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Abstract:  We investigated influence of the self-diffraction effect on optical 
Kerr signals of Bi2O3-B2O3-SiO2 glass (BI glass) and CS2 in femtosecond 
non-collinear pump-probe optical Kerr experiments. By measuring the 
dependence of the Kerr signals on the pump power and on the polarization 
angle between pump and probe beams, we found that the optical Kerr signals 
of CS2 consisted of two components: a fast response and a slow response, 
which were attributed to the self-diffraction effect and the photoinduced 
birefringence effect, respectively. The contribution of the self-diffraction 
effect to the Kerr signals increased with increase of the pump power. For the 
BI glass, no evident influence of self-diffraction on the Kerr signals was 
observed. 

©2008 Optical Society of America  

OCIS codes: (190.4400) Nonlinear optics, materials; (190.3270) Kerr effect; (190.7110) 
Ultrafast nonlinear optics; (320.2250) Femtosecond phenomena; (320.7100) Ultrafast 
measurements.  

References and links  

1. R. Righini, “Ultrafast optical effect in liquids and solids,” Science 262, 1386-1390 (1993). 
2. S. Tatsuura, T. Matsubara, M. Tian, H. Mitsu, I. Iwasa, Y. Sato, and M. Furuki, “Ultrafast all-optical 

switching at 1.55 μm using an organic multilayer device,” Appl. Phys. Lett. 85, 540-542 (2004). 
3. J. Takeda, K. Nakajima, S. Kurita, S. Tomimoto, S. Saito, and T. Suemoto, “Time-resolved luminescence 

spectroscopy by the optical Kerr-gate method applicable to ultrafast relaxation processes,” Phys. Rev. B 62, 
10083-10087 (2000).  

4. H. Kanbara, S. Fujiwara, K. Tanaka, H. Nasu, and K. Hirao, “Third-order nonlinear optical properties of 
chalcogenide glasses,” Appl. Phys. Lett. 70, 925-927 (1997). 

5. N. Sugimoto, H. Kanbara, S. Fujiwara, K. Tanaka, Y. Shimizugawa, and K. Hirao, “Third-order optical 
nonlinearities and their ultrafast response in Bi2O3-B2O3-SiO2 glasses,” J. Opt. Soc. Am. B 16, 1904-1908 
(1999). 

6. T. Lin, Q. Yang, J. Si, T. Chen, F. Chen, X. Wang, X. Hou, and K. Hirao, “Ultrafast nonlinear optical 
properties of Bi2O3–B2O3–SiO2 oxide glass,” Opt. Commun. 275, 230-233 (2007). 

7. H. Kanbara, H. Kobayashi, T. Kaino, T. Kurihana, N. Ooba, and K. Kubodera, “Highly efficient ultrafast 
optical Kerr shutters with the use of organic nonlinear materials,” J. Opt. Soc. Am. B 11, 2216-2223 (1994). 

8. J. Guo, J. Si, G. Qian, B. Hua, Z. Wang, J. Qiu, M. Wang, and K. Hirao, “Hybrid silica gel glasses with 
femtosecond optical Kerr effect based on phthalocyanine,” Chem. Phys. Lett. 431, 332-336 (2006). 

9. Q. Yang, T. Chen, J. Si, T. Lin, X. Hou, G. Qian, and J. Guo, “Femtosecond laser-induced birefringence and 
transient grating in lead(II) phthalocyanine-doped hybrid silica gel glasses,” Opt. Commun, 281, 831-835 
(2008). 

10. Y.-C. Chen, N. R. Raravikar, L. S. Schadler, P. M. Ajayan, Y.-P. Zhao, T.-M. Lu, G.-C. Wang, and X.-C. 
Zhang, “Ultrafast optical switching properties of single-wall carbon nanotube polymer composites at 1.55 
µm,” Appl. Phys. Lett. 81, 975-977 (2002). 

11. S. Tatsuura, T. Matsubara, H. Mitsu, Y. Sato, I. Iwasa, M. Tian, and M. Furuki, “Cadmium telluride bulk 
crystal as an ultrafast nonlinear optical switch,” Appl. Phys. Lett. 87, 251110 (2005). 

12. K. Horli and K. Sakai, “A system of Kerr effect spectroscopy for light absorbing liquids,” Rev. Sci. Instrum. 
75, 3122-3126 (2004). 

