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The Influence of Coherent Transient Energy Transfer on Femtosecond
Time-Resolved Z-Scan Measurements *

CHEN Tao(陈涛), SI Jin-Hai(司金海)**, LIU Xiang(刘祥), CHEN Feng(陈烽), HOU Xun(侯洵)
Key Laboratory for Physical Electronics and Devices of the Ministry of Education & Shaanxi Key Lab of Information

Photonic Technique, School of Electronic & Information Engineering, Xi’an Jiaotong University, Xi’an 710049

(Received 13 April 2012)
We investigate the influence of the coherent effect on femtosecond time-resolved Z-scan measurements using a
degenerate pump-probe Z-scan technique. The time response of the light-induced transient grating (LITG) of
Bi2O3-B2O3-SiO2 (BI) glass shows a valley-peak variation, which has an obvious influence on the time-resolved
Z-scan measurements. The valley-peak variation of the LITG signals with the delay time in BI glass is due to
coherent transient energy transfer between positively chirped pump and probe pulses. The influence of the LITG
effect on the closed-aperture time-resolved Z-scan measurements could be reduced by adjusting the position of
the aperture transversely.

PACS: 42.65.−k, 78.47.J− DOI: 10.1088/0256-307X/29/10/104211

The Z-scan technique is an accurate and sensitive
tool for determining nonlinear refraction and absorp-
tion for a wide variety of materials.[1−3] This tech-
nique enables us to measure both the sign and mag-
nitude of third-order nonlinear susceptibility 𝜒3. By
use of a pump and delayed-probe configuration, this
method can be used to study the relaxation time of op-
tically induced nonlinearities and distinguish the non-
linearities having different temporal responses, which
is called the time-resolved Z-scan.[4−6] However, in the
degenerate pump-probe configuration, coherent effects
such as the light-induced transient grating (LITG) ef-
fect occur when the two beams overlap in time and
space within the sample.[7−9] Coherent effects make it
hard to extract information about the response and
nonlinear refractive index of the material, especially
in materials that have an ultrafast response.[10−12]

There exists extensive literature concerning coher-
ent effects, especially the LITG.[7,8,13,14] There are,
however, arguments on the coherent effects left in
time-resolved measurements using degenerate pump-
probe configurations.[15,16] In our previous work, the
influence of the LITG effect on femtosecond pump-
probe optical Kerr measurements has been clarified in
Bi2O3-B2O3-SiO2 (BI) glass, which shows large opti-
cal nonlinearity[9,17,18] and an ultrafast electronic re-
sponse of less than 90 fs.[10]

In this Letter, we study the influence of the LITG
effect on the non-collinear femtosecond time-resolved
Z-scan measurements using an 800 nm femtosecond
laser. BI glass is used as the nonlinear medium in
our experiments. We find that the time response of
signals resulting from the LITG effect shows a valley-

peak variation, which has an obvious influence on the
time-resolved Z-scan measurements. The valley-peak
variation of the LITG signals with the delay time
in BI glass is due to the coherent transient energy
transfer between positively chirped pump and probe
pulses. The influence of the LITG effect on the closed-
aperture time-resolved Z-scan measurement could be
reduced by adjusting the position of the aperture. Af-
ter reducing the influence of the LITG, the nonlinear
response time of the BI glass is estimated to be less
than 175 fs.

