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Frequency Conversion of Lasers in a Dynamic Plasma Grating
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When a dynamic medium in which the laser propagates changes its refractive index in time, the laser
changes its frequency while keeping its wavevector unchanged to fullfil the dispersion relation. This is
usually applied to upshift the laser frequency with ionizing plasma. We propose an alternative technique
to modify light frequency. A transient plasma grating can be generated by two identical counterpropa-
gating laser pulses via strongly coupled stimulated Brillouin scattering (SC SBS). The rapid evolution
of the plasma grating affects the wave-dispersion relation and a band gap develops around the laser fre-
quency, dependent on the grating amplitude. As a result, the lasers convert their frequency downward to
the low edge of the band gap, while a free-traveling laser converts its frequency to both the upper and
lower edge of the band gap. Depending on the considered setup, practical applications of this technique
include either laser-frequency downshift or spectral splitting can be exploited. The former can be used for
Raman amplification in plasma and the latter for dual-color x-ray generation by Thomson and/or Compton
scattering.
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I. INTRODUCTION

It is well known that when the medium’s refractive
index changes in space, the electromagnetic wave (EMW)
traveling inside the medium will change its wavevec-
tor while keeping its frequency to satisfy the changed
dispersion relation. Similarly, if the refractive index is
homogeneous in space, but has a temporal discontinu-
ity, i.e., it changes rapidly in time, then the EMW’s
wavevector is conserved, but its frequency changes
[1,2]. A rapidly created plasma around a monochromatic
electromagnetic wave (by, e.g., flash ionization) causes
part of the wave energy to be frequency upshifted to

ω1 =
√

ω2
0 + ω2

PE, where ω0,1 are the original wave fre-
quency and the upshifted frequency and ωPE is the plasma
frequency, respectively [3]. The electrons are suddenly
set free and accelerated, they form a transverse cur-
rent by following the electric field of the original EMW,
which further induces a static magnetic field [4]. The fre-
quency up-conversion is also called photon acceleration.
It attracts a lot of attention because it is promising to
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provide compact and coherent ultraviolet and x-ray laser
sources with tunable frequency and bandwidth from the
common visible and near-infrared laser [2,3,5–8]. The
frequency-conversion phenomenon is also experimentally
demonstrated in the microwave [9–11], terahertz [12], and
visible-laser [13,14] regimes.

Recently, the general theory of frequency up-conversion
has been reviewed and studied in detail [15,16]. A scheme
of cascaded frequency up-conversion by flash ionization
was proposed [17]. Particle-in-cell (PIC) simulations cor-
roborate its potential to generate coherent ultraviolet and
x-ray pulses at high efficiency and low cost. In experiments
the extent of frequency up-conversion is limited, which is
due to the fact that the ionizing pulse soon falls behind
the photon-accelerated laser because of the discrepancy of
the corresponding group velocities. However, the recently
developed flying focus ionization [18] can overcome this
disadvantage and convert an ultrashort optical pulse to the
extreme ultraviolet within just a centimeter of propagation
[19].

In this paper we propose an alternative method to mod-
ify light frequency in plasmas by exploiting the presence
of a rapidly created and evolving plasma grating. A plasma
grating is a spatially density-modulated periodic medium.
Analogous to the solid photonic crystal, the refractive
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index of the plasma grating alternates periodically in space,
so it is also called a plasma photonic crystal [20,21]. It can
be used as a plasma optical element to manipulate laser in
both the nanosecond regime [22–24] or in the femtosecond
regime [25]. The dispersion relation of EMW in a plasma
grating is significantly different from that in vacuum or in
a homogeneous plasma, i.e., it has a band-gap structure
[20,26]. If a plasma grating is rapidly created in vacuum
or from a homogeneous plasma, the EMW traveling inside
the plasma grating will change its frequency and conserve
its wavelength to obey the dispersion of the plasma grating.
Experiments performed in the microwave range showed
the possibility of converting the EMW to the eigenmodes
of a rapidly created plasma grating (created by ionizing
periodic gas jet) [27]. Plasma gratings can also be cre-
ated rapidly by identical counterpropagating laser pulses
in either underdense plasma [20,28,29] or on the surface
of a solid target [30,31], with their spatial period being half
of the pump-laser wavelength. Under the drive of the laser
pulses, the dynamics of the plasma grating, its amplitude,
and its lifetime can be determined to describe its growth,
typical time of existence, and eventually collapse [29,32].
The same theory can be generalized to predict the behavior
of gratings at the surface of an overdense plasma. During
its lifetime, the grating can be used as a plasma optical
device to manipulate short pulses. On longer time scales,
however, the plasma grating is evolving, and its dispersion
relation and band-gap structure also change accordingly.
This implies continuous frequency conversion of the pump
lasers or other EMWs traveling inside the dynamic plasma
grating during its evolution.

In this work, we want to exploit this behavior to
study the laser-frequency conversion in a rapidly cre-
ated and fast-evolving plasma grating, driven by counter-
propagating lasers via SC SBS in underdense plasma. In
order to understand the frequency modifications in the
presence of a grating, in Sec. II we consider a first ideal sit-
uation where the laser frequency is converted in a suddenly
loaded time-invariant plasma grating whose space period is
half of the laser wavelength (in accordance with the case
in SC SBS). The laser frequency is found to be mainly
converted to the edges of the lowest band gap and the
frequency-converted lasers exist as standing Bloch modes
in the plasma grating, closely following the theoretical pre-
dictions of eigenvectors and eigenmodes of light in such a
system. The modes have zero group velocity and tend to
localize in the plasma grating for a very long time. Then
in Sec. III a more realistic situation is considered where a
growing plasma grating is driven by lasers via SC SBS. In
this case the band-gap width increases as the grating grows.
In such a situation an injected test pulse will convert its fre-
quency to closely follow the band-gap edges, in a similar
way to the ideal case, as a result the pulse will be spectrally
split. The frequencies of the lasers forming the grating
instead are found to be mainly downshifted to the low edge,

while no significant up-conversion is found. This can be
explained as being due to the spatial energy distribution of
the beating counterpropagating pulses. Our results allow us
to envisage various schemes of spectral splitting, upshift-
ing, or downshifting laser pulses in plasmas depending on
the chosen configuration.