#95507 - $15.00 USD Received 28 Apr 2008; revised 15 Jul 2008; accepted 18 Jul 2008; published 28 Jul 2008

(C) 2008 OSA 4 August 2008 / Vol. 16,  No. 16 / OPTICS EXPRESS  12069



13. J. C. Diels and W. Rudolph, Ultrashort Laser Pulse Phenomena (Academic, New York, 1996). 
14. Y. R. Shen, The Principle of Nonlinear Optics (Wiley, New York, 1984). 
15. H. J. Eichler, P. Günter, and D. W. Pohl, Laser-induced Dynamic Gratings (Springer, Berlin, 1986). 
16. Th. Schneider, and J. Reif, “Influence of an ultrafast transient refractive-index grating on nonlinear optical 

phenomena,” Phys. Rev. A 65, 023801 (2002). 
17. J. Reif, R. P. Schmid, and Th. Schneider, “Femtosecond third-harmonic generation: self-phase matching 

through a transient Kerr grating and the way to ultrafast computing,” Appl. Phys. B 74, 745-748 (2002). 
18. H. Inouye, K. Tanaka, I. Tanahashi, Y. Kondo, and K. Hirao, “Mechanism of a terahertz optical Kerr shutter 

with a gold nanoparticle system,” J. Phys. Soc. Jpn. 68, 3810-3812 (1999). 
19. H. Inouye, K. Tanaka, I. Tanahashi, and K. Hirao, “Femtosecond optical Kerr effect in the gold nanoparticle 

system,” Jpn. J. Appl. Phys. 37, L1520-L1522 (1998). 
20. I.Z. Kozma and J. Hebling: “Comparative analysis of optical setups for excitation of dynamic gratings by 

ultrashort light pulses,” Opt. Commun. 199, 407-415 (2001). 
21. E. P. Ippen and C. V. Shank, “Picosecond response of a high-repetition-rate CS2 optical Kerr gate,” Appl. 

Phys. Lett. 26, 92-94 (1975). 

 

1. Introduction  

For the last few decades, research of ultrafast all-optical switch has been stimulated by its 
high-bit-rate handling of optical signals for the need of future integrated optical system [1-3]. 
As the two main parameters characterizing the optical switching properties of materials, a large 
third-order nonresonant optical nonlinearity and a fast response are the most important 
properties for the realization of such all-optical switches. Using the optical Kerr shutter (OKS) 
technique and a femtosecond laser, many efforts have been invested in achieving these goals in 
many materials, e.g. inorganic glasses [4-6], organic or polymeric materials [7-9], 
semiconductors [10,11], and liquid materials [12].  

Optical Kerr shutter based on femtosecond non-collinear pump-probe technique can be 
used to measure nonlinear optical (NLO) response of materials. When the pump and probe 
beams with equal wavelength are used in the non-collinear pump-probe OKS experiments, 
optical Kerr signals usually originate from two kinds of effects: the photoinduced birefringence 
effect [7] and self-diffraction that results from laser-induced transient gratings (LITG) [8, 9]. 
Some studies have shown that when femtosecond pulses are used in OKS experiments for some 
organic molecular systems [8, 9], Kerr signals result mainly from self-diffraction of the pump 
beam by the LITG. In the process, self-diffraction, which is a four-wave-mixing process, is only 
limited by the duration of the pump laser pulses, even when nonlinear materials showing slow 
response are used, so the temporal behavior of the Kerr signals measured using the OKS setup 
is the field correlation time of the two pulses between the pump and probe beams, and not the 
NLO response time of the materials. Therefore, it is important to investigate the influence of the 
self-diffraction effect on femtosecond optical OKS measurements. 

In this paper, we investigated the self-diffraction and optical Kerr effects of 
Bi2O3-B2O3-SiO2 glass (BI glass) and CS2 using the femtosecond non-collinear pump-probe 
OKS technique. By measuring the dependence of the Kerr signals on the pump power and on 
the polarization angle between pump and probe beams, we found that the optical Kerr signals of 
CS2 consisted of two components: a fast response and a slow response, which were attributed to 
the self-diffraction effect and the photoinduced birefringence effect, respectively. By varying 
the pump power, we were able to control the influence of the self-diffraction effect on the Kerr 
signals. For the BI glass, no evident influence of self-diffraction on the Kerr signals was 
observed. This is probably because the optical nonlinearity of BI glasses arose from the 
electronic polarization process whose response time is shorter than the pulse duration. 

