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Abstract

:

In this manuscript, an implementation of a tunable nonlinear phase compensation method is demonstrated on a typical femtosecond hybrid laser consisting of a fiber pre-amplifier and an additional solid-state amplifier. This enables one to achieve constant laser pulse parameters over a wide range of pulse repetition rates in such a laser. As the gain in the solid-state amplifier is inversely proportional to the input power, the shortfall in the solid-state gain at higher repetition rates must be compensated for with fiber pre-amplifier to ensure constant pulse energy. This increases the accumulated nonlinear phase and consequently alters the laser pulse parameters such as pulse duration and Strehl ratio. To overcome this issue, the nonlinear phase must be compensated for, and what is more it should be compensated for to a different extent at different pulse repetition rates. This is achieved with a tunable CFBG, used also as a pulse stretcher. Using this concept, we demonstrate that constant laser pulse parameters such as pulse energy, pulse duration and Strehl ratio can be achieved in a hybrid laser regardless of the pulse repetition rate.
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1. Introduction


In areas where high-quality laser pulses are desired, such as laser micromachining [1,2,3,4,5,6], ophthalmology [7] and nonlinear microscopy [8,9,10,11], nonlinear optical effects such as self-phase modulation (SPM) often limit the achievable pulse energy of high-energy ultrafast laser systems. The nonlinear optical effects introduce nonlinear spectral and temporal phase to laser pulses. This nonlinear phase cannot be easily compensated for with a pulse compressor, resulting in decreased quality of compressed pulses [12,13]. This is especially true in fiber lasers, where the high-energy pulses are confined to a small fiber core. To overcome this problem, many advanced techniques have been demonstrated, among which is coherent beam combining [14,15], pulse stacking [16], the use of tapered fiber amplifiers [17,18] and the use of optical fibers with large core diameters [19,20]. Although these systems offer some outstanding results in terms of power scaling, their relative complexity hinders their applicability in industrial laser applications. Another possibility for power scaling of fiber lasers is a hybrid laser design that, in addition to the fiber pre-amplifiers, implements an additional solid-state power-amplifier [21,22,23]. The main advantage of this approach is that the beam diameter in a solid-state amplifier is much larger than fiber amplifiers. This results in increased pulse energies with negligible contributions to the nonlinear phase. However, even with the hybrid laser design, nonlinear optical effects remain a problem that needs to be addressed. This is even more crucial with lasers that operate in a broad range of pulse repetition rates while at the same time ensuring constant output pulse energies. This type of laser operation is becoming more and more desired in industrial and scientific applications, especially where the lasers are used in combination with fast scanning mechanism such as polygon or resonant scanners. Although the nonlinear effects are negligible in a solid-state amplifier, the gain reduces with increased laser power, i.e., with increased pulse repetition rate. This gain shortfall must be compensated for with increased gain in the fiber pre-amplifiers. Therefore, the gain in the fiber amplifier must be higher for higher pulse repetition rates in order to achieve constant output pulse energy. Higher gain in fiber pre-amplifiers directly relates to higher nonlinear phase. Varying the pulse repetition rate in hybrid lasers consequently results in variations in the accumulated nonlinear phase and therefore prohibits hybrid lasers from efficient operation over a broad range of pulse repetition rates with constant output pulse energy. To overcome this problem, the accumulated nonlinear phase must be compensated for and, what is more, it must be compensated for to a different extent at different pulse repetition rates. This shows the necessity for a tunable or adaptive compensation of nonlinear phase in hybrid laser systems.



There have been many methods already demonstrated that allow for tunable compensation of the nonlinear phase such as the use of different pulse-shaping techniques in a feedback loop with a pulse characterization technique at the laser output [24,25,26,27,28,29]. It was recently shown that a tunable chirped fiber Bragg grating (TCFBG) can efficiently compensate nonlinear phase up to 4π [12]. As a TCFBG can also be used as a pulse stretcher in a chirped pulse amplification technique (CPA), its use for nonlinear phase compensation offers a clear advantage in terms of compactness and robustness compared to the use of spatial light modulators (SLM-s) or other pulse-shaping techniques [30,31,32,33,34,35,36].



