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Here a mechanism for self-compression of laser pulses is presented, based on period density-modulated
plasma. In this setup, two pump beams intersect at a small angle within the plasma. This interaction is facilitated
by the ponderomotive ion mechanism, which causes a modulation in the density of plasma with long wavelengths
and low amplitude. This modulation enhances the backward Raman scattering of the probe pulse. The trailing
edge of the probe experiences greater energy loss, resulting in a steeper intensity gradient. This, in turn, induces
an asymmetric self-phase modulation, which elevates the instantaneous frequency. It is notable that the laser
in plasma exhibits opposite group velocity dispersion compared to traditional solid-state media. This unique
property allows laser pulses to undergo dispersion compensation while broadening the spectrum, ultimately
leading to self-compression. The 2D-PIC simulations demonstrate these phenomena, highlighting how period
density-modulated plasma contributes to an asymmetric spectral distribution. The intricate interplay among
self-phase modulation, group velocity, and backward Raman scattering results in the self-compressing of the
laser pulse. Specifically, the pulses are compressed from their Fourier transform limit duration of 50 fs to
a significantly reduced duration of 8 fs at plasma densities below 1/4 critical density, without the transverse
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self-focusing effects.
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I. INTRODUCTION

Over the past several decades, the escalation of laser tech-
nologies has promoted the widespread exploration of intense
few-cycle lasers for applications in particle acceleration [1],
x-ray generation [2], high-order harmonic generation [3], and
attosecond pulse radiation [3]. Despite advancements facili-
tated by chirped pulse amplification technology [4], which
has enabled the development of petawatt (PW) lasers globally,
constraints on pulse duration persist due to the bandwidth
limitations of the gain medium and gain narrowing during the
amplification. Typically, for Ti:sapphire-based laser systems,
the pulse durations are commonly observed to fall within the
range of 20 to 30 femtoseconds [5—7]. Even when employing
optical parametric chirped pulse amplification (OPCPA) sys-
tems, which are renowned for the broader gain bandwidth, the
output pulse duration is still close to 20 femtoseconds [8].

Post-compression techniques based on self-phase modula-
tion (SPM) have emerged for effective methods for obtaining
intense few-cycle pulses. Nevertheless, the implementation of
methods such as solid thin plates [9], hollow-core fiber [10], or
multipass cells (MPCs) [11] necessitates the chirped mirrors.
This presents a challenge due to the damage threshold and the
size limitations of chirped mirrors, particularly in achieving
full energy dispersion compensation [12,13].
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Plasmas known for their ability to withstand higher laser
intensity than traditional optical components and anoma-
lous dispersion properties have been extensively utilized in
generating and manipulating ultrashort ultraintense lasers
[14-18]. The potential of plasma-based techniques for self-
compression of laser pulse has been both theoretically and
experimentally demonstrated by various approaches, includ-
ing the relativistic intensity pulse driving plasma waves
[19,20], ionization-induced self-compression under weak
relativistic mechanisms [21-24], and plasma amplification
[25-28]. In these techniques, pulse compression relies on the
nonlinearity arising from high intensity [29], high plasma
density [30], or long interaction distance [31], where pulse
intensities approach or exceed the relativistic threshold, and
plasma lengths are typically in the order of millimeters (mm).
However, the high nonlinearity may results in the bending of
the wavefront, potentially leading to self-focusing or filamen-
tation within longer plasma [29,30,32]. To mitigate the effects
of filamentation, Shhorokhov e al. have employed a peri-
odic plasma-vacuum structure with a plasma density spanning
from 1/4 to near critical density to induce self-compression in
weakly relativistic lasers [33].

To address these challenges, it is essential to extend self-
compression to the realm of laser pulses with low intensity
and plasma with low density. Such an extension could be of
significant importance for the experimental realization of laser
pulses with large energy and few-cycle durations.

