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ABSTRACT
Ultraintense short-period infrared laser pulses play an important role in frontier scientific research, but their power is quite low when
generated using current technology. This paper demonstrates a scheme for generating an ultraintense few-cycle infrared pulse by directly
compressing a long infrared pulse. In this scheme, an infrared picosecond-to-nanosecond laser pulse counterpropagates with a rapidly extend-
ing plasma grating that is created by ionizing an undulated gas by a short laser pulse, and the infrared laser pulse is reflected by the rapidly
extending plasma grating. Because of the high expansion velocity of the latter, the infrared laser pulse is compressed in the reflection process.
One- and two-dimensional particle-in-cell simulations show that by this method, a pulse with a duration of tens of picoseconds in the mid- to
far-infrared range can be compressed to a few cycles with an efficiency exceeding 60%, thereby making ultraintense few-cycle infrared pulses
possible.

© 2022 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0119868

I. INTRODUCTION
The generation of infrared laser pulses (IRLPs) that are

both ultrashort and ultraintense has developed greatly in recent
years, thereby opening up new areas of scientific research. Intense
single-cycle IRLPs can isolate electron dynamics in strong-field
interactions, which makes them very useful for investigating ultra-
fast phenomena in gases and solids. Applications include advanced
electron and proton acceleration,1 high-harmonic and isolated
attosecond generation,2–5 infrared supercontinuum generation,6,7

lattice displacement control,8 subfemtosecond control and metrol-
ogy of bound-electron dynamics in atoms,9 and time-resolved
imaging of molecular structures.10 Currently, there are several
means of generating high-power picosecond-to-nanosecond IRLPs,
including using a Fe:ZnSe/Ho:YAG/Ho:YLF-based solid-state
laser,11,12 a KTA/ZGP-based optical-parametric-amplification
laser,13–15 difference-frequency generation, optical rectification, a
CO2 laser system,16 and the main means of generating high-energy
femtosecond IRLPs: optical parametric chirped pulse amplification
(OPCPA). However, a lack of a nonlinear crystal with large aperture

and high energy conversion efficiency and a matching high-energy
pump source means that the development of OPCPA in the mid- to
far-infrared region is far behind that in the visible to near-infrared
region. Other methods for generating femtosecond IRLPs—
e.g., optical rectification,17–19 four-wave mixing,20–22 difference-
frequency generation,23,24 photon deceleration,25 and backward
Raman scattering26—can produce only nanojoule to microjoule
output energy with very low efficiency, making them uneconomical
for strong-field experiments. The wavelength and output energy
of IRLPs generated by OPCPA are limited, and the efficiencies by
other methods are too low, therefore there is a need for a suitable
method for generating ultrashort ultraintense IRLPs with both high
efficiency and a broadband wavelength range.

In this paper, we propose a method for producing an ultrain-
tense few-cycle IRLP by directly compressing a long IRLP. By
injecting a long-duration (picosecond to nanosecond) IRLP into a
rapidly counterextending plasma grating, the former is reflected by
the latter. Because the boundary of the plasma grating is rapidly
counterextending in the opposite direction to that of the incident
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pulse, the reflected pulse is compressed, thus an ultrashort ultrain-
tense reflected laser pulse can be generated; we call this method
“fast-extending plasma-grating compression” (FEPGC). The rapidly
extending plasma grating is produced by a counterpropagating
strong laser pulse ionizing a density-modulated gas medium, turn-
ing it into a plasma grating, the boundary of which extends rapidly
following the ionizing pulse. Because of the large refractive-index
different between the plasma and the gas, the incident IRLP passes
through the gas grating but is highly reflected by the plasma grat-
ing. In particular, if the wavelength of the plasma grating satisfies
the Bragg condition, then the incident pulse can be totally reflected.
Unlike with traditional methods, there is no damage limitation with
a plasma, making it a possible means of generating relativistically
intense few-cycle IRLPs. FEPGC has been proposed for generat-
ing exawatt laser power in the visible to near-infrared region,27

but we find it extremely useful to apply this method to the mid-
to far-infrared region. First, the density grating can only be cre-
ated optically in the visible to near-infrared region, whereas in the
mid- to far-infrared region it can be produced optically, acousti-
cally, or mechanically (see the following discussion), which makes
FEPGC much cheaper and easier to realize in the laboratory. Sec-
ond, although there are some methods for producing ultraintense
femtosecond laser pulses in the visible to near-infrared region (e.g.,
OPCPA), an effective method for producing ultraintense femtosec-
ond pulses is still lacking for the mid- to far-infrared region, and so
FEPGC is particularly interesting for that region.

