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Efficient nonlinear Bragg diffraction was observed as an intense infrared femtosecond pulse was

focused on a plasma grating induced by interference between two ultraviolet femtosecond laser pulses in

air. The preformed electrons inside the plasma grating were accelerated by subsequent intense infrared

laser pulses, inducing further collisional ionization and significantly enhancing the local electron density.
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Multiphoton ionization and subsequent electron-ion in-
teraction [1–3] induced by intense ultrashort laser pulses
play important roles not only in highly nonlinear and ultra-
fast processes of atoms and molecules, such as high har-
monic generation [4], molecular photodissociation [5,6],
electron localization and recapture in atomic or molecular
states [7–10], and acceleration of neutral atoms [11], but
also in filamented nonlinear propagation of intense ultra-
short laser pulses in transparent media. The electron den-
sity was demonstrated to increase with the focused peak
intensity before saturation around the clamped peak inten-
sity within the plasma channel [12]. For a single infrared
filament in air, the electron density is typically limited
below 1017 cm�3 [13–15]. Nonlinear interaction of mul-
tiple infrared femtosecond (fs) filaments could generate
plasma gratings [16–20] that may tolerate ultra-high-
intensity laser fields beyond the clamped intensity limit
for free electron generation and acceleration. Filament
interaction has already been used to control high-field
direct acceleration of electrons over many centimeters
[21], phase-matched enhancement of relativistic third har-
monic (TH) generation [22,23], dramatic increase of
plasma fluorescence in the interaction region [18,24], and
even generation of powerful plasma radiation sources at
predetermined remote locations using dual laser pulses
[25]. It remains unrevealed whether impact ionization
induced by appropriate interacting fs filaments could dra-
matically increase the electron density and how plasma
gratings induced by multicolor laser fields could be spa-
tiotemporally coupled to benefit Bragg diffraction and
intensify the spatial periodic modulation depth of the gen-
erated plasma density.

In this Letter, we demonstrate that nonlinear interaction
of two noncollinearly overlapped UV fs filaments could
generate plasma gratings along the spatial interference
fringes, where the peak electron density was determined
to be>1018 cm�3. The UV fs laser pulses could be tightly
guided in plasma channels of quite small cores due to their
excellent focus abilities and the guided intensity in the
plasma grooves was enhanced while UV fs laser pulses
could ionize atmospheric molecules with a larger multi-
photon ionization rate than infrared pulses, the local

electron density was thus enhanced significantly in com-
parison with that induced by single UV filament or inter-
acting infrared filaments. As additional intense infrared fs
laser pulses were focused upon the preformed plasma
grating at Bragg diffraction angles, nonlinear Bragg dif-
fraction was observed, which intensified the modulation
depth of the plasma density generated by the interacting
UV filaments. The local peak electron density was en-
hanced up to 2� 1019 cm�3 via tight guiding of the inci-
dent pulses within the plasma gratings. At such a high
electron density, the incident laser pulses could accelerate
some preformed electrons to trigger inelastic collisional
ionization and considerably increased the peak electron
density.
Our experiments are schematically illustrated in

Fig. 1(a). Intense fs TH pulses with the pulse energy up
to 2 mJ and pulse duration �100 fs were generated from
800-nm fundamental-wave (FW) pulses of a Ti:sapphire
regenerative laser of 40 fs pulse duration and 25 mJ output
pulse energy [24]. The generated TH pulses were split into
two beams, which were simultaneously focused by a con-
cave mirror (f ¼ 125 mm) to produce two noncollinearly
crossed UV filaments in air. Each individual filament was
about 10 mm in length as the UV pulse energy was 1 mJ
per pulse. A microscope (10�microobjective) with a CCD
(640� 512 pixels, 1:3 �m=pixel) was installed on the top

