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Multi-Frame Observation of a Single Femtosecond
Laser Pulse Propagation Using an Echelon and
Optical Polarigraphy Technique

Lihe Yan, Xiaofang Wang, Jinhai Si, Pengchao He, Feng Chen, Jianhua Zou, and Xun Hou

Abstract— We developed a multiframe observation method
of femtosecond laser pulse propagating in transparent medium
based on optical polarigraphy technique. An echelon was intro-
duced into the probe light and divided it into multipulses both
in time and space, allowing a multiframe detection of the intense
laser pulse propagating in materials. Using this method, we
realized a multiframe observation of a single femtosecond laser
pulse propagating in CS2 with ultrafast self-modulation such as
filamentation. This imaging method has been demonstrated to be
of a femtosecond time resolution and a frame rate of ~THz.

Index Terms— Optical imaging, ultrafast optics, nonlinear
optics, Kerr effect.

I. INTRODUCTION

N THE past few decades, many methods have been

developed to observe the propagation behavior of intense
laser pulses in transparent media [1]-[3]. Femtosecond time-
resolved optical polarigraphy (FTOP) technique, which uses
the instantaneous birefringence induced by the strong electrical
field of the pulse, can be used to measure the ultrafast temporal
changes in the two-dimensional spatial distribution of the
optical pulse intensity [4]-[6]. If a series of instantaneous
intensity distributions at several successive temporal points
are observed, however, the propagation profile will be quietly
different from shot to shot due to the laser pulse fluctuation.
To fulfill the single-shot detection of the pulse propagation
dynamics, M. Fujimoto et al developed a successive four-frame
instantaneous observation method of an intense pulse propa-
gating in air [7]. This method used a quadruple-pulse generator
in the optical path generating a quadruple-probe pulse, which
captures successive four-frame instantaneous FTOP images of
a single laser pulse. However, the quadruple-pulse generator
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which combines four different probe beams with different
optical paths, will largely increase the complexity of the
experiments.

Some other multi-frame measurements of the pulse prop-
agation dynamics have been developed in the following
years. M. Centuriona et al. used a segmented mirror arrays
in the probe light path to create multiple holographic copies of
the pulse propagating in water. By adjusting the position of the
mirrors, successive multi-frame holograms were obtained [8].
Using a much simpler stair-step echelon, one can separate the
probe light into several distinct beams, each with different
temporal delay. Hence, pump-probe measurements can be
accomplished using a single laser shot, or even a single
ultra-short laser pulse, and with a fine time-resolution. In the
previous reports, single-shot measurements using echelon have
been explored in many pump-probe spectroscopy experiments
[9]-[14]. For example, A. Nelson etc. observed the organic
crystalline reaction dynamics in a single laser shot by imple-
menting a two-dimensional spatial delay gradient across the
profile of a femtosecond probe pulse using echelons [12].

In this letter, we developed a multi-frame observation
method of femtosecond laser pulse propagating in transparent
medium based on echelon and FTOP technique. An echelon
was introduced into the probe light path and separated it into
multi-pulse, allowing a multi-frame detection of the intense
laser pulse propagating in materials. Using this method, we
realized a four-frame observation of a single femtosecond
laser pulse propagating in CS,. Some ultrafast self-modulation
effects such as filamentation and multi-filamentation were
observed using a single laser shot.

II. EXPERIMENTS

Figure 1 illustrates the experimental setup for single-shot
multi-frame FTOP imaging scheme based on echelon. A Ti:
sapphire amplifier system emits 65 fs laser pulses centered at
800 nm at a repetition rate of 1 kHz with horizontally linear
polarization. The laser beam is split into a pump and a probe
beam by a beam splitter. After passing through a delay line,
the polarization of the pump beam is changed to vertical by
a half-wave plate. The pump beam is focused into a 10-mm
long fused silica cuvette filled with CS; by a 100 mm lens.
For a pulse of 5 uJ energy in our experiments, the nonlinear
focus is located at about 1 mm inside the input window of the
cuvette.
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Fig. 1. Experimental setup of multi-frame FTOP imaging technique using
an echelon. BS: beam splitter, M: mirror, ND: neutral density filter, L: lens,
P: polarizer, HWP: half-wave plate, F: 400 nm bandpass filter.

To avoid the background scattering of the pump light, the
probe beam is frequency-doubled after passing through a 1 mm
thick BBO crystal. Then the probe light centered at 400 nm is
collimated by a con-focal lens and passes through a stair-step
echelon, which separates the probe light in space and time. The
modulated probe light is introduced into the CS, cell perpen-
dicularly to the direction of the pump path, with the light spot
covering the area of the focal point of the pump beam. In front
of the sample, a polarizer (P1) is set to 45 degree with respect
to the horizontal plane of the optical stage and allows parts of
the probe light to pass. When the probe pulse passes through
the interaction region, it will experience the birefringence
induced by the pump light and the linear polarization of the
probe light will change to elliptical polarization. After passing
through the crossed analyzer (P2) placed behind the sample,
only the components perpendicular to the polarizer (P1) can
be extracted. To record the polarigraphy image, a high-spatial-
resolution charge coupled device (CCD) camera is located on
the imaging plane of the pump light path.