The remainder of this paper is organized as follows. In
Sec. II, we present the basic theory of the compression method. In
Sec. III, we present simulation results regarding the effectiveness and
constraints of FEPGC. Finally, we present conclusions in Sec. IV.

II. BASIC THEORY
As shown schematically in Fig. 1, an IRLP propagates into a

rarefied gas with a sinusoidal density profile, and another counter-
propagating ionizing laser pulse with arbitrary wavelength ionizes
the gas, turning it into a plasma grating. If the period of the plasma
grating is close to half the wavelength of the IRLP, then the por-
tion of the IRLP that meets the front of the plasma grating is totally
reflected. In this scheme, the front of the plasma grating sweeps the
IRLP from the front edge to the tail edge with relative velocity 2c,
thus different portions of the IRLP that are reflected at differ-
ent times are spatially superimposed when reflected; the reflected
light accumulates behind the front of the plasma grating, and an

FIG. 1. Schematic of fast-extending plasma-grating compression (FEPGC)
amplification scheme.

ultraintense few-cycle IRLP is generated. The ionizing laser pulse is
polarized orthogonally to the IRLP and so does not interact with it.

Suppose that the plasma density is ne = n0(1 + Δ cos(kpz)),
where n0 is the background plasma density, Δ is the density mod-
ulation amplitude, and λp = 2π/kp is the grating period. Unlike the
usual Bragg grating, the boundary of the plasma grating is extending
rapidly toward the incident IRLP. Assuming that the ionization front
is located at (0,0) initially and then extends to (x0, t0) with veloc-
ity vfr , the vector potential Ar of the reflected pulse at point x0 is
determined by the wave equation

∇2Ar −
1
c2

∂2Ar

∂t2 = −
4π
c

Jt , (1)

which leads to28

Ar(x0, t0) = −
4π
c ∫

x0

0
dx∫

t0−
x0−x

vfr

0
dtJt(x, t), (2)

where Jt is the polarization current.
The electric field of the reflected pulse is Er = −∂Ar

∂t , and apply-
ing this to Eq. (2) leads to the following expression for the electric
field of the reflected pulse:

Er(x0, t0) =
4π
c ∫

x0

0
dxJt(x, t0 −

x0 − x
vfr

). (3)

Assuming that the incident IRLP has constant transverse elec-
tric field Ei = E0 cos(k0x + ω0t), where k0 and ω0 are respectively the
wavenumber and frequency of the incident pulse, the polarization
current can be written as

Jt = −enevosc = −en0(1 + Δ cos(kpz)) eE0 cos(k0x + ω0t)
meω0

, (4)

where e and me are the electron charge and mass, respectively.
Inserting Eq. (4) into Eq. (3), we obtain

Er(x0, t0) =
ω2

pE0

ω0c ∫
x0

0
dx[cos((k0 +

ω0

vfr
)x + ω0t0 −

ω0

vfr
x0)

+ Δ
2

cos((kp + k0 +
ω0

vfr
)x + ω0t0 −

ω0

vfr
x0)

+ Δ
2

cos((kp − k0 −
ω0

vfr
)x − ω0t0 +

ω0

vfr
x0)], (5)

where ωp =
√

4πe2n0
me

is the plasma frequency.
From Eq. (5), when the wavenumber of the plasma density

modulation equals the wavenumber of the incident pulse plus the
incident pulse frequency divided by the front velocity, i.e.,

kp = k0 +
ω0

vfr
, (6)

then the reflected pulse amplitude can superimpose coherently,
scaling with the interaction length, i.e.,

Er(x0, t0) =
ω2

pE0Δ
2ω0c

x0 cos(ω0

vfr
x0 − ω0t0). (7)

Matter Radiat. Extremes 8, 014401 (2023); doi: 10.1063/5.0119868 8, 014401-2

© Author(s) 2023



Matter and
Radiation at Extremes RESEARCH ARTICLE scitation.org/journal/mre

If the velocity of the ionizing front is approximately equal to
the group velocity of the ionizing pulse in the plasma, then the
wavenumber matching condition can be written as

kp = k0(1 +
√

1 − ne

ncr
), (8)

where ncr is the critical density of the ionizing pulse.
If Eq. (8) is satisfied, then the electric field of the reflected wave

grows linearly with the interaction distance, as shown by Eq. (7). Dif-
ferent parts of the incident pulse superimpose when reflected, thus
the reflected pulse is compressed and its amplitude increases, and
because the grating has high reflectivity, the conversion efficiency is
high.

