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Spectral modulation and supercontinuum generation of a probe pulse is investigated by using the plasma grating
induced by the interference of two infrared femtosecond laser pulses. The dependences of the supercontinuum generation
from the probe pulse on the time delay, the relative polarization angle between the probe pulse and the two-pump pulses, and
the input probe pulse energy are investigated. The far-field spatial profiles of the three pulses are measured with different
time delays and relative polarization angle, and the core energy of the probe pulse as functions of the time delay and relative

polarization angle are also shown.
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1. Introduction

Filamentation of femtosecond laser pulses!!'8 is a rich
interdisciplinary branch of modern physics that deals with the
propagation of ultra-intense laser pulses in transparent me-
dia. Filamentation with self-stabilized intensity clamping in
self-guided channels owing to the dynamic balance between
Kerr self-focusing and plasma defocusing, induces plenty of

nonlinear optical phenomena, such as self-compression, [*~!1!

[12-14] the third harmonic generation, 13101 su-

THz generation,
percontinuum (SC) generation.!!7-!8] The SC generation with
ultra-broadband spectra covering a spectral range from near
infrared (IR) to ultraviolet (UV) was intensively investigated
in different optical media!'®>3! and stimulates important ap-
plications in various fields.[>*-28] Several nonlinear processes,
such as the self-phase modulation, four-wave mixing and self-
steepening, are now understood to broaden the pulse spectrum
and contribute to SC generation. The first SC generation with
a spectral range from IR to UV was obtained by femtosecond-
laser pulses propagating in high-pressure gases. Control and
optimization of the filamentation characteristics are required
for potential applications of the filamentation of femtosecond
laser pulses. Various experiments were performed to study
the spatial dynamics of filament formation in the air, includ-
ing fusion and competition of multiple filaments. Recently,
more refined methods to control the filamentation of a fem-
tosecond laser pulse were introduced. One is using an optical
airy beam to form a curved trajectory of the filament in the

29.301 Another method relies on the molecular

air and water.|
lensing: the probe filament can be sucked into the pump fila-

ment’s molecular quantum wake and trapped or destroyed by
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it.?!1 For diatomic molecules, the filamentation dynamics are
well controlled by the alignment and the rotational states of
molecules, and the SC cut-off wavelength in the UV spectral
range are controlled by using the quantum wake of impulsive
molecular alignment through filamentation of a femtosecond
laser pulse with a longer temporal duration and more moder-
ate driving intensity.

32331 generated by noncollinear in-

The plasma grating!
teraction of multiple IR femtosecond filaments exhibits cap-
tivating properties for further research. The laser power den-
sity inside the plasma grating may be beyond the clamping

[34-36] and the peak elec-

intensity limit for a single filament,
tron density inside the plasma grating was demonstrated to be
two orders of magnitude higher than that inside a single fem-
tosecond filament.?®! By using a UV plasma grating, Bragg
diffraction efficiency was used to estimate the free-electron
density inside the interaction area. A plasma grating was also
applied to study the laser energy exchange between the two
femtosecond filaments forming the plasma grating.!*6?"! Re-
cently, we studied the enhancement and spectral broadening
of the third harmonic generated from a third probe pulse by a
plasma grating. 7]

As plasma gratings show so many fascinating characteris-
tics, the spectral modulation and the SC generation of a probe
pulse are investigated by using a femtosecond plasma grating
in this paper. The probe femtosecond pulse is focused on the
plasma grating with a small crossing angle, and the SC from
the probe pulse and spatial profiles of the three pulses are mea-
sured. The dependences of the SC generation and the core
energy of probe pulse on the time delay and the relative polar-
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ization angle between the probe pulse and the pump pulses are
investigated.

