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A new type of transient photonic crystals for high-power lasers is presented. The crystal is produced by
counterpropagating laser beams in plasma. Trapped electrons and electrically forced ions generate a strong
density grating. The lifetime of the transient photonic crystal is determined by the ballistic motion of ions.
The robustness of the photonic crystal allows one to manipulate high-intensity laser pulses. The scheme of
the crystal is analyzed here by 1D Vlasov simulations. Reflection or transmission of high-power laser
pulses are predicted by particle-in-cell simulations. It is shown that a transient plasma photonic crystal may
act as a tunable mirror for intense laser pulses. Generalizations to 2D and 3D configurations are possible.
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Photonic crystals are one- ore multidimensional periodic
structures with a periodicity length of the order of an optical
wavelength. Photonic band structures [1] are analogues to
electronic bands. They also show frequency bands (pho-
tonic band gaps) of inhibited optical modes. Research work
on photonic crystals started several decades ago with the
pioneering works of Yablonovitch [2] and John [3]. The
names “photonic crystal” and “photonic band gap” were
introduced in 1989 by Yablonovitch and Gmitter [4]. Since
then, new science has emerged at the interface between
condensed-matter physics and photonics, and a range
of technological developments became possible [5–7].
Slow light in photonic crystals is a promising solution
for buffering and time-domain processing of optical signals
[8]. Nonlinear photonic crystals may bring to reality the
vision of light controlling by light comparable to electron-
ics, where electrons control electrons [9]. Nonlinear fre-
quency conversion with applications to second-harmonic
generation and multiple wavelength frequency conversion
were proposed [10]. Discrete solitons as self-trapped wave
packets result from the interplay between lattice diffraction
and material nonlinearity [11–15]. The idea of discrete
optical components was further promoted via diffraction
management [16] and modulated photonic lattices and
waveguides [17,18].
In the present Letter, we investigate transient plasma

photonic crystals when high-intensity laser light is con-
trolling short pulse lasers. A plasma is used as the
underlying medium, since otherwise for solids laser
damage might occur [19]. The typical damage threshold
fluence for silica is on the level of up to 10 J=cm2 for
pulse durations in the femtosecond to picosecond regime,
whereas the fluences considered here are more than 5
orders of magnitude larger. The transient plasma photonic
crystal (TPPC) being considered here is completely
different from the so-called plasma crystal [20], which
is caused by Coulomb crystallization in a dusty plasma.
The latter plasma crystal may be used as a photonic

crystal in the micrometer region, however, only with a
few layers in the vertical direction and only for low-
intensity light. The name plasma photonic crystal was
originally introduced for a system of alternating thin
plasma and dielectric material [21]. It can be realized,
e.g., by arrays of periodic microplasmas instead of the
arrays of dielectrics or metals in the conventional pho-
tonic crystals [22–27]. These plasma devices work in the
microwave regime with low radiation intensity. For a
TPPC, the plasma density gratings possess an ultrahigh
damage threshold [28–31] which allows control of ultra-
short intense laser pulses.
Crystal-lattice effects have been observed during short

seed pulse amplification via backscattering instability in
plasmas. One might distinguish two kinds of gratings that
can be produced in plasma: One is based on stimulating an
electron plasma wave (the Raman case) [32,33], and one is
based on moving ions over a wavelength to make a
neutralized density structure (the Brillouin case) [34–36].
The latter case, which is considered here, has rather
different properties compared to the Raman case, both in
transmitting light and in how long it lasts. Plasma density
gratings induced by colliding laser fields inside a plasma
volume were proposed for holography [32], an ion-ripple
laser with intensities up to 1016 W=cm2 [37], and com-
pression of powerful x-ray pulses [33]. Overdense plasma
gratings generated at the surface of initially plain solid
targets play an important role in laser-matter interaction
[38]. In all cases, the particle motion in the density gratings
has to be analyzed carefully, since quite different aspects
like dominating electron or ion motion, trapping, or
stochastic motion might prevail [39]. Nonlinear effects
may occur in the high-intensity relativistic regime [40].
The goal of the present Letter is to show that at the

interface between laser-plasma physics and photonics new
proposals for photonic crystals become possible. We present
the main idea in two steps. First, we generate a TPPC by two
oppositely propagating laser beams. The two laser pulses
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have vector potentials ~A1;2 ¼ 1
2
A1;2eið