The whole reflection and compression process can also be
regarded as a “forced” stimulated Brillouin scattering (SBS) process,
except that here the ion acoustic wave is pregenerated and activated
by the ionizing pulse instead of being generated by the beatwave
of the pump (incident pulse) and the seed (reflected pulse). So in
this case, the ion acoustic wave has large amplitude at the outset,
and the interaction enters the nonlinear region directly at the out-
set. In this nonlinear region, the front of the seed receives energy
from the pump and the back of the seed gives energy to the pump,
so the seed width gradually decreases. Then, by using the three-wave
coupling model and assuming that the ion acoustic wave amplitude
δne/n0 ≡ Δ is constant, we obtain the maximum amplitude of the

reflected pulse as27 bM = 0.43
ω2

p
2ω0

aΔt, where a and b are the normal-
ized laser vector potentials of the “pump” (incident) pulse and the
“seed” (reflected) pulse, respectively. This result is very similar to
Eq. (7) except that it has an extra numerical factor of 0.43; this is
due to the damping of the incident IRLP when its energy transforms
into that of the reflected pulse, which is neglected in this calcula-
tion. Unlike in the traditional SBS amplification scheme,29 in this
scheme the front of the ion acoustic wave is comoving with the ion-
izing pulse, and the pump pulse keeps meeting a fresh but strong ion
acoustic wave all the way through, thus the SBS keeps working in
the nonlinear regime. This minimizes the nonlinear frequency shift,
trapping effect, noise Raman amplification, and other deleterious
effects.

The key factor in this compression scheme is producing a mod-
ulated gas density. One method for doing so is to use a gas acoustic
wave and gas Brillouin scattering.27 By transmitting a nanosecond
laser pulse into gas, the former can be Brillouin scattered because of
the gas electrostatic effect, and the steady-state amplitude of the gas
acoustic wave is determined by

Δ = Iγe

vacngkBη
, (9)

where I is the intensity of the laser pulse, γe is the electrostatic coef-
ficient, va is the acoustic velocity, ng is the refractive index of the
gas, kB is the Brillouin wavevector of the acoustic wave, and η is
the viscosity. For example, for CH4 gas at 1 atm and 20 ○C and a
1012-W/cm2 1-μm laser pulse, the steady-state amplitude of the gas
density modulation is Δ = 0.47.

The second method uses a laser interference pattern to sculpt
grooves in a gas medium. As done by Zhang et al.,30 sending two
moderate-intensity laser pulses into a gas generates an interference

pattern that ionizes part of the gas into a plasma, generating an alter-
nating plasma and gas grating. After 40–80 ps, the plasma diffuses
and the plasma grating is smoothed out, leaving behind the gas grat-
ing. By using another strong laser pulse to ionize this gas grating, a
rapidly extending plasma grating can be generated. Taking the wave-
length of the interfering pulses as λint, their crossing angle θ should
satisfy λint/(2 sin(θ/2)) = 2π/kp so that the Bragg condition is sat-
isfied. Note that unlike in other schemes where a grating or mirror
moves with some velocity, in this scheme the grating itself is static
but its boundary is extending.

Another way is to use a modulated ionizing laser intensity in the
focal region. For example, in the case of corrugated plasma guiding
structures,31 an axicon lens was used to line-focus an axially modu-
lated laser pulse onto a gas cluster. Because of the axial modulation
pattern, the laser intensity rises and falls repeatedly along the focal
line, producing a grating-like plasma–gas oscillation. Layer et al.31

used this technique to produce stable plasma waveguides with short
35-μm axial modulation periods. Also, a cylindrical lens has been
used to focus a machining beam, with the spatial intensity profile of
the machining beam programmed by an amplitude modulator array
(a mask) to produce a periodic plasma waveguide.32 A drawback of
these methods is that the output intensity is limited by the ioniz-
ing threshold of the residual gas in the plasma region, but this can
be overcome by letting the plasma diffuse and smooth out and then
ionizing the gas structure again, as in the second method.

III. SIMULATION RESULTS
In this section, we present particle-in-cell (PIC) simulation

results to confirm the ability of the FEPGC method to compress the
IRLP. The fully kinetic PIC code EPOCH33 was used to run 1D sim-
ulation of FEPGC for a sinusoidal H2 gas of density ne/ncr = 0.02
+ 0.01 sin(2πx/λp), where ncr is the critical density of the infrared
laser. In the simulation, we found that the best results were achieved
with λp = 5.02 μm, which is slightly smaller than the theoretical value
λp = 5.025 μm given by Eq. (8). An IRLP of wavelength 10 μm and
intensity I0 = 3 × 1013 W/cm2 was injected from the right boundary
of the simulation box. When the IRLP moved to the left boundary of
the box, an ionizing pulse was injected from the left boundary. The
1D simulation box was 9 mm long and contained 20 cells per wave-
length and 16 particles per cell, and the total simulation time was
60 ps. The IRLP had a flat profile with infinite duration. The choice
of ionizing pulse is arbitrary to a large extent, the only requirement
being that the gas is totally ionized in a short time. In this simulation,
we used an ionizing pulse with a six-rank super-Gaussian profile, a
duration of 100 fs (FWHM), a wavelength of 1 μm, and an intensity
of I0 = 1 × 1015 W/cm2. The IRLP and the ionizing pulse were cross
polarized so that they could be separated in the post-process.