In our experiments, the experimental setup of the
non-collinear femtosecond time-resolved Z-scan was
similar with the optical Kerr shutter (OKS) setup
used in Ref. [10], except that the analyzer was replaced
with an aperture. The focusing and detecting parts of
the experimental setup are illustrated schematically
in Fig. 1. A multi-pass Ti:sapphire amplifier laser sys-
tem was employed in experiments, which delivered a
train of 800 nm, 30 fs laser pulses at a repetition rate
of 1 kHz. Using such a low repetition rate laser, the
refractive index change induced by the thermal effect
can be neglected.[5] The laser beam was split into two
beams to provide the pump and probe beams. The
pump and probe powers were set at 1mW and 0.1mW,
respectively. The two beams were focused into the
sample noncollinearly by two lenses with a focal length
of 15 cm, respectively. The spots of the focused beams
were adjusted carefully to overlap well in the sample.
An optical delay line was introduced into the path of
the pump beam to control the time delay between the
two beams. The polarization of the pump beam was
controlled by a half-wave plate. In the time-resolved
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Z-scan experiments, the dependence of signals on the
polarizations of the pump and probe beams was mea-
sured using the parallel and orthogonal configurations,
in which the polarizations of the two beams were set
to be parallel and perpendicular, respectively. In ad-
dition, the time-resolved Z-scan was performed using
a closed aperture and an open aperture in order to dis-
tinguish the nonlinear refractive effect and the LITG
effect. In the closed-aperture case, the aperture lin-
ear transmittance was 0.4. The measured signals were
characterized with the change of the normalized trans-
mittance of the probe beam ∆𝑇 . 𝑍 denotes the dis-
tance between the focal plane of the probe beam and
the sample. The positive and negative 𝑍 directions are
defined as the probe beam focus in front of the sample
and behind the sample, respectively. At a fixed time
delay, if neglecting the LITG effect, the closed aper-
ture signal ∆𝑇 as a function of the sample position 𝑍
is shown in Fig. 1. When the medium with the posi-
tive (negative) nonlinear refractive index is used, ∆𝑇
is positive (negative) for the positive 𝑍 while negative
(positive) for the negative 𝑍. By shifting the lens for
the probe beam longitudinally, the probe beam focus
was set in front of the sample or behind the sample to
measure the time-resolved signals.
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Fig. 1. Schematic setup of the non-collinear time-resolved
Z-scan experiments. 𝑍 refers to the distance of the probe
beam focus from the sample. Inset: the Z-scan pattern for
the material with a different sign of the nonlinear refrac-
tive index.

First, the transmittance of the probe beam was
measured as a function of the time delay between the
pump and probe pulses. The polarizations of pump
and probe beams were set to be parallel. The probe
beam focus was set in front of the sample and adjusted
carefully to obtain signals with the largest magnitude.
As shown in Fig. 2, the time response curves for both
closed aperture and open aperture show no slow com-
ponent. Because the BI glass has a positive nonlinear
refractive index,[17,18] the transmittance change of the
probe beam ∆𝑇 due to self-focusing should be posi-
tive in the closed-aperture time-resolved Z-scan. In
Fig. 2, however, with the increase in the time delay,

the closed-aperture signals firstly decrease to −0.15,
then increase to 0.31, and finally decrease to zero.
The open-aperture signals exhibit a similar trend but
smaller magnitude. According to the open-aperture
single beam Z-scan measurement, no obvious nonlin-
ear absorption was observed in the BI glass. Hence,
such a valley-peak variation was probably attributed
to the LITG effect rather than nonlinear absorption,
which had large influence on the time-resolved Z-scan
measurement.
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Fig. 2. Time-resolved Z-scan of the BI glass obtained
with parallel polarizations of the pump and probe beams.
CA, closed aperture; OA, open aperture. The probe beam
focus was set in front of the sample.
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Fig. 3. Time-resolved Z-scan of the BI glass obtained with
orthogonal polarizations of the pump and probe beams.
CA, closed aperture; OA, open aperture. The probe beam
focus was set in front of the sample.

To decrease the influence of the LITG, the polar-
izations of pump and probe beams were set to be or-
thogonal to measure the time-resolved Z-scan signals.
However, as shown in Fig. 3, the influence of the LITG
still existed. Compared with that in Fig. 2, the time
responses of the BI glass in orthogonal polarization
configuration show similar valley-peak variations, ex-
cept that the magnitudes of the probe transmittance
change decrease. When the probe beam focus was set
behind the sample, the time response of the closed-
aperture signals became a valley (refer Fig. 4) while
that of the open-aperture signals still retained a sim-
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ilar valley-peak variation.
According to the results described above, the

closed-aperture time-resolved Z-scan was mainly due
to the self-focusing effect. The open-aperture time-
resolved Z-scan signals should be mainly attributed
to the LITG effect. As is well-known, pump and
probe pulses can induce the third-order nonlinear po-
larization associated with both electric fields and 𝜒3.
The third order nonlinear polarization was spatially
modulated due to the interaction between pump and
probe pulses and an index grating could be induced
in Kerr media, even for the perpendicularly polarized
pump and probe pulses.[19−21] Therefore, the signal
arising from the LITG effect was not eliminated by
setting perpendicular polarizations of pump and probe
pulses. The closed-aperture time-resolved Z-scan mea-
surements modulated by the LITG effect showed a
similar valley-peak variation, which was much easier
to observe for the positive transmittance change of
the probe beam ∆𝑇 due to self-focusing effect than
the negative one.
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Fig. 4. Time-resolved closed-aperture Z-scan of the BI
glass for the different aperture radial positions. The po-
larizations of the pump and probe beams are set to be
parallel. The probe beam focus is set behind the sample.

