High-frame-rate observation of single femtosecond
laser pulse propagation in fused silica using an
echelon and optical polarigraphy technique
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We have demonstrated high-frame-rate observations of a single femtosecond laser pulse propagating in
transparent medium using the optical polarigraphy technique and an echelon. The echelon produced a
spatially encoded time delay for the probe pulse to capture directly four successive images of an intense
propagating pulse with picosecond time interval and femtosecond time resolution. Using this method, we
observed the propagation process of a single femtosecond laser pulse in fused silica. The influence of
pulse-energy fluctuation on the spatial and temporal distribution of the single laser pulse was visualized
using the single-shot measurements. © 2014 Optical Society of America
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1. Introduction

Since the advent of the femtosecond laser, various
methods have been developed to research the propa-
gation behaviors of intense laser pulses in transpar-
ent media [1-7]. The femtosecond time-resolved
optical polarigraphy (FTOP) technique, based on
the optical Kerr effect, can be used to directly observe
the instantaneous intensity distributions of optical
pulses propagating with two-dimensional spatial dis-
tribution [8-10]. Since the intense laser pulses de-
velop complex structures during their propagation
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arising from self-modulation due to nonlinear effects
[11], the propagation profile is quite different from
shot to shot, even if the laser light source fluctuates
slightly. As the traditional FTOP method is conven-
tionally conducted with a pump pulse and a variably
delayed probe pulse, with many repetitions of the
pump-probe sequence, it is difficult to observe the in-
stantaneous intensity distributions of a single laser
pulse at several successive temporal points.

To fulfill the single-shot detection of the intense
laser pulse propagation, Fujimoto et al. installed a
quadruple-pulse generator in the optical path and
realized a successive four-frame instantaneous ob-
servation of an intense pulse propagating in air
[10]. However, the quadruple-pulse generator, which
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combines four different probe beams with different
optical paths, will largely increase the complexity
of the experiments. Some other single-shot imaging
techniques, such as tomography [12,13] and x-ray
diffraction [14,15] methods, have been proposed to
visualize ultrafast phenomena. For example, Matlis
et al. observed the structure and position information
for laser-induced plasma filaments using a single-
shot ultrafast tomographic imaging by spectral
multiplexing [12]. In our previous work, we demon-
strated a simple multiframe observation method of a
femtosecond laser pulse propagating in transparent
medium based on an echelon and the FTOP tech-
nique [16]. A stair-step echelon [17-19] was intro-
duced into the probe light and divided it into
multipulse both in time and space, allowing a multi-
frame detection of the intense laser pulse propagat-
ing in materials. Using this method, we realized a
four-frame observation of a single femtosecond laser
pulse propagating in CS, easily. However, because of
the slow time response of the Kerr medium CS,, the
probe light in the femtosecond regime would sense
the residual birefringence of the pump light, thereby
reducing the temporal resolution as well as the frame
rate of the imaging.

In this paper, we observed the propagation dynam-
ics of femtosecond laser pulses in fused silica using
the single-shot measurements based on FTOP and
an echelon. As the material had an ultrafast nonlin-
ear response, the temporal resolution of the imaging
in fused silica was mainly limited by the pulse dura-
tion, and the frame rate of the imaging could be
higher than 1 THz. Using this method, we observed
the propagation process of a single femtosecond laser
pulse in fused silica. The influence of pulse-energy
fluctuation on the spatial and temporal distribution
of the single laser pulse was visualized using the
single-shot measurements.