Besides being intentionally generated to manipulate
lights, fast-evolving plasma gratings driven by SC SBS
are found in the laser speckles of fast-ignition inertial con-
finement fusion, which cause the formation of periodic
reflectivity bursts, cavitons, and cavities, and the even-
tual saturation of SBS at a few percent of the pump-laser
intensity [33–35]. Our findings in this work may facilitate
better interpretations of the nonlinear behaviors of plasma
gratings.

Notice that the generation of gratings by lasers in non-
solid media has been investigated for some time [36–41]
with experiments, simulations, and analytics. In this paper
we consider laser-induced gratings in preformed plasma
at much higher intensity. This can lead to strong modu-
lations of the plasma and induces frequency conversion of
the propagating intense laser.

The paper is organized as follows. In Sec. II, we first
briefly review the matrix approach [42] to find the disper-
sion relation of a typical plasma grating. We then consider
one-dimensional (1D) PIC simulations for an ideal situ-
ation where the plasma grating is then suddenly loaded
around a free-traveling laser and two beating counterprop-
agating lasers. For both cases, the spectrum of the electric
and magnetic field of the frequency-converted laser are
analysed in detail. In Secs. III A, the frequency conver-
sion of counterpropagating laser pulses, which drive a
dynamic plasma grating via SC SBS is studied. Then in
Secs. III B, we analyze the frequency conversion of a test
laser. In Sec. IV, we discuss the possible applications of
such a fast-evolving plasma grating. Finally, in Sec. V, the
conclusions are drawn.

II. PRINCIPLE OF FREQUENCY CONVERSION
IN A PLASMA GRATING

A one-dimensional nonlinear plasma grating can be
treated as a multilayered medium with alternating stepwise
density variation. As a model problem, we first consider
a typical plasma grating, which is shown in Fig. 1(a).
Its spatial period is �. In analogy with the case of a
grating created by beating counterpropagating lasers, we
consider that its period is related to the laser wavelength
by the relation λl = 2�. The plasma density and width
of the high-density (HD) and low-density (LD) layers are
n1 = 1.2ncl, d1 = 0.2�, n2 = 0.075ncl, d2 = 0.8�, respec-
tively. The average density is n0 = 0.3ncl, where ncl =
meπc2/e2λ2

l is the critical density corresponding to λ = λl.
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FIG. 1. A typical plasma grating from the mth layer to the
(m + 2)th layer and its dispersion relation. (a) The blue line is
the density outline of the plasma grating considered, the broken
green line shows the average density. (b) The dispersion relation
of the plasma grating. The red dotted lines outline the band gaps.
Note that kl = 2π/λl, ωl = ckl, and ωc = ωl

√
1 + n0/ncl is the

central frequency of the band gap.

The dispersion of the plasma grating can be found by
the so-called matrix approach [42]. Assuming the electri-
cal field in the mth(m ∈ N) unit grating can be written as
Ey(x, t) = E(x)e−iωt,

E(x) =
{

Ameik1 x̃ + Bme−ik1 x̃, 0 < x̃ < d1;
Cmeik2 x̃ + Dme−ik2 x̃, d1 < x̃ < �,

(1)

where x̃ = x − m�, k1,2 =
√

ω2 − ω2
p1,p2, ωp1, and ωp2 are

the plasma frequencies corresponding to n1 and n2, respec-
tively. Applying the boundary conditions at x = m� + d1
and x = (m + 1)�:

E(d1−) = E(d1+), ∂xE(d1−) = ∂xE(d1+),

E(�−) = E(�+), ∂xE(�−) = ∂xE(�+),
(2)

we obtain

[
Am+1
Bm+1

]
= T

[
Am
Bm

]
, (3)

where T is the transfer matrix:

T11 = eiφ1(cos φ2 + iα sin φ2), (4a)

T12 = −ie−iφ1β sin φ2, (4b)

T21 = ieiφ1β sin φ2, (4c)

T22 = e−iφ1(cos φ2 − iα sin φ2), (4d)

with φj = kj dj (j = 1, 2), α = k1/k2 + k2/k1, and β =
k1/k2 − k2/k1. Together with the well-known Bloch

theorem, E(x + �) = eik�E(x), we have

eik�
[

Am
Bm

]
= T

[
Am
Bm

]
. (5)

To ensure the wave solution exists, we need det(T −
eik�I) = 0 (I is the identity matrix), from which we have
the dispersion relation of the plasma grating:

cos k� =
[

cos(k1d1) cos(k2d2)

− 1
2

(
k1

k2
+ k2

k1

)
sin(k1d1) sin(k2d2)

]
, (6)

as shown in Fig. 1(b). The dispersion relation exhibits typ-
ical features of a photonic crystal, i.e., it is periodic in the
k space and there are infinite frequencies corresponding
to a specific k. Most importantly, it has band-gap struc-
tures. Writing the electron density as Fourier series: n =
n0

[
1 + ∑∞

j =−∞ ηj exp(2π jx/�)
]
, the theoretical expres-

sion of the bandwidth of the lowest band gap can be
conveniently obtained [42,43]:

δω ≈ |η1|ωc

1 + ncl/n0
. (7)

One finds the bandwidth is associated with the average
density and the coefficient of the first density harmonic,
which represents the modulation amplitude of the plasma
grating. For the example considered in this section and
reproduced in Fig. 1(b) the lowest band gap is from ω =
0.888ωc to ω = 1.086ωc and centered at ωc, with ωc ∼
1.14ωl. This result is well reproduced by Eq. (7) where
η1 ≈ 0.703 and δω ≈ 0.162ωc. Lasers with frequency
inside the band gap have zero group velocity, which means
they will be reflected by the grating when injected into the
plasma grating. Lasers with frequency in the band but close
to the band-gap edges have very large group-velocity dis-
persions. So when the plasma grating is suddenly created
around the laser (kl, ωl), according to the eigenmode trans-
form theory, the laser should conserve its wavevector as
kl, while converting its frequency to the edges of the infi-
nite band gaps at k = kl, light will then be trapped in the
grating. The laser frequency will be split to ω± = ωl +
δω±, with δω± = ωl

[√
1 + n0/ncl(1 ± |η1|n0/ncl) − 1

]
or

ωl(1/2 ± |η1|)n0/ncl, in the limit n0/ncl � 1.

