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Yb:YAG single-crystal fiber amplifiers for picosecond lasers using divided pulse amplification technique

 

A two-stage master-oscillator power-amplifier (MOPA) system based on Yb:YAG single-crystal-fiber (SCF) technology and designed for high peak power is studied to significantly increase the pulse energy of a low-power picosecond laser. The first SCF amplifier has been designed for high gain. Using a gain medium optimized in terms of doping concentration and length, an optical gain of 32 dB has been demonstrated. The second amplifier stage designed for high energy using the divided pulse technique allows us to generate a recombined output pulse energy of 2 mJ at 12.5 kHz with a pulse duration of 6 ps corresponding to a peak power of 320 MW. Average powers ranging from 25 to 55 W with repetition rates varying from 12.5 to 500 kHz have been demonstrated.

OCIS codes: (140.3615) Lasers, ytterbium; (140.3538) Lasers, pulsed; (140.3280) Laser amplifiers; (060.3510) Lasers, fiber.

The requirements of industrial and scientific applications have driven a lot of research and development work on high-power ultrafast diode-pumped solid-state laser systems. In the last few years, among technologies such as fiber, slab, or thin disk, the single-crystal fiber (SCF) has demonstrated strong potential for the development of laser systems with simple and compact geometries. In the continuous wave regime, 250 W was generated from a SCF-based oscillator [1], showing the strong potential of this concept for high power extraction. More recently, SCF amplifiers for short pulses with high-gain and high-nonlinearity thresholds have been demonstrated. In the femtosecond regime, high-repetition-rate systems based on SCF allow high average power, 160 W in linear polarization [2], and 85 W in cylindrical polarization [3]. In the high-energy regime, a common way to push the limit of low-repetition-rate systems using SCF, bulk crystals, or fibers is to exploit the large spectral width of femtosecond pulses to decrease the nonlinear effects by stretching the input pulses and recompressing the amplified pulses. This way, a SCF amplifier has generated 400 femtosecond pulses with an energy higher than 1 mJ [4]. Recent experimental efforts to improve the performance of high-energy ultrafast sources have focused on coherent combining. The idea is to create several independently amplified pulses, in the space or time domain, in order to decrease the peak intensity in the gain medium. By combining the chirped pulse amplification (CPA) technique and the spatial distribution of the amplification process onto two SCF channels, compressed pulses with durations of 695 fs and energies of 3 mJ were recently obtained [5]. The divided pulse amplification (DPA) concept is an alternative passive coherent combining technique [6,7,8] which has been successfully implemented in femtosecond-fiber-CPA systems to generate pulse energies of 1 mJ [9]. It consists of the generation of pulse replicas with birefringent crystals or delay lines and recombines them after amplification. It can be easily implemented passively in doublepass amplifiers using a 90°polarization rotation between the two passes. In the picosecond regime, the narrow spectral width does not allow easy and efficient exploitation of the CPA technique and DPA is therefore an attractive alternative. Recent studies have demonstrated the possibility of amplifying picosecond pulses in SCF without relying on CPA for pulse energies beyond 700 μJ and peak powers of 28 MW [START_REF] Saby | Advanced Solid State Lasers[END_REF]. Implementing DPA on SCF amplifiers opens the way to high-energy direct picosecond pulse amplification with peak powers over 100 MW.

In this Letter, we present a high-energy picosecond laser system based on a low-power picosecond mode-locked oscillator amplified in a two-stage SCF amplifier. In the picosecond regime, due to the low spectral width, in our case below 1 nm, CPA techniques are less convenient to implement compared to the femtosecond regime [4]. For simplicity, the strategy employed here to push further the limitations in terms of peak power and energy is only based on DPA. The combination of a high-gain amplifier stage and a high-energy amplifier stage using DPA allows us to demonstrate an average power of 55 W at 500 kHz and a pulse energy of 2 mJ at 12.5 kHz with a pulse duration below 6 ps corresponding to a peak power of 320 MW.

