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High-power Yb:YAG single-crystal fiber amplifiers for femtosecond lasers in cylindrical polarization

Keywords: 

We demonstrate a three-stage diode-pumped Yb:YAG single-crystal-fiber amplifier to generate femtosecond pulses at high average powers with linear or cylindrical (i.e. radial or azimuthal) polarization. At a repetition rate of 20MHz, 750fs pulses were obtained at an average power of 85W in cylindrical polarization and at 100W in linear polarization. The report includes investigations on the use of Yb:YAG single-crystal-fibers with different length/doping ratio and the zerophonon pumping at a wavelength of 969nm in order to optimize the performance.

In the last decade laser beams with cylindrical polarization states, namely radial and azimuthal polarizations, have sparked increasing interest. Radially and azimuthally polarized laser beams have unique properties that are advantageous for a wide range of applications, including laser material processing. The isotropic properties of the polarization state increase cutting speed and lead to higher aspect ratio holes with improved symmetry for drilling [1], and reduce spattering in welding applications [2]. Moreover, the doughnut-like intensity distribution of cylindrically polarized beams exhibit steeper slopes than Gaussian beams, which leads to higher processing quality with sharper edges and higher process efficiencies. Therefore, it becomes very interesting to implement the cylindrical polarization also in ultrafast systems dedicated to micromachining. Cylindrically polarized laser beams can directly be generated within a laser cavity or by converting linearly polarized beams by means of an extra-cavity polarization converter [3][4][5][6][7]. In the latter case, easy-to-implement and robust segmented-wave-plates can be used [8], which are particularly well adapted to high average powers and allows to decrease the constraints on the oscillator, which is especially important for femtosecond oscillators. The master oscillator power amplifier (MOPA) scheme therefore is a very convenient approach to combine cylindrical polarization, high average power and ultrashort pulses.

Yb-doped diode-pumped solid-state lasers (DPSSL) in MOPA configuration clearly dominate the field of high average power ultrafast lasers. Among the geometries used so far for high-power Yb-doped DPSSL as slabs [9,10], rods [11] and thin disks [12], the single crystal fiber (SCF) technology was recently shown to have a high potential for the amplification of ultrashort pulses thanks to a very efficient thermal management and high optical efficiencies. This technology combined with the cubic crystal structure of Yb:YAG offers a cylindrical symmetry of the optical and thermo-mechanical properties. Yb:YAG SCFs are therefore well suited for the amplification of cylindrically polarized beams.

CW beams with radial and azimuthal polarization have recently successfully been amplified up to a power of 100 W in an Yb:YAG SCF [13]. Here we now report on the use of an SCF to directly amplify femtosecond pulses in a passive MOPA to achieve high energy and high average power pulses with radial and azimuthal polarizations without any stretching and recompression of the pulses.

The experimental setup is schematically shown in Fig. 1. The seed laser oscillator provided 360 fs pulses at a repetition rate of 20 MHz with an average power of 1.5 W and a spectral width of 3.45 nm FWHM centered at a wavelength of 1031 nm. The amplifier consisted of three Yb:YAG SCF TARANIS modules. The implementation of the three separate SCF amplifier stages was an opportunity to investigate different solutions with respect to the pumping diode, gain media, and setup configuration in order to optimize the overall performance. The setup is composed of two Yb:YAG SCF pre-amplifiers operating in linear polarization to favor high gain amplification, and a last amplifier stage operating in radial/azimuthal polarization achieved by adding the polarization converter at the input.

The first amplifier is designed to operate with high gain. In this regards the SCF is operated in doublepass configuration as presented in Fig. 1(b) and is pumped by a high-brightness diode delivering 120 W of power at a wavelength of 940 nm through a fiber with a core diameter of 200 µm and a NA of 0.22. The pump fiber output is imaged to a spot diameter of 400 µm a few mm inside the SCF which had a diameter of 1 mm. After the oscillator being optically isolated, a half wave plate and a polarizer are used to control the incident signal power. A dichroic mirror which is transmitting the pump beam (at 940 nm) is used to reflect the signal (at 1031 nm ) into the SCF. The double-pass of the beam is realized by a quarterwave-plate placed after the SCF in order to obtain a 90° rotation of the polarization between the first and the second pass. A polarizer separates the output from the input beam after the second pass.