The echelon with 4 steps is mechanically fabricated on a
commercially available optical glass plate. The step width is
2 mm, producing a time delay of about 4.1 ps for 400 nm
probe pulse (n = 1.615). As each step produces one frame of
the FTOP image, the introduced delay time by each step must
agree with the propagation time of the 800 nm pump pulse in
CS, (n = 1.62). Hence, the height of each step of the echelon
is designed to be 0.75 mm, with a width of 2 mm producing
a delay time of about 4.1 ps.

III. RESULTS AND DISCUSSION

Figure 2(a) shows the recorded four-frame instantaneous
FTOP image of a 5 uJ pump pulse propagation in CS,. The
pulse propagated from the left to right. The exposure time of
the CCD camera was set at 1 ms and a single laser pulse was
used to produce the image. The spatial resolution of the image
is estimated to be 2.2 um/pixel. The image has four profiles
each corresponding to one frame of the temporal intensity
distributions of the laser pulse propagating in CS, at different
time. The interval between the peaks of adjacent profiles was
fixed at 0.75 mm, which was decided by the structure of the
echelon. As each stair of the echelon had different thickness

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 25, NO. 19, OCTOBER 1, 2013

Pulse propagation

0.2
0
0.2
0.2
0
0.2
(] 0.5 1.0 1.5 2.0 25 3.0
Distance (mm)
0 100 200

Intensity (a. u.)

Fig. 2. Four-frame observation of a 5 uJ pulse propagating in CS, while it’s
being focused by a lens with a focal length of 100 mm. The pulse propagated
from left to right. (a) and (b) Correspond to different laser shots under the
same conditions.
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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
fitted curve of the decay process of CS».

and transmittance, and the probe pulse intensity distribution
was not strictly uniform, each frame of the FTOP image was
normalized 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 between Kerr self-focusing and plasma defocusing
effect induced by the nonlinear ionization, a filament was
produced inside CS; [15]. In addition, we recorded FTOP
images for different laser shots under the same condition, as
shown by Fig. 2(b). Due to the little fluctuation of the laser
pulses, however, no obvious difference was observed in our
experiments.

We acquired the exposure intensity distribution along the
propagating axis of the FTOP profiles as given in Fig. 2(a).
The circles in Fig. 3 show the acquired intensity distributions
as a function of the propagating time of pump pulse. In
the FTOP measurements, the intensity of recorded images is
approximately proportional to the square of the pump light
intensity, and the horizontal length of the image corresponds
to the response time of the optical Kerr effect [16]. Using
an exponential function, we fitted the decay processes of
image intensity for each frame and an average exponential
decay time of 0.87 ps was obtained, which was in the same
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Fig. 4. Four-frame observation of a single pulse propagating in CS,, with
pulse energy of (a) 15 uJ, (b) 25 uJ, and (c) 35 uJ. The pulse propagated
from left to right.

order with that in the previous reports [17]. The solid lines
in Fig. 3 show the fitted relaxation process of the nonlinear
response of CSy, which was mainly attributed to the molecule
reorientation. The frame interval was estimated to be about
4.05 ps, corresponding to a frame rate of about 0.25 THz.
It should be noted that, the slow Kerr response of CS, limited
the temporal resolution as well as the frame rate of the
imaging. When this method is used to observe the propagation
dynamics of an ultra-short pulse in materials with ultrafast
response, such as air and glasses, the temporal resolution of the
imaging will be mainly limited only by the pulse duration, and
the frame rate of the imaging might be even higher [7], [16].

In addition, we observed the propagation dynamics of a
single laser pulse in CS; with different pulse energy using
the multi-frame FTOP method. Figures 4(a)—(c) indicate the
recorded FTOP images of a pulse with energy of 15 ulJ,
25 ulJ, and 35 uJ, respectively. Similarly to Fig. 3, each panel
reveals single pulse propagation, and the interval between the
two adjacent profiles of the image was fixed at 0.75 mm.
In Fig. 4, we can see the details of the pulse profile changing
as it propagates. With increasing the pulse energy, the fine
structures of the propagation profiles, such as lateral size and
the numbers of filaments changed. Two filaments were formed
when 15 ¢J and 25 pJ pulse propagated in the medium, while
three or more filaments with more complicated structures were
formed in the 35 uJ pulse propagation path.

IV. CONCLUSION

In conclusion, we developed a multi-frame observation
method of femtosecond laser pulse propagating in transparent
medium based on FTOP technique. An echelon was introduced
into the probe light and divided it into multi-pulses both in
time and space, allowing a four-frame detection of the intense
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laser pulse propagating in materials. Using this method, we
have succeeded in a successive four-frame observation of
a single femtosecond laser pulse propagating in CS;. This
instantaneous imaging method has been demonstrated to be
of a femtosecond time resolution and a frame rate of about
0.25 THz or even higher.
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