In this Letter, we present two-dimensional (2D) particle-in-
cell (PIC) simulations that demonstrate the self-compression
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FIG. 1. Schematic of laser pulse self-compression aided by backward Raman scattering. (a) Self-compression method of laser pulse based
on the combination of self-phase modulation, group velocity dispersion, and backward Raman scattering in plasma. (b) Two pump lasers cross
the plasma along the y axis, and the overlapping part generates a periodic density-modulated plasma. (c) Within the picosecond persistence, a
probe laser passes through the modulated plasma and is self-compressed to a few-cycle pulse.

of weakly relativistic laser pulses in a periodic density-
modulated plasma below the 1/4 critical density, with
the normalized vector potential ay approximately equal to
0.2. This corresponds to an intensity of approximately
107 W /cm? for 800 nm light. The plasma, which serves as
a compression medium with a one-dimensional index struc-
ture, is generated via the ponderomotive ion mechanism,
a process that capitalizes on the interference patterns from
two cross-propagating, low-intensity pump beams [17,34—
37]. The simulations demonstrate that the trailing edge of
the probe pulse experiences considerable energy loss, a con-
sequence of Raman instability caused by the plasma with a
density modulation of dn, = 2% over picosecond. The sharp-
ness of the pulse’s trailing edge amplifies the change in
the refractive index of plasma (dn/dt), leading to additional
broadening and asymmetry in the spectrum. The synergy of
asymmetric self-phase modulation (SPM), anomalous group
velocity dispersion (GVD) in the plasma, and backward Ra-
man scattering results in a pulse to self-compress from its
Fourier transform limit duration of 50 fs to approximately 8
fs. Furthermore, the sinusoidal modulation structure in the
density of plasma, combined with the lower intensity of the
laser pulses, and a shorter interaction distance, effectively
suppress the self-focusing effects of the laser pulse, resulting
in an output pulse with high spatial mode quality.

II. THE MODEL OF LASER PULSES SELF-COMPRESSION
IN PERIOD DENSITY-MODULATED PLASMA

The schematic of laser pulse self-compression aided by
backward Raman scattering in period density-modulated
plasma is depicted in Fig. 1. This figure illustrates how the
laser pulse significantly self-compresses as shown in Fig. 1(a).
This process is characterized by the higher frequency com-
ponents at the leading of the pulse, which are induced by
self-phase modulation (SPM), exhibiting relatively slower
group velocities. In contrast, the lower frequency components
at the trailing edge of the pulse advance with relatively fast
group velocities, resulting in the self-compression of the laser
pulse. Furthermore, periodic density-modulated plasma in-

duces backward Raman scattering, which results in a steep
gradient in the refractive index and further enhances SPM
and GVD at the trailing edge of the probe pulse. The re-
sultant broader spectrum and greater ability for dispersion
compensation pave the way for further self-compression of
laser pulses. Two pump laser beams with equal power and
characterized by a wavelength Ao = 800 nm and a duration
T = 600 fs initially cross the plasma along the y axis at a small
angle 26, as illustrated in Fig. 1(b) [34,35]. The overlapping
part of these beams produces an intensity distribution with
a periodicity of A = A¢/2sin68y. This periodic distribution
leads to electrons experiencing varying ponderomotive forces
at different spatial positions. Consequently, electrons contin-
uously bunch within low-intensity regions, thereby forming
a space-charge field [14]. This field exerts an influence on
the ions, culminating in the formation of a one-dimensional
density-modulated structure, as shown in the bottom right
inset of Fig. 1. The modulation of the refractive index is pro-
duced in the x direction as the refractive index in the plasma
varies with the plasma density. This relationship is defined by

the expression n = /1 — 2, where n, is the electron density

and n, is the critical density. The periodic density-modulated
plasmas generated by the ponderomotive ion mechanism [37]
exhibit a persistence on the order of picoseconds. Within
this timeframe, the probe, as it traverses the plasma along
the x axis, can be significantly self-compressed, as shown in
Fig. 1(c). The pulse self-compression is subject to variation
based on the initial plasma density and the intensity of the
probe.

In solution theory [29,38,39], the evolution of the laser
pulse within the plasma is determined by the initial conditions
of the laser pulse, namely its intensity and duration, as well as
the density of the plasma. The interplay of these factors can
result in various pulse duration behaviors, including broaden-
ing, compression, or oscillation around the soliton solution.
Self-compression can typically be achieved with laser pulses
of longer duration (t > 30 fs) [33]. We consider a linearly
polarized laser pulse propagating along the x axis: E(t, 7) =
a(t, z) cos(®(z, z))§. Here, a(t, z) represents the pulse enve-
lope, ®(t, z) = wot — zwon/c is the phase, wy is the angular
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carrier frequency, n denotes the plasma refractive index, and
¢ denotes the speed of light in vacuum. The instantaneous
frequency of the laser pulse is defined as the time derivative
of the phase [40,41]
L) wo In(t, z)
w(t,z) = oy ST T L (1)
The formula above demonstrates the influence of the
medium through which the laser pulse traverses on its instan-
taneous frequency. This interaction results in the generation of
new spectral components and indicates spectrum broadening.
For relativistic laser intensity, the refractive index experienced
by the laser pulse when propagating through the plasma is

given by [42431 n= /1 — Z—z% Here y = /1 + a? refers
0

to the relativistic factor, dependent on the pulse intensity (a
is the normalized vector potential), and w), is the resonance
frequency corresponding to the plasma density. In the case
of low density plasma, where > < j, the equation can be

