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Abstract

:

Supercontinuum (SC) generation using multiple thin plates is demonstrated with a femtosecond laser pulse. We propose an improved technique to obtain larger spectrum broadening and higher spectral intensity by employing mixed multiple thin plates with different thicknesses and materials. Furthermore, the spectrum has good stability, which is superior to that of the spectrum induced by the traditional single filament in bulk material. Our approach offers a route towards simple and stable SC generation for potential applications.
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1. Introduction


SC generation is a universal phenomenon produced by the nonlinear propagation of intense femtosecond laser pulses in a transparent medium [1]. SC is characterized by an extremely broad spectrum with frequencies ranging from infrared to ultraviolet. The underlying physics of filament-induced SC generation appears to be a complex process that involves a dynamic interplay of spatial and temporal effects: self-focusing, self-phase modulation, self-steepening, group velocity dispersion, and multiphoton absorption [2,3,4,5,6]. SC has attracted significant research interest in diverse fields owing to its advantages of ultrabroadband radiation, high spectral brightness, and high spatial coherence, which are equivalent to those of white-light lasers. It has found wide application in optical frequency combs [7], biomedical imaging [8], molecular fingerprint spectroscopy [9], and the generation of few-cycle femtosecond pulses [10].



In recent years, there have been many ways to generate an ultrabroadband SC. For instance, a femtosecond laser pulse is injected into inert-gas-filled hollow-core fibers. This method could enable the compression of pulses with high compression ratios and better spatial modes [11,12]. However, it has some inherent drawbacks, such as low efficiency of fiber coupling and complexity of adjustment of the experimental apparatus. In addition, SC can be efficiently generated in a solid-state material due to its higher nonlinear index of refraction. It is a simple and robust method to broaden the spectrum. However, when the peak power of the laser pulse is sufficiently high, self-focusing and multiphoton ionization result in optical breakdown and permanent damage to the material. More recently, a novel technique that generates SCs with multiple thin plates has attracted much attention [13,14,15,16]. This technique effectively circumvents energy loss and optical breakdown. It has been reported in nearly one octave-spanning spectrum ranging and a few-millijoule pulse energy [17,18]. Different applications place differing demands on the characteristics of the SC spectrum. For example, the spectral coherence and a broad spectral range are the key factors in pulse compression. In the application of femtosecond transient absorption spectroscopy, high intensity of shortwave components will provide a broad spectral detection range, and better spectral stability will improve the detection sensitivity. In addition to supercontinuum generation, the use of thin plates makes it possible to perform more complex manipulations with high-energy ultrashort pulses. A new concept of using thin plates was proposed for spectral broadening with subsequent temporal compression of ultrashort pulses having energy as high as a few hundred Joules [19]. An experiment was reported in which the successful compression of high-energy laser pulses was achieved [20]. The measured spectrum broadening in thin plates together with the fundamental spectrum also allows the reconstruction of the pulse intensity and phase [21].



In this paper, we experimentally investigated the generation of SC by mixing multiple thin plates. The broadening and intensity of the SC spectrum in the short-wavelength region was further enhanced through a set of multiple thin plates with different thicknesses and materials.




2. Experiments


The experimental apparatus of SC generation in multiple thin plates is illustrated in Figure 1. A Ti:sapphire femtosecond laser system operating with a pulse duration of 50 fs and central wavelength of 800 nm at a repetition rate of 1 kHz was used in our experiment. A neutral density filter placed in the beginning was used to control the average power of the laser beam to obtain a suitable energy per pulse of 520 µJ. The beam diameter was approximately 10 mm. The output pulse was loosely focused onto a set of fused silica thin plates with a convex lens (f = 2000 mm). The diameter of the focal point was approximately 410 μm at the 1/e2 width measured by the knife-edge method. The peak intensity was approximately 7.9 × 1012 W/cm2 at the focal point. The fused silica thin plates (Beijing Zhong Cheng Quartz Glass Co., Ltd., Beijing, China) used in our paper were squares with sides of 20 mm and thicknesses of 120 μm and 200 μm. These plates were placed at the waist of the beam at the Brewster angle (55.5°) to reduce the Fresnel reflection loss at the surfaces. The generated SC spectrum was collected by a lens on a fiber-coupled spectrometer (Ocean Optics HR 4000). A filter was used in front of the spectrometer to suppress the fundamental frequency light at a center wavelength of 800 nm.