A. Frequency conversion of a free-traveling laser

The interaction between a free-traveling laser and
the above-mentioned plasma grating is studied with 1D
PIC simulation using the code SMILEI [44]. As shown
in Fig. 2(a), the laser has a sinusoidal envelope a =
a0 sin(π t/T0) with a0 = 8.55 × 10−3, where a is the laser
normalized vector and T0 = 20πω−1

l . Its wavelength is
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FIG. 2. PIC simulation of frequency conversion of a laser
propagating in a suddenly created nonlinear plasma grating. (a)
The scheme of a laser interacting with a suddenly created plasma
grating. The red line shows Ey at t = 0, while the gray line shows
E

′
y at t = 100πω−1

l . (b) The spectra of Ey at point A and point
B labeled in (a) compared with the group velocity of the laser
in the plasma grating [shown as the black dotted lines, obtained
from the dispersion relation in Fig. 1(b)]. Note at the edges, the
group velocities are 0. Point A (B) is at the center of the HD (LD)
layer. (c) The spectrum of Ey along x in the center of the simula-
tion box after the plasma grating is initialized. The corresponding
plasma density distribution is shown in the low part of the figure,
together with the Bloch modes solved from theory. Eu(El) is the
Bloch mode at the up (low) edge of the lowest band gap. Not-
ing the Bloch modes have been normalized to their maximum
amplitude. (d) The spectra of Bz at point A and point B com-
pared with the group velocity of a laser in the plasma grating. (e)
The two-dimensional (2D) spectrum of Bz , similar to (c).

λl = 2� (and wavevector kl = 2π/λl) and it is linearly
polarized along the y axis. The laser is injected into the
simulation box from the left boundary. The simulation
box has a length of 40�. At the beginning of the sim-
ulation, there is no plasma grating. When the center of
the laser reaches the center of the simulation box at t = 0,
the plasma grating is initialized. This is approximated by
freezing all the particles at the beginning, while unfreezing
them from t = 0 in PIC simulation. There are 20 grat-
ing layers from x = 10� to x = 30�, which implies a
plasma length of Lp = 20�. The cell size is λl/128, 50
particles per species per cell are used with a mass ratio of
mi/me = 1836 and Z = 1. The particles are taken as cold,
i.e., Te = Ti = 0 eV.

Shown in Figs. 2(b) and 2(d) are the FFT of Ey and Bz
at points A and B [as shown in Fig. 2(a)] for t > 0. One
finds that the laser frequency has been converted to the

edges of the lowest band gap. Moreover, at point A, Ey
is mainly converted to the up edge, whereas at point B it
is mainly converted to the low edge, while it is exactly
opposite for Bz. One can also find zero-frequency mag-
netic field at both A and B, which corresponds to the static
magnetic field. Up-conversion to higher frequency at the
edges of higher-order band gaps is minimal and can be
neglected.

The spatial distributions of the spectra of Ey and Bz
along x are shown in Figs. 2(c) and 2(e). The electric mode
at the up edge of the band gap has more energy in the
HD layer, while for the electric mode at the low edge,
more energy is localized in the LD layer, and opposite
for the magnetic mode. This peculiar energy distribution
is one of the characteristics of the eigen Bloch modes at
the band-gap edges [42]. Theoretically the Bloch mode Ey
can be obtained by finding the eigenvector of Eq. (5) and
further determining Cm and Dm through the boundary con-
ditions, i.e., Eq. (2). The magnetic Bloch modes are then
obtained with Bz = (ic/ω)(∂Ey/∂x). The distribution of
the Bloch modes at the up edge and the low edge of the
band gap are shown with |Eu|, |El| in the superimposed
schematic illustration in Fig. 2(b), respectively. The dis-
tribution of magnetic Bloch waves are shown in Fig. 2(d)
with |Bu|, |Bl|. The energy distributions of the Bloch modes
agree very well with the PIC-simulation results. The Bloch
modes have zero group velocity and form standing waves
inside the plasma grating, which means the laser is not
supposed to exit the plasma grating after the frequency
conversion. However, the considered plasma grating is
not an ideal periodic medium, it only has a finite num-
ber of layers, so the laser energy is slowly “leaking” out
from the plasma grating. Still, we can see that after a
long time, t

′ 	 LP/c, there is still a considerable portion
of the electric energy maintained in the plasma grating,
as shown by E

′
y in Fig. 2(a) at t

′ = 100πω−1
l , where the

laser energy leaving the grating is also visible. Also notice
that a “spiky” grating (LD layer is wider than HD layer)
is used here, so more laser energy is downshifted than it
is upshifted, as one can find in Figs. 2(c) and 2(e). When
a regular grating (the width of LD layer is comparable
to that of HD layer), e.g., n1 = 0.5ncl, d1 = 0.4�, n2 =
0.167ncl, d2 = 0.6�, then the laser energy downshifted is
comparable with that upshifted, which is confirmed by PIC
simulation (not shown).

Other simulations, in which the laser has different ini-
tial frequency and correspondingly wavevector, e.g., (I)
k = 0.5kl, (II) k = 0.9kl, (III) k = 1.1kl, (IV) k = 2kl, are
also conducted, as shown in Fig. 3. The lasers are found
to be mainly converted to the closest eigenfrequency in the
dispersion relation of the plasma grating, i.e., (I) mainly
to 0.66ωc, (II) mainly to 0.87ωc and partially to 1.11ωc,
(III) mainly to 1.11ωc and partially to 0.87ωc, (IV) mainly
to 1.71ωc and 1.81ωc, partially to 0.51ωc. When the con-
verted lasers have no zero group-velocity solution, they
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FIG. 3. Frequency conversion of lasers with different initial
wavevector: (I) k = 0.5kl, (II) k = 0.9kl, (III) k = 1.1kl, (IV)
k = 2kl, with the same simulation setup as shown in Fig. 2. The
upper row shows the dispersion relation of the laser in the plasma
grating (solid line) compared with that in vacuum (red broken
line). The lower row shows the laser-frequency distribution at
x ∈ (19�, 21�) after the plasma grating is loaded.

soon get out of the plasma grating (cases I, II, III) and have
no energy localization (not shown).