In this work, we demonstrate an inherent need for a tunable nonlinear phase compensation method in a typical hybrid laser that operates at a broad range of pulse repetition rates and with a constant output pulse energy. We demonstrate that, due to the lower gain in the solid-state amplifier, the pulse parameters deteriorate with increasing pulse repetition rate. Further, we show that the degree of deterioration varies with selected pulse repetition rate. We further demonstrate that a tunable method of nonlinear phase compensation based on a TCFBG can be efficiently utilized to overcome this problem. With this method, we manage to achieve constant output laser pulse parameters such as pulse energy, pulse duration and Strehl ratio at varying pulse repetition rates ranging from 100 kHz up to 2 MHz in a hybrid laser consisting of three fiber pre-amplifiers and one additional solid-state amplifier.




2. Experimental Setup


The experimental setup is shown in Figure 1. The laser system was designed in a master oscillator power amplifier (MOPA) configuration, starting with a mode locked fiber oscillator at 30 MHz repetition rate delivering 1 mW of average power at 1030 nm. The seed spectrum had a full width at half maximum (FWHM) of 6.1 nm. The pulses from the oscillator were slightly pre-chirped, resulting in 1.5 ps FWHM pulse duration.



The seed pulses were temporally stretched to ~500 ps using a commercial tunable chirped fiber Bragg grating (TCFBG) from TeraXion. The TCFBG was custom designed, so that the dispersion of the stretcher matched the dispersion of the compressor, so that the overall dispersion of the system was close to zero. The dispersion parameters of the TCFBG were    β 2  = 48   p  s 2   ,    β 3  = − 0.6   p  s 3    and    β 4  = 0.01   p  s 4   , where    β i    was defined as


   β i  =    ∂ i  ϕ  ω    ∂  ω i    ,  



(1)




where ϕ(ω) was the pulse spectral phase and ω was the angular frequency. Other TCFBG parameters were also custom-designed in order to match the parameters of the seed laser. The bandwidth of the TCFBG was therefore 11.5 nm and was centered around 1030 nm. The measured reflectivity of the TCFBG was 41.5 %.



The dispersion of the TCFBG can be tuned with temperature, by applying a selected temperature profile along the chirped fiber Bragg grating. The tuning range of    β 2    was ±2   p  s 2    and ±0.5   p  s 3    for    β 3   . The second and third order dispersion can be tuned independently and during laser operation allowing for a tunable pre-compensation of nonlinear phase. The change in dispersion typically occurs in less than 10 s after the selected temperature profile is given by the user (see Supplementary Materials).



The process of optimizing the dispersion parameters was divided in to two steps. First, the effect of a dispersion change on the pulse shape was observed with an autocorrelator in real time. For each selected pulse repetition rate, the autocorrelation trace was observed and dispersion parameters of the TCFBG were set, to achieve the shortest possible pulse duration. After optimization with the autocorrelator, the result was also evaluated with the FROG measurement. The dispersion parameters were then fine-tuned with several consecutive FROG measurements, where the goal was to minimize the residual spectral phase of the laser pulses in order to come as close as possible to a transform limited pulse. After the dispersion parameters were optimized, they were saved in a look up table for further use.



The stretched pulses were sent into three consecutive fiber amplifiers all pumped with 976 nm laser diodes. In the first, a core pumping was used, whereas in the second and third fiber amplifier a clad pumping scheme was utilized. An acousto-optical modulator (AOM) was used as a pulse picker to reduce the input pulse repetition rate from 30 MHz to the desired pulse repetition rate depending on the required output laser parameters. The fiber amplifiers formed a fiber front end that was followed by an additional solid-state amplifier that additionally increased the pulse energy with negligible contribution to the accumulated nonlinear phase. The solid-state amplifier used was an Yb:YAG single-crystal amplifier module (Taranis gain module) pumped with 969 nm diode lasers with 200 W power.



