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We  performed  the femtosecond  nondegenerate  optical  Kerr  shutter  (OKS)  measurements  in a 10-mm-
thick  optical  glass.  The  time-resolved  OKS  signals  showed  an  obvious  asymmetry  and  a  large  broadening
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with  respect  to  that  for thin  samples.  The  time-resolved  OKS  signals  in  samples  with  different  thicknesses
showed  that,  the  temporal  broadening  of  the  OKS  signals  was attributed  to  the  group  velocity  mismatch
between  pump  and  probe  beams  of  different  wavelengths.  By imaging  the  filament  induced  inside  the
glass,  we  attributed  the  asymmetry  of  the  time-resolved  OKS  signals  to the  focusing  position  change  of
pump beam  caused  by  self-focusing  and  re-focusing  effect.
elf-focusing effect

. Introduction

Using femtosecond laser pulses, nondegenerate pump-probe
easurements have been widely used to investigate the ultrafast

ynamic process of a great variety of materials and systems [1–4].
mong all these techniques, optical Kerr shutter (OKS) technique
as been developed as a key tool for studying the nonlinear opti-
al properties of materials, due to their precision, sensitivity, easy
perating, and etc. [5–7]. Moreover, femtosecond OKS technique
as been widely used in investigating the ultrafast fluorescence
pectroscopy, high time-resolved imaging, ballistic light imaging,
nd etc. [8–10].

When femtosecond two-color pump-probe OKS experiments
re performed in a Kerr medium, however, two factors might influ-
nce the experimental results. On one hand, the refractive index
ifference between the two incident beams will cause the group
elocity mismatch, and affect the overlap of the signal and gat-
ng pulses in a Kerr medium [11]. On the other hand, self-focusing
ffect and re-focusing effect might take place due to optical Kerr
ffect caused by the high peak power of the femtosecond laser
ulses [12–17].  This effect might change the focusing position of

ncident beams inside the sample. Both these two effects will influ-
nce the temporal behavior of the OKS signals, and deteriorate the

erformance of an OKS configuration.

In this paper, we performed the femtosecond collinear
ondegenerate OKS experiments in a 10-mm-thick glass. The time-
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resolved OKS signals showed an unexpected asymmetry and a large
broadening, which was  estimated to be more than 2.5 ps. By mea-
suring the temporal behavior of the OKS signals in glasses with
different thickness, we found that the broadening of the signal
widths was  attributed to the group velocity mismatch between the
two-color incident beams. The recorded images of the focal volume
showed that, the focal point change of the pump beam induced by
self-focusing and refocusing effect caused the asymmetry of the
time-resolved OKS signals.

2. Experiments

In our experiments, we used commercially available optical
glass with dimensions of 15 mm  × 15 mm × 10 mm.  The chemi-
cal composition of the glass sample was Na2O (12.34 wt%), SiO2
(79.71 wt%), Al2O3 (1.56 wt%), and K2O (6.39 wt%), as determined
by energy dispersive X-ray spectroscopy (EDS) analysis. A fem-
tosecond collinear two-color pump-probe OKS arrangement was
employed. The output of 1 kHz, 30 fs, and 800 nm femtosecond laser
was  split into two beams, one of which was  used as the pump beam.
The other beam was passed through a BBO crystal to generate sec-
ond harmonic as the probe beam. The probe beam and temporally
delayed pump beam were collinearly incident into an achromatic
lens (f = 150 mm)  and focused into the 10-mm-thick glass perpen-
dicularly to the incident surface. The sample was fixed on a stage,
which was  movable along the optical axis of the incident light. The

filaments formed inside the glass were imaged from the side by
a charge coupled device (CCD) camera. To stop the pump beam
and white-light continuum induced in the sample, a 20 nm band-
pass filter centered at 400 nm was  inserted before the detector. To
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ig. 1. Schematic diagram of the experimental setup. BS: beam splitter, F: filter, M:
ielectric mirror, L: convex lens, BF: bandpass filter, P: polarizer.

ptimize the OKS signals, the polarization plane of the pump beam
as rotated by 45◦ with respect to that of the probe beam [18]

Fig. 1).

. Results and discussion

.1. Temporal broadening and asymmetry of time-resolved OKS
ignals in thick mediums

Fig. 2(a) shows the time-resolved OKS signals measured in the
0-mm-thick glass when the sample was fixed at different posi-
ions and the pump power was fixed at 3 mW.  Here, we  define d
s the distance between the incident surface of the sample and the

ocal point of the lens, while the value was negative inside the focal
ength and positive outside. The solid squares in the figure show the
ime-resolved OKS signals for a 1-mm-thick glass, which showed a

ig. 2. (a) Time-resolved two-color OKS signals, and (b) recorded images of the
ormed filament in the sample, when the 10-mm-thick sample was  fixed at different
ositions. The pump power was fixed at 3 mW.
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symmetric response with the full-width at half-maximum (FWHM)
estimated to be less than 240 fs. Comparing with that for the thin
sample, the time-resolved OKS signals for the thick sample showed
an abnormal broadening, and the rising-edge occurred when the
probe pulse was  about 2.5 ps before the pump pulse. Moreover,
the time-resolved signals showed unexpected asymmetry, and the
peak value of the OKS signals did not take place at zero delay time
again.

