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Abstract

:

We demonstrate a proof of principle of a simple all-solid-state post-compression setup for low-energy, high-repetition-rate laser pulses, where spectral broadening was performed using a combination of highly nonlinear bulk materials in a simple single-pass geometry. The 75 fs, 210 nJ pulses from an amplified 76 MHz, 15.7 W Yb:KGW oscillator after sequential spectral broadening in ZnS and YAG samples of 2 mm and 15 mm thickness, respectively, were compressed to 37 fs by means of Gires–Tournois interferometric mirrors. The post-compressed pulses with an average power of 11.47 W demonstrated reasonable spatial-spectral homogeneity of the beam with the spectral overlap parameter   V > 83 %   and good beam quality with    M x 2  = 1.28   and    M y 2  = 1.14  .
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1. Introduction


Extracavity compression, or post-compression, of laser pulses that relies on increasing the spectral bandwidth via self-phase modulation (SPM) in a nonlinear bulk medium and subsequent removal of the frequency modulation by using an appropriate dispersive delay line constitutes a simple and very efficient method for the generation of ultrashort pulses whose spectral bandwidths extend well beyond the gain bandwidths supported by the driving laser sources [1,2]. Among various pulse compression methods developed so far, pulse compression based on SPM-induced spectral broadening in bulk solid-state materials offers the advantages of technical simplicity, low cost and easy implementation to virtually any existing ultrashort pulse laser system [3].



At present, the all-solid-state pulse post-compression technique is widely attracting a renewed practical interest, and to date, has been demonstrated in a variety of setups, unveiling the potential of scalability to very high peak [4,5] and average [6,7,8] powers, as well as achieving huge compression factors [9]. In particular, all-solid-state pulse post-compression has emerged as a very attractive and useful technique to compress the relatively long femtosecond and sub-picosecond pulses delivered by various rapidly developing high-average-power Yb laser sources. Second-order cascading in materials with second-order nonlinearity [10,11], multi-plate [12,13,14] and multi-pass [6,15,16] techniques, as well as multistage [17] and hybrid [18,19] approaches, were recently developed to achieve large compression factors and provide few-optical-cycle pulses. In contrast to conventional single- or few-pass schemes, multi-plate and multi-pass geometries ensure excellent beam quality and uniform spectral distribution across the beam thanks to sequential spectral broadening and careful management of unwanted spatial nonlinear effects, i.e., the onset of self-focusing of the beam and spatial spectrum variations.



These techniques are perfectly suited to compressing the ultrashort pulses from Yb thin-disc oscillators and pulses from amplified Yb laser systems, with energies from several microjoules to several millijoules; see, e.g., [20]. Typically, the SPM-induced spectral broadening of pulses with an energy of several hundreds of nanojoules is usually performed in highly nonlinear fibers [21,22,23]. More recently, spectral broadening and soliton compression of low-energy pulses in materials featuring a second-order nonlinearity was demonstrated as an interesting and feasible alternative [24,25]. However, spectral broadening of such pulses in bulk solid-state materials with pure cubic nonlinearity has received only little attention so far [26]. To this end, high-repetition-rate, low-threshold filamentation and supercontinuum generation was recently demonstrated in narrow-bandgap dielectric materials, such as undoped KGW and YVO4 crystals, owing to their relatively large nonlinear indexes of refraction [27,28]. These findings suggest that bulk solid-state materials that exhibit similar nonlinear properties could be readily employed for SPM-induced spectral broadening and post-compression of low-energy laser pulses, and may operate at very high laser repetition rates.



In this study, we demonstrated a proof of principle of a simple all-solid-state post-compression setup for low-energy (210 nJ), high-repetition-rate (76 MHz) pulses from an amplified Yb:KGW oscillator that was based on sequential spectral broadening in highly nonlinear materials (ZnS, YAG and KGW) and the compression of spectrally broadened pulses using Gires–Tournois interferometric (GTI) mirrors.