After the solid-state amplification stage, pulses were compressed in a grating compressor using a transmission grating with 1700 lines/mm in a Littrow configuration down to ~500 fs. The dispersion of the compressor was matched to the dispersion of the stretcher at low-pulse energies, where nonlinear effects were negligible. This is referred to as the reference state of the TCFBG.



After the compression, the pulses were characterized using an autocorrelator, a spectrum analyzer; a power meter; and a custom-built SHG FROG setup with a time resolution of 2 fs, a delay span above 100 ps and a spectral resolution of 33 pm. During all measurements, the grating compressors remained fixed so that the pulse shape optimization was performed solely through pre-shaping of a pulse with the TCFBG. Pulse shapes were retrieved using Femtosoft’s FROG software. Besides the low G error (below 1.1 % in all cases), we also confirmed the accuracy of FROG measurements by comparing a spectrum and autocorrelation of retrieved pulses with the independently measured ones showing a very good agreement in all cases.




3. Theory


As it was described above, in order to achieve constant pulse energies at the output of the hybrid laser over a wide range of pulse repetition rates, gain of the fiber pre-amplifier must be increased with increasing repetition rate to compensate for lower gain in the solid-state amplifier at higher repetition rates. Gain variations in fiber amplifiers result in different accumulated nonlinear phase, which influences pulse parameters such as pulse duration and Strehl ratio.



The accumulated nonlinear phase or B-integral depends on the fiber properties such as mode field diameter and nonlinear refractive index, and on the laser pulse peak power. In our case, the fiber pre-amplifier consists of several passive fiber components and three active fibers in which laser pulses are amplified. The B-integral can therefore be calculated by modeling the pulse peak power distribution P(z) along these fibers. In our case, we neglected the contribution to the accumulated nonlinear phase of the fibers prior to the second amplifier. This is justified by the low-pulse intensities in those fibers. After the first amplifier laser pulses propagate through 0.6 m of active fiber with 10 µm core diameter, followed by 0.9 m of passive fibers with the same diameter. The pulses then propagate through 1 m of passive fiber with 25 µm core diameter and finally through 0.7 m of active fiber with the same core diameter. Therefore, the B-integral can be written as


  B =   2 π  n 2    λ  A  10      ∫ 0   L  a c t     2    P  z  d z +   2 π  n 2    λ  A  10     P  L  10   +   2 π  n 2    λ  A  25     P  L  25   +   2 π  n 2    λ  A  25      ∫ 0   L  a c t     3    P  z  d z ,  



(2)




where  λ  is the center wavelength of the laser pulses;    A  10     and    A  25     are the effective mode field areas of fibers with 10 µm and 25 µm core diameters, respectively;    L  10     and    L  25     are the lengths of passive fibers with 10 µm and 25 µm core diameters, respectively;    L  a c t     2    is the length of the second active fiber;    L  a c t     3    is the length of the third active fiber; P is the peak power of the pulse at the output of the second active fiber; and    n 2  = 2.2 ·   10   − 20     W /  m 2     is the nonlinear refractive index.



The evolution of pulse peak power P(z) in the active fibers was calculated with a numerical model for our fiber amplifiers that solves stationary rate equations, which can be written as


    ∂  n p ±    ∂ z   = ±  Γ p   σ p     N 2  −  N 0     n p ±    ,  



(3)






    ∂  n s    ∂ z   =  Γ s   σ s     N 2  −  δ s   N 0     n s    ,  



(4)