In a realistic situations, the plasma grating cannot be
created instantaneously, but it always has a finite growth
time. The growing process can be seen as infinitesimal
small steps of sudden transitions to plasma gratings with
larger and larger modulation amplitude. From here on we
focus only on the case where the laser wavelength is λl,
and the laser energy is localized in the plasma grating after
frequency conversion. This energy localization helps the
frequency conversion as the plasma grating grows. Instead
in the other cases in which the laser group velocity is not 0,
the laser quickly leaves the plasma grating and frequency
conversion does not happen anymore. Notice also that in
the case of λl, the frequency-conversion amplitude can be
conveniently calculated by Eq. (7).

B. Frequency conversion of beating
counterpropagating lasers

Next we consider the action of a “sudden” grating in the
presence of two beating counterpropagating lasers. This
situation is similar to the case where the laser is cre-
ated in the framework of SC SBS and for convenience
we define these lasers as “pump” lasers. The results of
the PIC simulation of this situation are shown in Fig. 4.
In addition to the original right-going laser, another laser
with the same properties is injected at the right bound-
ary of the simulation box. They beat with each other
at t = 0, and subsequently the plasma grating is initial-
ized, as shown in Fig. 4(a). The total electric field can
be expressed as Et = E0 cos(klx − ωlt) + E0 cos(−klx −
ωlt + �φ) = 2E0 cos(klx − �φ/2) cos(ωlt − �φ/2). In
analogy to the laser-driven plasma grating via SC SBS,
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FIG. 4. Frequency conversion in the case of two beating lasers,
similar to Fig. 2. (a) The scheme of two beating lasers interacting
with a suddenly created plasma grating. Et and Bt are the total
electric field and magnetic field at t = 0. The inset shows energy
distribution of electric field and magnetic field in the center of the
plasma grating. (b),(c) The frequency distribution of the electric
field and magnetic field after the plasma grating is initialized at
t = 0, respectively.

where the particles accumulate in the trough of the pon-
deromotive potential and form the HD layer, the plasma
grating here is intentionally positioned in space to place
the HD layers in the center of the trough of the interference
pattern, as shown by the inset in Fig. 4(a). This setup corre-
sponds to a phase �φ = (2N + 1)π , where N is an integer
number. Figure 4(a) also shows the total magnetic field,
based on the Faraday function, it can be expressed as Bt =
(2ckl/ωl)E0 sin(klx − �φ/2) sin(ωlt − �φ/2), the phase
of which in space is π/2 different from that of the electric
field Et. This explains the fact that after the plasma grating
is initialized, only frequency conversion to the low edge of
the band gap is found, as shown in Figs. 4(b) and 4(c): in
the case of beating lasers, the electric field’s energy is con-
centrated in the LD layer, while the magnetic field’s energy
is concentrated in the HD layer. Their way of energy dis-
tribution is exactly the same as the Bloch modes at the low
edge of the band gap, i.e., |El| and |Bl| after the plasma
grating is initialized.

In conclusion, we show by PIC simulation in a suddenly
created nonlinear plasma grating with the grating period
being half of the laser wavelength, a free-traveling laser
converts to long-standing Bloch waves with frequency at
up edge and low edge of the lowest band gap. The up Bloch
mode’s electric energy is mainly localized in the HD layer
while its magnetic energy is mainly localized in the LD
layer. The situation is exactly opposite for the low Bloch
mode. For both up and low Bloch modes, the space phases
of the electrical field and the magnetic field have a differ-
ence of π/2. Instead for two beating counterpropagating
lasers, only frequency down-conversion to the low edge of
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the lowest band gap happens, their energy distribution is
exactly the same as the Bloch modes at the low edge of the
band gap.

III. FREQUENCY CONVERSION IN A DYNAMIC
PLASMA GRATING DRIVEN BY LASERS VIA SC

SBS

A plasma grating can be created in the laboratory by
the beating of counterpropagating lasers via SC SBS in an
underdense plasma, and can be used as an optical device
to manipulate short and intense lasers. The mechanism of
the plasma grating’s formation and its nonlinear dynam-
ics have been investigated in details in previous studies
[29,32]. As opposed to the ideal suddenly created and time-
invariant plasma grating, the laser-driven plasma grating
first grows up to a maximum value, has a finite lifetime
and eventually collapses. The typical dynamic timescale is
on the order of hundreds of femtoseconds, depending on
the initial parameters (pump frequency, laser amplitude,
and plasma density, etc.). In this section, we perform 1D
PIC simulations of such dynamic plasma grating and study
the frequency conversion of the laser in such a system. We
consider two different setups: first the frequency conver-
sion of the pump lasers, and then the frequency conversion
of a third free-traveling test pulse. These setups lead to dif-
ferent possible applications of laser-driven plasma grating
thanks to their ability to modify the frequency.

A. Frequency conversion of beating pump lasers

We first consider a homogeneous plasma slab of length
Lp = 100k−1

0 with a density of n0 = 0.81nc, placed at
the center of the simulation box, and surrounded by two
20k−1

0 vacuum regions. Two identical pump lasers are
injected from each side of the simulation box at t = 0.
Here, ω0, k0, λ0, and nc are the original frequency of
the lasers, wavevector, wavelength in vacuum, and the
critical density corresponding to λ0: nc = meπc2/e2λ2

0,
respectively. kl = k0

√
1 − n0/nc and λl = λ0/

√
1 − n0/nc

are the laser wavevector and laser wavelength in the homo-
geneous plasma. The pump lasers will beat and drive a
fast-evolving plasma grating, the grating size (i.e., the grat-
ing width and peak density) evolves rapidly in time, but
the grating period � = λl/2 and average density n = n0
are stationary [29,32]. According to the theory in Sec. II
the central frequency ωc is also stationary, because it is
only related to � and n0 by ωc = ckl

√
1 + n0/ncl, and it

coincides with the pump-laser frequency ωc = ω0. While
the bandwidth of the lowest band gap, which depends on
the grating size by Eq. (7), evolves rapidly as the grating
evolves.

