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Abstract

:

To improve pulse contrast in chirped pulse amplification petawatt laser systems, the regenerative amplifier is substituted with a multipass amplifier at the Shanghai Superintense Ultrafast Laser Facility (SULF). To reduce the consequent angular dispersion of the broadband spectrum, a double-grating stretcher is established in the SULF front end. A grating compressor is set up for the 10-PW front end to obtain 20-TW output. An accurate adjustment method of grating attitude (angular position) is presented, which references the direction of gravity, improving dispersion management and focusing ability of the beam. After a pulse passes the front end compressor, its duration and phase in the frequency domain are measured, and the duration can be continuously compressed to <24 fs.
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1. Introduction


Based on the chirped pulse amplification (CPA) [1] technique and its analogs, optical parametric chirped pulse amplification (OPCPA) [2] and non collinear optical parametric chirped pulse amplification (NOPCPA) [3,4,5], petawatt-class (PW) femtosecond laser systems have made notable progress over several decades [6]. To avoid the elongation of output pulse duration due to material dispersion in broadband CPA systems, high-order dispersion management is an essential part of the petawatt-class laser facility. Recent developments have significantly broadened the gain bandwidth, with future mainstream bandwidths of hundreds of nanometers [7,8,9], highlighting the importance of the design of an appropriate dispersion management system.



In broadband PW laser systems, spectral phase distortions should be eliminated to achieve a Fourier-transform-limited pulse. In addition to group-velocity dispersion (GVD) and third-order dispersion (TOD), the residual fourth-order dispersion over the required spectral range also needs to be compensated [10]. Since residual fourth-order dispersion compensation was proposed, it has been quite a difficult problem in large-scale laser facilities. Optical elements, such as the acousto-optic programmable dispersive filter (AOPDF) [11], grism pairs [12], and deformable mirrors [13], are widely used in CPA systems for high-order dispersion management. In 2015, we demonstrated a method for dispersion compensation by a grism pair [14], making further improvements in 2017 [15] to minimize the residual phase over the spectral bandwidth to 1.2 rad, presenting a final pulse duration of approximately 24 fs at a repetition frequency of 1 Hz. With an energy of 202.8 J, our prototype is able to produce 5.4-PW output [16], but the low optical transmittance of grism pair significantly degraded subsequent regenerative amplification.



High-order dispersion management is an important part of pulse compression. Several cases for high-order dispersion management have been made [17,18,19]. However, the most important optical elements are the stretcher and the compressor, together with the position of the gratings, which has a strong impact on the dispersion in the whole system [20]. In general, high-order dispersion results not only from a mismatch between the stretcher and compressor, but also from the misalignment of components, limited precision, chromatic aberration in optics, etc. An imperfect grating stretcher may produce residual angular dispersion, which leads to pulse-front tilt, yielding a pulse duration longer than allowable by the optical spectrum when integrated over the near-field or far-field [21,22,23,24,25]. As the element principally responsible for introduction of dispersion, it is important to carefully choose and precisely establish the grating stretcher and its corresponding compressor.



A novel double-grating stretcher was proposed this decade, due to the broad spectral width in actual applications [7,26], in which the spherical aberration of the standard spherical Offner stretcher cannot be neglected. Compared to the standard stretcher, the double-grating stretcher is absolutely aberration-free in both the near-field and far-field. However, the double-grating type is more complex. Minute differences between the angular alignment (attitude) of the two gratings placed in the same direction might cause not only residual spatial angular dispersion, but also mismatch between the compressor and the stretcher, resulting in additional high-order dispersion. Normally, for grating compressors, the grating positions are adjusted to make the compressor output spot a full circle, while the spot is monitored with a CCD camera. However, for a double-grating Offner stretcher, with multiple degrees of freedom of optical elements, such as gratings, the roof mirror, and prism, it cannot be determined whether the position of each element is correct by the focal spot alone; thus, it is not possible to eliminate high-order dispersion and residual angular dispersion. Moreover, the focusing ability of the laser facility is an important parameter determining the peak power density that can be attained. Since the intensity of 1023 W/cm2 was achieved in 2004 [27], researchers have been working to focus a laser beam with a radius of several hundred millimeters to a spot of 1-um2 area at the full width at half maximum (FWHM) for several years [28,29,30,31]. As the highest dispersion components in the whole facility, the grating pairs used in the stretcher and compressor are the key optical units that affect beam focusing capability. The pulse duration consistency of the different parts of a spot with the diameter of 500 mm is closely associated with grating position. The precise adjustment of gratings is difficult and has been the subject of much research [32,33,34]. However, a laboratory standard has not been proposed to facilitate the precise adjustment of every element.