2. Experiments

Figure 1 illustrates the experimental setup. The ex-
periments were performed using 65 fs, 800 nm pulses
from a regeneratively amplified Ti:sapphire laser
system (Libra-USP-HE, Coherent Inc.) operating
at 1 kHz repetition rate. The laser beam was split
into a pump and a probe beam by a beam splitter.
After passing through a delay line, the polarization
of the pump beam was changed to vertical using a
half-wave plate. The pump beam was focused into
a 10-mm long Kerr medium of fused silica glass by
a lens of 100-mm focal length. The nonlinear focus
of the pump beam was located at about 1 mm inside
the input surface of the samples. To avoid the back-
ground scattering of the pump light, the probe beam
was frequency doubled to 400 nm by a 1-mm thick -
barium borate crystal. Then it was calibrated by a
confocal lens and passed through a stair-step ech-
elon, which separated the probe light in space and
time. The modulated probe light was then introduced
into the Kerr medium perpendicularly to the direc-
tion of the pump path, with the light spot covering
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Fig. 1. Experimental setup of multiframe FTOP imaging
technique using an echelon. BS, beam splitter; ND, neutral density
filter; M, mirror; L, lens; FS, fused silica; P, polarizer; HWP,
half-wave plate.

the area of the focal point of the pump beam. In front
of fused silica, a polarizer (P1) was set to 45 deg with
respect to the horizontal plane of the optical stage
and allowed parts of the probe light to pass. When
the pulse passed through the interaction region, only
the components perpendicular to the polarizer could
be extracted by the analyzer (P2) placed behind the
sample. To record the polarigraphy image, a high-
spatial-resolution charge coupled device (CCD) cam-
era was located on the imaging plane of the pump
light path.

The echelon with four steps is mechanically fabri-
cated on a microscope cover glass. The step width is
about 0.54 mm, producing a time delay of about
0.96 ps for 400 nm probe pulse (n = 1.53). As each
step produces one frame of the FTOP image, the in-
troduced delay time by each step must agree with the
propagation time of the 800 nm pump pulse in fused
silica (n = 1.45). Hence, the height of the step is
designed to be about 0.2 mm [~0.96 ps x (¢/1.45),c =
3.0 x 10% m/s].

3. Results and Discussion

Figure 2 shows the recorded four-frame instantane-
ous FTOP image of 15 pJ pump pulse propagating in
fused silica. The pulse propagated from the left to
right. The exposure time of the CCD camera was
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Fig. 2. Four-frame observation of pulse propagation in fused
silica using 100 pulses of 15 pd. The pulse propagated from left
to right.



set at 100 ms and 100 pulses were used to produce
the image. The spatial resolution of the image is es-
timated to be 4.3 pm. The image has four profiles,
each corresponding to one frame of the temporal in-
tensity distributions of the laser pulse propagating in
fused silica at different times. The interval between
the peaks of adjacent profiles was 0.96 ps in time, cor-
respondingly 0.2 mm in space, which was decided by
the step width of the echelon. As each stair of the ech-
elon had different thickness and transmittance, and
the probe pulse intensity distribution was not strictly
uniform, each frame of the FTOP image was normal-
ized by comparing with the intensity distribution of
the incident probe pulse after passing through the
echelon. From the figure we can see that the lateral
size of the pump light spot changed slightly inside
the sample even after the lens focus locating at
1 mm inside the sample. Because of the balance be-
tween the Kerr self-focusing and plasma defocusing
effect induced by the nonlinear ionization, a filament
was produced inside fused silica [20].

In the FTOP measurements, the probe pulse col-
lides with the pump pulse while running through
each other in the medium. If the radius of the pump
beam and the nonlinear response of the material are
finite, the temporal resolution of the imaging is de-
termined only by the convolution of the probe pulse
and the square of the integral of the intensity of the
pump pulse [21]. For further analysis, we acquired
the exposure intensity distribution along the propa-
gating axis of the FTOP profiles given in Fig. 2. The
squares in Fig. 3 show the acquired intensity distri-
butions as a function of the propagating time of the
pump pulse. The red solid curves indicate Gaussian
fits of the image intensity for each frame with the
full-width at half-maximum (FWHM) of 276 fs. This
value is absolutely larger than the FWHM of the con-
volution of the probe pulse and the square of the
pump light intensity. In our experiments, the origin
of the nonlinear response of the material is mainly
attributed to electronic process, the characteristic
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Fig. 3. Exposure intensity distribution of the four-frame FTOP
image as a function of the propagation time of the pump pulse.
The solid lines show the Gaussian fit curves.

time of which is much faster than the pulse duration.
Hence, the influence of the nonlinear response of the
material on the temporal resolution of the imaging
could be neglected. The measured pump beam diam-
eter is estimated to be about 40 pm. By considering
the linear refractive index of the material, the
interacting time of the pump and probe pulses is
elongated by about 190 fs. Hence, the temporal
resolution of the imaging is limited by the pulse
duration and the lateral size of the pump beam in
the sample.