Two different Yb:YAG SCF, a standard one with a length of 40 mm and with 1 at.-% of doping concentration and a custom one with a length of 30 mm and 2 at.-% of doping concentration, have been tested for optimization purposes. According to our calculations the latter was expected to have the optimum length/doping ratio for the first amplifier stage. Fig. 2 shows the output powers of the first amplifier versus pump power for both single and double pass configuration and for each of the two SCF. For an input average power of 1.1 W and a pump power of 120 W the 30 mm long and 2% doped SCF produces an average power of 9,2 W in single pass and up to 22 W in double pass configuration. This represents an increase of 63% compared to the output power obtained with the 40mm long and 1% doped SCF. In the optimized configuration, the double pass gain is then 20 and the slope efficiency 18%. At the maximum pump power a beam quality factor M² of 1.1 was measured in both directions. In order to achieve higher extraction levels, a more powerful laser diode delivering 200 W is used for the second stage. The two pumping wavelengths 969 nm and 940 nm were tested to investigate the impact on the thermal issues. 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. The price to pay is wavelength stabilization and spectral narrowing of the pump diode since the absorption line at 969 nm is narrower (~2 nm) than at 940 nm (> 15 nm). In our case the 969 nm diode is stabilized using a volume Bragg grating (VBG). For fair test comparison, in both cases, the diode emits up to 150 W in a 200-µm, 0.22-NA fiber. The amplified output power obtained from a 40 mm long SCF with 1 at. % of doping SCF in single pass configuration with a signal input power of 15 W is shown in Figure 3(a). For pump powers lower than 120 W there is no significant difference between the pumping at the two wavelengths, neither in terms of average output power nor with respect to beam quality. Above 120 W the performance starts to be different, the output power continues to grow linearly with increasing pump power at 969 nm whereas there is a rollover when pumping at 940 nm.

As the output power of our 940 nm diode is limited to 150W, investigations at higher powers were carried out only with the 969 nm diode. At 200 W of pump power, the output power extracted from the amplifier is 52 W with a still constant slope efficiency of 20 %. To further increase the output power the amplifier was also used in a double pass configuration (Fig. 1(b)). Figure 3(b) compares the results for single and double pass configuration pumped at 969 nm. For an input signal power of 15 W, 72 W of output is obtained which corresponds to a gain of 4.8. The beam quality was measured to be M² = 1.18 and M² = 1.21 in vertical and horizontal direction, showing that there is no significant degradation. As the double pass configuration is not compatible with cylindrical polarization, the polarization converter is placed after the second SCF amplification stage as shown Fig. 1. The polarization converter consists of an assembly of 8 half-wave plate segments. By a proper alignement of the main axis of the converter relative to the axis of the incoming linear polarization one can convert the beam either to radial or azimuthal polarization. The intensity distribution is slightly distorted by diffraction effects at the junctions of the wave-plates. In order to obtain a clean LG01 intensity distribution and to remove the scattered light from the edges of the wave-plates spatial filtering is implemented by focusing the beam through a pinhole with a diameter of 100µm. The losses of the converter and the spatial filter are 20 % leading to a decrease of the power from 72 to 55 W. The third single-pass SCF amplifier allows to compensate for these losses and test the amplification of radially/azimuthally polarized beams. The Yb:YAG SCF within this last stage is 40 mm long with 1 at. % of doping and has a diameter of 1 mm. It is pumped by a laser diode coupled to a 200-µm fiber emitting up to 120 W of power at 940 nm. The waist diameter of the signal beam inside the SCF is 500 µm. As shown in Fig 4, the amplified signal beam reaches a maximum power of 86 W for both radially and azimuthally polarized seed beams. This corresponds to a single pass gain of 1.5 and an extraction efficiency of 26%. In order to confirm the quality of the radial or azimuthal polarization state of the amplified beam and to demonstrate the absence of depolarization, a linear polarizer was placed in the output beam and the transmitted intensity distribution was measured with a CCD camera as shown in Fig. 5. Two lobes of the intensity distribution can be observd, changing azimuthal position when rotating the analyzer axis (Fig. 5(c-f)), which confirms the excellent quality of the cylindrical polarization. Figure 6 shows the optical spectrum of the amplified pulses at different stages of the amplification process. The gain narrowing progressively affects the optical spectrum by decreasing the FWHM from 3.45 nm to 1.7 nm. Consequently the pulse duration increases during the amplification. The cylindrically polarized output pulses were characterized by a second-harmonic generation autocorrelator. Pulse durations of 740 fs were measured assuming a sech² temporal shape. This corresponds to a time-bandwidth product of 0.36 (Fig. 6). The pulse energies and peak power reach 4.2 µJ and 5 MW, respectively. Additional experiments were conducted to evaluate the maximum average power reachable with the third SCF amplifier stage in linear polarization by removing the polarization converter from the setup. The power incident to the third SCF was set to 55W which corresponds to a pulse energy of 2.75µJ (at a repetition rate of 20 MHz) and peak power of 4 MW for a pulse duration of 700 fs. At this level of peak power, self-focusing induced by Kerr effect starts to be an issue as it leads to a reduction of the beam diameter on the output facet and can lead to coating damages. To overcome this limitation, we used a shorter SCF for these experiments. It was 1 mm in diameter, 30 mm long, and was doped with 1 at. %. As shown in Fig. 7, the amplified beam reaches up to 100 W of power with a thermal depolarization rate below 4%. This corresponds to a single pass gain of 1.8 and an extraction efficiency of 38%. The pulse energy and peak power reached 5 µJ and 7 MW, respectively. The spectral bandwidth is 1.8 nm (FWHM) and the pulse duration is 750 fs, (assuming a sech² temporal shape). The characterization of the beam profile reveals a good beam quality of M²<1.3 at 100 W of power. In the case of the cylindrically polarized beam amplification, the self-focusing phenomenon induced by Kerr effect is not a limiting factor in our setup for several reasons. At the same power the peak intensity of a Gaussian distribution (linearly polarized) is about 1.36 times higher than the peak intensity of Laguerre Gauss beam (cylindrically polarized). In addition, the waist of the signal beam (calculated at 4 σ) used in the setup with cylindrical polarization (500 µm) was larger than the one with linear polarization (400 µm). Moreover, the output power reached with linear polarization was higher than with the cylindrical polarization (100 W instead of 86 W). Taking into account these three factors, the peak intensity is three times lower in the case of the cylindrically polarized beam.