In this paper, we present a 20-TW front end pre-compression system, emphasizing dispersion management. To reduce spherical aberration, a double-grating stretcher is introduced to the Shanghai Superintense Ultrafast Laser Facility (SULF). A novel method for grating position adjustment is described, in which gravity is the standard. This method is precise and establishes a standard for grating alignment. Using a broadband AOPDF, we achieved a pre-compression pulse of 22-fs in the SULF frond end, verifying effective dispersion management in 10-PW-class single shot experiment. Further, focusing ability can be increased predictably, and verification of this will be the subject of current research.




2. Chirped Pulse Amplification Front End


To improve contrast and to suppress amplified spontaneous emission, all multipass amplifications are employed throughout, rather than the regenerative amplifier first stage that was used in the SULF prototype [17]. An outline diagram of the SULF front end is shown in Figure 1. Four stages of laser amplifiers are employed, and each stage is followed optical beam expansion. The main energy of an amplified pulse is used for further amplification. About 0.8 J of the pulse energy is directed to a grating compressor by a beam splitter with a 1:7 splitting ratio. The compressor has an optical transmittance of approximately 65%; thus, a peak output power exceeding 20 TW can be obtained.



The Ti:sapphire gain medium introduces material dispersion. As the first stage, a multipass amplifier (8 passes of a Ti:sapphire crystal) clearly has less material dispersion than that of a regenerative amplifier. There are >24 passes of a Ti:sapphire crystal and a KD*P Pockels cell in our prototype regenerative amplifier [14]. The new scheme increases the feasibility of compensating the high-order dispersion. The accurate design parameters and three orders of dispersion for each element are shown in Table 1, where the Sellmeier equation is used to calculate the dispersion introduced by Ti:S [35,36]. The residual fourth-order dispersion is greatly reduced so that it can be compensated by an AOPDF.



In the SULF prototype, the regenerative amplifier played a role in spectrum broadening and shaping. In the new scheme, an AOPDF is employed to meet these demands. However, the regenerative amplifier has an obvious advantage in terms of beam quality. The beam is regenerated so that the output beam can be isolated from the low beam quality initial seed. The all multipass amplifier scheme demands perfect beam quality from the grating stretcher.



It is difficult to obtain a high-quality beam from the traditional Offner grating stretcher [37] if the beam has a broadband spectrum exceeding 100 nm. We establish a raytracing model of the grating stretchers, and present the simulated far-field images in Figure 2. The focal length of the lens we used is 0.5 m, and the aperture value of the simulation is 5 mm. These results are for the same test environment, beam size, time-expansion ratio, and spacing of equivalent grating pairs, for a central wavelength of 800 nm. It is clear from Figure 2a that for a bandwidth of 100 nm, the spot of a single-grating type starts to degrade and shows spatial dispersion. In the raytracing model, the roof prism is located to retroreflect the light. In practice, the prism or roof mirror is usually off center, which aggravates the deterioration of the spot. Thus, the single-grating expander outputs a beam of poor quality.



To eliminate spherical aberration and spatial dispersion resulting from aberration completely in the broadband, we adopt the double-grating Offner stretcher shown in Figure 3. The input pulse is diffracted by a grating at the spherical center, in contrast to a grating away from the spherical center of a traditional Offner stretcher. Such a double-grating Offner stretcher produces an output beam of high quality (shown in Figure 2b) and is a better choice. The pulse duration is stretched to 2.1 ns in our calculation.



