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Abstract: We investigated the pump power dependence of femtosecond
two-color optical Kerr shutter (OKS) signals, which showed a damped
sinusoidal variation with increasing pump power. The sinusoidal
dependence was attributed to the polarization rotation caused by light-
induced birefringence effect. The numerical analysis indicated that, the
damping of OKS signal intensity could be attributed to the temporal profile
change of probe pulse passing through the OKS setup, due to the non-
uniform transient refractive index change induced by pump pulse. Because
of the large phase shift of probe pulse, the time-resolved OKS signals
showed modulated temporal intensity when pump power was increased.
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1. Introduction

For the last few decades, femtosecond optical Kerr shutter (OKS) technique has been
developed as a key tool to measure the nonlinear response of all kinds of materials [1-4]. As
the femtosecond OKS technique provides an ultrafast measurement of high speed, broad
wavelength range, ultrafast switching time, and high precision, it has been widely used to
investigate the ultrafast fluorescence spectroscopy, high time-resolved imaging, ballistic light
imaging, and etc [5-8]. As the key factor to construct an OKS configuration, a suitable Kerr
medium should be of a large nonlinearity and ultrafast nonlinear response. CS, has been
widely used as the Kerr medium because of its strong nonlinear response and easy access, and
has been often selected as the reference sample in the OKS measurements [9-15].

In the optical Kerr effect, the pump light passing through the nonlinear material will
induce a birefringence in the sample. When the probe light passing through the same material,
a phase shift occurs between its components polarized parallel and perpendicular to pump
light field, which can be expressed by [13, 14]:

Ap=2mn, L1 1 A, (1)
Here, n, is the nonlinear refractive index, while L, , 4, and I, denotes the effective

length, wavelength of the probe light, and pump intensity, respectively. The OKS signal
intensity passing through the polarizer behind the Kerr medium is given by [13, 14]:

Toks = Vorose SIN° (260)sin? (Ag/2) )
Here, I, is the probe beam intensity and & is the polarization angle between pump and

probe beams. One could expect that the transmittance of the OKS setup should vary
sinusoidally as a function of pump power. As the phase shift was probably very small, the
OKS signals measured in the previous reports generally showed quadratic pump power
dependence [10, 13, 14].

In the OKS measurements, the time-dependent phase shift is a time convolution of the
pump pulse and the nonlinear response function of Kerr medium. In the picosecond regime,
since the response time of CS, is faster than the pulse duration, temporal behavior of the
nonlinear phase change essentially follows the shape of the laser pulse, and the time-resolved
OKS signals is mainly determined by the pulse duration [15]. However, in the femtosecond
regime, if the duration time of the probe pulse is close to the response time of CS,, the probe
pulse will experience a time-dependent birefringence resulting in a time-dependent
polarization. As a result, damped sinusoidal pump intensity dependence might occur, due to
the temporal profile change of the OKS signals.

In this paper, we investigated the pump power dependence of femtosecond two-color OKS
experiments in CS,, which showed a damped sinusoidal variation. To understand the damping
of the peak intensity of the pump power dependence, we simulated the probe pulse profile
change after passing through the OKS setup. The numerical analysis indicated that, the
damping of the OKS signal intensity could be attributed to the temporal profile change of
probe pulse, which was caused by the non-uniform transient refractive index change induced
by pump pulse. The time-resolved OKS signals showed modulated temporal intensity when
the pump power was increased.

2. Experiments

In our experiments, a femtosecond two-color pump-probe OKS arrangement was employed.
The experimental setup used was similar to that reported elsewhere [12], except that a second
harmonic was used as the probe light. Briefly, the output of laser system was 30 fs pulses
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centered at 800 nm at a repetition rate of 1 kHz. The laser beam was split into two beams, one
of which was used as the pump beam and the other beam was passed through a 1-mm thick
type-1-BBO crystal generating 50 uW second harmonic as the probe light. The duration of the
400 nm probe pulse was estimated to be about 300 fs. The pump pulse passed through a time
delay line and a A/2 plate to control the delay and polarization angle between the pump and
probe pulses, respectively. Both the two beams were focused by lenses and then incident into
the 1 mm sample cell filled with CS, at an interaction angle of 12°. To avoid the white-light
continuum, the pump power was kept below 10 mw [17].

3. Results and discussion
3.1 Pump power dependence of the femtosecond two-color OKS signals

In the OKS measurements, the probe light field transmitted through the polarizer, as a
function of the delay time  between the pump and probe pulses is given by [1, 15, 16]:

Lo (t,7) o< 1 (t—7)esin’ {Aj R(t—t')-lg(t')dt} (3)

)

Here, the term in the square bracket denotes the phase shift A¢(t)/2 for I ,, (t) caused

by birefringence effect. A is a constant, and R(t) is the normalized response function of the
sample. If the pump pulse duration is short enough comparing with that of the probe light, it
can be approximated as an instantaneous delta function. Based on this assumption, when the
delay z between the two incident pulses is set 0, Eq. (3) can be simplified as:

Lgs (1) % 1 e (D)esin® [ Al #R (1) ] 4)
The probe pulse will experience a time-dependent birefringence resulting in a time-
dependent polarization. As a result, the temporal profile of the probe pulse passed through the
polarizer will be changed, and the visibility of the probe pulse could be significantly reduced.
Hence, damped sinusoidal pump intensity dependence might occur at high pump powers,
under which a large phase shift might be induced.