In conclusion, we have demonstrated the promising potential of SCF for the amplification of femtosecond pulses with different polarization states. By cascading a series of SCF amplifiers we achieved an average output power of 100 W in linear polarization and more than 85 W in both radial and azimuthal polarization. Remarkably, ultrashort pulses with duration of 750 fs and pulse energies around 5 µJ have been generated without the need of chirped-pulse amplification without any issues by non-linear effect. To guarantee both high power and good beam quality, different strategies have been explored. On the first stage, specific optimization of doping and length of the SCF allowed significant improvement in terms of gain. Pumping the second amplifier at 969 nm instead of 940 nm, reduces the thermal load by 30% and thus maintains the beam quality during the amplification. The high gain and the excellent conservation of both beam quality and polarization state make the SCF concept well suitable for the amplification of cylindrically polarized ultra-short pulses.

This study confirms the attractiveness of straightforward passive and CPA-free SCF amplifiers for ultrafast laser systems dedicated to industrial material processing applications. This work is supported by The Ultrafast_RAZipol project funded by the European Union's Seventh Framework Program for research, technological development and demonstration under grant agreement no. 619237.
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 1 Fig. 1. Experimental setup. (a) single-pass configuration setup. (b) double-pass configuration setup.
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 2 Fig. 2. Output power versus pump power in single-pass and double-pass for the standard and the optimized SCF. SP = Simple Pass, DP = Double Pass.
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 3 Fig. 3. (a) Comparison of pumping at 940 nm and 969 nm for 15 W of incident signal power. (b) Performance obtained in single and double pass when pumping at 969 nm.
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 4 Fig. 4. Output power versus pump power in single-pass for both radially and azimuthally polarized input beam.
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 5 Fig. 5. (a) Far-field intensity distribution of the amplified beam. (b) Experimental setup used to analyze the polarization quality. (c-f) Intensity distributions with rotation of the analyzer axis.
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 6 Fig. 6. Spectrum of the output pulses for three gain values (left). Autocorrelation trace of the output pulses (right).
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 7 Fig. 7. Output power versus pump power in the last singlepass amplifier for 55 W of incident signal power in linear polarization.
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