2
simplified by denoting % as N:
0

l 1
n~1-— 2)
«/ JT+a
Substituting Eq. (2) into Eq. (1) allows the instantaneous
frequency and the variation caused by self-phase modulation
of high-intensity lasers in plasma to be obtained:

t.2) N 0da N da
@rlf, 2) % o “’0 2% ) w° 2% )
3)

The alteration of the laser pulse envelope results in the
generation of new spectral components. The photon frequency
shift caused by laser propagation in plasma is mainly deter-
mined by the normalized laser intensity a and the intensity
change da/dt. At the leading of the laser pulse, the change in
the refractive index caused by the laser (dn/d¢ > 0) results
in a downshift of the photon frequency. However, photons
at the pulse trailing edge experience a frequency upshift as
a result of the refractive index change characterized by a
negative derivative (dn/dt < 0). In contrast, there is scarcely
any frequency change in the center part of the pulse where the
light intensity changes gradually.

The group velocity dispersion of laser pulses propagatmg

do _ __c _
through the medium can be expressed as v, = 92 = Hwﬂ.

Applying this concept to a relativistic laser pulse propagating
through a plasma, the group velocity dispersion can be calcu-
lated as

J1- “p 1 1 N (4)
Vo =c¢ —~—=c|l- ——,
& o’y (1_6_w£)2

wo Z

which is also determined by the instantaneous frequency vari-
ation. Here, y is the relativistic factor, w, is the plasma
frequency, N is a normalized plasma frequency parameter,
dw is the variation in the instantaneous frequency, wy is the
central angular frequency of the laser pulse, and z is the
propagation distance within the plasma. Plasmas can provide
more dispersion with the steeper pulse shapes, which results
in a larger laser intensity gradient.
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FIG. 2. Self-phase modulation in the plasma with constant den-
sity. (a) The pulse temporal shapes, and (b) the normalized spectrum
distribution.

The combined effects of SPM and GVD can result in the
self-compression of laser pulses during the propagation of a
high-intensity laser in plasma. This is attributed to the anoma-
lous group velocity dispersion described in Eq. (4), which
dictates that photons experiencing a frequency downshift at
the leading edge of the pulse will have a slower group ve-
locity dispersion, whereas photons with a frequency upshift
at the trailing edge of the pulse will display a faster group
velocity dispersion. A Gaussian pulse with an initial pulse
duration 7 = 50 fs and a normalized vector potential a = 0.22
propagates through a homogeneous plasma with a density of
0.25n, and a plasma interaction length of 120 um. Figures 2(a)
and 2(b) illustrate the evolution of the pulse temporal shape
and spectrum, respectively. These representations are derived
from the numerical solution of the one-dimensional nonlinear
Schrodinger equation [33], which in this context is simplified
to include only the terms for SPM and GVD. The results
suggest that the pulse can self-compress, reducing its duration
from 50 fs to 35 fs with a compression factor of only 1.4.

To enhance the self-compression, it is proposed that the
backward Raman scattering effect should be considered as
a mechanism of energy consumption. For the laser-plasma
interaction, the leading edge of the laser pulse induces the
backward Raman scattering and growth of localized electron
plasma waves (EPWs), and EPWs grow to saturation at the
trailing edge of the laser pulse. This process causes the en-
ergy of the laser trailing to be seriously scattered, resulting
in a steep pulse trailing edge and a large localized intensity
gradient. The instantaneous frequency change caused by self-
phase modulation and group velocity dispersion in plasma,
closely related to the intensity gradient in Egs. (1) and (2), also
becomes larger. The expansion of the spectrum and greater
ability for dispersion compensation are instrumental in driv-
ing further self-compression of laser pulses. Previous studies
have demonstrated that for long laser pulses (¢TI <« A,) and
plasma densities above 1/4n., the Raman instability is effec-
tively suppressed and can be disregarded in the discussion
[33]. However, in the periodic density-modulated plasma de-
picted in Fig. 1, where the plasma density is situated in a
low-density region and the growth of SRS relies on density
modulation [44], it is necessary to account for the Raman
instability during the compression process. It is assumed that
the plasma density fluctuation induced by the ponderomotive
ion mechanism can be described by a sinusoidal modulation
of the term n.(x) = nyoll + 6 sin(kex)], where n. repre-
sents the initial plasma electron density, § = An/n. is the
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amplitude of density modulation, and k; = 27 /A denotes the
wave number of modulation. For stimulated Raman scatter-
ing within a density-modulated plasma, the wave number
mismatch is represented by d, Ak, where Ak(x) = ko — k; —
ki (x) and ko 1 correspond to the wave numbers of the in-
cident laser, backward scattering signal, and plasma wave,
respectively. In the case of sine modulation, w) = w3 (x) =