3. Results and Discussion


Firstly, seven 120 μm thin fused silica plates were applied for SC generation. The first thin plate was placed 20 cm before the focus of the lens, and the average power was approximately 489 mW after the plate. The spacing between these thin plates was 8 cm, 10 cm, 5 cm, 2.5 cm, 2.5 cm, 2.5 cm, respectively. The positions of the plates were determined by obtaining the broadest transmitted spectrum after each plate without optical damage. The thin plates should be placed in sequence, resulting in the best spectrum broadening. As the laser passes through the thin plate, the self-focusing effect causes the laser beam to form a focal point in the air. It should be noted that the next thin plate should be placed away from the focal point to effectively avoid material damage. The beam diameter was increased after the seventh plate, leading to a reduction in peak power. When more 120-μm-thin fused silica plates were added, the width of the spectrum ceased to broaden. The average power after the second to seventh plates was 480 mW, 473 mW, 458 mW, 448 mW, 437 mW, and 428 mW, respectively. To understand the process of spectrum broadening, the fundamental spectrum and the SC spectrum after each plate were recorded, as shown in Figure 2. It was observed that the broadened spectra in the first three plates were symmetric to the fundamental spectrum, which coincided with the process of self-phase modulation. However, the spectra were significantly broadened from the fourth to seventh thin plates, as shown in Figure 2b. The primary mechanism responsible for spectral broadening was the nonlinear phase accumulation pass through the plate, leading to pulse self-steepening. As a comparison, the supercontinnum generation in an 840 μm fused silica plate without filamentation was also investigated. The thickness of this plate was equivalent to the sum of the seven thin plates mentioned above. To avoid the filamentation, this single plate was placed 25 cm before the focal point, and the SC spectrum is shown by the red dotted line in Figure 2b. The output average power was approximately 455 mW. The spectral width induced by the single plate was narrower than that of the multiple thin plates due to the lower input laser intensity.



We compared the effect of different thicknesses in multiple thin plates on spectral broadening. The spectrum of SC generation with 120 μm and 200 μm thin fused silica plates is shown in Figure 3. Seven plates with the same thickness were strategically placed at the waist position of the incident laser beam. It was observed that a broader spectrum could be obtained with seven pieces of 120 μm thin fused silica plates, and the final spectrum extended to approximately 490 nm in the short-wavelength region. However, the cutoff wavelength in the short-wavelength region was approximately 520 nm for 200 μm thin plates. In the course of the experiment, it was found that 200 μm thin plates were easily damaged and had poor stability. Essentially, there was a longer optical path inside the thicker plates, which was more prone to energy loss from multiphoton ionization and optical damage, resulting in less spectral broadening. However, a thinner plate has a shorter optical path, which avoids these disadvantageous factors but provides very limited self-phase modulation. Self-phase modulation is usually characterized by the B-integral. It is defined as   B =   2 π  λ     ∫ 0 L    n 2  I    d z  , where λ is the central wavelength, n2 is the nonlinear refraction index, I is the intensity of incident light, z is the coordinate along the beam direction, and L is the thickness of Kerr medium. When the optical intensity is constant, the B-integral increases with the propagation distance. The nonlinear refractive index for fused silica is 2.4 × 10−16 cm2/W. The estimated value of the B-integral is approximately 3.0 for the 200 μm thin plate and 1.8 for the 120 μm thin plate in our experiment. Thus, the accumulation of self-phase modulation for the 200 μm thin plate is 1.67 times that of the 120 μm plate. We infer that if a set of thin plates with different thicknesses was employed, the SC spectrum would have a more expanded range.



Normally, the diameter of the spot gradually increased as the number of insetting plates increased, while the peak power density of the laser decreased. Therefore, it is advantageous to inset a thicker plate in the back. This can not only accumulate a greater effect of self-phase modulation but also avoid some adverse nonlinear influences, and it can finally contribute to further spectrum broadening. To provide a better comparison, the seventh thin plate was replaced with a 200 μm thin plate based on the above experiments. It is necessary to adjust the position of the new inset plate to broaden the spectrum as much as possible. After passing through all the plates, the spectra were measured, as shown in Figure 4a. The spectra were broader than those of the seven plates with the same thickness, which extended to 470 nm in the short-wavelength region. In addition, the spectral intensity was significantly increased in the range from 470 nm to 650 nm compared to that of the seven 120 μm plates. Figure 4b shows a color photographic image of the beam profile in the far field that was taken by a digital camera. The most striking feature is a red ring surrounding a white circular central area.



We further analyzed the influence of mixed thin plates with different materials and thicknesses on spectral broadening. Usually, a thin plate of fused silica is used to generate SC. The material of the thin plates is not confined to fused silica. Because fluoride materials have a large bandgap, it is possible to further broaden the spectrum to the short-wavelength side. However, it is susceptible to optical damage owing to the low damage threshold of fluoride material [22]. We surmised that a plate with fluoride materials placed at the back of multiple thin plates would expand the spectrum to a greater degree. Then, we continued to insert a 1-mm-thick CaF2 plate ((111), Union Optic Inc., Wuhan, China) based on the broadened spectrum of the combined plates with different thicknesses. It should be noted that the CaF2 plate was placed at a distance of approximately 10 cm from the last fused silica plate to avoid optical damage. The position of the new inset plate was adjusted so that the spectrum was as broad as possible. The recorded spectra are shown in Figure 5. The spectrum was obviously broadened to approximately 430 nm in the short-wavelength region. Moreover, the intensity of short-wavelength components in the range of 430 nm to 600 nm was greatly increased. As a comparison, a 1-mm-thick fused silica plate was inserted. The spectrum no longer broadened, as shown by the green line in Figure 5. In fact, CaF2 had a higher nonlinear refractive index and lower critical power of self-focusing [23]. In terms of the results shown in Figure 2, more self-phase modulation might be accumulated through multiple thinner CaF2 plates as opposed to those that are 1-mm-thick. If there are thinner CaF2 plates, further broadening to wavelengths less than 400 nm could be achieved by inserting multiple CaF2 plates.