Figure 2 shows the compression of the IRLP at different times
during the simulation. In the beginning, the incident IRLP propa-
gates freely toward the left boundary of the simulation box. Because
of its low intensity, it cannot ionize the gas grating, thus only a small
portion of the incident pulse is refracted by the gas grating. When the
IRLP reaches the left boundary, the ionizing pulse enters the sim-
ulation box from the left boundary, turning the gas grating into a
plasma grating. Because of the much larger refractive-index differ-
ence of the plasma grating compared to the gas grating, a large part
of the incident IRLP is reflected from the front of the plasma grating
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FIG. 2. 10-μm infrared pulse (red), ion-
izing pulse (green), and reflected pulse
(blue) at t = 33, 42, 51, and 60 ps. The
gas density is 0.02 ± 0.01ncr .

and moves together with the ionizing pulse from the left boundary to
the right boundary, therefore the reflected pulse is compressed. After
30 ps of interaction, the maximum intensity of the reflected pulse
reaches 8.56 × 1015 W/cm2, the pulse duration is compressed to 60 fs
(FWHM), and the energy transfer ratio is 63.7% (the reflected pulse
has a multi-peak structure, and if only the first peak is accounted for,
then the efficiency is ∼40%).

The variations of the peak intensity and FWHM duration of
the reflected pulse with simulation time are shown in Fig. 3. The

FIG. 3. Peak intensity and FWHM duration of reflected pulse with different sim-
ulation times. Solid lines: I0 = 3 × 1013 W/cm2 and Δ = 50%; dashed lines:
I0 = 2 × 1013 W/cm2 and Δ = 50%; dotted lines: I0 = 3 × 1013 W/cm2 and
Δ = 40%; dash-dotted lines: I0 = 3 × 1013 W/cm2 and Δ = 60%.

solid lines are for I0 = 3 × 1013 W/cm2 and Δ = 50%; the dashed
lines are for I0 = 2 × 1013 W/cm2 and Δ = 50%; the dotted lines
are for I0 = 3 × 1013 W/cm2 and Δ = 40%; the dash-dotted lines
are for I0 = 3 × 1013 W/cm2 and Δ = 60%. As can be seen, for
I0 = 3 × 1013 W/cm2 and Δ = 50%, the peak intensity reaches its
maximum of 1.046 × 1016 W/cm2 at t = 57 ps, after which it
decreases and the duration increases slightly. This is attributed to
relativistic mass increase and gas ionization. When the incident
IRLP intensity or the gas density modulation is lower, the inten-
sity of the reflected pulse is lower and the duration is longer,
but with sufficient simulation time, they still reach comparable
maximum/minimum values.

To assess the robustness of our scheme, we changed the grat-
ing period from 5 to 5.05 μm, and the results are shown in Fig. 4. As
can be seen, there is a minimum region around the maximum point,
but outside this region the peak intensity remains high and the dura-
tion remains low. Changing the grating period disrupts the matching
condition Eq. (8) so that the reflected light is not superimposed
coherently, but this effect is weak with a large grating period range.
With increasing gas density, the grating period that maximizes the
peak output intensity increases slightly, which fits the theoretical
prediction Eq. (8) very well. When the gas density is high, the grat-
ing period range in which the peak output intensity remains high
becomes narrower, thus one needs to balance short plasma length
and stable performance.

In the second half of the interaction, the ionizing pulse is actu-
ally depleted, and the gas ionization is produced by the reflected
pulse itself. Thus, in some circumstances, this process can be a
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FIG. 4. Peak intensity and duration of reflected pulse at t = 60 ps with different
grating periods.

self-compression process, for example by placing a totally reflecting
mirror behind the gas. We also found that when we increased the
intensity or width of the ionizing pulse, the width of the reflected
pulse increased slightly, indicating a small contribution of gas
ionization to the pulse compression.