~k1;2·~r−ω1;2tÞ~ey þ c:c:

with wave vectors ~k2 ¼ −~k1 and ~k1 ¼ k1~ex. The laser
frequencies are the same, i.e., ω1 ¼ ω2 ≡ ω0. Within the
plasma, the wave number k1 is related to the vacuum wave
number k0 via k1 ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n0=nc

p
, where n0 is the plasma

background density and nc ¼ ω2
0ϵ0me=e2 is the critical

plasma density. Here, me is the electron mass and ϵ0 the
vacuum dielectric constant. The two counterpropagating
laser beams produce a zero frequency beat. By introducing
the normalized vector potentials a1;2 ¼ eA1;2=mec,
the ponderomotive force of the beat becomes
Fp ¼ mec2a1a2k1 sinð2k1xÞ. For linear polarization, the
value of a corresponds to laser intensity I via
a ¼ ð7.3 × 10−19I½W=cm2�Þ1=2λ½μm�; λ is the laser
wavelength.
Starting from an initially homogeneous plasma density

n0, the electrons will bunch within the ponderomotive
troughs. The ponderomotive potential itself is too weak to
act directly on the heavier species, but the space-charge
field set up by the displaced electrons will act on the
ions. By equating the ponderomotive force with the
established electrostatic field, we obtain the estimate
Emax ¼ a1a2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n0=nc

p
for the maximum space-charge

field in terms of E0 ¼ mecω0=e. The time scale for the ion
reaction can be estimated from a two-fluid model as
t ≈ ½ðmi=meÞ=ðk21c2a1a2Þ�1=2 [37]. The initial velocity of
the ions will be vi ∼ cðme=miÞEmaxtω0. In what follows,
we consider an underdense electron-proton plasma with
mi ¼ 1836me and n0 ¼ 0.3nc. The laser amplitude a ¼
a1 ¼ a2 ¼ 0.02 is nonrelativistic, corresponding to about
I ¼ 1015 W=cm2 for λ ¼ 0.8 μm. Then, the estimated
response time of the ions becomes approximately 1 ps.
The self-consistent evolution of the plasma density in

the presence of two counterpropagating laser pulses
will be obtained from Maxwell-Vlasov simulations.
Figure 1 shows results from a simulation where two

multipicosecond flattop laser pulses interacted with a
short plasma slab of initial electron (ion) temperature
Te ¼ 10 eV (Ti ¼ 1 eV).
On the left in Fig. 1, the electron density is shown at the

two times t ¼ 0 (initial distribution) and t ¼ 1.25 ps (after
entering the plasma). The simulations confirm the scenario
of an initial dominance of the ponderomotive force on
electrons and a subsequent streaking of the ions due to the
space-charge field. At t ¼ 1.25 ps, the spatial ion density
distribution is almost the same as the spatial electron
density distribution, meaning that the early time space-
charge field has vanished already. We observe a strongly
pronounced grating structure with very large peak values,
reaching even overcritical densities. Within the troughs
of the grating, the density has decreased to about 1=3 of its
initial value. The right side in Fig. 1 shows details at
t ¼ 1.25 ps, i.e., (electron or ion) density n, as well as
electron and ion velocity distributions fe;iðx; vxÞ, for two
grating periods around the center of the plasma slab. The
density profile is very anharmonic, featuring an almost
steplike profile alternating between nmin ¼ 0.1nc and
nmax ¼ 1.1nc. The phase space of the electrons shows
very strong electron trapping inside the density peaks,
leading to an almost flattop distribution function of width
≈5vthe, where vthe ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffi
Te=me

p
is the electron thermal

velocity. After t ¼ 1.25 ps, the ions still move ballistically.
Because of their inertia, they traverse the peaks and move
into the subsequent trough. At this time, the grating starts
decaying.
When expanding the density in Fourier modes as

nðxÞ ¼
X
p

ηpe−ið2π=aÞpx; ηp ¼ 1

a

Z
a

0

nðxÞeið2π=aÞpxdx;

ð1Þ
where a ¼ π=k1 is the period of the density grating, we
obtain the time dependencies shown in Fig. 2.
The first four harmonics (p ¼ 1, 2, 3, 4) of the density

show the following. At about t ¼ 0.5 ps, the nonlinear
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FIG. 1. Left: Electron density n=nc at t ¼ 0 (orange, dash-
dotted line) and t2 ¼ 1.25 ps (blue line). Right: The electron
density n=nc (top), electron velocity (middle), and ion velocity
(bottom) distributions, respectively, are shown at t2 ¼ 1.25 ps.
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FIG. 2. Magnitude of the Fourier coefficients ηp, p ¼ 1;…; 4,
of the plasma density, corresponding to the wave numbers
kp ¼ 2pk0, versus time. The shaded area designates the growth
of the crystal.
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phase of the density evolution sets in, driving subsequently
the higher harmonics of the density modulation. At t ≈ 1 ps,
the density grating is fully developed. Subsequently, a
decay due to the overshooting of the ions occurs with a
characteristic time scale of picoseconds.
We will now analyze the photonic band structure caused

by the fully established density grating. Later, we will
discuss the oblique incidence of laser pulses onto the
plasma. Hence, we have to take care of the polarization
of the light. We focus on s polarization; the results for p
polarization are, however, not fundamentally different. For
s polarization, the wave equation for the transverse com-
ponent of the electromagnetic wave is [41]

