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Abstract Transient energy transfer effect might occur in
femtosecond pump—probe optical Kerr gate (OKG) meas-
urements. Using time- and frequency-resolved two-dimen-
sional pump-probe imaging spectroscopy, we are able
to obtain the OKG spectra as a function of the delay time
between pump and probe pulses. By analyzing the pump
power dependence of the OKG spectra at different delay
time, we find that due to the effect of transient energy trans-
fer, the short-wavelength components of the OKG spectra
are enhanced when the delay of the probe to pump pulse
is positive, while the long-wavelength components increase
when the delay is negative.

1 Introduction

Since the invention of ultrafast pulsed lasers, a number of
pump—probe spectroscopic techniques have been devel-
oped for studying ultrafast transient phenomena in mate-
rials [1-6]. In conventional pump—probe measurements,
several repetitions of pulses are required to obtain complete
temporal information, as a scanning process is essential in
the measurements. However, in cases where irradiation by
ultrafast laser pulses induces irreversible changes in the
samples, actual measurements become difficult. Although
this problem can be solved in liquids where the samples can
be refreshed by flowing, such an approach is not feasible
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for some solid materials and some biochemical samples,
where large sample quantities are not readily available
[7-10]. To overcome this difficulty, time—frequency two-
dimensional (2D) pump—probe imaging spectroscopy on a
single-shot basis has been proposed for mapping the tem-
poral and spectral information of the ultrafast phenomena
simultaneously, which can be widely used in measuring
some irreversible ultrafast processes [11-15].

As one of the key tools to investigate the nonlinear
instantaneous process, femtosecond time-resolved optical
Kerr gate (OKG) technique has been developed due to its
great advantages include a wide wavelength range, ultrafast
switching, and high precision [16, 17]. By combing with
single-shot measurements, the femtosecond time- and fre-
quency-resolved OKG technique has been used for imaging
ultrafast transient signals and charactering ultrashort laser
pulses [18, 19]. In the femtosecond time regime, however,
the superposition of two coherent pulses might yield a spa-
tially modulated distribution of the energy density, and the
interaction with the sample would induce laser-induced
transient gratings (LITG). Energy transfer between two
beams by self-diffraction effect induced by LITG occurs
during this process, which is dependent primarily on the
field correlation time of the two incident pulses, does not
reflect the nonlinear response time of the materials and
decreases the signal-to-noise ratio in OKG measurements.
So it is important to investigate the effect of transient
energy transfer in femtosecond single-shot pump-—probe
optical Kerr measurements.

In this paper, we performed femtosecond single-shot
pump—probe OKG measurements and obtained time—fre-
quency two-dimensional (2D) image of the OKG signals in
BI glass. The observed temporal and spectral properties of
the OKG signals are in good agreement with those obtained
through conventional OKG measurements. Transient
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energy transfer from the pump beam to the probe beam
induced by LITG effect was demonstrated by analyzing the
pump power dependence of the OKG spectra at different
delay times. The short-wavelength components of the OKG
spectra were observed to increase when the delay time of
the probe pulse to the pump pulse was set at a positive
value. Conversely, when the delay time was set at a nega-
tive value, we observed an increase in the long-wavelength
components of the OKG spectra.

2 Experimental

Figure 1 shows a schematic diagram of the single-shot
experimental setup used for time—frequency 2D imaging
of femtosecond OKG signals. A Ti: sapphire amplifier sys-
tem emitting 65fs laser pulses with a central wavelength of
800 nm at a repetition rate of 1 kHz with horizontal lin-
ear polarization was used. The laser beam was split into
a pump beam and a probe beam by a beam splitter. The
pump pulse was passed through a A/2 plate to change the
polarization angle between the pump and probe pulses. The
pump and probe beams were focused on a 1 mm-thick BI
glass (prepared by melting Bi,O;, B,0;, SiO, and GeO,
in the required proportions [20]) using cylindrical lenses
of focal lengths of 40 and 15 mm, respectively. The pump
and probe beams made an angle of 12° with each other at
the vertical direction and their focal lines are spatially over-
lapped at the sample. Because of the finite vertical cross-
ing angle, the arrival time of the pump and probe pulses
differed, depending on the overlapping position on the
sample. In other words, the delay time could be mapped
spatially across the sample plane. After passing through
the sample, the polarization of the probe pulse changes,
and only the components polarized parallel to the analyzer
placed behind the sample could be extracted. The OKG sig-
nal passing through the analyzer was imaged by a 4f system
onto the entrance slit of an optical multichannel analyzer
(OMA) comprising of a spectrograph, and coupled onto an
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Fig. 1 Schematic diagram of the experimental setup, A analyzer, L1,
L2 lenses with focal lengths of 150 mm, OMA optical multichannel
analyzer, y overlap position of the probe and pump beams on the sam-
ple, Az delay time
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intensified charge coupled device (ICCD) detector. Finally,
a time- and frequency-resolved 2D OKG signal was imaged
on the detector, the spectral information of which was ana-
lyzed by the spectrograph along the direction perpendicular
to the slit, whereas the temporal information was recorded
along the direction parallel to the slit. The relation between
the time coordinate At and the spatial coordinate y can be
expressed as:

_ yXsinf

At ey

Cc

where y is the overlap position of the probe and pump
beams on the sample, @ is the vertical angle between the
pump and probe beams, and c refers to the speed of light
in air. The time resolution of OKG imaging spectroscopy
has a strong dependence on the sample thickness, the angle
between the two beams and the laser pulse duration [21].
For our experimental conditions with a sample thickness of
1 mm, the time resolution is estimated to be approximately
250fs.

3 Results and discussion

Figure 2a shows the time-and frequency-resolved 2D image
of an OKG signal obtained on the ICCD of the OMA
acquired using the single-shot OKG measurement, with the
pump and probe powers set at 30 and 5 mW, respectively.
The image presents the signal intensity distribution as a
function of wavelength (horizontal axis) and delay time
(vertical axis). It is clearly observed that the image is tilted
towards the bottom-right. In OKG measurements, the probe
light field transmitted through the polarizer is a function of
the delay time between the pump and probe pulses. In our
experiments, taking into account the positive chirp charac-
teristic of the laser, the long-wavelength components of the
probe beam were transmitted and detected first, when the
leading edge of the probe pulse overlapped with the trailing
edge of the pump pulse. With the decreasing of the delay
time, the probe pulse travelled in front of the pump pulse
gradually, and the trailing edge with short-wavelength com-
ponents were detected. This resulted in the observed tilt of
the OKG signal image towards the bottom-right, as seen in
Fig. 2a. The spectral and temporal traces could be easily
obtained by integrating along the vertical and horizontal
axes, respectively. The temporal trace shown in Fig. 2b,
represents the OKG temporal behavior of BI glass. It cov-
ers a time region of approximately 250fs (estimated from
the full-width at half maximum, FWHM). The temporal
behavior of the OKG signals measured in our experiments
is primarily decided by the time resolution of our imaging
setup. The OKG signal has no obvious relaxation process,
thus indicating the ultrafast response of BI glass due to
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Fig. 2 a Time- and frequency-
resolved 2D OKG image of BI
glass obtained using single-shot
measurements with the pump
and probe power set at 30 and

5 mW, respectively. b Temporal
trace obtained by integrating
along the horizontal axis of (a).
¢ The spectral trace obtained by
integration along the vertical
axis of (a)
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electronic processes [22, 23]. The spectral trace shown in

Fig. 2c presents the normalized signal spectrum centered at
a wavelength of 800 nm and covering a wavelength region

of ~30 nm at FWHM.

Fig. 3 Time- and frequency-
resolved 2D OKG images of

BI glass with pump power of a
40 mW, b 50 mW and ¢ 60 mW.
d Temporal traces obtained by
integrating along the horizontal
axes of (a)—(c). e Spectral traces
obtained by integrating along
the vertical axes of (a)—(c)
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that the 2D OKG images become brighter with increasing
pump power. Figure 3d, e show the temporal and spectral
traces obtained by integrating along the horizontal and ver-
tical axes of the respective OKG images. It is observed that,
the intensities of the temporal and spectral traces increase
with increasing pump power. However, irrespective of the
signal intensity, the OKG signals exhibit no qualitative
difference in their temporal and spectral behaviors with
increasing pump power.