2. Materials and Methods


The laser source we used was a commercial 4.3 W average power, 76 MHz repetition rate Yb:KGW oscillator (FLINT, Light Conversion) that provided 90 fs pulses with a central wavelength of 1036 nm. The oscillator pulses were amplified in a home-built pre-chirp-managed (PCMA) rod-type single-pass fiber amplifier, which, after GTI mirror compression, delivered 210 nJ, 75 fs pulses with an average power of 15.7 W and a peak power of 2.5 MW [29]. The long-term output power stability of the entire laser system was 0.53% rms, as measured over 24 h of operation. The experimental setup is depicted in Figure 1. The SPM-induced spectral broadening was performed in a two-stage arrangement that combined sequential propagation of several highly nonlinear materials: ZnS (uncoated, 2 mm thick,    n 2  = 68 ×  10  − 16     cm2/W [30]), KGW (uncoated, 6 mm thick,    n 2  = 11 ×  10  − 16     cm2/W [31]) and YAG (uncoated, 15 mm thick,    n 2  = 6.13 ×  10  − 16     cm2/W [32]).



In the first stage, the laser beam with a diameter of 1.6 mm (at the   1 /  e 2    intensity level) was focused using the anti-reflection (AR)-coated lens L1 with a focal length of   f = + 150   mm onto a 2 mm thick ZnS crystal. The crystal was tilted at a   50 ∘   angle with respect to the beam incidence in a compromise of minimizing the reflection losses (the calculated Brewster’s angle was   66 ∘  ), and at the same time, keeping the ellipticity of the beam, and thus, the peak intensity at an acceptable level to induce spectral broadening of the pulse [33,34].



In the second stage, the beam was focused with an AR-coated lens L2 (  f = + 100   mm) onto the second nonlinear crystal (2 mm thick ZnS, 6 mm thick KGW or 15 mm thick YAG). Here, ZnS crystal was tilted at the same   50 ∘   angle with respect to the beam incidence, while the KGW and YAG crystals were placed at normal incidence due to their small transverse dimensions (  5 × 5   mm2). The position of the lens L2 was found experimentally to achieve the desired dimensions of the beam waist and achieve the SPM-induced spectral broadening in a diverging beam, locating the samples ∼5 mm behind the geometrical focus of the lens. Thereafter, AR-coated lens L3 (  f = + 200   mm) was used to collimate the output beam after the second stage of spectral broadening.



The spectrally broadened pulse was directed to the compression stage, which consisted of a pair of GTI mirrors (with 99.5% reflectivity per bounce), with a group delay dispersion (GDD) of   − 1350   fs2 at a wavelength of 1038 nm (see [29] for the full spectral characteristics of GTI mirrors). A set of AR-coated fused silica slabs of different thicknesses was used for the fine matching of the dispersion compensation.



A small part of the radiation, which was reflected from the 20% beam splitter BS and fused silica wedges W1 and W2, was sent for diagnostics. The beam profile measurements were performed using a   1600 × 1200  -pixel resolution CCD camera (Spiricon SP620U, Ophir Optronics). The spectral measurements were performed with a portable spectrometer (AvaSpec-ULS2048CL-EVO, Avantes), which, for the characterization of the spatial-spectral structure of the beam, was mounted on a motorized translation stage. The temporal characterization of the compressed pulses was performed with the homemade second harmonic generation frequency-resolved optical gating (SHG-FROG) setup, which used a   50  μ  m thick BBO crystal. The FROG traces were retrieved using a standard FROG pulse retrieval algorithm. The power measurements were performed with a thermal power sensor (F80(120)A-CM-17, Ophir Optronics, not shown in Figure 1).