The frame interval was estimated to be about
0.96 ps, corresponding to a frame rate of about
1.05 THz. It is much higher than 0.25 THz frame rate
in CS, which we have obtained in previous work [16].
It should be noted that the intensity of the image
after the second frame became lower, as shown by
Figs. 2 and 3. This was caused by the pump pulse
energy reduction. The pump pulse energy might be
absorbed by multiphoton absorption, or be refracted
by ionization-induced refraction during the filamen-
tation process in fused silica [11].

Then, we observed the propagation dynamics of a
single laser pulse in fused silica in Fig. 4(a). The CCD
exposure time was set to 1 ms enabling single-shot
recording. The pump pulse energy was increased
to 45 pd to enhance the signal-to-noise ratio of the
imaging. Similarly to Fig. 3, the interval between
the two adjacent profiles of the image was fixed at
0.2 mm. Propagation profiles under the same exper-
imental conditions but for different laser shots are
shown in Figs. 4(b)-4(d). These profiles are different
from each other, which might be resulted from the
pulse energy fluctuation. For example, the intensity
of Fig. 4(a) is much higher than the other three.
Meanwhile, the spatial and temporal positions of
the most intense part of each pulse propagating in
the fused silica are also different from shot to shot
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Fig. 4. Single-shot four-frame observation of single 45 pJ pulse
propagation in fused silica. The pulse propagated from left to right.
(a)-(d) correspond to different laser shots under the same
conditions.
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Fig. 5. Intensity distributions of the first frames of the single-
shot images shown in Figs. 4(a)-4(d). (A) Along the pulse propaga-
tion direction and (B) along the transverse direction.

due to the pulse energy distribution fluctuation at
incidence.

Furthermore, we analyzed the intensity distribu-
tions of the single-shot images of the first frames
shown in Figs. 4(a)-4(d). Figure 5(A) shows the inten-
sity distributions of the images along the pulse
propagation direction. From the figure we can see
that the peak intensity of the pulse fluctuates from
shot to shot. Compared with the maximum peak in
(a), the peak intensity of (b) is about 21% lower.
The influence of the instability of the CCD exposure
intensity could be ruled out, as the pulse-to-pulse
energy stability of the pump pulse energy was mea-
sured to be 0.45% rms. Since the intense pump pulse
might develop complex structures during their
propagation arising from self-modulation due to non-
linear effects [11], the propagation profile is quite dif-
ferent from shot to shot, even if the laser light source
fluctuates slightly. Figure 5(B) shows transverse in-
tensity distributions of the corresponding single
pulse. It can be clearly seen that transverse modes
of the four pulses differ a lot from each other. Two
peaks are observed in pulses (a) and (b), indicating
that two filaments were formed when the pulse
propagated in fused silica.

4. Conclusion

In conclusion, we have performed a successive four-
frame instantaneous observation of single femtosec-
ond laser pulse propagation in fused silica using an
echelon combined with FTOP. Because of the ultra-
fast response of fused silica, the temporal resolution
of the imaging is limited mainly by the probe pulse
duration. The interval between adjacent frames is
about 0.96 ps, corresponding to a frame rate of about
1.05 THz, which is much higher than 0.25 THz
obtained in our previous works in CS,. From the
single-shot images, we can directly observe the
shot-to-shot variations of the pump pulse propaga-
tion profiles caused by the pulse energy fluctuation.
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