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There is a lack of general study of the maximum pulse energy from fiber amplifiers with short durations (up to few hundreds of nanoseconds) that are limited by amplified spontaneous emission, which slows inversion growth and degrades pulse contrast. We have conducted a systematic study of a monolithic master oscillator power amplifier (MOPA) by varying pulse duration, repetition rate and fiber length using an in-house fabricated ytterbium-doped double-clad 50/250 fiber that demonstrated ∼20ns pulses at ∼1.5 mJ, 100 kHz repetition rate and ∼200 W average power with an M2 = ∼1.1. The highest pulse energy obtained is ∼1.7 mJ within the main pulse. This pulsed fiber laser was limited only by fiber fuse, which happens roughly between 1 and 2 mJ pulse energy regardless of pulse durations, fiber lengths and repetition rates tested. The model reported herein in this study is consistent with most experimental data in the literature and our own experimental data.
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BACKGROUND
Pulsed fiber lasers have a wide range of scientific and industrial applications in material processing and remote sensing [1]. Output pulse energy is an important parameter for pulsed lasers. Currently, the literature lacks a general study of the limit of output pulse energies that can be extracted from a given fiber master oscillator power amplifiers (MOPA) when different seed pulse energies and fiber designs are considered. The only exception to which is a study on the extractable energy in Q-switched ytterbium-doped fiber lasers dependent on pump power [2].
Previously, we have conducted a theoretical study of output pulse energy from a pulsed ytterbium-doped diffraction-limited fiber MOPA using a fiber amplifier model considering both local nonlinear effects (Raman and Kerr) and linear effects (loss, gain, and group velocity dispersion) along the fiber amplifier [3]. Local gain depletion (time-dependent gain due to inversion depletion) and gain dispersion (wavelength-dependent gain) are also considered in the model. Pumping effects were not considered during the pulse transit through the fiber and the study was only applicable to pulses in the short pulse regime where the pumping effect can be ignored. Critically, it was assumed that the maximum inversion was limited by amplified spontaneous emission (ASE) where any further inversion increase will degrade pulse contrast and will be clamped by the significant amount of ASE generated in the fiber core. Our model therefore represents the maximum output pulse energy from a short-pulse fiber MOPA.
Our model uses a new form of the nonlinear equation developed in the form an ordinary differential equation (ODE) [4]. The key benefit of this form of the nonlinear equation is that it can be directly integrated using a commercial ODE solver, leading to superior accuracy and efficiency. This model has played a major role in the development of supercontinuum generation in optical fibers. In our model, such direct-ODE-integrable nonlinear equation is revised to include both gain saturation and gain dispersion for fiber lasers. In addition, separate rate equations are incorporated to allow local pump absorption, inversions, and ASE in both directions to be considered. This model is developed for ytterbium fiber lasers, but it can be easily adapted for other fiber lasers.
In this work, we first extended and updated the comparison of this model with nanosecond diffraction-limited MOPA results reported in the literature and confirmed the general agreements between the modelled pulse energy and measured pulse energy. We then proceeded to conduct an experimental study of a two-stage diffraction-limited monolithic fiber MOPA consisting of a seed diode directly modulated to generate pulses spanning a few nanoseconds to hundreds of nanoseconds using an in-house fabricated ytterbium-doped double-clad power amplifier fiber with a 50 μm core diameter, 250 μm cladding diameter, and a 0.028 NA (see [5] for more details on this fiber). Our experimental results using an ytterbium-doped 25/250 fiber in the pre-amplifier and the ytterbium-doped 50/250 fiber in the power amplifier are in general agreement with our model. The pulse energies from this MOPA are, however, found to be limited to ∼1.7 mJ by fiber fuse regardless of pulse duration, fiber length, and repetition rate tested, short of the expected theoretical limit of ∼3.8 mJ. These results represent a first systematic study on pulse energy limit from a diffraction-limited fiber MOPA and some of the highest combinations of pulse energies and average powers from a monolithic fiber MOPA that are critical for material processing in many industrial applications.
THEORY
Energy extraction from a fiber MOPA is first dependent on the level of inversion that can be achieved before pulse arrival. This determines the extractable energy, i.e., the part of the total stored energy that can be extracted if the inversion is reduced to the level of net-zero gain everywhere along the fiber [2]. The maximum inversion is, however, limited by the ASE that can develop between pulses as inversion grows. This ASE growth eventually clamps inversion and leads to excessive power between pulses, severely degrading pulse contrast. The threshold is determined in our model by increasing the pump powers in an ytterbium-doped fiber amplifier without any seed until the total ASE power exiting both ends of the fiber reaches 0.1 W. No spurious reflections were assumed anywhere along and from the ends of the active fiber.