� ∂2

∂x2 þ
∂2

∂y2
�
Ezð~rÞ þ

ω2

c2
ϵðxÞEzð~rÞ ¼ 0; ð2Þ

where the dielectric function ϵ can be expressed as
ϵðxÞ ¼ 1 − ω2

peðxÞ=ω2
0. Because of the structuring of the

electron density n, the plasma frequency depends on x via
ω2
pe ¼ nðxÞe2=ϵ0me. In order to solve (2), we make a Bloch

wave ansatz

Ezð~rÞ ¼
X
~h

cð~hÞeið~kþ~hÞ·~r; ð3Þ

where ~k ¼ ðkx; kyÞ. The lattice vector is ~h ¼ ð2πp=a; 0Þ,
p ¼ 0;�1;�2;…. Normalizing (2) by using xunit ¼
c=ω0 ¼ k−10 and tunit ¼ ω−1

0 , inserting (3), and setting the
coefficient for the mode exp½iðkx þ 2πp=aÞx� to zero, we
find the system of linear equations

cp

�
−
�
kx þ

2π

a

�
2

− k2y þ ω2

�
−
X
p0

ηp−p0cp0 ¼ 0: ð4Þ

The roots of the determinant of (4) determine ωð~kÞ. For
what follows, we truncate the system at p ¼ �3, since we
are interested in the lowest-order photonic band gaps;
contributions by higher-order coefficients ηp, p > �6 to
these gaps are marginal. The temporal variation of the
coefficients ηp is directly reflected in the photonic band
structure of the density grating.
In Fig. 3, we show the band structure for the first

Brillouin zone (BZ) at two different times, t1 ¼ 0.5 ps and
t2 ¼ 1.25 ps, respectively. At t1, only the first harmonic η1
contributes to nðxÞ; hence, we observe a band gap around
ω0 only at the border of the first BZ. Note that the border is
located at kx=k0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1 − n0=nc

p
due to the wave number

reduction in the plasma. The size of the gap is
Δω=ω0 ¼̂ 1.5%. With increasing time, jη1j grows substan-
tially, resulting in a much wider band gap around ω0,
reaching Δω=ω0 ¼̂ 15.2% at t2. At the same time, higher-
order gaps appear due to the growth of jη2j; jη3j;…,
leading, for example, to a secondary gap around approx-
imately 1.75ω0 of Δω=ω0 ¼̂ 5.3%. The width of the first

gap can be estimated by considering only the determinant
of the 2 × 2 submatrix of (4) which couples the modes
p ¼ 0 and p ¼ −1. One obtains

Δω
ω0

≈ 2

 
1 −

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
π2

a2
þ η0 − η−1

s !
; ð5Þ

where η0 ¼ n0. Assuming a Gaussian pulse at 800 nm, the
spectral bandwidth of the laser pulse can be estimated as
Δω=ω0 ¼ 2.35=τ; where τ is the pulse duration at full
width at half maximum of the electric field and is given in
femtoseconds (fs). The grating may thus reflect pulses as
short as about 15 fs in normal incidence at t2.
For oblique incidence, we have ky ≠ 0. Since a 1D TPPC

is not structured along the y direction, ky can attain any
value. Figure 4 shows the photonic bands in dependence of
ky, where now continua of photonic modes exist due to
the freedom 0 ≤ kx ≤ π=a. Since j~kj ≥ ky and all bands lie
to the left of the light line ω ¼ cky, all TPPC modes are
leaky modes and so can extend into the vacuum region. On
the other hand, not all light incident onto the TPPC from
the outside can penetrate into the TPPC, depending on the
frequency ω0 and the angle Θ ¼ atanðky=kxÞ. From Fig. 4,
we deduce that the smallest angle for which the light of
frequency ω0 can penetrate into the plasma is Θ ≈ 25°.
In the second step, we investigate the laser light pulse

manipulation by the TPPC. For that, we conducted two-
dimensional particle-in-cell (PIC) simulations using the
EPOCH PIC code [42]. A 2D slab of plasma density
n0 ¼ 0.3nc, being homogeneous along y and initially
confined to the region −20 ≤ x ≤ 20 μm, is considered.
First, the plasma is irradiated by two counterpropagating
Gaussian driver laser pulses of 500 fs FWHM duration. The
pulses propagate along x and are assumed constant along y.
The pulses initiate the formation of the density grating
which persists after the pulses have left the plasma. About
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FIG. 3. Photonic band structure at t ¼ 0.5 ps (left, blue thick
line) and t ¼ 1.25 ps (right, black thick line); the red dashed line
corresponds to the light line ω ¼ ckx. The first Brillouin zone
ends at k1 ¼ k0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffið1 − n0=ncÞ
p