The spectrum of the reflected pulse at t = 60 ps is shown
in Fig. 5. As can be seen, the reflected pulse has a broad band-
width ranging from 0.5ω0 to 1.5ω0, consistent with the temporal
compression of the IRLP. The spectrum has several subpeaks at
ω/ω0 = 1 ± 0.15n, n = 1, 2, . . .. Recalling that the plasma frequency
in the simulation was ωp = 0.14ω0, these subpeaks seem to be the
Stokes and anti-Stokes components of Raman scattering. There is
also a component close to ω/ω0 = 3.26, and this is attributed to
the frequency up-conversion induced by the counterpropagating
ionization front.34–36 If we assume that the ionizing-front density
gradient is36 Lv = 50 fs (FWHM of the reflected pulse), then the
up-conversion frequency is

FIG. 5. Spectrum of reflected pulse at t = 60 ps.

ω =
√

ω2
0 +

Lplasma

Lv
ω2

p = 3.6ω0,

which agrees well with the simulation result. When the density mod-
ulation Δ is set to zero, there is still a weak reflected pulse with peak
intensity I = 3 × 1015 W/cm2. It can be inferred from the spectrum
that the reflected pulse is a mixture of Brillouin scattering, Raman
scattering, and relativistic modulational instability. When the inten-
sity of the incident pulse drops to I = 2 × 1013 W/cm2, the Δ = 0.5
case still works well (Ipeak = 6.75 × 1015 W/cm2 and T = 60 fs; see
Fig. 3 for more details), but in the Δ = 0 case the peak intensity drops
to I = 1 × 1015 W/cm2. For even lower intensity of the incident pulse,
in the Δ = 0 case the peak intensities of the reflected and incident
pulses are of the same order of magnitude, while in the Δ = 0.5 case
the energy transfer ratio is even higher and the pulse width is still
very narrow. Therefore, in the low-intensity regime, it is the Bragg

FIG. 6. Gas density and plasma density
at (a) and (b) t = 13.33 ps and (c) and
(d) t = 35.56 ps.
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scattering or “forced” Brillouin scattering that dominates the com-
pression process. When the intensity becomes higher, the effects of
“free” Brillouin scattering, backward and forward Raman scattering,
and relativistic modulational instability start to appear.

To show how to use the second plasma-grating generation
method to compress the laser pulse, we ran a 2D EPOCH simula-
tion. The simulation box was 1.5 mm long and 0.6 mm high with
a 10% vacuum region on the left and right boundary, i.e., 1.2-mm-
long H2 gas in the center. The gas density was set to 0.1nc because
the gas density modulation is less than 50% by the second method.
First, two interfering laser pulses with a wavelength of 10 μm, a
width of 8 ps, a radius of 200 μm (tenth-order super-Gaussian shape
focused on the center of the simulation box; see the help documen-
tation of the EPOCH software for more details), and an intensity
of 3 × 1013 W/cm2 entered the simulation region with a crossing
angle of 5○ to produce a grating period of 5.02 μm. After the inter-
fering pulses had just left the simulation box (t = 13.33 ps), the
gas and plasma exhibited strong density modulations, as shown in
Figs. 6(a) and 6(b). The simulation box was then left to evolve freely
until t = 40 ps. As shown in Figs. 6(c) and 6(d), the gas still had
a strong density modulation, but that of the plasma had smeared
out. Then, an IRLP [10-μm wavelength, 8-ps width, 100-μm radius
(Gaussian shape focused on midpoint of right boundary), and an
intensity of 3 × 1013 W/cm2] entered from the left boundary. When
the front of the IRLP reached the right boundary, an ionizing pulse
[1-μm wavelength, 100-fs width, 200-μm radius (tenth-order super-
Gaussian shape focused on midpoint of right boundary), and an
intensity of 1 × 1015 W/cm2] entered the simulation box from the
right boundary. The intensity of the y-polarized electric field (the
incident IRLP plus the reflected pulse) when the IRLP just reached
the right boundary and when the ionizing pulse just reached the
left boundary is shown in Fig. 7. After just 1.2 mm of compression,
the IRLP was converted to a reflected pulse with a peak intensity of

FIG. 7. Iy at (a) t = 45 ps and (b) t = 49 ps.

2.24 × 1014 W/cm2 and a width of 833 fs, comparable with the 1D
results and showing the effectiveness of FEPGC.

IV. CONCLUSION
We have proposed the FEPGC method for compressing an

IRLP of arbitrary wavelength. By this method, a picosecond laser
pulse can be compressed into one of tens of femtoseconds with an
energy transfer ratio exceeding 60%. This proposal has the potential
to replace the compression grating in OPCPA, providing new laser-
compression avenues that can increase the power density of the IRLP
to ∼1016 W/cm2 before being focused and decrease the width of the
IRLP to two or three cycles, far beyond what existing technology can
achieve.
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