    ∂  n a ±    ∂ z   = ±  Γ s   σ a     N 2  −  δ a   N 0     n a ±  + S  N 2   



(5)




and


     N 2   N  = −  σ p     N 2  −  N 0       n p +  +  n p −    −  σ s     N 2  −  δ s   N 0     n s  −  σ a     N 2  −  δ a   N 0       n a +  +  n a −    −    N 2    c  τ 2    ,  



(6)




where    n p ±  ,    n s    and    n a ±    are the pump, signal and ASE photon densities, respectively. The   ±    notation denotes the forward or backward propagating light.    N 2    and    N 0    are the level densities of the upper and lower laser level, respectively;  N  is the total doping concentration;    σ p   ,    σ s    and    σ a    are stimulated emission cross sections for pump, signal and ASE transitions, respectively;    δ s    and    δ a    are the thermal level densities of signal and ASE and are calculated as    δ  s , a   =  σ  s , a   /  σ p   ; and    Γ p    and    Γ s    are pump and signal fill factors and are defined as the ratio between the fiber core and cladding area. c is the speed of light in an optical fiber,    τ 2    is the lifetime of the upper laser level and  S  is the fraction of spontaneous emission that is amplified in the amplifier.



The doping concentration  N  is calclulated from unsaturated pump absorption coefficient  A  as


  N =   ln     10   −    A  10            Γ p   σ p    .  



(7)








4. Results


The variations in the accumulated nonlinear phase at different pulse repetition rates influence output pulse parameters. The effect of accumulated nonlinear phase on pulse temporal profile for five different pulse repetition rates is presented in Figure 2. The figure shows a comparison of pulse temporal profiles for pulses with 50 µJ energy and 100 kHz, 500 kHz, 1 MHz, 1.5 MHz and 2 MHz pulse repetition rates. The reference pulse temporal profile at low-pulse energy of 1 µJ pulse energy and 30 MHz pulse repetition rate is also presented for comparison. Each subfigure shows retrieved pulse intensity from FROG measurement along with retrieved pulse autocorrelation and independently measured autocorrelation with intensity autocorrelator. The comparison between retrieved and measured autocorrelation shows good agreement, which confirms the accuracy of the retrieved pulse intensity. From the presented measurements, we can see that, with increasing pulse repetition rate, pulse temporal duration increases and that the pulse intensity becomes more and more structured with repetition frequencies above 1 MHz.



A detailed comparison is shown in Figure 3 for two limiting cases. In the top line (Figure 3a–c) is a measurement at 100 kHz, where almost no nonlinear phase is acquired in the fiber amplifier due to the lower gain (35dB). In the center line (Figure 3d–f) is a measurement at 2 MHz where higher gain must be achieved already in the fiber amplifier (45 dB) in order to achieve the desired output pulse energy from the hybrid laser. The pulse energy from the fiber amplifier is therefore different at 100 kHz case and 2 MHz case and corresponds to 4 µJ and 40 µJ, respectively. This increase in gain results in increased B-integral at higher repetition rates and for selected cases corresponds to 0.25π and 4.2π at 100 kHz and 2 MHz, respectively. The gain in the fiber amplifiers is increased by increasing the pump power of the fiber amplifiers (at low repetition rates, the fiber amplifiers are not pumped with maximum available pump power). From these results, we can see severe deterioration of pulse temporal (Figure 3e) and spectral shape (Figure 3f) at 2 MHz compared to 100 kHz pulse repetition rate. The deterioration of the pulse quality is also evident from the FROG measurement (Figure 3d). In addition to the retrieved pulse intensity and spectrum, a measured autocorrelation and spectrum are also plotted for comparison, showing a good agreement with the retrieved results from FROG measurement. This, along with small FROG error (~1 %), confirms the accuracy of the retrieved results.