FIG. 1 (color online). (a) Top view of the noncollinear inter-
action area where two UV filaments interfered to create a plasma
grating, with a FW probe beam passing through the interaction
region at the Bragg incident angle. 1st: the first-order Bragg
diffraction; MS: microscope with CCD; EM: pulse energy meter.
(b) Plasma fluorescence distribution from plasma channels in-
duced by the interacting TH femtosecond pulses.
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of the filament intersecting region to record the fluores-
cence image of the plasma channels. As the crossed TH
pulses were temporally overlapped in the interaction re-
gion, the plasma fluorescence intensity there was observed
to exhibit a periodic distribution as shown in Fig. 1(b). The
spatial period � and effective width D of the periodic
fluorescence signal was extracted to be 5.2 and 26:0 �m,
respectively. As the plasma fluorescence was closely
related with the plasma density, its spatial distribution
exhibited a wavelength-scale plasma density modulation,
i.e., a plasma density periodically modulated along x axis
in the crossing plane with the spatial period determined by
� ¼ �TH=ð2 sin�THÞ [18], leading to a plasma grating with
grooves along the spatial interference fringes (y axis),
where �TH is half of the crossing angle of the TH beams
and �TH denotes the TH wavelength.

The remaining FW pulse after the TH generation was
focused by a concave mirror (f ¼ 500 mm) onto the pre-
formed plasma grating at the Bragg incident angle �FW ¼
arcsinð�FW=2�Þ � 4�, where �FW denotes the FW wave-
length. Figure 2(a) shows the observed far-field light spots
of the two TH pulses, the incident FW pulses and their
Bragg diffraction, respectively. The zeroth and first order
Bragg diffraction of the incident FW pulse were symmet-
rically located besides two TH beams. Interestingly, spatial
intensity interference was established between the FW
pulse and its first order Bragg diffraction, giving rise to
addition plasma grating induced by the incident FW pulse.
At the Bragg incident angle, FW-induced plasma gratings
spatially overlapped with the TH-induced ones due to� ¼
�FW=ð2 sin�FWÞ ¼ �TH=ð2 sin�THÞ. The Bragg diffraction
of the incident FW pulses could thus intensify the UV-
induced plasma gratings by further increasing the local
plasma density modulation. On the other hand, along the
z-axis direction, the interaction region exhibited a thin
layer of plasma-induced refractive index change. As the
FW pulse was focused on the UV-preformed plasma
grating with a diameter larger than the interacting UV
filaments, the plasma grating brought about single-slit
diffraction with the slit width corresponding to the plasma
grating thickness. The FW transmission and single-slit
diffraction interfered, resulting in a spatial intensity modu-
lation along the z-axis direction, with three parallel fringes
as shown in Fig. 2(b). Such a spatial interference could thus

be used to estimate the thickness of the preformed plasma
grating. The bright and dark fringes were measured to be
�b ¼ 0:33� and �d ¼ 0:22�, respectively. The single-slit
width d could thus be extracted as d ¼ �FW=2ðsin�b �
sin�dÞ � 208 �m. It was much larger than the UV filament
diameter D ¼ 26 �m, which implied that the self-
projection of the intensity interference fringes of the inter-
acting UV filaments in the x-y plane responsible for plasma
grating generation was accompanied with defocusing the
incident beams along the z-axis direction. This should be
mainly caused by the plasma defocusing effects, evidenc-
ing indirectly plasma density enhancement within the
plasma grooves.
In order to study the effects of the Bragg incident FW

pulses on the preformed plasma gratings, we next mea-
sured the Bragg diffraction efficiency at various incident
FW pulse energies. For this purpose, a half-wave plate and
a Glan laser polarizer were inserted in the FW beam path to
vary the incident FW pulse energy. By rotating the half-
wave plate to gradually increase the FW energy, the mea-
sured diffraction efficiency as a function of the FW energy
is shown in Fig. 3 (black curve). The diffraction efficiency
in each case of the incident FW energy was scanned to its
maximum by tuning the time delay between FW and TH
pulses. Interestingly, the Bragg diffraction efficiency in-
creased nonlinearly from 2.4% to 18.7% as the FW energy
increased from 0.5 to 10.5 mJ. The observed nonlinear
Bragg diffraction were intrinsically originated from the
spatially inhomogeneous change of the plasma density
due to multiphoton ionization or impact ionization in the
presence of intensity interference between the incident and
Bragg diffracted FW pulses, which formed local intensity
peaks and thus increased the local plasma densities along
the UV-preformed plasma grating grooves. As the incident
FW pulse energy increased, the plasma density was modu-
lated spatially with an increased modulation depth.
The peak electron density in a single UV fs filament