The linearly polarized pump lasers are constant in time
with amplitude a0 = 0.2, except a linearly growing front
in t ∈ (0, 10ω−1

PE ), where ωPE is the plasma frequency
corresponding to n0, and duration of Tp = 400ω−1

0 . The

initial electron temperature and ion temperature are Te =
610 eV and Ti = 50 eV, which makes μ = 3Te/mv2

0 

0.09, where μ is a dimensionless parameter determining
the grating’s dynamics [29,32] and v0 is the electron oscil-
lation velocity in the pump laser. The spatial resolution is
16 cells per k−1

0 and 50 particles per species per cell are
used. We label this simulation as case I.

According to our previous studies on the mecha-
nism of plasma-grating formation and dynamics [29,32],
the grating dynamic is in the transition regime. By
considering the nonlinear model of the plasma-grating
formation [29,32] (see Fig. 5 in Ref [32]), the grat-
ing should obtain its maximum amplitude of nmax ≈
5n0 = 4.05nc at t = 1.75tunit + t0 ≈ 723ω−1

0 with tunit =√
mi/2Zme(kla0c)−1 ≈ 347.5ω−1

0 (obtained from the numer-
ical solution of the model) and t0 = Lp/2vg ≈ 115ω−1

0 is
the time for the laser fronts to reach the plasma center with
group velocity vg = c2kl/ω0.

The large values of the grating obtained will result in
a large band-gap width according to Eq. (7), and even-
tually big frequency conversion. This is convenient for
the theoretical analysis and has motivated the choice of
a high value for the initial plasma high plasma density
(n0 = 0.81nc).

The results of the simulation are shown in Fig. 5 where
the evolution of the plasma grating is displayed as a func-
tion of time, and they agree well with the theoretical
estimates. First, the pump lasers beat and form a spatially
static and periodic ponderomotive potential. Under the
drive of the potential, the electrons drag the ions through
electrostatic force and move towards the potential trough,
a plasma grating starts to form at about t = 300ω−1

0 . At
about t = 750ω−1

0 , the grating grows to its maximum
amplitude of 4.2nc. For this density the growth length of
SC SBS is cγ −1

SC ≈ 77k−1
0 , where γSC is the growth rate of

SC SBS [45], of the same order of the plasma length and
the energy exchange between the pump lasers is small. As
the particles accumulate, the thermal potential also grows
rapidly, which then reflects the particles and causes the

0 20 40 60 80 100 120 140
xk0
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1500

ω
0t
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1.4

2.8

4.2

FIG. 5. Case I: density evolution of the plasma grating in
time, under the drive of two counterpropagating lasers. Note that
ne/nc < 0.02 is set to be white.
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grating to expand, and the grating amplitude to decrease.
These are exactly the typical characteristics of the early
stage of the transition regime [29,32]. Note here we focus
only on the early stage where the plasma grating forms
and grows, i.e., t ≤ 650ω−1

0 ; details of the plasma-grating
dynamics at later times are discussed in Refs. [29,32].

Once the grating forms, its dispersion relation develops
a band-gap structure. The lowest band gap is around ω0
[20,26], which is similar to the one shown in Fig. 1(b). As
the grating grows, the grating’s dispersion relation changes
and the band-gap width also grows. The frequency of the
original pump lasers is in the forbidden zone of the grat-
ing. Indeed, considering longer pump-laser duration, Tp =
1500ω−1

0 , it is found that the pump lasers after 400ω−1
0

are completely reflected, while the grating dynamics are
almost unaffected. The generation of plasma grating can
be seen as a sudden transition from a homogeneous plasma
to a small plasma grating, then infinitesimal small steps of
sudden transitions to plasma gratings with larger modula-
tion amplitude. Based on Sec. II, one can expect that the
pump lasers will convert their frequencies to the low edge
of the lowest band gap. More importantly, the pump lasers
can be stored inside the grating due to the zero group veloc-
ity at the edges and constantly convert their frequencies to
the low edge of the band gap with growing width.

The frequency evolution of electrical field of the pump
laser Ey is analyzed, as shown in Fig. 6. The conversion
of the laser frequency is clearly seen and the frequency

–0.4
0.0
0.4

E
y
/E

un
it t = 100–200

0.70
0.85
1.00
1.15

ω
/ω

0

0

5

10
P (ω)t = 200–300 t = 300–400

–0.4
0.0
0.4

E
y
/E

un
it t = 400–500

20 70 120
0.70
0.85
1.00
1.15

ω
/ω

0

t = 500–600

20 70 120
xk0

t = 600–700

20 70 120

(a) (b) (c)

(d) (e) (f)

FIG. 6. Evolution of the pump lasers in the growing plasma
grating. In each subfigure, the lower panel shows the frequency
distribution of Ey , denoted by the power spectral density per
ω−1

0 (obtained from the FFT) as a function of the x axis in the
plasma. The FFT time intervals (in unit of ω−1

0 ) are labeled in
the titles. While the upper panel (blue line) shows the transverse-
field distribution and show the interference patterns of the driving
lasers in space at the central time in the FFT interval, e.g.,
t = 150ω−1

0 for figure (a). The black dotted lines show the edges
of the lowest band gap for k/kl = 1, obtained by solving numer-
ically via the Fourier approach [20,26,42] the dispersion relation
with the periodic density grating obtained in the PIC simulations
at the corresponding time (reproduced in Fig. 5).
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FIG. 7. (a) The laser-frequency evolution at x = 35k−1
0 . (b)

The laser-frequency evolution at x = 35k−1
0 compared with the

band-gap evolution, the blue line (orange line) is the low (up)
edge of the band gap obtained by solving the dispersion rela-
tion using the plasma-density information in (c). The red squares
are the peaks of the laser frequency in the left figure at the cor-
responding times, while the black squares are the low edge of
the band gap calculated through Eq. (7). (c) The plasma-density
evolution around x = 35k−1

0 in time.

of the downshifted components agrees well with the low
edge of the band gap (shown with the low black dotted
line), while no significant up-conversion is found. This
frequency conversion is more clearly seen by analyzing
the electrical field of the pump laser Ey at x = 35k−1