2. Experimental setup

The experiment was performed using a Ti:Sapphire
chirped-pulse amplification laser system (1 kHz, 810 nm, and
33 fs). The experimental schematic is shown in Fig. 1(a).
Two pulses with pulse energy up to 0.7 mJ and 0.8 mJ were
focused to form a plasma grating by using two 63-cm-focal-
length lens. The probe pulse with pulse energy up to 0.6 mJ
was focused to form a longer filament with length of about
2.5 cm by using a 110-cm-focal-length lens. The crossing
angle 6 was set to 3.8° while the angle ¢ was set to 3.5°.
The fluorescence distributions of the interaction area could be
recorded by a sensitive charge-coupled device (CCD) camera.
A fused silica lens was used to focus the SC generated from
the probe pulse into a fiber-pigtailed spectrometer (Ocean Op-
tics, USB2000+) which was used to detect the spectra of the
SC generation. We took the head of the fiber away and put a
pinhole with a power meter into the beam pass to measure the
core energy of the probe pulse. If all the components after the
interaction area were moved away, the SC generation could di-
rectly irradiate a white screen. The distance between the white
screen and the interaction area was about 60 cm. Then the out-
put far-field profiles of the three pulses were recorded with a
digital camera.
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Fig. 1. (color online) (a) Schematic of the experimental setup for study-
ing the dynamic of the probe pulse. The color bar represents the linear
intensity scale inherent to the CCD camera. (b) The fluorescence distri-
bution of the interaction area.

A plasma grating lasting several tens of picoseconds is
formed when the time delay between the two pump pulses
is 0 fs. The length of the plasma grating is about 700 pm
and the spatial period A can be obtaned by the function
A =A/2sin(6/2). As shown in Fig. 1(b), the contrast ratio
of the plasma grating is enhanced by the probe pulse, which
was studied in our previous work.!*’l The interaction length
is enlarged, for the attraction between the probe pulse and the
plasma grating, and the intensity of the fluorescence of the in-
teraction area is improved up to ten times by the probe pulse,

which means the enhancement of plasma density in the inter-
action area.

3. Experimental results and discussion

The dependence of the SC spectra of the probe pulse on
the time delay is shown in Fig. 2(a). Figures 2(b)-2(g) show
the output far-field spatial profiles of the three pulses measured
with time delay of —10 ps (no interaction between the plasma
grating and the probe pulse), —200 fs, —50 fs, O fs, 50 fs,
and 200 fs, respectively. The time zero is defined as the time
point when the fluorescence intensity of the interaction area
is the highest and the negative delay means the probe pulse
propagates ahead. As shown in Fig. 2(a), the output spectra
of the probe pulse exhibit an obvious blue shift in the time
range from —200 fs to 200 fs, and the cut-off wavelength of
the SC spectrum is extended to 570 nm when the time de-
lay is set to O fs. The intense interaction between two non-
collinear filaments can induce the enhancement of the laser
peak intensity of the interaction area due to the light filed

[28.35] The femtosecond laser pulse with higher

interference.
energy produces more drastic competition>!! among the SC
generation, multiphoton ionization losses, multifilamentation,
and some other nonlinear processes. By tuning the time delay
between the probe pulse and the pump pulses to be zero, an
additional cross-defocusing effect is induced to loosen the fo-
cusing condition of the probe pulse. The cross-focusing effect
can enhance the self-phase modulation, the self-steepening,
space-time focusing effects, and the cross-phase modulation
to broaden the SC spectrum of the probe pulse, resulting in
the blue shift of the SC generation.!”?! When the time delay
between the probe pulse and pump pulses is set to be negative
(temporal overlapping), the cross defocusing effect is progres-
sively enhanced with the increase of the time delay. However,
this effect is slightly suppressed with the increase of the time
delay in the positive range, inducing the asymmetrical spectra
of the SC generation detected with negative and positive time
delay. As shown in Fig. 2(a), the output spectrum of the probe
pulse obtained with negative time delay is wider than that ob-
tained with positive time delay. The output spectra extend to
about 610 nm and 600 nm with time delay of 200 fs and about
600 nm with time delay of —200 fs. Meanwhile, the inten-
sity of broadening spectra obtained with negative time delay
is higher than that obtained with positive time delay. It should
point out that the possible reason for the suppression of the
cross defocusing effect with positive time delay is multipho-
ton ionization loss.