≈ 0.83k0.
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0.5 ps after the driver pulses have left the plasma, we
irradiate the plasma with a s-polarized 30 fs Gaussian probe
pulse of intensity 1017 W=cm2. The pulse is focused to an
8 μm diameter focal spot and incident at an oblique angle
Θ. The probe and the driver pulses share the same wave-
length λ0 ¼ 800 nm. At the time when the probe reaches
the surface of the TPPC, the density profile is very similar
to that shown in Fig. 1. Hence, for an interpretation of the
probe pulse we can use the results presented in step one.
For angles up to Θ ≈ 20°, we find close to perfect

reflectivity. Figure 5(a) shows the case Θ ¼ 17°, where
the reflected pulse becomes slightly stretched. About 90%
of the incident energy is reflected. At larger anglesΘ≳ 20°,
the TPPC begins to become transparent, as demonstrated in
Fig. 5(b), where a pulse incident at Θ ¼ 23° is propagating
with almost no reflection through the plasma. The trans-
mitted pulse has about 15% less energy than the incident
pulse. The angular dependence of reflection and trans-
mission agrees very well with the predictions from Fig. 4.
The results from simulations for p polarization are similar
to the s-polarization results shown here.
In the present Letter, we show results for 1D TPPCs.

When using not exactly counterpropagating laser beams,
one can generate 2D TPPCs. The structure of the 2D
TPPCs resembles a square lattice of plasma rods. The angle
between the driver pulses is an additional degree of
freedom. It allows one to vary the lattice constants along
the two directions. Evaluating the full 2D TPPC diversity,
both in material properties and geometry of probe pulse
incidence (see, e.g., Chapter 10 of Ref. [5] as well as the
discussion of metamaterial properties in Ref. [43]), might
open further applications of TPPCs.

In conclusion, underdense plasma with crossed-laser
beams can be utilized to manipulate optical signals in
many ways. In contrast to the linear Raman regime with a
plasma wave for recording and retrieving information [32],
here we propose a density grating in the Brillouin regime,
generating plasma photonic crystals for high-power lasers.
The TPPC may act as a tunable mirror over a predictable
time interval; it sustains intensities by orders of magnitude
larger than what solid state photonic crystals can endure.
Because of the large band gap, the TPPC operates for
ultrashort pulses down to pulse durations of a few tens of
femtoseconds. For the applicability of the linear photonic
behavior, the ponderomotive force of the probe must not
significantly affect the density distribution within the
TPPC. Below the corresponding intensity limit, the reflec-
tion or transmission of high-power laser pulses can be
predicted quite accurately by photonic band gap theory.
At larger intensities, one might enter a weakly nonlinear

FIG. 5. Oblique incidence of a 30 fs s-polarized Gaussian laser
pulse with a focal intensity of 1017 W=cm2 and a focal spot size
of 8 μm onto a TPPC. The incidence angles are (a) Θ ¼ 17° and
(b) Θ ¼ 23°, respectively. Shown is the laser intensity in units of
1016 W=cm2 (in color) and the plasma density (as grayscale).
A single laser pulse is shown at different times, starting at the
lower left corner.
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FIG. 4. Photonic band structure at t ¼ 1.25 ps. On the left,
we show for −1 ≤ kx=k0 ≤ 0 photonic bands for perpendicular

incidence ~k ¼ ðkx; 0Þ (green line) and vacuum light line
ω ¼ ckx. On the right, for 0 ≤ ky=k0 ≤ 2 two superimposed

band structures for ~k ¼ ð0; kyÞ (green lines) and ~k ¼ ½ðπ=aÞ; ky�
(blue lines) appear. The shaded region marks a continuum of
bands at intermediate kx. The red dashed line shows the light
line ω ¼ cky.
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regime [9] with many new phenomena known under the
topic “photonic crystals and nonlinearities”; see, e.g.,
Ref. [12]. Work is in progress to characterize and evaluate
that regime. When damage of the TPPC starts, reflection
may still take place, but the reflected pulse becomes
distorted. However, when considering strong probe pulses
with unwanted prepulses entering weak gratings, the
prepulses may be reflected while the high-intensity main
pulse will destroy the weak grating and propagate in the
forward direction. Whether such a “cleaning” of pulses
works in reality will be investigated in the future.
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