Although the pulse shape deteriorates with increasing pulse repetition rate, due to larger gain and consequently higher B-integral in the fiber amplifiers, we can to some extent compensate for the increase in B-integral with tunable chirped fiber Bragg grating that is also used as a pulse stretcher. The compensation is achieved by changing the CFBG dispersion parameters, allowing for compensation of second- and third-order nonlinear phases. As can be seen from Figure 3f, the dominant contribution of increased B-integral to the spectral phase is of the second order. However, we can see some additional higher order fluctuations in the spectral phase. These higher order contributions cannot be completely compensated for with the use of the TCFBG. Nevertheless, we can significantly improve pulse duration and Strehl ratio. The results after compensation for the case of 2 MHz pulse repetition rate are shown in the bottom row (Figure 3g–i). The dispersion parameters of the TCFBG in top (Figure 3a–c) and center row (Figure 3d–f) are the same as in the reference case at low-pulse energies, where nonlinear effects are negligible, whereas the TCFBG parameters are adjusted in the measurement shown in the bottom row (Figure 3g–i). From results presented in Figure 3, we can see that the pulse duration after compensation is significantly shorter (570 fs) than the non-compensated case (2.4 ps). The same can be said for Strehl ratio, where the Strehl ratio after compensation is 0.7 compared to 0.2 before compensation of the nonlinear phase. Although we can significantly improve pulse duration and Strehl ratio with nonlinear phase compensation with TCFBG, we can still see in Figure 3h that we have some broad pedestal left in the pulse temporal profile. This pedestal is a consequence of non-compensated higher order contributions to the pulse phase.



The results presented in Figure 3 are only for two selected cases (100 kHz and 2 MHz pulse repetition rates). However, the main benefit of a tunable phase compensator is that we can compensate for different amounts of accumulated nonlinear phase. In other words, we can significantly improve laser pulse parameters over a broad range of repetition frequencies. The results at all repetition frequencies are shown in Figure 4. From results in Figure 4a, we can see that, with increasing B-integral (black circles), the pulse duration (blue circles) increases if we do not compensate the accumulated nonlinear phase. However, with appropriate adjustment of the TCFBG dispersion parameters we can efficiently compensate for the accumulated nonlinear phase and achieve almost constant pulse duration (red circles) regardless of the value of B-integral.



Similar conclusion can be made from results shown in Figure 4b, where a decrease in Strehl ratio (blue circles) can be seen with increasing B-integral (black circles). The Strehl ratio is a measure of pulse quality and is defined as the ratio of the peak power of the measured pulse and of the transform limited pulse obtained from the measured spectrum. Therefore, we can see that pulse quality severely deteriorates with increasing B-integral and, what is more, to a different extent depending on the B-integral. However, similar to pulse duration, the Strehl ratio can also be improved by appropriate compensation of the nonlinear phase. The results achieved with compensated nonlinear phase are presented as red circles, where we can see that we can achieve approximately the same Strehl ratio regardless of the accumulated B-integral.



From the herein-presented measurements, it is evident that variations in the output pulse quality and pulse duration were eliminated up to accumulated nonlinear phase of ~4.5π. This is still a conservative estimation as the nonlinear refractive index used in the calculations of B-integral was    n 2  = 2.2 ·   10   − 20     W /  m 2   , which is on the lower edge of the values occurring in the literature for silica fibers. Nevertheless, we expect that further increase in B-integral would result in a decrease of an output pulse quality as pulse’s spectral phase becomes highly structured to an extent at which it cannot be pre-compensated with a given TCFBG.