3. Results


The sequential spectral broadening investigated in the present study reminds us to some extent of a minimized and simplified version of multi-plate compression. Figure 2a shows the temporal and spatial characteristics of the pulse after propagation through the first 2 mm thick ZnS crystal. The optimal position of the crystal was found at the geometrical focus of the lens without incurring apparent distortion of the beam shape; see Figure 2a,b, which illustrate the measured profiles of the input and output beams, respectively. Figure 2c,d show the results of the SHG-FROG measurements by presenting the measured and reconstructed spectra and retrieved temporal profile of the pulse, respectively. The retrieved pulse width of 103 fs indicates temporal broadening of the pulse due to large group velocity dispersion of ZnS (385 fs2/mm), while its spectrum corresponded to the transform-limited (TL) duration of ∼50 fs. The measured average power of the output beam was 14.2 W, suggesting 90.5% transmission through the first stage of the spectral broadening.



Although only a relatively small spectral broadening was achieved (see Figure 3a, where it is shown by a black curve), the first stage of spectral broadening in the ZnS crystal had a threefold effect. First, the combined action of the SPM and large material dispersion allowed for regularizing the spectral phase of the pulse since the pulses after the PCMA carried a residual uncompensated (nonlinear) chirp. Second, free space propagation between the spectral broadening stages suppressed small-scale irregularities in the beam due to nonlinear spatial effects. Third, the transverse dimensions of the sample (20 × 20 mm2) allowed for tilting of the crystal close to the Brewster’s angle, thus minimizing the reflection losses. This was important for achieving sufficient intensity in the second stage of spectral broadening and, at the same time, avoiding using a very small diameter for the incident beam, bearing in mind that according to Marburger’s law, the beams with a smaller diameter self-focus and collapse at a shorter distance. In what follows, we fixed the above experimental settings for the first stage of spectral broadening.



In the second stage, the SPM-induced spectral broadening was performed in a diverging beam while locating the samples ∼5 mm behind the geometrical focus of the lens L2. Such a propagation geometry was chosen by taking advantage of the fact that diverging beams are more resistant to self-focusing, thus helping to decouple the nonlinear effects in space and time, or in other words, to achieve spectral broadening, and at the same time, to minimize nonlinear spatial effects. The sample position with respect to the focal plane of the lens was found experimentally by simultaneously monitoring the beam profile and spectrum. The spectra of the laser pulses after each stage of spectral broadening are presented in Figure 3a, while Figure 3b–d show the collimated beam profiles after passing the investigated combinations of nonlinear materials. The broadest pulse spectrum extending from 986 nm to 1100 nm (shown by blue curve) without any apparent distortion of the beam profile was measured using a combination of 2 mm thick ZnS crystal in the first (fixed) stage and 15 mm thick YAG crystal in the second stage (this configuration is further referred to as ZnS + YAG). Such a spectrum, potentially yielding 32 fs TL pulses, was produced within a smooth, distortion-free Gaussian beam profile, as shown in Figure 3b, attesting to no apparent onset of nonlinear spatial effects.



However, the two remaining configurations of nonlinear materials (ZnS + ZnS and ZnS + KGW) produced appreciable spectral broadenings only at the cost of deterioration of the output beam profile. More specifically, the spectrum extending from 990 nm to 1100 nm was measured after the ZnS + ZnS configuration, as shown by the magenta curve. Here, the second 2 mm thick ZnS crystal produced somewhat larger spectral broadening as a result of a smaller beam diameter (note that L2 has a shorter focal length), and thus, a larger input intensity. The zero-phase Fourier transform of such a spectrum yielded a 37 fs TL pulse duration. Although the spectral broadening was smaller compared with the ZnS + YAG case, the beam profile measurement shown in Figure 3c revealed an already distorted beam with a characteristic low-intensity ring, which is a clear signature of nonlinear spatial effects, i.e., self-focusing. The configuration of 2 mm thick ZnS and 6 mm thick KGW crystals (ZnS + KGW) led to similar observations: a slightly narrower spectrum that extended from 994 nm to 1088 nm (red curve) and corresponded to TL pulses of 39 fs and an output beam with even more pronounced ring structure, as illustrated in Figure 3d.