2. Experiment 

The glass sample of the composition Bi2O3-B2O3-SiO2 prepared by melting BiO1.5, SiO2, B2O3 
and GeO2 according to a certain proportion was employed. The details about the preparation of 
the sample were given in the reference [5]. The thickness of the sample was about 1.5 mm. The 
linear absorption spectrum of the sample indicates that there is no evidence absorption above 
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the wavelength of 450 nm, so there is no resonance absorption at the wavelength of 800 nm.  
In our experiments, a femtosecond non-collinear pump-probe arrangement was employed. 

The output of a Ti: sapphire laser, which emitted 30-fs and 800 nm laser pulses with a repetition 
rate of 1 kHz, was split into two beams. The power of the pump beam varied between 1 mW and 
8 mW, being kept below the threshold of white light generation [13]. For the sake of a large 
intensity ratio of the diffracted pump beam to the probe beam as well as a large signal-to-noise 
ratio (SNR), the probe beam was much weaker, 5% of the pump power for instance. The two 
beams were focused into the sample at an angle of 15° and the spots of the focused beams 
overlapped carefully. Time delay between the two pulses was varied by a delay-line controlled 
by a stepping motor. A photomultiplier tube was positioned behind the sample on the optical 
path of the probe beam to detect the self-diffraction signals. When we measured the Kerr signals 
of the sample, an analyzer was positioned in front the detector. To investigate the dependence of 
the self-diffraction signals as well as the Kerr signals on the polarization angle between the two 
beams, a / 2λ  wave plate was introduced into the optical path of the pump beam. To optimize 
the intensity of the Kerr signals, the polarization plane of the pump beam was rotated by / 4π  
from that of the probe beam. 

When a laser beam with an ultrashort laser pulse such as a femtosecond pulse is focused, 
the light intensity I  might cause a refractive index change of the sample, as given by the 
following equation [14]: 

                                0 2 .n n n I= +                                           (1) 

Here, 0n  is the linear refractive index and 2n  denotes the nonlinear refractive index, which 
corresponds to the third-order nonlinear coefficient. When the probe pulse overlaps with the 
pump beam temporally, it will take the anisotropy of the refractive index, causing a partial 
depolarization of the beam and a leakage of the intensity through the analyzer. On the other 
hand, the spatial superposition of the two coherent lasers might yield a spatially modulated 
distribution of the energy density, and the interaction with the material will lead to the creation 
of LITG and the self-diffraction of the pump beam [15-20].  

3. Results and discussion 

3.1 Influence of self-diffraction effect on time-resolved Kerr signals  

Figure 1 shows the results measured for the time response of the self-diffraction signals and the 
Kerr signals of CS2. The pump power for self-diffraction effect and Kerr effect was fixed at 5 
mW and 1 mW, respectively. The full-width at half-maximum (FWHM) of the time response of 
the self-diffraction signal was estimated to be about 105 fs, which was much faster than the 
decay process (more than 1 ps) of the Kerr signals. Since the response of the self-diffraction 
effect depended only on the field correlation time of the two pulses, the response of the process 
was limited only by the duration of the femtosecond pulses at the sample, which was broadened 
to about 100 fs due to the group velocity dispersion of the 30-fs laser pulses in the optical path. 
The slow decay process of the Kerr signals of CS2 originated from the orientation of the 
molecules [21]. 

Figure 2 shows the time-resolved measurements of Kerr signals of CS2 for different pump 
powers. The polarization angle between the pump and probe was kept at 45°. At low pump 
power which was smaller than 1 mW, there was no evident distortion of the time-resolved Kerr 
signals, as shown by the solid line. With increase of the pump power, the rising edge of the Kerr 
signals became sharper, as shown by the dotted and short dashed curves in Fig. 2, in which the 
pump power was fixed at 3 mW and 4 mW, respectively. The pump dependence of the time 
response of the Kerr signals was attributed to the self-diffraction of the pump beam. The 
self-diffraction and optical Kerr effects had different time and pump dependence, so when the 
pump power became stronger, the fast component of the Kerr signals that was attributed to the 
contribution of the self-diffraction to the Kerr signals became more evident. In order to confirm 
it, we measured the time-resolved Kerr signals for different polarization angles, in which the 
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pump power was adjusted to 5 mW. The results are shown in the inset of Fig. 2, from which we 
can see that when the polarization angle between the pump and probe beams was adjusted to 0°, 
the Kerr signal showed a fast time-response that arose mainly from the self-diffraction of the 
pump beam. When the polarization angle was adjusted to 30° or 60°, the Kerr signals showed 
two components of a fast response and a slow response, which were attributed to the 
self-diffraction and the photoinduced birefringence, respectively. 