The experimental setup of the first SCF amplifier stage is shown in Fig. 1. The Yb:YAG oscillator delivers a train of pulses of 1.1 ps at 20 MHz with a spectral width of 1.08 nm FWHM centered at a wavelength 1030 nm. A stretcher based on the Martinez design inducing a negative chirp is used to increase the pulse duration to 8.5 ps and reduce the nonlinear effects that occur mainly in the second stage. The alternative option to the stretcher could have been to generate more replicas with the DPA system described later in this article. Using an external pulse picker, the repetition rate can be adjusted between 2 MHz and 12.5 kHz, corresponding respectively to an available average power ranging from 78 mW to 400 μW. The first Yb:YAG SCF amplifier is operated in a double-pass configuration. A dichroic mirror which transmits the pump beam is used to reflect the signal into the SCF. The double pass of the beam is realized by a quarter-wave plate placed after the SCF in order to obtain a 90°rotation of the polarization between the first and the second pass. The polarizer separates the output from the input beam after the second pass. The SCF is a watercooled Taranis module. The pump and signal beam waists are located about 4 mm after the entrance face of the SCF and have a diameter of 400 μm at the beam waist. Our optical design maximizes pump power on both stages. Experimentally, the pump power defines the position of the return mirror for the second pass in order to adapt the beam parameters to the thermal lens.

This first amplifier stage is designed for high gain, where the key parameter is the overlap between pump and signal beams. In this regard, the SCF is pumped by a high-brightness laser diode delivering 100 W at a wavelength of 940 nm through a fiber with a core diameter of 100 μm and a NA of 0.22. The pump and signal beam waists both have a diameter of 400 μm and are located about 4 mm after the entrance face of the SCF. Since the spatial overlap is potentially the strongest in the first millimeters of propagation in the SCF, it is crucial to maximize the population inversion rate in this region. In order to increase the pump absorption in the entrance of the SCF, the ytterbium doping ratio is pushed to 2% at. Furthermore, by shortening the SCF length to 30 mm, the reabsorption at the signal wavelength is limited, leading to higher optical gains.

The amplified output power obtained in the double-pass configuration at the maximum pump power is shown in Fig. 2(a) for a repetition rate fixed at 2 MHz. A remarkable optical gain of 32 dB is obtained in the small signal regime by injecting 240 μW in this first amplifier stage. To determine the maximum percentage of the amplified spontaneous emission (ASE) in the output power, we measure the amplifier output power at full pump power without a signal. Using this method, the ASE is estimated to be less than 2.5%. A maximum output power of 9.4 W is extracted from the SCF for a seed average power of 78 mW, corresponding to a gain of 21 dB. The energy and peak power of the amplified pulses are respectively 17 μJ and 1.8 MW. The output beam M 2 is below 1.2 in both directions, close to the oscillator, showing that there is no significant degradation [Fig. 2(b)].

The second SCF amplifier also operates in the double-pass configuration, as presented in Fig. 3. The pump and signal have a diameter of 400 μm at the beam waist. The setup is very similar to the first amplifier stage, but this time the SCF is pumped at 969 nm using a wavelength-stabilized laser diode delivering 185 W. Pumping into the zero-phonon transition at 969 nm theoretically reduces the thermal load by 30% as compared to pumping at 940 nm while preserving the absorption efficiency in the SCF [3]. To distribute the thermal load along the SCF and maintain the beam quality during amplification, the doping concentration is also reduced to 1%.

Designed for high pulse energy, the DPA technique is implemented on the second amplification stage. To prevent self-focusing limitations, the peak power of the input pulses is artificially decreased by creating several temporal replicas before amplification. The output replicas are recombined in a totally passive method by polarization switching between the input and output paths; this way, the pulses travel exactly the same optical path length during the round trip. A free-space delay line (FSDL) is first used to generate the two first replicas separated by 300 ps. Then, with a 40 mm long YVO4 ARcoated crystal, two other replicas temporally separated by 32 ps are generated. The use of a free-delay line allows us to limit the number of YVO4 crystals and, consequently, the nonlinearities in the recombination phase. By introducing decreasing delays, we generate temporal replicas alternatively linearly and orthogonally polarized in the time domain. The theoretical reachable combining efficiencies are thus less limited by interaction effects between replicas. Experimentally, the combining efficiency is defined as follows:

η P combined P combined P uncombined ;

where P combined and P uncombined correspond, respectively, to the average power combined and uncombined. The uncombined energy at full pump power is lost as cross polarization from the last output polarizer and then stopped by the isolator toward the pre-amp and seeder. We first investigate the energy extraction capability by reducing progressively the repetition rate from 500 to 20 kHz. At full pump power, pulse energies of 110 μJ at 500 kHz and 1.3 mJ at 20 kHz are obtained after double-pass amplification (Fig. 4). The peak power of the recombined pulses reaches, respectively, 18 and 208 MW at 500 and 20 kHz.

By increasing the energy level, the coherent combining efficiency slightly decreases from 95% to 90%. The measurement of the temporal combining efficiency has been done using a photodiode and an autocorrelator. Indeed, because of the two different time scales of the delay lines, it is not possible to use only one measurement for both. The amount of energy contained in the satellite pulses is estimated to be less than 0.5% compared to the main pulse. Considering this observation, we focused our work on a careful measurement of the output peak power.

At the lowest repetition of 20 kHz, the peak power per replica reaches 52 MW at the end of the amplification. As the critical peak power of YAG is 1.3 MW, we could expect selffocusing inducing a decrease of the beam size on the output facet of the SCF. To analyze this effect, the beam on the output facet is monitored while increasing the input power at constant repetition rate. As shown in Fig. 5(a), the beam profiles observed after amplification show only very slight degradations, more associated with the increase of the thermal loads by increasing the input power than to self-focusing itself. At maximum output peak power, the B-integral accumulated by the amplified pulses after two passes in the SCF reaches only 2 rad. At this level, the first effects of SPM on negatively chirp pulses can be observed in the spectrum. They are manifested by a slight spectral narrowing and the onset of side lobes, as shown in Fig. 5(b), which is in good agreement with the peak power involved as shown with our simulations. As shown in Fig. 5(c), at constant output peak power per replica, the B-integral accumulated during the amplification decreases in a logarithmic manner with the gain increase. By ensuring an amplification gain typically higher than 50, the length of YAG experienced at high peak power is reduced and the B-integral accumulated during the amplification does not exceed 2 rad for output peak power per pulse beyond 52 MW. In this case, the main part of the nonlinear effects is clearly located at the end of the amplification medium. We note that while our power amplifier operates well above the critical power for self-focusing, no damage is incurred since the beam size is large enough that the self-focusing critical length exceeds the length of the gain crystal [11].

We finally tried to push further the limits in pulse energy. Using the acousto-optic modulator pulse picker, we decrease the repetition rate down to 12.5 kHz. After being amplified in the first high-gain amplifier stage, the average power is 400 mW, already corresponding to a peak power of 5 MW. To operate in a safe configuration and maintain a low level of nonlinearities during the amplification, the number of replicas is pushed to 8 using a free-space delay line and two YVO 4 crystals of 40 and 20 mm in length. The input peak power is thus divided by a factor 8, falling to 625 kW per replica. The combined and uncombined powers are plotted in Fig. 6(a). At maximum pump power, the amplification gain is above 60 and the output power reaches 25 W, corresponding to an energy of 2 mJ. Despite the peak power of 41 MW per replica, the B-integral accumulated after the double-pass amplification does not exceed 1.6 rad. The maximum combining efficiency decreases from 98% to 86% as the output energy increases. The second stage operates in a saturated amplification regime compare to the first one operating in small signal regime. As a consequence, the amount of ASE produced in the second stage is estimated to be less than 3% even if the pump power is twice higher (200 W).

