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ABSTRACT
A novel time-resolved imaging technique named FTOP (Femtosecond Time-resolved Optical Polari-

graphy) for visualizing the ultrafast propagation dynamics of intense light pulses in a medium has been
proposed and demonstrated. Femtosecond snapshot images can be created with a high spatial resolu-
tion by imaging only the polarization components of the probe pulse; these polarization components
change due to the instantaneous birefringence induced by the pump pulse in the medium. Ultrafast
temporal changes in the two-dimensional spatial distribution of the optical pulse intensity were clearly
visualized in consecutive images by changing the delay between the pump and probe. We observe that
several filaments appear and then come together before the vacuum focus due to nonlinear effects in
air. We also prove that filamentation dynamics such as the formation position and the propagation
behavior are complex and are strongly affected by the pump energy. The results collected clearly show
that this method FTOP succeeds for the first time in directly visualizing the ultrafast dynamics of the
self-modulated nonlinear propagation of light.
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1. INTRODUCTION
Over the past three decades, the propagation of intense laser pulses has attracted much interest due to its

self-modulating nonlinear effect.1 In recent papers, the propagation of intense femtosecond laser pulses in

under-dense plasma has been actively studied because of its importance to laser fusion, particle acceleration,

and the high-field physics of laser plasma interactions.2"1 It is very important in laser ablation to monitor the

beam quality such as the spatial- and time-distribution. To observe this propagation behavior, indirect tech-

niques such as the Schlieren method have been used.5 However, these methods cannot take an instantaneous

image of the laser pulse interaction with the material, because only the long-lived gradient in the refractive

index is measured after the excitation.

We propose a novel time-resolved imaging technique called FTOP (Femtosecond Time-resolved Optical

Polarigraphy) for visualizing the ultrafast propagation dynamics of intense light pulses in a medium.6 The

method probes the instantaneous birefringence induced by the laser's electric field in the atmosphere. Since

the induced birefringence has an ultrafast response in air, an instantaneous image of the laser pulse in the

interaction region can be visualized. By using FTOP, we are able to observe the ultrafast temporal evolution

in the two-dimensional spatial distribution of the optical pulse intensity through consecutive femtosecond

snapshot images. Information about the propagation dynamics is useful for laser ablation.

2. PRINCIPLE OF FTOP MEASUREMENT

2.1. Experimental setup and an obtained image
Figure 1 shows the experimental setup of FTOP. Horizontally linear polarized intense optical pulses (100-

fs, 7.0-mJ, 10-Hz, 800-nm) from a Ti:Sapphire amplifier system are split into a pump and a probe. The pump
beam carries most of the incident beam's energy.

After the beam passes through the variable optical delay, the A/2 plate makes the polarization of the pump
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Figure 2 Image taken by FTOF

Figure I Experimental setup of Femtosecond Time-resolved Optical Folarigraphy (FTOF).

vertical, before it is focused in the air by a 30-mm
diameter plano-convex lens (f = 50 mm). The lens
diameter is larger than the cross section of the pump
pulse, which has a diameter of 20 mm and a 1/e diam-
eter of 12.8 mm. Meanwhile, the collimated probe
pulse synchronously irradiates the area around the fo-
cal point. The polarizer is used after the X/2 plate,
and the linear polarization angle of the probe is set to
exactly 45 degrees with respect to the horizontal plane
of the optical bench. After the beam passes through
the interaction region, the analyzer only extracts the
components perpendicular to the polarizer. The relay
lenses magnify the image, which is then detected by
the CCD camera. The CCD camera is rotated 90 de-
grees to improve the recognition in the perpendicular
direction to the light pulse propagation, because the
CCD has an insensitive area between the horizontal
scan lines.

