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Control of the polarization properties of the supercontinuum generation in a noncentrosymmetric crystal R. Sai Santosh Kumar, K. L. N. Deepak, and D. Narayana Rao* School of Physics, University of Hyderabad, Hyderabad 500 046, India *Corresponding author: [email protected] Received February 13, 2008; revised April 15, 2008; accepted April 15, 2008; posted April 24, 2008 (Doc. ID 92738); published May 23, 2008 A systematic experimental study on the polarization properties of supercontinuum generation (SCG) in a noncentrosymmetric crystal (KDP) is reported. Our studies show that depolarization of the SCG is dependent on the plane of polarization of incident light as well as on the orientation of the crystal, allowing a better control of the polarization properties. © 2008 Optical Society of America OCIS codes: 320.6629, 320.7110, 190.5940, 160.1190.



Supercontinuum generation (SCG) is a spectacular phenomena associated with the propagation of ultrashort laser pulses through bulk transparent media accompanied by the strong modification of its spatial and temporal properties resulting in extreme spectral broadening, which results in the generation of a white-light continuum from ultraviolet to infrared [1–3]. Several nonlinear processes that include self-phase modulation, optical “shock wave” formation owing to self-steepening, space–time focusing, and plasma generation by multiphoton ionization are established to be acting concomitantly to induce the spectral broadened output [2]. With its high spatial coherence, good polarization properties, spectral brightness, and high peak intensities enabling strong light–matter interaction in the nonlinear regime, the supercontinuum (SC) has found applications as an ideal broadband ultrafast light source. Much research has been concentrated on the manipulation of temporal and spectral characteristics of the SCG. The photonic crystal fibers (PCFs) were investigated primarily because PCFs allow engineering of the spectral dispersion and confinement of light through the underlying periodicity of their structure [3]. The spatiospectral control and localization of SC was demonstrated through the nonlinear interaction of spectral components in extended periodic structures [4]. The control of the onset of filamentation had been achieved by rotating the plane of polarization of incident light [5]. The control of the spectral content of SCG was achieved by manipulation of the polarization of input laser pulses [6]. With the general assumption that the polarization of the generated SC follows that of the incident pulse [1] it has been shown that at high input powers the SCG gets depolarized owing to the formation of low-density plasma [7]. However, to our knowledge no report until now has ever dealt with the control of polarization properties of the generated SC, and hence any research toward this purpose would be of great relevance. Our results show, for what we believe to be the first time, that the depolarization (polarization degradation) of SCG is controllable when generated in a quadratic nonlinear media such as a KDP crystal. The polariza0146-9592/08/111198-3/$15.00



tion of the generated SC could be similarly maintained to that of the incident pulses even at high input powers. Lately, much attention and interest are shown in the propagation of ultrashort pulses in quadratic 共共2兲兲 media and the effective third-order 共共3兲兲 nonlinearity arising from the cascading of second-order 共共2兲兲 processes. Applications include compensation of self-focusing, control of group velocity and X waves, control of the sign, and magnitude of self-steepening [8–11]. Earlier, we reported the generation and properties of tunable broadband white light in a KDP crystal employing SCG in tandem with secondharmonic generation and sum-frequency generation with SCG in the KDP crystal [12,13]. Upon systematic study of polarization properties of SCG in a KDP crystal, we observe that the polarization properties strongly depend on the orientation of the crystal. The experiments are performed with a Ti:sapphire system (MaiTai+ Spitfire, Spectra-Physics Inc.), delivering 1 mJ, 100 fs duration laser pulses at 800 nm and 1 kHz repetition rate. The input polarization is p polarized (extinction ratio ⬍10−3). The SC is generated by focusing the amplified fundamental pulse using a focusing lens 共f = 300 mm兲 into the KDP crystal. The face of the crystal was placed 2 cm away from the focus point to avoid any laser induced damage. The incident average power used throughout this study was 350 mW, corresponding to a peak power of ⬃3.5 GW (⬎1000Pcr for KDP [13]) and peak intensity of ⬃8 ⫻ 1012 W / cm2 on the front face of the crystal. Peak powers and intensities are calculated by assuming a Gaussian beam profile for the incident laser pulses. The spectra of SC are recorded using a fibercoupled spectrometer (Ocean Optics USB2000) after collimation and suppressing the fundamental with an IR filter that limits our study to the visible region 共400– 750 nm兲 of the SC. The polarization of the SC is analyzed with a Glan–Thomson polarizer (extinction ratio ⬃105, Thorlabs). The crystal chosen for the study is a z-cut KDP crystal with dimensions of 10 mm⫻ 8 mm⫻ 5 mm. The polarization of the SC was examined using a Glan polarizer at perpendicu© 2008 Optical Society of America