could be roughly estimated as �e � ½ð0:76n2�cÞK=
�Ktp�N�1=K�1 [26], where n2 � 8� 10�19 cm2=W is the

nonlinear Kerr coefficient, �c ¼ 1:5� 1022 cm�3 is the
critical plasma density driven by the UV pulse at
267 nm, �K � 3:53� 10�44 s�1 cm8=W4 is the multipho-
ton ionization cross section of nitrogen ionization with
four photons K ¼ 4, and the UV pulse duration was

FIG. 2 (color online). (a) Photograph of light spots projected on a white paper screen placed 0.5 m after the filament intersecting
point recorded by a digital camera. (b) 3D spatial intensity distribution of the FW beams after passing through the plasma grating.
(c) Distribution of laser intensity along y axis after single-slit diffraction from the intersecting filaments.

PRL 107, 095004 (2011) P HY S I CA L R EV I EW LE T T E R S
week ending

26 AUGUST 2011

095004-2



tp � 100 fs. The peak electron density was estimated as

�e � 4:6� 1017 cm�3. Experimentally, the peak electron
density inside the plasma grating could be determined with
the Bragg diffraction efficiency� ¼ sin2ð��npD=�Þ [20],
where the refractive index modulation depth is given by
�np ¼ ��e=2�c according to the simple Drude model.

The peak electron densities inside the plasma grating could
thus be calculated, as shown in Fig. 3 at versus incident FW
energies. As the incident FW pulse was weak, the pre-
formed plasma grating could be probed with negligible
influence from Bragg diffraction. For a focused FW pulse
energy of 0.5 mJ with the corresponding diffraction effi-
ciency � ¼ 2:4%, the refractive index modulation was
�np � 1:54� 10�3. The peak electron density was esti-

mated to be �e � 5:2� 1018 cm�3, which increased by a
factor of 10 as compared to that generated by a single UV
filament. Considerable enhancement of electron density
was also confirmed by the significant enhancement of
fluorescence signal at the filament interaction region.

As the Bragg incident FW laser energy increased, a
quick rise of the Bragg diffraction efficiency was observed
at low FW pulse energies, and the nonlinear increase
became saturated at high FW pulse energies. As shown
in Fig. 3, the slope changed towards a slow increase at the
characteristic FW pulse energy �7:6 mJ. The correspond-
ing diffracted energy was measured to be 1.27 mJ. The
diffraction efficiency and peak electron density inside the
plasma grating were extracted to be � ¼ 16:7% and �e ¼
1:4� 1019 cm�3, respectively. The peak electron density
in such a case was close to the molecular density in air,
indicating nearly complete ionization of air molecules. In
comparison with plasma gratings preformed by interfering
TH pulses, the plasma fluorescence in the interaction re-
gion increased sharply as the Bragg incident FW laser
pulses were delayed about 3.6 ps after the TH pulses, and
a bright sparking spot could be observed therein. In addi-
tion, a blast sound was heard near the geometric focus,
while no fluorescence enhancement was observed as the
FW pulses propagated ahead of the TH pulses.

We then investigated the plasma decay dynamics by
tuning time delay between FW probe and the grating
forming TH pulses. The time evolution of the peak electron
density inside the plasma channels is shown in Fig. 4,
where positive delays refer to probe FW pulse propagating
behind the grating forming TH pulses. With the FW pulse
energy of 10.5 mJ, the Bragg diffraction efficiency attained
its maximum at a delay of 3.6 ps, corresponding to the
buildup time of hydrodynamic plasma waveguides with
plasma expansion out of the plasma grating grooves. The
Bragg incident FW pulses were guided in the plasma
grating grooves as the multiphoton ionization induced
electrons were expanded out of the grooves, which in
turn influenced dramatically the preformed plasma grat-
ings with further ionization. After that, the electron density
exhibited a monotonously exponential decay. The plasma
lifetime was extracted to be greater than 100 ps.
The dynamic evolution of the plasma gratings excluded