Figure 2 shows an example of FTOP images. The
direction of pulse propagation is from top to bottom
as indicated by the white arrow. The bright area is
magnified and inset. The observed area is 2.3 mm x
3.1 mm at the interaction region. The CCD camera
has 480 x 640 pixels, and the corresponding spatial
resolution is 4.8 Jim/pixel

2.2 Vertical axis in FTOF image

Figure 3 is a diagram of relating the position of F i S u r e 3 D i a § r a m o f r e 3 a t i o n s b e t w e e n P o s i t i o n s o f

, , . . . . pump and probe pulses in interaction region
the pump and probe pulses in the interaction region at
five different moments. In the figure, the pump and the probe pulses propagate from top to bottom and from
left to right, respectively. Since the speed of both light pulses are the same, the spatial distribution of the
pump pulse intensity is detected as the spatial intensity distribution of the probe pulse. Therefore, the FTOP
image is created like a top view as shown in the right side figure, despite the fact that the probe pulse passes

Time
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across the interaction region horizontally.
Furthermore, the vertical length of the image corresponds to the pulse duration (shown as the thickness of

the pulses) and the response time of the optical Kerr effect. Then, the vertical axis of the FTOP image relates

to both the time- and space-axis, because the interaction time upon the spatial distribution of the pump pulse

provides this information.

3. ULTRAFAST DYNAMICS OF LASER PULSE PROPAGATION IN ATMOSPHERE
The FTOP image changes according to time, which is determined by different arrival times at the pump

pulse and the probe pulse interaction region. We can vary this timing by changing the optical path length of

one of those pulses to another one by using a "variable optical delay" (Fig. 1). The experimental condition is

the same as that described in the section 2.1. The energy of the pump pulse in front of the focusing lens is 3.5

mJ.

The consecutive time-resolved images for propagation in the atmosphere are taken at 91 temporal points

with a 66.7-fs delay step. The images are quite stable on a shot-to-shot basis. In order to improve the signal-

to-noise ratio, we integrate 10 shot profiles to produce data for one image. The background, such as the

emission from the breakdown plasma, is subtracted. Figure 4 shows 48 typical continuous snapshots. The

same areas of CCD images are extracted in the figure. The spatial distribution of the pump pulses are clearly

measured and move from top to bottom according to the change of time.

Time

Figure 4 Typical FTOP images of 48 continuous snapshots with a 66.7-fs delay step.

4. CAPABILITY OF SINGLE-SHOT PULSEWIDTH MEASUREMENT BY FTOP
As mentioned in section 2.2, the vertical axis of the FTOP image simultaneously represents the time and

distance, and the time depends on the pulse duration and the response time of the media. When the spatial

distribution is suppressed, the vertical axis of the FTOP image becomes the time-axis. As an example, we
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analyzed the right image of Fig. 5 (a) ,which is suit-
able for the condition. The intensity profile data was
created by adding data in the horizontal axis direction
from the data in the image. Figure 6 shows the pro-
file data. The right side corresponds to the bottom of
the image.

We found that the profile has 13 FWHM pixels,
and our calculation shows that the measured width is
208 fs using the spatial resolution of 4.8 urn/pixel and
a refractive index of air at 1.0. There are two impor-
tant points regarding an optical pulse duration of 100
fs. First, we can experimentally confirm that the re-
sponse time of the Kerr effect of air is ultrafast in the F ' 8 u r e 5 Intensity profile using right image of

order of 100 fs. Second, this method can be used to F i § - 8 <a> a n d m e a s u r e d P«Isewidth
. , , , . • , • (FWHM).

non-invasively monitor the pulse duration. In prin-
ciple, single shot monitoring can be performed. In addition, phase matching such as in the SHG autocorrelator
or SHG-FROG8 is unnecessary when using this simple measurement method. Therefore, FTOP can be one of
the suitable methods for measuring atto-second pulses with a very wide spectrum. In addition, there is the
possibility that the response time of the Kerr effect in the medium can be accurately measured by FTOP.

50 100 150

Pixel number of Y-axis

5. CONCLUSION
We have proposed a novel time-resolved imaging technique named FTOP (Femtosecond Time-resolved

Optical Polarigraphy) for visualizing ultrafast propagation dynamics of intense light pulses in a medium. By
using the optical Kerr effect, we have observed two-dimensional images of intense femtosecond laser pulse
propagation in air with femtosecond time resolution and clearly captured phenomena such as the ultrafast
temporal dynamics of filamentation. This information including the two-dimensional spatial distribution is
very useful for laser processing and laser ablation. This method can be applied to measurements of pulsewidth,
the optical Kerr constant and its decay time, and high-power pulse monitoring for space and time. Moreover,
a single shot record of the pump pulse propagation can be obtained by using a pulse train as a probe beam.
This will ensure precise observations even with shot-to-shot instability.
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