Without interacting with the plasma grating, the self-

138391 of the probe pulse with the improvement

cleaning core
of the spatial distribution in the far-field region is shown in
Fig. 2(b). For the two-pump filament interaction with time de-

lay between them set to O fs, bowlike diffraction of each pump
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Fig. 2. (color online) (a) Dependence of measured SC spectra on time
delay, and output spatial profiles of three pulses with different time de-
lay between probe pulse and pump pulses. (b)—(g) are output spatial
profiles with time delay of —10 ps (no interaction between plasma grat-
ing and probe pulse), —200 fs, —50 fs, O fs, 50 fs, and 200 fs, respec-
tively.

pulse and threadlike fringes between them are observed in the
far-field region. The bowlike diffraction of pump pulses is
caused by the self-phase and cross-phase modulations, sug-
gesting strong spatiotemporal couplings in the interaction area,
while the threadlike fringes indicate self-guiding in the plasma
grating.[>*] With probe pulse interacting with the plasma grat-
ing, bowlike diffraction patterns of the two pump pulses are
enlarged and threadlike fringes are deformed by the probe
pulse, as shown in Figs. 2(c)-2(g). For the far-field pro-
files of the probe pulse, three bowlike patterns of the probe
pulse are detected when the time delay is set to O fs. The
frequency components distribute in different bowlike patterns
are different, i.e., the frequency of the SC spectra distributes
in bowlike patterns increases with the increase of the dis-
tance between the bowlike pattern and the core of the probe
pulse. Diffraction should be accompanied by diffraction pat-
terns with bright and energy-concentration spots in the centers

B9 5o the bow-

to represent the incident pulse distributions,
like patterns of the probe pulse are not caused by the diffrac-
tion of plasma grating, as no bright and energy-concentration
spots are detected in the three bowlike patterns. Filamentation
of femtosecond laser pulses can cause an ultrafast refractive
index change which is induced by the electronic Kerr effect
and the plasma’s isotropic medium.*?! Due to the nonlinear
interaction between the probe pulse and the plasma grating,
the refractive index is redistributed in the interaction area, i.e.,
a change (increase or decrease) of the local refractive index.
The incident pulses change their original propagating direc-

tions, are reformed in the high-refractive-index region, and
projected in the far-field region as bowlike patterns. However,
the bowlike patterns obtained with time delay of —200 fs are
more obvious than that obtained with time delay of 200 fs as
shown in Figs. 2(c) and 2(g). The multiphoton ionization is
introduced to interpret the asymmetrical phenomenon. Com-
pared with the plasma grating, the lifetime of the plasma of
the interaction area can be enlarged when the plasma grating
interacts with a probe pulse.*”) When tuning the time delay in
the positive range to be more than 200 fs, multiphoton ioniza-
tion begins to dominate the filamentation of the probe pulse to
generate ions to keep the survival of the plasma of the interac-
tion area, resulting in the attenuation of the SC generation as
shown in Fig. 2(a) and the intensity of the bowlike patterns as
shown in Figs. 2(c) and 2(g).
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Fig. 3. (color online) (a) Dependence of measured SC spectra on the
relative polarization angle between probe pulse and pump pulses, and
output spatial profiles of three pulses with different relative polariza-
tion angles. (b)—(e) are output spatial profiles with relative polarization
angles set to be 0°, 30°, 60°, and 90°, respectively.

The relative polarization angle between the probe pulse
and the two pump pulses is changed, and the dependence of
the SC spectra of the probe pulse on the relative polarization
angle when the time delay set to O fs is shown in Fig. 3(a).
The spectral width of the SC generation of the probe pulse
relates to the relative polarization angle. The output spatial
profiles of the three pulses measured with the relative polar-
ization angle between the probe pulse and the pump pulses set
to 0°, 30°, 60°, and 90° are shown in Figs. 3(b)-3(d), respec-
tively. The number and the intensity of bowlike patterns of
the probe pulse reduce with the increase of relative polariza-
tion angle. As is known, the spatiotemporal modulation of the
pulses during the filament interaction can be changed by turn-
ing the relative polarization angle between them. Therefore,
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the cross defocusing condition is changed, resulting in the de-
crease of the intensity of the SC generation with the increases
of relative polarization angle and the SC cutoff wavelength.
As the high frequency components of the SC generation are
weakened with the increase of relative polarization angle, the
number and the intensity of bowlike patterns of the probe pulse
are reduced.
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Fig. 4. Dependences of core energy of probe pulse after filamentation
on (a) time delay and (b) relative polarization angle between the probe
pulse and pump pulses.