5. Conclusions


In the presented manuscript, a necessity for a tunable pre-compensation of SPM-induced nonlinear phase in an ultrafast hybrid laser system operating at variable pulse repetition rates was demonstrated. The need for tunable compensation of the nonlinear phase arises from the fact that the gain of the solid-state amplifier decreases as the input laser power to the amplifier increases. The gain shortfall must therefore be compensated for with the fiber pre-amplifier. This means that we must achieve higher gain in fiber pre-amplifier at higher pulse repetition frequencies compared to the gain at lower pulse repetition frequencies, since the overall gain of the hybrid laser must be constant in order to achieve constant output pulse energies. Higher gain consequently increases the accumulated nonlinear phase in the fiber amplifiers. Variations in the accumulated nonlinear phase result in variations of the laser pulse parameters such as pulse duration and Strehl ratio. In this manuscript, we successfully demonstrated that these variations can be compensated for by adjusting the dispersion parameters of a tunable CFBG, which is also used as a pulse stretcher in a CPA scheme. The use of a pulse stretcher for nonlinear phase compensation eliminates the need for additional pulse-shaping components, which significantly simplifies the design. We have demonstrated that with this technique, a nonlinear phase can be compensated for to a different extent depending on the selected pulse repetition rate. In this work, we successfully compensated for accumulated nonlinear phase up to 4.5π, resulting in high-quality ultrashort laser pulses with less than 600 fs pulse duration and Strehl ratio higher than 0.7.
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The following are available online at https://www.mdpi.com/article/10.3390/photonics8090387/s1, Video S1: The supplementary video shows the temporal evolution of the pulse shape, measured with an autocorrelator. At time 0° s, the user sets a new temperature profile or new dispersion values to the TCFBG. In the presented case, the value of the second order dispersion is changed from 49.6   p  s 2    to 48   p  s 2   .
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Figure 1. The experimental setup is based on a typical hybrid laser system consisting of a fiber pre-amplifier and an additional solid-state amplifier. The system comprises of femtosecond mode-locked laser, tunable pulse stretcher (CFBG), pulse picker (AOM), three fiber amplifiers, a solid-state amplifier and a grating compressor. The pulses from the laser system are then analyzed in a detailed pulse characterization setup consisting of a SHG FROG, a spectrum analyzer and an intensity autocorrelator. 
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Figure 2. The figure shows temporal pulse shape variations for pulses with 50 µJ energy for different pulse repetition rates. The repetition rates are (b) 100 kHz, (c) 500 kHz, (d) 1 MHz, (e) 1.5 MHz and (f) 2 MHz. The reference pulse temporal shape at low-pulse energy of 1 µJ and 30 MHz pulse repetition rate is also shown in (a). On each subfigure a retrieved pulse intensity from FROG is presented (black) along with retrieved autocorrelation (red) and independently measured autocorrelation (blue). 






Figure 2. The figure shows temporal pulse shape variations for pulses with 50 µJ energy for different pulse repetition rates. The repetition rates are (b) 100 kHz, (c) 500 kHz, (d) 1 MHz, (e) 1.5 MHz and (f) 2 MHz. The reference pulse temporal shape at low-pulse energy of 1 µJ and 30 MHz pulse repetition rate is also shown in (a). On each subfigure a retrieved pulse intensity from FROG is presented (black) along with retrieved autocorrelation (red) and independently measured autocorrelation (blue).



[image: Photonics 08 00387 g002]







[image: Photonics 08 00387 g003 550] 





Figure 3. FROG measurement of the pulse with 50 µJ energy at 100 kHz pulse repetition rate (top (a–c)) and 2 MHz pulse repetition rate (center (d–f)). Both top and center measurements are performed with the reference state settings of the TCFBG. The measurement at 2 MHz pulse repetition rate but with adjusted TCFBG dispersion parameters in order to compensate for accumulated nonlinear phase is presented at the bottom (g–i). Subfigures show measured (left) and retrieved FROG trace (a,d,g); measured and retrieved autocorrelation and retrieved pulse intensity (b,e,h); and measured and retrieved pulse spectrum with retrieved spectral phase (c,f,i). 
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Figure 4. Figure shows the increase in pulse FWHM with increasing frequency (a) and decrease in pulse Strehl ratio with increasing frequency (b). Results presented with blue circles are the results at the reference state setting of the TCFBG parameters. The red circles are the results after the adjustment of the TCFBG parameters in order to compensate the accumulated nonlinear phase. The accumulated nonlinear phase or B-integral is presented with black circles. 
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