direct multiphoton ionization from the FW laser pulses as
the main origin for the considerable increase of local peak
electron density. A possible mechanism to explain the
delayed nonlinear Bragg diffraction is the inelastic colli-
sion ionization induced by accelerated ponderomotive free
electrons [25]. With a spatially periodic distribution of
electrons formed through multiphoton ionization by the
interfering UV laser pulses, some of the preformed elec-
trons were further accelerated by the FW electric field.
Some accelerated electrons then triggered impact ioniza-
tion of other molecules and ions, in an avalanchelike
process, which induced a sharp increase of electrons.
This was confirmed by the plasma fluorescence as ob-
served in Fig. 5. Dramatic enhancement of plasma fluores-
cence occurred in the interaction region as the Bragg
incident FW pulses were appropriately delayed. The
Bremsstrahlung emission responsible for the plasma
fluorescence background increased dramatically in the
UV spectral region, implying that the free electrons in
the plasma gratings were accelerated to high energies.
Highly ionized nitrogen and oxygen ions were
observed, which might be originated from cascade impact

FIG. 4 (color online). Measured peak electron density inside
the plasma grating as a function of time delay between the FW
and plasma grating forming TH laser pulses.

FIG. 3 (color online). Bragg diffraction efficiency induced by
plasma grating (black circles) and peak electron density (blue or
gray squares) inside the plasma grating versus the incident FW
pulse energy.
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ionization of nitrogen and oxygen ions after molecular
dissociation: NðOÞ þ e� ¼ NþðOþÞ þ 2e�, NþðOþÞ þ
e� ¼ N2þðO2þÞ þ 2e�. The accelerated electrons could
induce impact ionization of atomic ions only when the
ponderomotive energy exceeded their ionization poten-
tials, while the kinetic energy accelerated by the FW pulses
could be calculated in eV as Up ¼ 9:33� 10�14I�2 with

the FW pulse intensity I inW=cm2 and the FWwavelength
� in �m [12]. As the accelerated electrons induced
efficient impact ionization of Nþ ion, corresponding to
the ponderomotive energy Up > 29:6 eV, we could

thus estimate a tightly guided FW peak intensity of
I � 4:9� 1014 W=cm2, which is at least 1 order of mag-
nitude higher than the intensity clamping limit [12]. This
agreed with recent results [27,28]. As shown in Fig. 5, the
ionic spectra and particularly those of highly ionized nitro-
gen and oxygen ions, increased further with more subse-
quent Bragg incident FW pulses of appropriate delays.
This could be qualitatively understood as follows. The first
Bragg incident FW pulse delayed 3.6 ps with respect to the
interacting UV pulses were efficiently guided in the plasma
grating grooves after appropriate plasma expansion of the
preformed plasma grating, accelerating electrons therein to
trigger impact ionization that generated an increased elec-
tron density in the grating grooves. The second Bragg
incident pulse delayed 3.6 ps after the first one accelerated
electrons to higher energies, resulting in a dramatic in-
crease of impact ionization, and accordingly more highly
ionized nitrogen and oxygen ions were observed.

In summary, we demonstrated nonlinear Bragg diffrac-
tion from a plasma grating induced by the interference
between two UV fs pulses. The peak electron density

inside the plasma grating increased significantly in com-
parison with that in a single UV fs filament. When an
intense infrared pulse was focused on the preformed
plasma grating, some electrons were accelerated and in-
elastic collision ionization generated more electrons,
giving rising to a quite high local electron density. A
plasma-flare-like radiation source was observed in air.
The interaction between several fs filaments could be a
promising tool to study nonlinear effects in plasma phys-
ics, to control high-order harmonic generation and THz
emission, and to compress intense ultrashort laser pulses
with wavelength-scale plasma structures.
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