In what follows, we examined the compressibility of spectrally broadened pulses in ZnS + YAG and characterized the overall performance of this particular combination in more detail. The pulse compression was performed using three reflections from the GTI mirrors with an additional passage through the AR-coated 27 mm thick fused silica slab for the fine matching of the GDD. The compression results are presented in Figure 4. The measured SHG-FROG trace is shown in Figure 4a, while Figure 4b shows the reconstructed trace with a retrieval root-mean-square error of 0.13%. Figure 4c compares the measured and reconstructed spectra, showing an excellent agreement of spectral profiles over four orders of magnitude. The retrieved temporal profile of the compressed pulse is presented in Figure 4d, yielding pulse duration of 37 fs, which is close to the TL pulse duration of 32 fs, which was obtained by a zero-phase Fourier transform of the measured spectrum. The satellite post-pulses were likely due to a large GDD imposed by the GTI mirrors (close to the boundary of their specified operation range) and residual third-order dispersion. Nevertheless, we estimated that 85% of the pulse energy was contained in the main peak.



The measured average power at the output of the entire setup was 11.47 W, indicating an energy throughput of 73%. It is important to notice that the overall 27% energy losses were of solely linear character, as introduced by Fresnel reflections in the uncoated ZnS sample (9.5%) and uncoated YAG sample at normal incidence (16.5%), and 1.5% energy losses after three reflections from the GTI mirrors, suggesting the absence of any detectable nonlinear energy losses in the samples due to multiphoton absorption, ionization, etc. Assuming these energy losses, the estimated peak power of the post-compressed pulses was 3.26 MW. Finally, we note that the energy throughput of the overall post-compression setup could be improved significantly just by minimizing the reflection losses using AR-coated samples of nonlinear materials.



A more detailed characterization of the compressed pulses was carried out by evaluating the spatial-spectral homogeneity of the beam. This is an important characteristic since typically, SPM-induced spectral broadening in a simple single-pass geometry leads to an inhomogeneous distribution of spectral components across the beam profile, and therefore, to different compression factors at the beam center and periphery. The characterization of the spatial-spectral structure of the beam was performed by scanning the spectral content along the x-coordinate with a portable spectrometer mounted on a motorized translation stage. The measured spatial-spectral intensity map of the beam is depicted in Figure 5a, showing an almost constant spectral width across the beam profile, which justifies a homogeneous spectral distribution as a function of the coordinate. For a more precise evaluation, we calculated the spectral overlap parameter V, as defined in [7], which serves as a quantitative measure of spatial-spectral homogeneity of the beam. The result is depicted in Figure 5b, which shows the spectral overlap parameter   V > 83 %   across a major part of the beam, where dotted grey lines indicate the beam intensity level of   1 /  e 2   . Here, the intensity distribution across the beam (orange curve) was obtained by integrating the spatial-spectral map along the wavelength axis. The estimated energy contained in the beam was   V > 90 %   was 88.4%, corresponding to 10.14 W of average power.



Finally, the spatial beam quality of the post-compressed pulses was investigated by the evaluation of beam propagation factor   M 2  . In doing so, a focusing lens with   f = + 300   mm was used to focus the collimated beam after the compressor. The beam profile was recorded using a high-resolution (  2048 × 1536   pixel) CMOS camera (SP932U, Ophir Optronics), which was translated along the focal zone. Figure 6 shows the results of the beam quality measurement in the x- and y-coordinates. The inset shows the beam profile recorded at the focal plane (beam waist), where superimposed curves show the central cross-sections along the x- and y-coordinates. The dimensions of the focal spot were    w x  = 94  μ  m and    w y  = 87  μ  m, as evaluated at the   1 /  e 2    intensity level, and were close to the calculated spot diameter of an ideal (diffraction-limited) Gaussian beam (   w 0  = 78  μ  m), whereas a slight ellipticity originated from the incident amplified oscillator beam. The divergence angles of the beam in the x- and y-directions (   θ x  = 18.0   mrad and    θ y  = 17.4   mrad) were evaluated from linear fits of the slopes in the far field. The computed    M x 2  = 1.28   and    M y 2  = 1.14   attested to the good spatial quality of the post-compressed pulses, which was only slightly worse than that of an amplified input beam with    M x 2  = 1.18   and    M y 2  = 1.11   [29]. For what concerns the relative intensity noise and beam-pointing fluctuations after the compression setup, these parameters were not measured at the time of manuscript revision.