The grating compressor structure employed in the SULF front end is shown in Figure 4a. The pulse compressor has a positive grating distance and, in contrast to the Offner stretcher, has a similar but negative grating distance. The mismatch between the stretcher and the compressor can compensate for the 2nd- and 3rd-order material dispersion of the system but results in high-order dispersion. In the double-grating stretcher, the two gratings must have the same attitude (parallel). With the interference amongst the spherical mirror, roof mirror, and prism, parallel misalignment becomes a significant problem, which increases the residual angular dispersion of the output spot and phase distortion of the pulse, making the amplified pulse difficult to compress. The focal spots of the far-field are shown in Figure 2c,d, where Δθ is the angle of deviation of the grating attitude.



The angular dispersion is determined by the three rotation angles α, β, and γ of the grating as shown in Figure 4b, where, α regulates the grating ruling direction, β maintains the grating plane upright, and γ modifies the incident angle of the beam. According to the analyses and experimental results of Liu [32], these three-degrees-of-freedom affect the spatial chirp simultaneously, which makes grating adjustment challenging. For the above-mentioned reasons, we are motivated to not only ensure the accuracy of grating angles, but also to establish a standard for grating attitude.



Gravity is a stable vector in the laboratory, whose offset is negligible in an experimental station of hundreds or thousands of square meters, as is the pointing direction of the laser beam. They are good references for optical elements, especially gratings. The pointing direction of a laser is oriented by a self-leveling crossline laser referencing gravity, which provides horizontal, vertical, and crossline laser planes, as shown in the sketch of Figure 5. Plane A is the horizontal and plane B is perpendicular to plane A. Not only the grating attitude (angular orientation), but also the attitudes of all the optical elements in our system can be calibrated to a standard that is defined by gravity. In the SULF 10-PW frond end, the self-leveling crossline laser is firstly used for rapid calibration of the optical surfaces by measuring the autocorrelation. This operation greatly reduces the number of degrees of freedom in optical systems and the number of interference terms, especially in the double-grating Offner stretcher and grating compressor. As a result, the output beam quality is much higher, which greatly improves the focusing ability. The experimental results are shown in the next section.




3. Results and Conclusions


We arranged our stretcher and compressor using the method of the previous section, and found strong evidence that the method is reliable. The spatial dispersion of the double-grating Offner stretcher is shown in Figure 6a, and the near-field and far-field spots are shown in Figure 6b,c, respectively. The far-field spots were focused by a f/800 lens, and were characterized with an offset from the focus ranging from −200 to 200 mm. The spatial dispersion and angular dispersion were well handled by our stretcher, which benefited from perfect optical element attitude. Additionally, wavefront aberrations of two spots between this double-grating Offner stretcher have been measured, as shown in Figure 7. Key Offner stretcher data are presented in Table 2. The increase of the Strehl ratio may be caused by instrument error, especially as the two spots are close to the diffraction limit. The Strehl ratio measured by the SID4 is 0.99, which indicates good focusability of the laser beam, although the ratio it is a little overestimated according to the actual measured focus [38].



Owing to the spectrum shaping of the AOPDF, spectral redshift during amplification is effectively suppressed. Meanwhile a Dazzler-Wizzler feedback system plays a critical role in dispersion management. We used a commercial measurement device (Fastlite, Wizzler) to measure the characteristics of the recompressed pulse. The final spectrum, spectral phase, pulse contrast, and far-field focused spot measurements after pre-compression are shown in Figure 8. The amplified pulse continuum can theoretically be compressed to <24 fs. It should be noted that the wavelength component from 800 to 850 nm is suppressed sufficiently for energy amplification to 10 PW. The maximum phase difference is less than 1.1 rad. It is expected that even with the redshift of PW-class amplification, a Fourier-transform-limited pulse, supported by the bandwidth of this system, can easily attain <24 fs. After passing through the compressor, the laser beam with a diameter of 35 mm is focused by an off-axis parabolic mirror with a focal length of 748 mm. The size of the focal spot obtained, as shown in Figure 8c, is very close to the diffraction limit. Benefiting from the all multipass amplifier design, the pulse contrast reaches 1011, which is a significant improvement compared to that of the prototype.