o=
neo[1 + 8 sin(kex)]e? /me€, SO

w,z,(x = 0)dk;
31)2 kL

th

Ak = k" cos(kex) ~ cos(kx). (5)

Here, k" is the coefficient of wave number detuning, where
v = /kgT,/m, is the thermal motion rate of the electron,
and kp and T, are the Boltzmann constant and plasma tem-
perature, respectively. Picard’s [45] theory demonstrates that
the time growth rate of SRS is related to the wave number
ks and amplitude § of the density modulation, and absolute
instability can occur when sinusoidal density modulation is
present in the system. As detailed in Ref. [46], employing
a plasma with long-wavelength small-amplitude modulation
characterized by k; = 0.03kg, 6 &~ 0.02 can induce the abso-
lute SRS, resulting in a marked improvement of the backward
reflectance of the incident laser pulse. The key to achieving
this lies in the judicious selection of the appropriate wave
number k; and amplitude 8, which leads to the continuous
consumption of the trailing edge of the pulse. Hence, the
interaction proposed between a laser and a periodic density-
modulated plasma can give rise to the significant backward
Raman scattering of laser pulses with lower light intensity in
the low-density plasma region. The combination of self-phase
modulation, group velocity dispersion, and backward Raman
scattering can lead to significant self-compression of laser
pulses.

III. PIC SIMULATION RESULTS

To fully simulate the laser pulse self-compression process
in a sinusoidal modulated plasma, two-dimensional simula-
tions are performed using the fully relativistic PIC simulation
code EPOCH [47]. The size of the simulation box is 240
um(x) x 120 um(y), with grid cells of 9600 x 600 and ten
particles per cell. A vacuum region of 60 um is allocated
at each extremity of the x axis. The fully ionized hydrogen
plasma is crossed by two pump beams (Ao = 800 nm, I =
2 x 10" W/cm?) with the pulse duration of 600 fs along the
y axis at a small angle, which generates the periodic density-
modulated plasma. The periodic modulation, driven by the
ponderomotive force, is sustained on picosecond timescales.
The probe pulse is introduced into the simulation after a delay
time of 2 ps. The probe pulse propagates along the x axis with
a linear polarization and a wavelength of A; = 800 nm. It is
initialized with a pulse duration of T = 50 fs and a spot size
of 40um full width at half maximum (FWHM). The peak in-
tensity of the probe pulse is / = 1 x 107 W/cm? (a ~ 0.22),
denoted by a normalized vector potential a ~ 0.22, which is
chosen to ensure a sufficient nonlinear response while avoid-
ing self-focusing and nonlinear plasma waves that could arise
from high relativistic nonlinearity. The initial electron temper-
ature is 7, = 10 eV and the ion temperature is 7, = 1 eV.

30 -

N
Intensity 10 W /cm?

2 /
O

09—

0.05

Energy reflectivity (%)
N

010 015 020 0.25

Initial plasma density (r,)

FIG. 3. The enhancement of backward Raman scattering in the
period density modulated plasma. The intensity of backward Ra-
man scattering signals at = 200 fs in the constant plasma with
n, = 0.25n, (a) and in the period density modulated plasma with
n, = 0.25n, (b). (c) Energy reflectivity (Egr/Ep,) of the left vac-
uum region at t=200 fs and the pulse self-compression efficiency
(Eou/Em) in the period density modulated plasmas with different
initial plasma density.