0 ,
as shown in Fig. 7. Figure 7(a) shows the local pump
laser constantly downshifts its frequency and its energy
is slowly “leaking out” of the grating, because the plasma
grating only has a finite number of layers. So in princi-
ple, by using a longer plasma with more grating layers,
more laser energy can be frequency downshifted. This is
confirmed by another simulation (labeled as case A) with
a plasma length Lp = 150k−1

0 , while other parameters are
the same as case I (not shown). Figure 7(b) shows the
band-gap evolution: the dispersion relation corresponding
to the solid blue and dashed orange line in the figure is
solved based on the plasma density in Fig. 7(c) by con-
sidering the numerical solution via the Fourier approach
[20,26,42]. This is the same technique used to obtain the
black dotted lines in Fig. 6. As the grating grows and
the band gap widens, the frequency conversion obtained
in the simulations (red squares) closely follows the low
edge of the band gap. The trend is very well reproduced by
the formula obtained in Eq. (7) (black squares), calculated
here for η1 = (1/�)

∫ x2
x1

ne(x)ei2πx/�dx and ncl = nc − n0,
where x1 = 35k−1

0 and x2 = x1 + �, even if the value of
the downshift is overestimated, which is attributed to the
affects of the higher harmonics.

Next, we perform a PIC simulation with smaller initial
plasma density n0 = 0.3nc labeled as case II. In this case
as well we can estimate the characteristics of the grating

054053-7



H. PENG et al. PHYS. REV. APPLIED 15, 054053 (2021)

and apply Eq. (7). The frequency conversion of the laser in
the dynamic plasma grating can be predicted based on the
laser and plasma parameters, and although the downshift is
smaller than in the previous case, it follows the same pat-
tern. The PIC-simulation parameters are the same as those
of case I, except for the plasma density (n0 = 0.3nc). We
also increase the plasma length to Lp = 300k−1

0 . Since the
growth length of SC SBS for this case is cγ −1

SC ≈ 69k−1
0

[45], now the plasma length Lp is larger than the growth
length of SC SBS. As a consequence there is some energy
exchange between the pulse slowing down the grating
formation, however because of the increased length the
pump-laser energy can be stored inside the plasma grating
for a longer time.

The density evolution of the plasma grating in time is
shown in Fig. 8. Large-amplitude density grating starts
to form at about t = 300ω−1

0 and grows to its maxi-
mum amplitude of nmax = 1.5nc at about t = 600ω−1

0 .
Again, according to the nonlinear model of the plasma-
grating formation in our previous work [29,32], the grat-
ing should obtain its maximum amplitude of nmax ≈
5n0 = 1.5nc at t = 1.75tunit + t0 ≈ 496ω−1

0 with tunit =√
mi/2Zme(kla0c)−1 ≈ 181ω−1

0 and t0 ≈ 179ω−1
0 is the

time for the laser fronts to reach the plasma center with
group velocity vg . The model agrees well with the PIC
simulation but it underestimates the time to obtain the max-
imum amplitude. As mentioned above, this is attributed
to the energy exchange between the counterpropagating
lasers in the large plasma length considered for this case,
which is not included in the theoretical model. A signifi-
cant part of the laser energy is frequency converted to the
low edge of the band gap, as shown in Fig. 9. The ampli-
tude of the frequency conversion is much smaller than that
of case I, which is expected due to much lower plasma
density n0 = 0.3nc and smaller band-gap width according
to Eq. (7).

The electrical field Ey at x = 150k−1
0 is analyzed in

detail as a function of time in Fig. 10. The frequency con-
version is clearly seen in Fig. 10(a) and is reduced to about
0.917ω0 in the time interval t = (600 − 700)ω−1

0 . But the
laser energy decreases for the most downshifted values as
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FIG. 8. Case II: density evolution of the plasma grating in
time, under the drive of two counterpropagating lasers. Note that
ne/nc < 0.01 is set to be white.
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FIG. 9. Case II: evolution of the driving lasers in a growing
plasma grating. As in Fig. 6 in each subfigure, the lower panel
shows the frequency spectrum of Ey , while the upper panel (blue
line) shows snapshots of the driving lasers at the central time of
the FFT intervals. The black dotted lines show the edges of the
lowest band gap derived from the density pattern obtained in the
simulations.

the pulse is moving out from the plasma grating. The con-
version frequency agrees well with the low edge of the
band gap as shown in Fig. 10(b), the band-gap structure is
obtained by solving the dispersion relation of the evolving
plasma grating shown in Fig. 10(c).

B. Frequency conversion of a free-traveling test pulse

We consider again the setup corresponding to case I,
resulting in the generation of the grating reproduced in
Fig. 5. However, now a test pulse with frequency ω = ω0

0

5 t = 700−800

(a)

0

5 t = 600−700

0

5 t = 500−600

0

5

Po
w

er
sp

ec
tr

al
de

ns
ity

pe
r

un
it

tim
e

t = 400−500

0

5 t = 300−400

0.8 0.9 1.0 1.1 1.2
ω/ω0

0

5 t = 200−300

0.8 1.0 1.2
ω/ω0

200

400

600

800

ω
0t

(b)

146.0 150.0 153.5
xk0

(c)

0.0

0.5

1.0

1.5
ne/nc

FIG. 10. (a) The laser-frequency evolution at x = 150k−1
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The laser-frequency evolution at x = 150k−1
0 compared with the

band-gap evolution, the blue line (orange line) is the low (up)
edge of the band gap obtained by solving the dispersion rela-
tion using the plasma-density information in (c). The red squares
are the peaks of the laser frequency in the left figure at the cor-
responding times, while the black squares are the low edge of
the band gap calculated through Eq. (7). (c) The plasma-density
evolution around x = 150k−1

0 in time.
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FIG. 11. Evolution of the frequency of the test pulse in the
growing plasma grating. As in Fig. 6 in each subfigure, the lower
panel shows the frequency spectrum of Ey , while the upper panel
(blue line) shows snapshots of the driving lasers at the central
time of the FFT intervals. The black dotted lines show the edges
of the lowest band gap for the density pattern obtained in the
simulations.