To conclude, this paper introduces the dispersion management system of the front end at SULF. In this system, a novel standard for grating adjustment is proposed, based on a self-leveling crossline laser that references the orientation of a high precision laser beam to gravity. The method can easily be applied to every optical element in the laboratory as needed. Once the standard is established, the pulse duration and size of the focal spot can be brought closer to their theoretical limits. We believe that the method will improve the focusing ability of the φ-500-mm spot at the back end. Benefiting from our standard, as well as the aberration-free double-grating Offner stretcher and auxiliary AOPDF, a near Fourier-transform-limited pulse with a suitable amplification spectrum outputs at an energy of 6.5 J and a repetition rate of 1 Hz. This experimental result is the basis for a great deal of of petawatt laser compression in the terminal output.
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Figure 1. High-contrast SULF front end. 
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Figure 2. Spot in the far-field of an Offner stretcher (all figures in micrometers). The residual angular dispersions are 0.66, 0, 0.125, and 0.24 μrad/nm, respectively. (a) The single-grating stretcher; (b) the double-grating stretcher, with Δθ = 0 μrad; (c) the double-grating stretcher, with Δθ = 174.4 μrad; (d) the double-grating stretcher, with Δθ = 348.9 μrad. 






Figure 2. Spot in the far-field of an Offner stretcher (all figures in micrometers). The residual angular dispersions are 0.66, 0, 0.125, and 0.24 μrad/nm, respectively. (a) The single-grating stretcher; (b) the double-grating stretcher, with Δθ = 0 μrad; (c) the double-grating stretcher, with Δθ = 174.4 μrad; (d) the double-grating stretcher, with Δθ = 348.9 μrad.



[image: Optics 01 00015 g002]







[image: Optics 01 00015 g003 550] 





Figure 3. Double-grating Offner stretcher at SULF. The grating groove is 1480/mm, the radii of the concave and convex mirrors are 2000 and 1000 mm, respectively, and the separation of the two gratings is 741.8 mm. (a) Aerial view sketch; (b) photograph. 
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Figure 4. (a) Sketch of the conventional method of grating calibration in a grating compressor, in which the only disturbance term is that of the roof mirror; (b) the three grating rotation angles α, β, and γ. 
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Figure 5. Schematic of grating adjustment. Plane A and Plane B are orthogonal, and are formed by the illuminant O. The red cylinder represents the incident laser, apodized by the aperture and incident on the grating. 
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Figure 6. Measurement results at the output of the Offner stretcher. (a) the spectrum of the output pulse; (b) the near-field spot; (c) the far-field spot. Offsets are in millimeters. 
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Figure 7. Wavefront phase near the double-grating Offner stretcher, where the units are wavelength (800 nm). (a) Before stretcher; (b) after stretcher. 
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Figure 8. Measurement results after the compressor. (a) Spectral intensity S(ω) and phase curve ϕ(ω); (b) pulse duration; (c) focused spot. 
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[image: Optics 01 00015 g008]







[image: Table] 





Table 1. Results of dispersion calculation for the original design.
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	Crystal Thickness
	Number of Passes
	Optical Path Length





	Amp I
	15 mm
	8
	120 mm



	Amp II
	15 mm
	6
	90 mm



	Amp III
	25 mm
	4
	100 mm



	Amp III
	35 mm
	4
	140 mm



	Total
	
	
	450 mm



	
	Incident angle
	Grating oblique distance
	Grating grooves



	Stretcher
	50.75 deg
	2960 mm
	1480 mm−1



	Compressor
	50.9737 deg
	2974 mm
	1480 mm−1



	
	GVD/fs2
	TOD/fs3
	FOD/fs4



	Stretcher
	7.0632 × 106
	−1.4243 × 107
	4.6033 × 107



	Material
	2.6151 × 104
	1.8977 × 104
	−7.0008 × 103



	Compressor
	−7.0794 × 106
	1.4232 × 107
	−4.5863 × 107



	Residual (AOPDF)
	−1 × 104
	−7.309 × 103
	1.6263 × 105
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Table 2. Key data for Offner stretcher wavefront.






Table 2. Key data for Offner stretcher wavefront.











	
	PtV(λ)
	RMS(λ)
	Strehl Ratio





	Before stretcher
	0.214
	0.033
	0.97



	After stretcher
	0.276
	0.044
	0.99
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