Figure 1 presents a schematic of two pump beams with
equal intensity at an angle of 8.1° along the y axis through
a fully ionized hydrogen plasma. The plasma has a density
varying from 0.05n, to 0.25n., where n,. is the critical density
corresponding to a wavelength A = 800 nm. The ponderomo-
tive ion force drives the electrons and ions away from the
high intensity region of spatial interference, resulting in a
sinusoidal density modulation. This modulation can be char-
acterized by its long wavelength and small amplitude. The
modulation period, denoted by A, is approximately 2.84 um,
which corresponds to a wave number of k; ~ 0.28kq, and
the modulation amplitude § ~ 0.02. The combinations of pa-
rameters, such &k, and § have been demonstrated to increase
the reflectivity of SRS [46]. Figures 3(a) and 3(b) show the
intensity distribution of the scattering signal in the left vacuum
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FIG. 4. Self-compression of laser pulses in the period density modulated plasma. (a) Dependence of pulse duration on the plasma density
(N = a)f, /@}). (b) Effect of the period density modulated structure on the duration (the solid red triangles and the hollow red triangles) and
self-compression efficiency (the solid blue dots and the hollow blue dots) of the probe pulse. (c) Evolution of the pulse peak power with (the
solid red rhombus) or without (the hollow blue rhombus) the period density modulated plasma.

region at the instance when the probe pulse enters the plasma
completely (r = 200 fs) with a constant density n, = 0.25n,
and the periodic modulation density mentioned above, re-
spectively. The comparison of the two scattering intensities
indicates that density modulation significantly enhances back-
ward scattering, and the spectral analysis confirms that the
scattering signals are derived from the Raman scattering of the
probe pulse. Figure 3(c) illustrates the influence of the initial
plasma density 7, on the energy reflectivity Eg/E}, within the
left vacuum region at t=200 fs, as well as on the pulse self-
compression efficiency Eoy/Er,. The inhomogeneous growth
rate of BRS yyy, is intimately connected to the wave number
mismatch coefficient «” through the relation y;,, = |€”|'/3, so
as expressed in Eq. (5), the inhomogeneous growth rate of
BRS increases with a)lz,(x = 0). Consequently, this correlation
leads to an increase in energy reflectivity and a decrease in
the self-compression efficiency of the probe pulse with the in-
crease of the initial plasma density. Within the plasma, Raman
scattering transfers energy through the excitation of EPWs,
which are generated by the beat of the pump and scattering
light. As previously discussed in Sec. II, this results in a rela-
tively greater energy loss at the trailing edge of the probe, yet
simultaneously improves the local intensity gradient, induces
more spectrum broadening brought by SPM, and ultimately
leads to further self-compression with more significant GVD.

Figure 4(a) shows the impact of varying initial plasma
densities on the duration of the probe pulse in a period density-
modulated plasma. The results indicate that higher plasma
densities lead to shorter probe pulse durations due to the
energy loss at the trailing edge of the pulse and the enhanced
self-compression of the pulse, which is a consequence of the
combination of SPM and GVD. Additionally, the influence
of the period density modulation on both the pulse duration
and pulse self-compression efficiency E/Ey, of the probe is
investigated. The detailed results are presented in Fig. 4(b)
for the plasma with density n, = 0.25n.. The interaction of
an intense laser pulse with the constant density plasma causes
a combination of SPM and GVD, resulting in a slight com-
pression of the pulse duration from 50 fs to approximately 31
fs as represented by the hollow red triangles. This duration
is slightly shorter than that derived from the one-dimensional
nonlinear Schrédinger equation, which considers only SPM
and GVD terms in Fig. 2(a). This discrepancy indicates that

the laser energy consumption from BRS contributes less to
pulse self-compression. Furthermore, it is observed that the
pulse energy is consumed smoothly, with only a 10% loss
ultimately occurring, as indicated by the hollow blue dots.
In contrast, the periodic density-modulated plasma induces
a significantly greater self-compression of the laser pulse,
reducing its duration by a factor of over six, from 50 fs
to around 8 fs, as depicted by the solid red triangles. As
predicted by the theoretical analysis in Sec. II, backward Ra-
man scattering is associated with increased energy loss in the
period density-modulated plasma. Initially, the laser energy
with a longer pulse duration is severely consumed by BRS,
but as the pulse duration of the probe decreases, the energy
loss gradually decreases, and only approximately 55% of the
energy is retained at the end, as shown by the solid blue dots.
The purpose of pulse compression is to obtain a shorter laser
pulse and to increase the laser peak power, so we show the
evolution of the laser peak power in Fig. 4(c). Within a plasma
of constant density, represented by the hollow blue rhombus,
the peak power exhibits a gradual increase over time, while
a more significant improvement in peak power is observed
within the periodic density-modulated plasma, as depicted by
the solid red thombus. It is a well-established principle in laser
physics that the laser peak power is described by the pulse
energy E and pulse duration 7, expressed by Ppeqx = E /7. The
energy consumed by period modulation is indeed instrumental
in compressing the pulse, but this does not inherently lead
to an enhancement of peak power. Nevertheless, as depicted
in Fig. 5(a), the sharper intensity gradient generated by BRS
at the trailing edge of the pulse induces a localized inten-
sification of SPM and GVD. This observation suggests that
the better self-compression observed in plasma with periodic
density modulation is not solely a consequence of laser energy
depletion. Instead, it is the combination of SPM, anomalous
GVD, and BRS that improves the self-compression within the
modulated plasma.