4. Discussion


The performances of the ZnS + ZnS and ZnS + KGW configurations were characterized as well, although in somewhat less detail. Table 1 presents a brief summary and comparison of the relevant post-compression parameters achieved with the examined combinations of nonlinear materials. The ZnS + ZnS configuration yielded the highest energy throughput of 80% due to the minimized reflection losses, but on the other hand, resulted in the longest pulses after compression (47 fs), which was in part due to improper fine dispersion compensation and a non-uniform spatial profile, and thus, the lowest spatial-spectral homogeneity of the beam. Similar observations applied to the ZnS + KGW configuration, which also provided the lowest transmission due to the highest reflection losses from the uncoated KGW crystal at normal incidence.



These results may seem quite surprising since YAG crystal, despite having the lowest nonlinearity, produced the largest spectral broadening in the second stage, and the entire ZnS + YAG configuration showed the best performance in terms of the beam quality, spectral-spatial homogeneity and compressed pulse duration. In order to explain this fact, we first calculated the critical power for self-focusing, which is expressed as    P cr  = 0.15  λ 2  /  n 0   n 2   , where  λ  is the laser wavelength, and   n 0   and   n 2   are the linear and nonlinear refractive indexes. Taking the   n 2   values of ZnS, KGW and YAG provided in the Section 2, and their linear refractive indexes of 2.29, 2.01 and 1.83, respectively, we obtained    P cr  = 0.10   MW in ZnS,    P cr  = 0.72   MW in KGW and    P cr  = 1.42   MW in YAG. Next, we evaluated the peak power of the pulse entering the second stage of the spectral broadening while taking into account the measured pulse duration and transmission after the first stage of the spectral broadening (2 mm thick ZnS sample) and the reflection from the front face of the nonlinear material. In the case of YAG, the estimated peak power of the incident pulse was 1.69 MW, which is just very slightly above the critical power for self-focusing (  1.19   P cr   ). In contrast, similar calculations yielded the incident pulse peak powers of   2.28   P cr    and   17.5   P cr    entering the KGW and ZnS crystals, respectively, attesting that it was more difficult to avoid the onset of self-focusing in these crystals under the present experimental settings. The best result in YAG is in line with the numerical and experimental findings presented in [12], which demonstrated that the optimal condition for single-pass spectral broadening is when the peak power of the input pulse is only slightly above the critical power for self-focusing in a given material and showed that the focusing geometry in the single-pass scheme does not improve the efficiency of the approach. To this end, materials with high nonlinearity, such as KGW, may be suitable for single-pass spectral broadening of unamplified oscillator pulses (see, e.g., [28]) whose peak power is below the critical power for self-focusing in YAG. On the other hand, larger spectral broadening, as well as larger compression factors, could be achieved using multi-pass geometries [12] or exploiting self-defocusing nonlinearities due to second-order cascading via phase-mismatched second-harmonic generation in materials with   χ  ( 2 )    nonlinearity [11], where the sign and magnitude of an effective nonlinear index of refraction could be suitably tuned by varying the phase mismatch between the interacting waves.



Finally, as the energy losses in the compression setup originated solely due to Fresnel reflections from uncoated nonlinear materials, the relatively low-energy throughput could be notably increased using anti-reflection coated samples. The temporal intensity contrast of the post-compressed pulses could be improved using chirped mirrors with tailored dispersion characteristics for precise dispersion compensation, and third-order dispersion in particular. These relatively simple improvements may lead to larger compression factors and remarkably lower energy losses of the entire setup.