The stability of the SC spectrum is an important factor in many applications. We investigated the stability of the SC spectrum in our experiment, which is crucial in transient absorption spectroscopy. In general, SC is generated by a single filament in bulk media in most experiments. Thus, a piece of fused silica with the size of 15 mm × 15 mm × 10 mm was used to induce a single filament for comparison. The spectra of SC obtained from the bulk fused silica and the mixed multiple thin plates are shown in Figure 6a. It was observed that the spectral intensity and broadening for the bulk fused silica was inferior to that for the mixed multiple thin plates. A color photographic image of the SC generated from the bulk fused silica was recorded by a digital camera and is shown in Figure 6b. The transverse section of the beam image reveals a typical conical emission pattern. A central white core was surrounded by colored Newton’s rings appearing in an order opposite to diffraction. Furthermore, the spectral stability that we measured in multiple thin plates was compared to the case of a single filament generated in bulk fused silica. A series of spectra were collected by the spectrometer for 10 min with an acquisition interval time of 6 s. The spectral integral intensity was calculated and normalized by its maximum value. The fluctuations of SC are represented by the difference between the normalized spectral integral intensity and its mean value. The spectral fluctuations with collection time are shown in Figure 7. The spectrum induced by a single filament exhibited small fluctuations, while, in the case of multiple thin plates, it was relatively stable. In addition, the standard deviation (SD) was used to quantitatively evaluate the stability of the SC spectrum. The SD was defined as   σ =       ∑  i = 1  N      (   I i  −  I ¯   )   2     / N     , where N is the number of spectra collected, Ii indicates each normalized spectral integral intensity, and Ī is the average value of the normalized spectral integral intensity. As the value of SD is smaller, the spectrum is more stable. The SDs of the spectra induced by bulk media, multiple thin plates, and the fundamental frequency light were calculated to be 0.0398, 0.0285, and 0.0149, respectively. The results indicate that the spectrum induced by multiple thin plates shows better stability, which is 40 percent higher than that of the spectrum induced by a single filament in bulk media. The reason is as follows. As is well known, SC generation is a complex nonlinear optical process. The intensity stability of SC will be influenced by the nonlinear amplification of the input pulse fluctuations. In terms of the SC generation mechanism, the SC induced by the thin plates almost originated from pure self-phase modulation, while the SC induced by bulk media might be affected by many nonlinear optical processes besides the self-phase modulation. Thus, the stability of the SC generated from the multiple thin plates might be shot-noise-limited and better than that of the SC generated from bulk media.




4. Conclusions


In summary, we have demonstrated a technique using multiple thin plates to generate a more intense and broader SC spectrum. This is achieved by a set of solid thin plates with different thicknesses and materials. The spectrum intensity and spectrum broadening in the short-wavelength region were significantly increased compared to those of traditional thin plates with identical thicknesses and materials. Furthermore, the spectrum exhibited excellent stability, which is superior to that of the spectrum induced by the single filament. Our results indicate that mixing multiple thin plates might be an interesting substitute for other SC generation techniques. For instance, when SC was generated in bulk material, the spectral broadening and intensity were insufficient. The results can be utilized in a wide range of applications, including femtosecond transient absorption spectroscopy, high-resolution investigation of ultrafast phenomena, and the generation of bright isolated attosecond pulses.
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Figure 1. Schematic of the experimental setup (NDF: neutral density filter). 
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Figure 2. Spectra passing through the fused silica plates. The “0 piece” indicates fundamental spectrum. Red dotted line represents the spectrum generated from the single 840 μm plate. Each spectrum was normalized by its maximum value. 
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Figure 3. SC spectra after the laser beam propagated through the fused silica thin plates. Each spectrum was normalized by its maximum value. 
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Figure 4. (a) SC spectrum after the laser beam propagated through a set of thin plates with mixed thickness. (b) The image of output beam profile. 
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Figure 5. SC spectrum after the laser beam propagated through a set of mixed thin plates with different materials and thickness. (a) Spectra on a log scale; (b) Spectra on a linear scale. 
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Figure 6. (a) SC spectra generated from the bulk fused silica and the mixed multiple thin plates. (b) Image of the SC beam profile in the bulk fused silica. 
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Figure 7. Fluctuation of normalized spectral integral intensity with collection time. σ is the standard deviation of normalized spectral integral intensity. 
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