In order to further understand the processes involving the
probe pulse interacting with the plasma grating, the core en-
ergy of probe pulse as functions of the time delay and rela-
tive polarization angle between the probe pulse and the pump
pulses are shown in Figs. 4(a) and 4(b), respectively. As shown
in the inset of Fig. 4(a), the pulse energy begins to decrease
when the time delay is tuned to —200 fs and reaches a mini-
mum of about 0.16 mJ when the time delay is tuned to O fs, and
then radically increase to an approximate constant of 0.4 mJ
when the time delay is tuned to 200 fs. The dominant nonlin-
ear process is filament-interaction-induced laser defocusing,
which releases energy from the filament core to the reservoir.
The value of the core energy of the probe pulse exhibits an
irregular oscillation with the time delay when the time delay
is changed in the range from 200 fs to 15 ps, and this phe-
nomenon is only shown by the inset figure from 200 fs to
800 fs. Then the pulse energy increases slowly with the time
delay as the time delay is changed in the time range larger
than 15 ps. In order to keep the survival of the plasma in the
interaction area, part of the probe pulse energy transfers to the

plasma generation. There is an energy competition between
the survival of the plasma of the interaction area and the fila-
mentation of the probe pulse, resulting in the irregular oscil-
lation in the time range from 200 fs to 15 ps. When the time
delay is tuned to 60 ps, the filamentation of the probe pulse
wins the competition, and nearly no energy of the probe pulse
transfers to the plasma generation of plasma grating, which
induces the death of the plasma grating. As to how the core
energy of the probe pulse changes with the relative polariza-
tion angle with the time delay set to O fs. The core energy of
the probe pulse increases with the increase of relative polariza-
tion angle between the probe pulse and the pump pulses, i.e.,
the energy lose to SC generation decreases with the increase
of the polarization angle, which is in good agreement with the
observations in Fig. 3.
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Fig. 5. (color online) (a) Dependence of measured SC spectra on input
probe pulse energy, and output spatial profiles of three pulses. (b)—(f)
are output spatial profiles with input probe pulse energy set to 0.62 mJ,
0.43 mJ, 0.34 mJ, 0.26 mJ, and 0.18 mJ, respectively.

The input probe pulse energy is changed from 0.18 mJ to
0.62 mJ when the time delay is fixed to O fs, the SC spectra
and the far-field spatial profiles of the three pulses are mea-
sured. Figure 5(a) shows the SC spectra measured with dif-
ferent probe pulse energy, and figures. 5(b)-5(f) show the out-
put spatial profiles corresponding to probe pulse energies of
0.62 mJ, 0.43 mJ, 0.34 mJ, 0.26 mJ, and 0.18 mJ, respec-
tively. It is clear that the intensity and spectral width reduce
with the decrease of the input probe pulse energy, because the
self-phase modulation and self-steepening effect are weakened
when the input probe pulse energy is decreased. As a result,
the number and intensity of bowlike patterns of the probe fil-
ament reduce with a decrease of the input probe pulse energy.
The dependence of the core energy ratio of the probe pulse
on the input probe pulse energy when the time delay set to
0 fs is shown in Fig. 6, and the core energy ratio is defined
as the core energy of probe pulse after interacting with the
plasma grating divided by its input pulse energy. Compared
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with losing 50% of the probe pulse energy to the SC genera-
tion when the input probe pulse energy is 0.18 mJ, 71% energy
lost to the SC generation when the input probe pulse energy is
0.62 mJ, which means less energy is lost to the SC genera-
tion with smaller probe pulse energy impacting on the plasma
grating. The dependence of the core energy ratio on the input
probe pulse energy demonstrates that the high-energy probe
laser pulse makes much more drastic competition among non-
linear processes than the low-energy probe pulse.

e experimental data
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Fig. 6. Dependence of core energy ratio of the probe pulse on input
probe pulse energy.

4. Conclusion

In summary, the spectral modulation and SC generation
of a probe pulse crossing a plasma grating with a small cross-
ing angle is investigated in this paper. The SC generation from
the probe pulse and the core energy of the probe pulse after fil-
amentation strongly depend on the time delay, the relative po-
larization angle between the probe pulse and the pump pulses,
and the input probe pulse energy. The cross defocusing ef-
fect induces the broadening of the SC generation. The output
spatial profiles of the three pulses are shown, and the detected
bowlike patterns are proved to be caused by the change of re-
fractive index in the interaction area. The dependences of the
core energy of the probe pulse on the time delay and relative
polarization angle are in good agreement with those of the SC
generation and the output spatial profiles of the probe pulse on
the two parameters.
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