is injected into the left boundary of the simulation box
at tinj = 100ω−1

0 , as shown in Fig. 11. Its polarization is
along the z axis (orthogonal to the polarization of the
pump lasers), to ensure that it does not interact with the
pump lasers and any frequency conversion can only be
induced by the fast-evolving plasma grating. Its amplitude
and duration (FWHM, Gaussian) are a1 = 0.04 and TTP =
50ω−1

0 . Note that the injection time and pulse duration need
to satisfy the relation: tinj + TTP < tstart and tinj > tstart −
Lp/vg to ensure that the entire test pulse is in the plasma
when the grating is generated, where tstart = 300ω−1

0 is the
time the grating starts to form. As clearly shown in Fig. 11,
the test pulse converts its frequency to both the up and low
edges of the band gap, which is constantly widening as the
plasma grating grows, and even after t = 700ω−1

0 	 Lp/c,
there is still a big portion of the energy of the test pulse
stored inside the grating. Moreover, one finds that the elec-
trical mode at the up (low) edges of the band gap store
its energy in the HD (LD) layer, just as found in Sec. II,
especially clear in Figs. 11(c) and 11(d). The magnetic
modes also obey the rule found in Sec. II (not shown here).
Notice that the black dotted lines, as in Fig. 6, correspond
to the dispersion relation as obtained from the density evo-
lution for case I, shown in Fig. 5. The presence of a test
pulse does not affect the grating evolution, so that the value
of the expected upshifted and downshifted frequency is
unchanged.

This result is consistent with the findings of Sec. II: it
is shown there that if the beating (pump) lasers are such
that the electric (magnetic) field’s energy is concentrated
in the LD (HD) layer, this distribution is exactly the same
as the Bloch modes at the low edge of the band gap, and
only frequency downshift is observed. The test pulse, ini-
tially a free-traveling wave at the beginning, does not have

a preferential energy distribution and the electric and mag-
netic energy access both the HD layers and LD layers.
Thus the test pulse has frequency splitting to both the up
and low edges of the band gap.

As we can see in Fig. 11 the test pulse is modified
so that the intensity of the frequency downshifted part is
more significant than the intensity of the upshifted one.
This is due to the fact that the dimensionless parameter
μ = 3Te/mv2

0 
 0.09 is quite small, which implies that
the generated grating will be “spiky” [29,32]. In this case,
the LD layer is much wider than the HD layer, and more
energy is frequency downshifted than it is upshifted. For a
larger value of μ instead we expect the grating to be more
smooth and the frequency upshift and downshift compa-
rable. We thus consider a smaller laser amplitude a0 =
0.0632, so that μ 
 0.9. We denote this as case B. All other
parameters are unchanged, except a longer plasma Lp =
150k−1

0 is used, which is to compensate the faster “leak-
ing out” of the laser energy, since weaker pump pulses
are considered and the dynamic timescale of the grating is
longer [32]. According to the theoretical model, the grating
should obtain its maximum amplitude of nmax 
 1.78n0 =
1.44nc at t = t0 + 1.63tunit 
 1964ω−1

0 , while in the sim-
ulation the maximum amplitude nmax ≈ 1.69nc is found
at t ≈ 1500ω−1

0 , which agrees quite well with the model.
In this situation the widths of the HD layer and LD layer
are comparable and as a result, as shown in Fig. 12, the
test pulse upshift and downshift are also comparable, and
follow closely the dispersion relation obtained from the
density evolution.
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FIG. 12. Frequency evolution of the test pulse in case B (a) at
x = 63.6k−1

0 (at the center of LD layer), (b) at x = 67.2k−1
0 (at the

center of HD layer), and (c) the band-gap structure evolution at
x = 63.6k−1

0 . In (c), the left and right red squares are the peaks of
the laser frequency in (a),(b) at the corresponding times, respec-
tively. The left and right black squares are the low and high edges
of the band gap calculated through Eq. (7).
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IV. POSSIBLE APPLICATIONS OF THE
OUTGOING LASERS

As the plasma grating forms at around tstart = 300ω−1
0

in case I, both the pump pulses and test pulse are fre-
quency converted and stored inside the plasma grating,
part of them leaks out of the grating. The outgoing pump
lasers and test pulse are expected to undergo a frequency
conversion as well, which is confirmed by analyzing the
outgoing laser spectra in the vacuum outside the plasma
grating, as shown in Fig. 13(a). The frequency-downshift
amplitude of the pump laser is approximately δω/2 with
δω defined by Eq. (7). As the plasma grating grows, this
frequency downshift can reach up to 20% (although most
of the laser energy is frequency downshifted by just 2%,
as shown in Fig. 13). Increasing the plasma length can par-
tially compensate for that and allow more energy in the
more downshifted part of the spectrum, as shown by the
comparison between case I and case A in Fig. 13(a). We
propose that this frequency-downshifted laser can be fre-
quency filtered and used as a seed for backward Raman
amplification (BRA) in plasma [46,47]. BRA is a three-
wave resonant interaction process and it needs the seed to
be slightly but finely detuned from the pump (about 10%)
to satisfy the resonance relation: ωp = ωs + ωPE, where
ωp , ωs, and ωPE are the frequencies of the pump laser,
seed laser, and the electron plasma wave, respectively.
The state-of-the-art optical lasers are restricted at some
particular wavelengths for which gain media are readily
available, thus the seed in BRA is usually generated by
frequency shifting from these wavelengths. This is usually
realized by the means of nonlinear optics, using nonlinear
media such as gas or crystals [48], the damage thresh-
old of which is very low. Thus the generated seed is so
weak that BRA has to go through an inefficient linear stage
for a long time until reaching an efficient nonlinear stage,
which strongly undermines the amplification efficiency
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FIG. 13. Spectra of the outgoing pump laser in case I, case A
(a) and test pulse (b) in case I, case B after the band gap forms,
respectively. They are obtained by performing FFT on the left-
going lasers in vacuum. Note that compared to case I, case A
uses a longer plasma Lp = 150k−1

0 and case B uses smaller pump
amplitude a0 = 0.0632 and longer plasma Lp = 150k−1

0 .