100 Polarization angle (degree)
Nk ——45 ——30

Pump power (mW)

Fig. 1. Pump power dependence of OKS signals in CS, when the polarization angle between
the pump and probe beams was fixed at 45° and 30°, respectively. The arrows in the rectangle
show the polarization directions of the OKS signals at the corresponding pump power. The
dashed lines (guided for eyes) show the attenuation trend of peak intensity.

Figure 1 shows the pump power dependence of the OKS signals for CS,, when the delay
time between the pump and probe pulses was fixed at 0. The squares and circles in Fig. 1
indicate the OKS signals intensity as a function of the pump power, when the polarization
angles between the two beams were fixed at 30° and 45°, respectively. As shown in Fig. 1,
when the pump power was adjusted to about 1.7 mW, the polarization plane of the probe
pulse was rotated by m/2 and the probe pulse could pass through the analyzer. When the pump
power was further increased, the probe pulse would be depolarized again, and would become
linearly polarized with the polarization plane rotating = when the pump power was fixed at
about 3.3 mW. With the pump power further increasing, the rest might be deduced by
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analogy. We can deduce the value of constant A using Eq. (4), which was calculated to be
about 1.54x107*° cm?/W. The arrows in the dashed rectangle in the bottom of Fig. 1 show the
polarization plane change of the probe light at the corresponding pump power. The pump
power dependence of the OKS signals showed an obvious damped sinusoidal variation, which
was mainly attributed to the temporal profile change of probe pulse passing through the OKS
setup. The dashed and dash-dotted lines in Fig. 1 show the attenuation trend of the peak
intensity guided for eyes when the polarization angle was fixed at 45° and 30°, respectively.

In our experiments, the 400 nm probe pulse was temporally broadened comparing with the
800 nm pump pulse. The incident probe pulse duration was measured by OKS measurement,
with a 1 mm thick fused silica as the Kerr medium. The dotted line in Fig. 2(a) shows the
temporal profile of 400 nm pulse I, (t), the full-width of half-maximum (FWHM) of
which was evaluated to be about 300 fs. As the pump pulse was short enough comparing with
the nonlinear response of CS,, it can be approximated as an instantaneous delta function. The
nonlinear response function R(t) of the sample was characterized by the time-resolved
degenerated OKS signals with the pump and probe pulses at 800 nm in CS,, as shown by the
solid line in Fig. 2(a). The result indicated that the nonlinear response of CS, was mainly
attributed to molecular response, which could be well fitted using the law given by J.
Etchepare et al. [18].

Because of the transient nonlinear response of the material, the probe light field might
experience the building and relaxation processes of the nonlinear response within the pulse
duration region. Due to the non-uniform refractive index change of the Kerr medium, each
part of the probe pulse had different transmittance. The intensity of the probe light field
passing through the OKS setup 1, (t)was calculated using Egs. (3) and (4). According to our

experimental results, the maximal transmittance of the OKS configure occurred when the
pump power was adjusted to be about1.7x(2n-1) mwW (n=1,2,3,----- ), where the polarization
plane of the probe light was rotated by (2n-1)z/2(n=1,2,3,----- ). The solid lines in Fig. 2

(b)-(d) show the simulated probe pulse profile after passing through the OKS setup, when the
pump power was fixed at 1.7 mW, 5.1 mW, 8.4 mW, respectively. The dotted lines in Fig. 2

(b)-(d) show the incident probe pulse profile I ..., (t).

400 -200 0O 200 400 -400 -200 0O 200 400

Time (fs)

Fig. 2. (a) Temporal profile of 400 nm probe pulse |probe (t) and nonlinear response of CS,

R (t) , and temporal profile of the probe pulse after passing through the OKS setup when the
pump power was fixed at (b) 1.7 mW, (c) 5.1 mW, and 8.4 mW, respectively. The dashed lines
in (b)-(d) show the temporal profiles of the incident probe pulse | probe (t) .

The simulated results indicated that the probe pulse profiles were changed after passing
through the OKS setup. When the pump power was fixed at 1.7 mW, the phase shift A¢ for
the very peak of the pulse I, (t=0) was estimated to be =, while that for the trailing and

leading parts of the pulse was smaller. Hence, the transmittance of the pulse became smaller
from the peak to the both side edges, as shown by the solid line in Fig. 2(b). When the pump
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power was adjusted to 5.1 mW, the phase change for the light field at the peak
| rave (t =0) was calculated to be 37z . However, when the phase shift for the light field at both

sides was decreased to 7, the light field was able to pass through the OKS setup again. As
shown Fig. 2(c), the transmitted probe pulse showed a triple-peak profile. Figure 2(d) shows
the probe pulse profile, when the pump power was fixed at 8.5 mW. The transmitted pulse
showed an even more complex profile with two “wings” on each shoulder.