5. Conclusions


We demonstrated a proof of principle of a simple all-solid-state post-compression setup for low-energy laser pulses. The spectral broadening of 75 fs, 210 nJ pulses from an amplified 76 MHz, 15.7 W Yb:KGW oscillator was performed using several combinations of highly nonlinear bulk materials, namely, ZnS, YAG and KGW, in a single-pass geometry. Among the tested configurations, the broadest spectrum without beam deterioration due to the onset of self-focusing was produced by sequential propagation in ZnS and YAG samples of 2 mm and 15 mm thickness, respectively. The spectrally broadened pulses were compressed to 37 fs by means of Gires–Tournois interferometric mirrors, which is close to the estimated Fourier transform limit (32 fs). The spatial-spectral characterization of post-compressed pulses with an average power of 11.47 W attested to the almost uniform spectral distribution across the beam (the spectral overlap parameter   V > 83 %  ) and good beam quality (   M 2  = 1.28 × 1.14  ).



Our results suggest that spectral broadening in highly nonlinear bulk materials could be a potentially attractive alternative to fiber-based spectral broadening, offering a virtually alignment-insensitive, low-complexity and low-cost all-solid-state arrangement for post-compression of low-energy pulses at very high laser pulse repetition rates.
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Figure 1. Experimental setup for all-solid-state post-compression of low-energy pulses. L1, L2, focusing lenses; M, beam-steering mirrors; BS, beam splitter; W1, W2, fused silica wedges; L3, collimating lens; GTI mirrors, Gires–Tournois interferometric mirrors for pulse compression; FS slab, fused silica slab for fine dispersion compensation; SHG-FROG, second-harmonic frequency-resolved optical gating for characterization of compressed pulses, SP, spectrometer; CCD, CCD camera. 
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Figure 2. Spatial profiles of the (a) input beam measured before the lens L1 and (b) output beam measured after beam collimation. SHG-FROG characterization of the pulse after propagation in the first 2 mm thick ZnS crystal: (c) measured (black solid curve) and retrieved (blue solid curve) spectra, and retrieved spectral phase (red dashed curve); (d) retrieved temporal profile (blue solid curve) and temporal phase (red dashed curve). 
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Figure 3. (a) Spectra of the laser pulses after each stage of spectral broadening. The collimated beam profiles after propagation in combinations of (b) ZnS+YAG, (c) ZnS + ZnS and (d) ZnS + KGW. 
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Figure 4. Characterization of the post-compressed pulses. (a) Measured and (b) retrieved SHG-FROG traces. (c) Measured (black solid curve) and retrieved (blue solid curve) spectra, and retrieved spectral phase (red dashed curve). (d) Retrieved temporal profile (blue solid curve) and temporal phase (red dashed curve). The temporal profiles of TL and input pulses are shown for comparison by grey and black curves, respectively. 
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Figure 5. Spatial-spectral characterization of the compressed pulses. (a) Spatial-spectral homogeneity map of the output beam along the x-axis. (b) Spectral overlap parameter V (green curve) and intensity distribution over the beam profile (orange curve). Green shading denotes the area within which the beam intensity is   > 1 /  e 2   , as indicated by dotted gray lines. 
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Figure 6. Beam quality measurement. Solid curves represent a linear fit of the slopes in the far field. The inset shows the beam profile at the beam waist. 
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Table 1. Relevant post-compression parameters achieved with the examined combinations of nonlinear materials. Pout is the average output power of the post-compressed pulses, T is the energy throughput of the setup,   τ TL   is the duration of the transform-limited pulse,   τ exp   is the measured duration of the post-compressed pulse and Ppeak is the peak power.






Table 1. Relevant post-compression parameters achieved with the examined combinations of nonlinear materials. Pout is the average output power of the post-compressed pulses, T is the energy throughput of the setup,   τ TL   is the duration of the transform-limited pulse,   τ exp   is the measured duration of the post-compressed pulse and Ppeak is the peak power.





	Nonlinear
	Pout
	T
	    τ TL    
	    τ exp    
	Ppeak





	Material
	W
	%
	fs
	fs
	MW



	ZnS + ZnS
	12.53
	80
	37
	47
	2.67



	ZnS + KGW
	10.70
	68
	39
	45
	2.41



	ZnS + YAG
	11.47
	73
	32
	37
	3.26
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