[47,49,50]. The laser-driven plasma-grating method we
propose here can not only provide sufficient frequency
shift, moreover it uses a medium (i.e., the plasma) with
an ultrahigh damage threshold. Intense seed can be gen-
erated, which may strongly improve the amplification
efficiency [50].

In Fig. 13(b) we show the spectrum of the outgoing test
pulse. As we can see a comparable frequency upshift and
downshift is obtained in Case B, as discussed in Sec. III.
This kind of laser with a frequency split can find useful
applications in generating dual-color x rays by Thomson
and/or Compton scattering (TCS) of lasers off high-energy
electron beams [51–54]. In the head-on colliding geom-
etry and linear TCS regime, the on-axis x-ray frequency
is ωx ≈ 4γ 2ω0± [55,56], where γ is the relativistic factor
of the electron beam and ω0± is the shifted laser fre-
quency. So using this frequency-split laser for TCS, the
generated x ray should have similar frequency split [57]
(namely, of two colors). TCS provides high-energy level,
relatively compact, and narrow-band x-ray sources. X rays
are useful exploring tools in medical, biological, nuclear,
and material sciences. Two-color x ray can be further used
to monitor and probe the ultrafast changes in atomic, elec-
tronic, and magnetic structures simultaneously, or to obtain
additional information and discriminates between differ-
ent compositions [51,58–60]. For example, x-ray imaging
is indispensable to detect density-related information of
plasma in high energy density physics and inertial con-
finement fusion, while multicolor x ray can increase the
accuracy of electron temperature determination and the
detection range of areal densities [61–63]. X-ray crys-
tallography is widely used for structural information of
proteins and macromolecules, but it has a bottleneck: phase
information [64]. This issue can be addressed by the multi-
wavelength anomalous diffraction that employs multicolor
x rays as sources [65–67].

For applications of both the outgoing pump laser and test
pulse, it is necessary to control their spectral shape, which
can be done by controlling the frequency-shift amplitude
and the plasma grating’s energy-localization ability (char-
acterized by the timescale that the localized laser energy
comes out of the plasma grating). The former is associ-
ated with the band-gap width, which can be controlled by
manipulating the plasma density n0 and amplitude of the
first density harmonic η1 based on Eq. (7). While η1 is
inversely proportional to μ = 3Te0/mev

2
0 [32]. The latter

depends on (I) the number of the plasma-grating layers:
the more layers, the closer the plasma grating is to an
ideal photonic crystal and better energy-localization abil-
ity; (II) the timescale of the grating dynamics: the faster
the grating evolves, the more laser energy can be frequency
shifted before escaping the grating. The grating’s dynamic
timescale is characterized by tunit = √

(mi/2Zme)(1/klv0)

[29,32], which can be controlled by adjusting the pump-
laser amplitude and plasma density.
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V. CONCLUSIONS

In conclusion, in this paper we study the frequency
conversion in a dynamic plasma grating driven by coun-
terpropagating lasers via SC SBS. The laser-driven plasma
grating via SC SBS has been studied widely [20,25,26,28,
29,32,68–70], because it is a promising optical element to
manipulate laser pulses at high intensities (about 5 orders
beyond the damage threshold of solid optical elements)
and of ultrashort duration (femtosecond to picosecond). It
is well known that the dispersion relation of the plasma
grating differs significantly from that of a homogeneous
plasma. A band gap around the pump frequency is gen-
erated after the homogeneous plasma is modulated into
such a plasma grating [20,26,68]. Then the original pump
lasers are not permitted to exist in the plasma grating, but it
was not clear up to now how the pump lasers behave sub-
sequently. This work provides insight on how the pump
lasers evolve when the plasma grating is generated and
grows.

We find that as the plasma grating grows and the dis-
persion relation changes in time, the pump lasers convert
their frequency to closely follow the low edge of the con-
stantly widening band gap, while their wavelength is kept
unchanged so that they still obey the dispersion relation.
The lasers can be maintained in the plasma grating for
a long time due to their zero group velocity. A simi-
lar phenomenon is found with an incident test pulse, but
the test pulse converts its frequency to both the up and
low edge of the band gap. We attribute the difference to
their different energy distribution. We also propose use-
ful applications for laser-driven plasma grating, either to
frequency downshift the pump laser to act as a seed for
backward Raman amplification, or to frequency split the
incident laser to generate dual-color x ray by laser-electron
Thomson and/or Compton scattering.

Although the plasma-grating device has useful potential
applications, experiments of generation of a controlled and
well-characterized plasma grating are still lacking. This is
partially due to the fact these kinds of experiments are very
demanding on the experimental conditions, as they require
multiple, synchronized laser beams and such installations
are being commissioned [71,72].

Whereas explaining how the driving lasers interact with
the plasma grating will foster its experimental realization.
SBS is a widely studied three-wave instability in inertial
confinement fusion (ICF), which can consume the energy
of the pump laser and is detrimental for the energy cou-
pling. When the speckles of a laser beam focused by a
random phase plate in ICF or the intense pump laser in
fast-ignition ICF interact with the underdense plasma, the
SBS goes into the strongly coupled regime. The late phase
of SC SBS is characterized by strongly modulated plasma
grating [34,35]. The study that we propose of how the
pump lasers evolve in plasma grating implies alternative

features of SC SBS. SC SBS is found to be terminated
by the formation of cavitons and cavities in the plasma,
which can account for the saturation of SBS at levels of a
few percent observed in experiments [34,35]. Our finding
about the laser energy localization in the plasma grating
and frequency conversion should allow better interpre-
tation of the so-called stimulated-Raman-scattering-like
instability, which directly creates the cavitons and cavities
[33–35,73,74].

It is also interesting to point out that the scenario of
Sec. II, where a laser interacts with a suddenly created
plasma grating can have a practical application in the case
of a crystal [75–77] or a nanotube [78,79] instantly ionized
by x rays. The spatial period of a crystal or a nanotube can
be of the same order of the wavelength of an x ray, which
then becomes a plasma grating for the x-ray laser after ion-
ization. The interaction of the x-ray laser with crystals or
nanotubes is an interesting topic, which might be exploited
to realize x-ray wakefield acceleration [75,76,78,80] or
x-ray Raman amplification [77].
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