% higher, which is comparable to case 1
of only two seed lasers. The energy conversion efficiency 7.
from all incident lasers to the electrons in the five cases is
given in Figure 6(d). Combining Figure 6(a), it is found that,
except for case 2, 7. is lower when I, is higher owing to
the energy conservation. In case 2, the guiding lasers do not
participate in the interaction between seed lasers, but rather
lack the compressing or even breaking processes of the dense
electron walls. They propagate almost independently on both
sides, resulting in a lower proportion of energy transferred
to the electrons. It should be mentioned that the sum of
n and the highest n. in Figures 6(c) and 6(d) is smaller
than approximately 100% because the energy of the scattered
light is not counted for 7 in Figure 6(c).
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Note that the mergence process above is investigated at the
same intensity, so that the total laser energy used in cases
3 and 5 is twice that in case 1. In principle, a comparison
at the same total laser energy is more instructive, but a
comparison at the same intensity is also meaningful for
manipulating relativistic fs lasers to achieve higher light
intensities. In fact, a similar scenario occurs in direct-driven
inertial confinement fusion, where multiple picosecond laser
beams of the same intensity are incident to the center of a
deuterium tritium pellet, and cross-beam energy transfer may
occur in the laser—plasma interaction***°!. Our paper focuses
more on the situation of multiple fs lasers propagating in
plasma. For cases 3 and 5, we also simulated the same laser
energy as case 1, where the intensity of the seed and guiding
lasers is reduced to half (i.e., I = 4.945 x 10 W/cm?). It is
found that both I;, and n are comparable for the three cases.

4. Influence of the laser-plasma parameters on the
intensity of the merged light

We next consider the influence of the amplification effect of
laser intensity on the laser—plasma parameters. Since cases 3
and 5 are more advantageous in terms of energy mergence,
we only show the simulation results of different parameters
in these two cases. Figure 7 shows the dependence of the
peak intensity of the merged laser Iy, on Iy, d, 6 and n, in
cases 3 and 5. Other parameters are the same as the above
as only one of the parameters varies. From Figure 7(a), we
see that [,, grows linearly with /j in a wide intensity region,
indicating that the amplification effect of our proposed
methods is very robust. Here, d plays a crucial role in the
energy mergence of seed lasers. According to Equation (2),
the energy transfer d|al?/dx decreases exponentially with
increasing d, resulting in the reduction of I,,. In Figure 7(b),
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Figure 6. (a) The axial profile of laser intensity along the y = 0 direction and (b) the transverse profile at the x position corresponding to the peak intensity
when the merged light is strongest in the five cases. For comparison, the black lines in (a) and (b) give the axial and transverse profiles of the seed laser.
(c) The highest energy conversion efficiency from all incident lasers to the merged light, and (d) the temporal evolution of the energy conversion efficiency

from all incident lasers to the electrons in the five cases.

it is found that the amplification effect indeed decreases
significantly as d rises. When d > 61, the seed lasers hardly
interact in the plasma, but rather propagate independently, so
they cannot collapse into a beam of light. Here, we only sim-
ulate the case of d > 21 since the interference effect of two
laser beams will become dominant. The oblique incidence
of the guide lasers is conducive to the energy mergence
of the seed lasers, but to avoid their interaction time being
too short, it is still limited to a small angle. Figure 7(c)
indicates that the amplification effect is strengthened and
the mergence time is earlier due to the repulsion of the
guiding lasers as 6 increases in case 3. However, for case
5, the intensity of the merged light reduces as 6 is larger
because the cross-time between the guiding and seed lasers
is so early that the energy transfer is insufficient. Here,
ne mainly determines the energy loss of the lasers in the
plasmas. Figure 7(d) shows that for case 3, it is equivalent to
the laser propagation in vacuum while 7. is low. According
to Maxwell’s equations, there is no repulsion between the
guiding and seed lasers. Nevertheless, as n increases, both
the guiding and seed lasers would lose more energy, weak-
ening the amplification effect. Therefore, there is an optimal
plasma density for given laser parameters. Note that in case
5, although all lasers have energy loss, the two guiding lasers
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continue to transfer their energies to the seed lasers and the
amplification effect of light intensity is still significant.

In experiments, the plasma density uniformity, initial
phase difference of the lasers and their focal point positions
are difficult to control accurately. Therefore, it is essential to
discuss the influence of these factors on the mergence effect.
We consider two different plasma density distributions:
(1) a preplasma with a length of 5 wm and a density rising
linearly from 0.0ln. to 0.ln. in front of a uniform target
with a density of 0.1n.; (2) a plasma target with a density
linear increase from 0.05x, to 0.1n. over a length of 60 pm.
It is found that the intensity of the merged light remains
at a similar level compared to the homogeneous plasma,
indicating that the plasma density distribution has little effect
on the light mergence. When the initial phase difference (in
case 3, Ag between the lower seed and guiding lasers is
adjusted to S /6 or 77 /6; in case 5, Ag between the lower
seed and guiding lasers is adjusted to 7 /3 or 27 /3) and the
distance (in cases 3 and 5, d between the upper seed and
guiding lasers is adjusted to 5 pwm) between the seed and
guiding lasers is slightly different, the distribution of light
intensity is no longer symmetrical and may deviate from the
x direction due to the different mergence speeds between the
beams.
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5. Conclusion

In conclusion, we investigate the dynamics of multiple rel-
ativistic fs lasers propagating through underdense plasmas.
The 2D-PIC simulation results show that the two seed
lasers with different initial phase differences exhibit different
behaviors, such as attraction, repulsion and energy transfer.
Based on this, two possible methods to manipulate the
energy mergence of seed lasers are proposed to utilize two
external obliquely incident guiding lasers with their initial
phases advancing m or m/2 compared to the seed lasers.
Compared to the seed laser, more than five times light inten-
sity amplification can be realized, and the energy conversion
efficiency from all incident lasers to merged light is approxi-
mately 60% higher. The results are helpful for understanding
the propagation feature of multiple ultraintense ultrashort
laser pulses in plasmas, and are potentially useful for related
applications, for example, plasma-based nonlinear optics,
generation of energetic particles and extremely intense elec-
tromagnetic fields.
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