As what we detected in the experiments was the energy of the probe light passing through
the analyzer, we integrated the incident probe pulse as well as the transmitted pulses with
respect to time. The solid, dashed, dotted and dash-dotted lines in Fig. 3 show the integrations
of the intensity for the incident pulse and the transmitted pulses when the pump power was
fixed at 1.7 mW, 5.1 mW, and 8.5 mW, respectively. The inset shows the final values of the
integrations of the pulses which were shown in Fig. 2(b)-(d). The simulated results showed an
obvious damping with increasing pump power, agreeing well with our experimental results.
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Fig. 3. Integrations of the intensity of the incident probe pulse and the pulse after passing
through the analyzer, when the pump power was fixed at 1.7 mW, 5.1 mW, and 8.5 mW,
respectively. The inset in (b) shows the integration results of the transmitted pulse as well as
the incident probe pulse.

3.2 Femtosecond time-resolved OKS signals in CS,
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Fig. 4. Time-resolved OKS signals in CS,, when pump power was fixed at (8) 1 mW, 2 mW,
and 3 mW, and (b) 5 mW, 7 mW, and 9 mW, respectively.

According to Egs. (3) and (4), the time-resolved OKS signal as a function of the delay time is:

S(r) T | e (L= 7)ssin’ [ AR(t = 1)1, (1) ] dit (5)

Hence, the probe pulse will experience time-dependent birefringence at different delay
times, and modulated temporal intensity of the time-resolved OKS signals might be exhibited.
The solid, dashed, and dotted lines in Fig. 4(a) show the time-resolved OKS signals of CS,
when the pump power was fixed at 1 mW, 2 mW, and 3 mW, respectively. When the pump
power was fixed at 1 mW, the time-resolved OKS signals showed a normal profile with a
relaxation time of 1.5 ps [9]. When the pump power was adjusted to 2 mW, the signal profile
showed a saturated curve, as shown by the dashed line. When the pump power was increased
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to be about 3 mW, the probe pulse would experience phase shift as large as about 2 .
However, when the probe pulse was delayed from the pump pulse, the probe pulse would
experience the rising and relaxation processes of the nonlinear response of the medium, and
the probe light field would experience a smaller phase shift than that at 0 delay time. Hence,
the temporal profile of the OKS signal showed a peak-valley-peak pattern. As shown by the
dotted line in Fig. 4(a), the former peak showed a symmetric profile and the latter one showed
a slow relaxation behavior, which corresponds to the building process and relaxation process,
respectively. The solid, dashed, and dotted lines in Fig. 4(b) show the time-resolved OKS
signals of CS, when the pump power was fixed at 5 mW, 7 mW, and 9 mW, respectively. At
higher pump powers, multi-peak OKS signal profiles was observed. As denoted by the arrows
in the rectangle in Fig. 1, the polarization plane could be rotated by about3~/2, 2z, and
57/2 , when the pump power was fixed about 5 mW, 7 mW, and 9 mW, respectively.

3.3 Polarization dependence of the femtosecond two-color OKS signals

To further understand the origin of the OKS signals, we measured the dependence of the OKS
signal intensity on the polarization angle between the pump and probe beams. The squares
and circles in Fig. 5 show the polarization dependence of the OKS signals, when the delay
time was fixed at 0 and the pump power fixed at 1 mW and 5 mW, respectively. The solid and
dashed lines in Fig. 5 show the fitted curve of the polarization dependence of the OKS signals
using Eg. (2). The curves showed a period of /2, with the maximum and minimum values
occurring at nz/2+z/4 and nz/2(n=0,12---) respectively. Hence, the OKS signals were

attributed to light-induced birefringence effect in our experiments.
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Fig. 5. Polarization dependence of OKS signals in CS,, when the delay time was kept at 0 and
the pump power was adjusted to 1 mW and 5 mW, respectively.

4, Conclusions

In conclusion, we investigated the pump power dependence of two-color femtosecond OKS
signal. The OKS signals showed a damped sinusoidal dependence on the pump power, which
was attributed to the polarization direction change of the probe pulse caused by the light-
induced birefringence effect. The damping of the amplitudes was attributed to the temporal
profile change of probe pulse, due to the non-uniform transient refractive index change caused
by pump pulse. Due to the refractive index change induced by the pump beam, the time-
resolved OKS signals showed modulated temporal intensity when the pump power was
increased. The polarization dependence indicated that the OKS signals were attributed to
light-induced birefringence effect.
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