June 1, 2008 / Vol. 33, No. 11 / OPTICS LETTERS



lar 关Iorth共兲兴 and parallel orientations 关Ipar共兲兴 with respect to the input polarization as a function of the wavelength 共兲. The integrated intensity measurements of the SC in both the parallel 共Ipar兲 and perpendicular positions 共Iorth兲 are measured by focusing onto a photodetector (FND100). We define the ratio of Ipar 共兲 to Iorth共兲 as the polarization ratio 关共兲兴. Thus, the larger the observed changes of the SC polarization (depolarization) the smaller the resulting values of , and hence the input polarization retained in the process of SCG can be presented by the polarization ratio. In the present case the input beam is measured to be polarized parallel to the a axis in the (001) plane of the crystal and propagating along the axis normal to this plane along the c axis. The various orientations of the crystal presented in the study were confirmed by an x-ray piezo-goniometer (Rigaku, Japan). The polarization ratio 关共兲兴 for SC generated along the c axis has a wavelength dependence, as shown in Fig. 1, and the inset shows the SC spectra, as recorded by the spectrometer after suppressing the fundamental with an IR filter. From Fig. 1 we find the peak at 800 nm (residual of the fundamental) is surrounded by a pronounced SC depolarization 共 ⬍ 3兲. In contrast, the blue region of the SC 共450– 750 nm兲 shows lesser depolarization, and  monotonously rises toward the blue edge of the spectrum. The integrated polarization ratio, defined as the ratio of integrated spectral intensity (over the entire continuum) Ipar to Iorth, determined in this case is ⬃5 : 1 (extinction ratio ⬍10−1). The extinction ratios obtained earlier for SCG in CaF2 and LiF, both cubic crystalline in nature, were also of extremely low value 共⬃10−1兲 [14]. The observed spectral dependence of 共兲was interpreted as a result of an optical shockwave formation in the presence of nonlinear anisotropic birefringence (NAB) [15]. KDP, being a noncentrosymmetric crystal, has an anisotropic 共3兲 tensor, and hence the anisotropic nonlinear refraction 共n2兲 leads to NAB being different for different orientations of the crystal. Thus the magnitude of NAB strongly depends on the crystal orientation.



Fig. 1. (Color online) 共兲 for SCG along the c axis; inset shows the SCG spectrum.
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Figure 2 shows 共兲 for the SC when the plane of input linear polarization is rotated by a half-wave plate. With rotation of the plane of polarization from 0° (horizontal) to 45°, we observed that the 共兲 decreases and then increases from 45° to 90°. The inset in Fig. 2 shows the plot of the variation of Ipar / Iorth as a function of rotation angle 共兲, and the error bars account for a possible 20% error in the measurement. Clearly, 共兲 is at its minimum when the plane of polarization is rotated by 45° incidence signifying maximum depolarization. However, upon rotation by 90° we have enhancement in the overall 共兲 with an increase in the 450– 750 nm wavelength band when compared to that shown in Fig. 1 obtained at 0°. The 共兲 for SC generated along the a, b, and c axes of the crystal for the same input intensity is as shown in Fig. 3(a). From the figure it is evident that the SC along the a and b axes have a lower depolarization compared to that along the c axis indicating most depolarization of SC along the c axis. 共兲 is the lowest along the c axis probably because both the polarization components experience the same refractive index 共n0 = ne兲. To observe the depolarization at orientations other than the principal coordinates we rotated the crystal around the b axis with the zeroth position as the direction with the plane of polarization parallel to the a axis. Figure 3(b) shows that as we move away from the c axis the spectral dependence of 共兲 gets better when rotated by 30° relative to the zeroth position. Continuing on this line we generated SC along several other orientations of the crystal obtaining different 共兲. We obtained the most improved 共兲 for the SCG along the axis with  = 45° and  = 3.5°, where  is the angle propagation vector relative to the c axis and , the azimuth angle, as shown in Fig. 4. The solid curve shows the ratio obtained for Pin = 350 mW, while the dashed curve is for a lower input power Pin = 200 mW having an int ⬃ 600: 1 and ⬃1000: 1, respectively. Thus, one can obtain better polarization ratio at lower powers (but greater than Pcr). Though the SCG is due to multifilament formation owing to the high input power, its coherence properties are proved to be well maintained [12]. The



Fig. 2. (Color online) 共兲 for different planes of input polarization 共p兲 relative to the horizontal input polarization. Inset, plot of variation Ipar / Iorth with p.
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isotropic property of the crystals results in the dependence of 共3兲 on the rotation angle and is a function of the independent nonvanishing 共3兲 components determined by the crystal symmetry. For noncentrosymmetric crystals, such as KDP, the anisotropy in 共3兲 is very large leading to dependence on both  and . A detailed theoretical study of the relation of polarization ratio of the SCG with 共3兲 is in progress and will be presented elsewhere. To conclude, we demonstrated the control over the depolarization properties of SCG in a KDP crystal with (i) the plane of polarization of incident light SC generated along the c axis, and (ii) the orientation of the crystal. SC along the c axis has the most depolarization. We observed substantial reduction in the depolarization even at higher input powers ⬎1000Pcr with orientation of the crystal relative to the c axis of the crystal. R. S. S. Kumar acknowledges the Council of Scientific and Industrial Research for support. The authors thank H. L. Bhatt and Babu N. J. Reddy, Department of Physics, Indian Institute of Science, Bangalore for lending us the KDP crystals. Fig. 3. (Color online) (a) 共兲 for SC along three axes of the crystal; (b) 共兲 for SC generated at different crystal orientations.



control over depolarization of SCG in KDP thus helps with well-defined polarization properties. Until now the best reported  to our knowledge is 2000:1 for SCG in CaF2 achieved at low input power ⬃10Pcr with single filament generation [16]. Thus, the present results hold significance with SC being generated at an input power ⬎1000Pcr, allowing intense SC generation with stable polarization properties. SCG essentially being a third-order process is intrinsically dependent on the 共3兲 of the material. The an-



Fig. 4. (Color online) 共兲 for SC at crystal orientation of  = 45° and  = 3.5°.
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