Figures 5(a) and 5(b) present the spatial intensity distri-
butions at the initial, intermediate (within the plasma), and
final stages of the interaction between the probe pulse and two
distinct plasma structures: one with periodic density modula-
tion and another with a constant density at n, = 0.25n.. Each
temporal snapshot is captured at an interval of 180 fs. In the
spatial domain, the phenomenon of pulse self-compression
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FIG. 5. Comparison of pulse evolution for two different plasma structures. (a) Pulse evolution in the period density modulated plasma
with n, = 0.25n,. (b) Pulse evolution in the constant density plasma with n, = 0.25n,. (c) The spectrum of the output pulse at different spatial
positions (y) in the period density modulated plasma. (d) The spectrum of the output pulse at different spatial positions (y) in the constant

density plasma.

is observed for both cases. Furthermore, a post-pulse is ob-
served in the spatial distribution, which can be attributed to
the combination of the w-pulse structure characteristic of the
backward Raman scattering and the pulse splitting that occurs
during the compression process. It is noteworthy that the
entire interaction is accompanied by a significant backward
(side) scattering signal. Figures 5(c) and 5(d) illustrate the
spectrum of various spatial positions (y) at the final moment
of Figures 5(a) and 5(b). The evolution of the pulse temporal
shape observed in 5(a) and the further spectral broadening
evident in 5(c), indicate that periodic density modulation sig-
nificantly enhances the self-compression of the laser pulse.
The spectrum’s spindlelike shape is attributable to the Gaus-
sian distribution of the pulse’s spatial intensity, which leads
to intensity-dependent spectral broadening. Consequently, the
spectrum’s maximum value, located along the axis at y=0,
gradually decreases toward the periphery. Furthermore, peri-
odic density modulation enhances backward Raman scattering
and increases the intensity gradient at the pulse trailing, which
results in asymmetric self-phase modulation and reduces the
frequency upshift of photons at the trailing edge of the probe
pulse. The frequency matching relation for a laser within a
plasma is defined by w3 = w? + a)lz,, where wq signifies the
laser frequency, w represents the scattered frequency, and
w), denotes the plasma frequency. This relation indicates that
the frequency of the backward scattering signal ckgsgs/wo =
0.5. Furthermore, the difference in spectral intensity between
Figs. 5(c) and 5(d) around w ~ 0.5, provides robust evi-
dence that periodic density modulation enhances backward
Raman scattering.

In conclusion, we have presented and simulated the self-
compression of laser pulses in the plasma below 1/4 of the
critical density. The observed phenomena are rooted in the
interplay of self-phase modulation (SPM), group velocity dis-

persion (GVD), and backward Raman scattering (BRS). The
simulation results suggest that the increased backward Raman
scattering of the probe pulse induces the modification in the
pulse intensity gradient at the trailing edge within the peri-
odic density-modulated plasma. The plasma is characterized
by a long-wavelength, low-amplitude period modulation, and
picosecond persistence, leading to a localized alteration of the
instantaneous spectrum based on the intensity gradient within
the pulse. The compensation of group velocity dispersion en-
ables the self-compression from 50 fs to 8 fs. The trajectory of
the laser’s peak power throughout the simulation indicates that
the better self-compression observed in the periodic density-
modulated plasma is induced by the combination of SPM,
anomalous GVD, and BRS instead of laser depletion. The
spectral domain analysis has unveiled an asymmetry in the
spectral intensity distribution and self-phase modulation. Our
research demonstrates that by manipulating the structure of
low-density plasma, it is possible to achieve self-compression
of laser pulses with lower intensities. This development paves
the way for advancing laser pulses into a realm of few-cycle
durations and hundred millijoule energy, or even joule energy.
Such an achievement holds significant promise for the genera-
tion of high-energy attosecond pulses, expanding the horizons
of laser-plasma interactions and their applications.
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