The valley-peak time response variation can be
attributed to the transient energy transfer resulting
from the refractive LITG induced by chirped pulses
in Kerr media.[19] The energy transfer between the
pump and probe beams depends on their frequen-
cies in the temporal-nonlocal response Kerr media
(TNRKM).[22] In the TNRKM with a positive non-
linear refractive index, the energy is transferred from
the high-frequency component to the low-frequency
component. The energy transfer efficiency depends
on the frequency detuning of both beams. The time
response of the valley-peak variation was because of
the variation of frequency detuning in the overlapping
region of the pump and probe beams with respect to
their delay time. Pump and probe pulses reaching
the sample had positive chirp introduced by the op-
tical system. When the probe beam temporally over-

lapped with the pump beam in the minus time de-
lay, the frequency of the probe beam was higher than
that of the pump beam, and therefore the energy was
transferred from the probe beam to the pump beam,
and the intensity of the probe beam decreased. Con-
versely, the energy was transferred from the pump
beam to the probe beam, and the intensity of the
probe beam increased. The control of energy trans-
fer direction has been realized experimentally by us-
ing chirp-controlled pulses.[23] However, the transient
energy transfer should be restrained to extract the dy-
namics of other nonlinearities, such as the self-focusing
effect and the optical Kerr effect. A two-color opti-
cal Kerr measurement method has been proposed to
eliminate the influence of the energy transfer on the
time-resolved optical Kerr measurement.[24]

To reduce the influence of the LITG effect on
the degenerate time-resolved Z-scan measurements,
we studied the dependence of the time response of
the closed-aperture signals on the position of the aper-
ture by transversely adjusting the position of the aper-
ture for the center of the probe beam, while keeping
the aperture size constant. The probe beam focus
was set behind the sample. For the self-focusing ef-
fect, the time response of the closed-aperture signals
should be a valley and a peak, respectively, when the
aperture was in the center of the probe beam and at
the edge.[25,26] Figure 4 shows the results for differ-
ent radial positions of the aperture in the parallel
polarization configurations. When the aperture was
in the center of the probe beam, the closed-aperture
signals showed a time response with a valley. When
the aperture was 1 mm away from the center of the
probe beam, the signals showed a time response with
valley-peak variation. For the position of 3mm, the
time response became only a peak, similar to that
of the self-focusing component. The full-widths at
half-maximum (FWHM) of the time response were
estimated to be 175 fs and 135 fs for the aperture
at 3 mm and center, respectively. The time-resolved
measurements in orthogonal configuration were also
performed, and the similar position dependence of the
time response was observed. According to the above
results, the time response for the position of 3mm,
which showed only a peak, indicated that the influ-
ence of the LITG effect can be neglected. However,
the asymmetry of the time response for the center
position indicated that the contribution of LITG to
the time-resolved Z-scan signals can not be neglected,
which made the measured value of the response time of
the BI glass become shorter than the real value. The
aperture position dependence indicates that the con-
tribution of the LITG effect to the closed-aperture sig-
nals decreased when the aperture was away from the
center of the probe beam. This is probably because
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the edge light of the probe beam is more sensitive to
the self-focusing than at the center.[24,25] Therefore,
we conclude that the influence of the energy transfer
resulting from the LITG effect on the closed-aperture
time-resolved Z-scan measurements could be reduced
by setting the aperture at the edge of the probe beam.
After reducing the influence of the LITG effect, the
nonlinear response time of the BI glass was estimated
to be less than 175 fs, which was attributed mainly
to the electronic polarization process. This value is
larger than that in Ref. [10], because the duration of
pulses arriving at the sample was longer in this exper-
iment, which was broadened to be about 125 fs due to
the group velocity dispersion in the optical path.

In summary, we have investigated the influence
of the LITG effect on the non-collinear femtosecond
time-resolved Z-scan measurements. The transient
energy transfer occurs due to the LITG induced by
positively chirped pulses in the BI glass. The time
response of the transient energy transfer resulting
from the LITG effect shows a valley-peak variation,
which has an obvious influence on the time-resolved
Z-scan measurements. The influence of the LITG ef-
fect on the closed-aperture time-resolved Z-scan mea-
surements could be reduced by setting the aperture at
the edge of the probe beam.
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