As shown by the solid line in Fig. 2(a), in which the value of d
was  adjusted to −18 mm,  the peak value of the time-resolved OKS
signals occurred when the probe pulse arrived at the sample about
1.3 ps before the pump pulse. The dashed, dotted, and dash-dotted
lines show the time-resolved OKS signals when the value of d was
adjusted to −12 mm,  −6 mm,  and 0, respectively. Fig. 2(b) shows
the recorded images of the filament formed in the sample, when
the distance between the sample and the focal point was adjusted
to the corresponding values. From the figures we  can see that, when
the value of d increased from −18 mm to 0, the focal volume moved
from the back surface to the incident surface of the sample because
of self-focusing effect induced inside the sample; meanwhile, the
peak value of the time-resolved signals shifted from negative delay
time to zero-delay time as shown by the curves in Fig. 2(a). How-
ever, when the incident surface of the sample was moved 6 mm
behind the focal point, the beam re-focused after passing about
5 mm  inside the sample due to the self-focusing effect. Correspond-
ingly, the OKS signals intensity at negative delay time was enhanced
again, as shown by the short dotted line.

In our experiments, the two beams were collinearly incident
into the sample, so the overlapping region was throughout the
whole propagating path inside the glass and made contributions to
the OKS signals. Because of the group velocity mismatch inside the
material, however, the probe pulse would be temporally delayed
by �nGLs/c after passing through the sample with respect to the
simultaneously incident 800 nm pump pulse. Here, �nG is the
group refractive index difference between the two  pulses, and Ls

is the length of the sample. c denotes the light velocity in vacuum.
In other words, if the probe pulse was  incident into the sample
before the pump pulse, they might be overlapped after passing a
certain distance inside the sample and make contributions to the
OKS signals. In the collinear nondegenerate OKS measurements,
therefore, the width of the time-resolved signals will be broadened
by �nGLs/c because of the group velocity mismatch between the
pump and probe pulses. Considering that the intensity of OKS sig-
nals is proportional to the square of pump laser intensity [18], the
focal volume located at a certain position inside the sample, where
the light intensity is much higher, would cause the enhancement
of the OKS signals at the corresponding delay time. The shift of
the focal region which resulted from self-focusing and refocusing
effect, therefore, will influence the temporal behavior of the OKS
signals remarkably.

3.2. Influence of the group velocity mismatch between the pump
and probe beams

For further understanding of the asymmetry and broadening of
the OKS signals, we investigated the temporal behaviors of the OKS
signals for samples of different thicknesses. The curves in Fig. 3
show the time-resolved OKS signals for different thickness glasses.
Here, the incident beams were focused on the incident surface of
the samples and the pump power was also kept at 3 mW.  From the
figure we can see that, when the sample thickness was increased
the rising-edge of the time-resolved signals shifted forwards pro-

portionally. In our experiments, the group refractive indexes of the
glass for 400 nm and 800 nm pulses were measured to be 1.612
and 1.534, respectively. Substituting the group refractive index dif-
ference by 0.078, the rising-edge of OKS signals will be shifted
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ig. 3. Time-resolved two-color OKS signals for glasses with different thicknesses.

orwards by 260 fs for each additional millimeter of the sample
hickness. The width of the time-resolved OKS signals for the 10-

m-thick glass is estimated to be about 2.6 ps, agreeing well with
he experimental results shown in Figs. 2 and 3.

.3. Influence of the self-focusing effect on the time-resolved OKS
ignals

Fig. 4(a) shows the time-resolved OKS signals for different pump
owers, when the focal point was located at 1 mm  before the back
urface. The solid, dashed, dotted, and dash-dotted lines show the
KS signals when the pump power was adjusted to be 1.2 mW,
.4 mW,  3.6 mW,  and 5.0 mW,  respectively. Fig. 4(b) shows the
ecorded images of the focal volumes formed inside the glass for
he corresponding pump power. When the pump power was fixed
t 1.2 mW,  the focal volume was adjacent to the back surface, so
he peak value of the OKS signals occurred on the rising-edge of the
ignal. With increasing the pump power, the focal volume moved
o the incident surface due to the self-focusing effect. As men-

ioned above, the overlapping volume at different position inside
he glass would contribute to the OKS signals at the corresponding
elay time. So the main components of the envelope shifted to the

ig. 4. (a) Time-resolved two-color OKS signals for different pump powers, and (b)
ecorded images of the formed filament in the 10-mm-thick glass.
 (2012) 722– 725

direction of zero-delay time, when the focal volume moved to the
incident surface of the sample.

When a femtosecond laser pulse propagates inside a nonlinear
material, some other nonlinear effects, such as self-phase mod-
ulation, cross-phase modulation, pulse splitting effect etc, might
happen during the self-focusing [12,13,19,20].  All these effects
might modify the envelope and duration of the pulse, and change
the temporal behavior of the OKS signals. To exclude the influ-
ence of the mentioned effects on the laser pulse, we performed the
non-collinear OKS measurements to probe the pulse change during
self-focusing. After passing through the beam splitter, the 800 nm
probe beam was focused into a 10-mm-thick glass using a 150-
mm lens. The probe beam was self-focused inside the glass, and
the light was  collimated by a confocal lens and then focused into
a 1 mm thick glass sample with the pump beam at an interaction
angle of 10◦. To stop the white light, a 20 nm bandpass filter cen-
tered at 800 nm was  inserted before the detector. The measured
time-resolved OKS signal was  compared with that without self-
focusing configures. The results showed that no obvious distortion
of the laser pulse was observed, indicating that the influence of
above-mentioned effects can be excluded in our experiments.

4. Conclusion

In summary, we have investigated the femtosecond collinear
nondegenerate OKS signals in a 10-mm-thick optical glass. The
time-resolved OKS signals showed obvious asymmetry and a large
broadening with respect to that for thin samples. By measuring
the OKS signals in samples with different thicknesses, we demon-
strated that the shifting forwards of the rising-edge of OKS signals
was  attributed to the group velocity mismatch between pump and
probe beams. By imaging the filament induced in the glass, we
attributed the asymmetry of OKS signals to the change of focus-
ing position of the incident beams which caused by self-focusing
and re-focusing effect.
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