To investigate the pump power dependence of the
OKG spectra, the OKG spectra at different delay time
were reproduced by slicing off Fig. 2a along the horizon-
tal direction in a single-shot measurement. Figure 4 pre-
sents the retrieved OKG signal spectra at different pump

Fig. 4 a Retrieved spectra of 1.2
OKG signals at different pump
powers with the delay time
set at +150fs. b Pump power ; 1.0
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powers with the delay time set at +150fs. It is clearly
observed that the long-wavelength component with peak
intensity at approximately 805 nm is transmitted through
the analyzer in the presence of positive temporal delay.
Furthermore, a second peak appears at approximately
790 nm when the pump power is increased. In OKG
measurements, the probe pulse experiences transient
birefringence induced by the pump pulse that allows the
light to partially pass through the analyzer. When the
delay time is positive, the leading edge with long-wave-
length components of the probe pulse overlaps with the
trailing edge of the pump pulse, and the OKG spectra are
primarily distributed around the long-wavelength region.
However, when the pump and probe pulses overlap
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spatially and temporally in the Kerr medium, the super-
position of the two coherent pulses might yield a spatially
modulated distribution of the energy density. As a conse-
quence of the intensity-dependent effect the interference
pattern of the two beams is transformed into a transient
refractive-index grating. This grating would lead to a dif-
fraction of the interfering beams resulting in an energy
transfer between the two beams. At a temporal delay of
+150fs, the probe pulse overlaps with the trailing edge
with short-wavelength components of the pump pulse.
As a result, the energy transfer from the pump pulse to
the probe pulse will induce an enhancement of the short-
wavelength components of the OKG signal spectra.
Increasing the pump power, results in an enhanced dif-
fraction efficiency of the refractive-index grating that in
turn increases the transferred short-wavelength compo-
nents in the OKG spectra.

To further confirm the influence of the energy trans-
fer effect in OKG measurements, we studied the pump
power dependence of intensities of peak (1) and peak (2)
as denoted in Fig. 4a. The black squares and red circles in
Fig. 4b show the pump power dependence of the peak (1)
and peak (2) intensities in double logarithmic coordinates,
respectively. The slope of the peak (1) was estimated to be
2.09, indicating that the signal shows a quadratic depend-
ence on the pump power. This result agreed well with the
fundamental of OKG measurements and some previous
reports [24, 25]. As a comparison, the slope of the peak (2)
intensity was estimated to be about 2.83. Therefore, it’s rea-
sonable to speculate that the rapid increasing of peak (2)
was mainly attributed to the contribution of energy trans-
fer from the pump beam in OKG measurements. Due to
the joint contributions of energy transfer effect and OKG
effect, the signal intensity at short wavelength region in
OKG spectra (at positive delay) increased rapidly with
increasing the pump power.

For a further understanding of the transient energy
transfer process in femtosecond pump—probe OKG meas-
urements, the spectra of OKG signals at negative and zero
delay were retrieved from the time- and frequency-resolved
2D OKG images. Figure 5a, b present the retrieved OKG
spectra at different pump powers with the delay times set at
—150fs and zero, respectively. When the delay time is neg-
ative, the trailing edge with short-wavelength components
of the probe pulse overlaps with the leading edge of the
pump pulse, and the OKG spectra are primarily distributed
around the short-wavelength region with peak intensities
at approximately 790 nm, as seen in Fig. 5a. Due to dif-
fraction at the transient refractive-index grating, the energy
transfer from the pump pulse to the probe pulse induce an
enhancement of the long-wavelength components of the
OKG spectra. As a result, a peak appears at approximately
810 nm with increasing pump power.
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Fig. 5 a Retrieved spectra of OKG signals at different pump power
with the delay time set at a —150fs and b zero

When the delay time is set at zero, the probe and pump
pulses overlap completely. In this case, all the spectral com-
ponents are transmitted through the analyzer, thus result-
ing in symmetric OKG spectra centered at a wavelength of
800 nm. Although energy transfer between the pump and
probe pulses might occur, the transferred short- or long-
wavelength components remain involved in producing the
OKG spectra. As a result, no second peak is observed in the
OKG spectra even increasing the pump power.

4 Conclusion

In summary, we have performed femtosecond single-shot
pump—probe OKG measurements and obtained time—fre-
quency 2D images of the OKG signals in BI glass. The
observed temporal and spectral properties of the OKG
signal are in good agreement with those acquired through
conventional OKG measurements. By analyzing the pump
power dependence of the OKG spectra at different delay
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time, transient energy transfer from the pump beam to
probe beam induced by LITG effect was demonstrated.
The energy transfer from the pump pulse to the probe pulse
induced an enhancement of the short-wavelength compo-
nents of the OKG signal at positive temporal delay. Con-
versely, when the delay time was set at a negative value, the
long-wavelength components of OKG spectra increased.
For zero delay time, both the transmitted as well as trans-
ferred wave components were centered at a wavelength
of 800 nm. This resulted in symmetric OKG spectra even
increasing the pump power.
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