The limitations of combination efficiency in passive DPA have been discussed in Ref. [12] for the case of fiber amplifiers. We stress that in our bulk crystal amplifier, gain saturation effects play a smaller role compared to fibers. In fact, we estimate that gain saturation can account for about 2% degradation in combination efficiency. Therefore, other effects must also contribute in our case. Experimentally, the slight efficiency drop at high energies could be explained by an imperfect balance of the energy distribution between replicas during the division process. To maintain the highest possible combining efficiency, a careful adjustment of the half-wave plates, placed before the FSDL and the YVO 4 , that controls the amount of energy sent into each time-domain replica is necessary. At low levels of nonlinearities, the effects of an imperfect balance of energy distribution between replicas on the combining efficiency is almost invisible. It is thus possible to obtain experimentally combining efficiencies higher than 95% without difficulty. As nonlinearities increased, the compensation of the differential phase by adjusting the half-wave plates is more and more critical, which could explain the drop in combining efficiency in the highpeak-power regime. One way to retrieve higher combining efficiencies would be to generate other replicas and thus decrease the peak power in the amplifier. However, we have limited the complexity of our setup to a maximum of 8 replicas.

As shown in Fig. 6(b), the output beam characterization reveals good beam quality with a M 2 below 1.1 in both directions, even at high energy (typically 2 mJ). The autocorrelation trace of the recombined output pulses is plotted in Fig. 6(d).A t maximum pulse energy, the pulse duration is 6.2 ps, assuming a sech 2 temporal shape. This leads to a peak power of 320 MW. The spectral width is reduced by gain narrowing from 1 to 0.4 nm [Fig. 6(c)]. It is to be noted that the spectral narrowing also leads to a temporal narrowing due to the spectrally chirped seed pulses.

In conclusion, we demonstrate that the implementation of a straightforward 2-stage-SCF MOPA chain using the divided pulse process can lead to the generation of pulse energies in the millijoule range from the narrow spectrum (typically around 1 nm) picosecond oscillator. By associating a high-gain amplifier stage generating optical gains up to 32 dB and a divided pulse amplifier able to support high peak powers, pulse energies up to 2 mJ have been obtained. Midway between the fibers and the bulk, SCF provides high gains adapted to very low input powers until a few hundreds of microwatts while preserving a low ASE level in the kilohertz regime and a high tolerance for high peak power of a few tens of megawatts. High output peak powers per replica of up to 50 MW are demonstrated while preserving a low level of nonlinearities during the amplification (B-integral under 2 rad). As a consequence, with a relatively low number of replicas (up to 8) generated with DPA, picosecond pulses with peak powers above 320 MW have been generated after recombination. Finally, repetition rate flexibility between 12.5 and 500 kHz has been demonstrated with average power ranging from 25 to 55 W. 
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 1 Fig. 1. Experimental setup of the high-gain amplifier stage.Fig. 2. (a) Output average power (black) and amplification gain (red) versus input power. (b) Beam caustic along the transverse orthogonal axis at maximum output power. Inset: far-field beam profile.
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 2 Fig. 1. Experimental setup of the high-gain amplifier stage.Fig. 2. (a) Output average power (black) and amplification gain (red) versus input power. (b) Beam caustic along the transverse orthogonal axis at maximum output power. Inset: far-field beam profile.
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 3 Fig. 3. Experimental setup of the high-energy divided pulse amplifier stage. TFP, thin film polarizer.
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 4 Fig. 4. Output pulse energy (black), output power (red) of the combined pulses, and combining efficiency (blue) versus repetition rate.
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 5 Fig. 5. (a) Output peak power per pulse versus input peak power per pulse. Inset: beam profiles of the output facet of the SCF at low and high peak powers. (b) Experimental (black) and simulated (red) output spectrum at maximum output peak power. (c) B-integral accumulated along the double-pass amplification versus gain amplification at a constant output peak power per pulse of 52 MW.
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 6 Fig. 6. (a) Combined (red) and uncombined (black) output powers and combining efficiency (blue) versus pump power at 969 nm. (b) Combined beam caustic along two transverse orthogonal axes for the output pulse energy of 2 mJ. Inset: far-field beam profile. (c) Input and output spectra after each amplification stage. (d) Autocorrelation traces of the input and output pulses.