 

 
Fig. 1. Time dependence of the self-diffraction effect and Kerr effect measured in CS2, as shown 
by the solid and short dashed line respectively. The FWHM of the self-diffraction signal is 
estimated to be less than 105 fs, depending only on the pulse width.  

 
Fig. 2. Time-resolved measurements of Kerr signals of CS2 for different pump powers. The 
polarization angle between the pump and probe beams was kept at 45°. The inset shows the time 
dependence of Kerr signals for different polarization angles. The pump power was 5 mW. 

 
To compare the Kerr signals of CS2 with that of NLO materials showing a fast response, we 

measured time-resolved Kerr signals of BI glass for different pump power, and the results are 
shown in Fig. 3. The inset shows the time-resolved measurements of the self-diffraction for BI 
glass, where the FWHM of the time-resolved signals was estimated to be equal to the width of 
the laser pulses. As the nonlinearity of the BI glass originated mainly from the electronic 
process [5, 6], its response is much faster than CS2 and there was no slow component in the 
NLO process. From Fig. 3, we can see that no evident difference for the time-resolved Kerr 
signals was observed when the pump power increased from 2 mW to 8 mW. The response time 
of the photoinduced birefringence that results from the electronic polarization process is shorter 
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than the pulse duration, therefore influence of the self-diffraction on the Kerr signals couldn’t 
be distinguished, even though there might be a self-diffraction component in the Kerr signals. 

 

 
Fig. 3. Time-resolved Kerr signals of BI glass for different pump powers. The inset shows the 
time-resolved self-diffraction signals. 

 
3.2 Polarization dependence of photoinduced birefringence and self-diffraction effects 

In the previous reports, people have investigated the formation of the grating induced by a 
femtosecond laser [15-17]. It has been clarified that, the LITG is induced by the interference of 
the two coherent beams, and the mechanism is attributed to the transient refractive-index 
modulation. For the further investigation of the mechanisms of the Kerr signals, we measured 
the dependence of the self-diffraction signals on the polarization angle between the two incident 
beams. The polarization dependences of the signal intensities for both CS2 and BI glass are 
depicted in Fig. 4. We can see from the figure that, the period of dependence is π , with the 
maximum values of the signals occurring at  ( 0,1,2, )k kπ = � , and the minimum values 

occurring at  + /2 ( 0,1, 2, )k kπ π = � . So, we can conclude that LITG is responsible to the 
self-diffraction of the pump beam.  

To discriminate the mechanism of Kerr effect from that of self-diffraction effect, we also 
measured the polarization dependence of Kerr signals. Here, to avoid the contribution of 
self-diffraction effect to the Kerr signals, the pump power was adjusted to be below 1 mW. 
Figure 5 shows the dependences of the Kerr signals of BI glass and CS2 on the polarization 
angle between the pump beam and probe beam. The experimental results show a sinusoid of the 
period of / 2π , with the maximum and minimum values occurring at / 2 / 4nπ π+  and 

/ 2 ( 0,  1,  2 )n nπ = � , respectively.  
In Kerr configurations related to photoinduced birefringence effect, an anisotropic 

refractive-index induced by the electric field of pump beam incident on a transparent sample 
causes a partial depolarization of probe beam so that Kerr signals are detected after the analyzer. 
In that case, the Kerr signal intensity is given by: 

                         2 2
0 sin (2 )sin ( / 2)I I θ φ= Δ .                                 (2) 

Here, θ  is the intersecting angle between polarization of the probe and pump beam, φΔ  is 

the phase shift. φΔ  holds constant while the pump power is invariable, and the Kerr signal 

intensity depends only on the polarization angle θ . Comparing the results shown in Fig. 5, we 
can conclude that, the photoinduced birefringence effect was responsible for the Kerr signals in 
our experiments, which is different from the mechanism of self-diffraction effect. 
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Fig. 4. Polarization dependence of the self-diffraction signals in BI glass and CS2 induced by 
30-fs pulses. 

 
Fig. 5. Polarization dependence of the optical Kerr signals of BI glass and CS2 induced by 30-fs 
pulses.  

 

4. Conclusion 

In summary, we have investigated the self-diffraction effect in both CS2 and BI glass in 
femtosecond non-collinear pump-probe optical Kerr experiments. We have found that, there 
were two components in the Kerr signals of CS2: a fast response that is attributed to the 
self-diffraction effect, and a slow response that is attributed to the photoinduced birefringence 
effect. By varying the pump power, we were able to control the contribution of the 
self-diffraction effect to the Kerr signals.  
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