In this case, the ASE is directly generated internally in the fiber from quantum noise in a single pass through the fiber. The choice of 0.1 W is arbitrary. The ASE power in this high gain regime in typical fibers, however, increases extremely fast beyond this point. Any further inversion increase is severely limited beyond this point in a practical fiber amplifier. This threshold condition provides a reasonable estimate of the maximum inversion. In practice, there are spurious reflections in a fiber amplifier as well as some seed power between pulses due to imperfect pulse contrast. Accordingly, the ASE can be significantly enhanced by the much-higher-than-quantum-noise seeding and multiple passages through the fiber amplifier due to these spurious reflections.
Energy extraction is also dependent on the seed energy and how the pulse is amplified along the fiber. The extraction is weak at the front end of the fiber due to the weak signal and increases towards the output. In our analysis, the total extracted energy is always below 50% of the extractable energy even when seeded significantly above the saturation energy in a fiber amplifier [3]. This is primarily due to the lower pulse energy at the front-end of the amplifier which leads to poor overall energy extraction efficiency. Higher pulse energy can be extracted from a Q-switched fiber laser due to the much more intense pulse throughout the fiber [5].
An example fiber is modelled using a 1 m-long 50 μm core step-index fiber with a 0.06 NA and a cladding diameter of 250 μm [3]. The ytterbium concentration is 8.52 × 1025 ions/m3, corresponding to 1.25wt% of Yb. The pump absorption in the cladding and small-signal gain in the core at full inversion are shown in Figure 1. The peak pump absorption is 20 dB/m at ∼976 nm. The output pulse energy and total ASE (calculated by integrating ASE as a function of wavelengths and in both directions) are shown in Figure 2a versus the launched pump power at 915 nm, seeded with a 1ns pulse at a seed energy, Ein, equaling a saturation energy, Esat of 604.9 μJ at 1035 nm. The vertical line in Figure 2a represents the launched pump power at 915 nm where the total ASE power is 0.1W, i.e., the threshold used in this work, and the output pulse energies show a clear sign of saturation beyond this point. Expectedly, the total ASE power becomes significant at higher pump powers and clearly presents a limit where ASE can significantly degrade the temporal contrast of optical pulses.
[image: Figure 1]FIGURE 1 | Pump absorption in the cladding and small-signal gain at 100% inversion in the core for the 50/250 fiber used in the model.
[image: Figure 2]FIGURE 2 | (a) Output pulse energy and total ASE power versus 915 nm pump power (green vertical line indicates 0.1 W of total ASE at a pump power of 28.93 W) and (b) inversion and ASE for the counter-pumped pump of 28.93 W (1 m of the 50/250 fiber, Ein = Esat = 604.9 μJ at 1,035 nm, counter-pumping at 915 nm).
In this case, the 0.1 W total ASE power occurs at a pump power of about 28.9 W at 915 nm with an output pulse energy of 4.85 mJ. The extractable energy is 10.04 mJ at this pump power, slightly more than twice the output energy. The inversion and ASE power in both directions in the fiber are shown in Figure 2B at the launched pump power of 28.9 W. The single-pass gain in the core at this inversion is over 40 dB at the ASE peak (see Figure 1). The ASE is entirely seeded inside the fiber and generated over a single pass through the fiber. For a practical fiber amplifier of a few meters, the buildup time of the ASE in this case is equivalent to the transit time through the fiber amplifier of just a few nanoseconds, much shorter than the 2 μs between pulses at 500 kHz repetition rate, the highest in a high-power pulsed fiber MOPA to date [6]. There are always spurious reflections in a fiber system. In this case, the ASE could pass the fiber amplifier several hundreds of times within 2 μs, worsening the ASE in the system far beyond the single-pass scenario considered in our model. The maximum output pulse energy from a short-pulse fiber MOPA predicted here should provide a reasonable estimate for all practical repetition rates in a high-power fiber MOPA system.
The pumping effect is ignored during the pulse transit through the model fiber. In a practical pulsed fiber MOPA, the fiber is pumped for a finite time between pulses to recover to its previous maximum inversion before the arrival of the next pulse. In a MOPA designed for high pulse energy output, pump power is scaled such that the inversion is sufficiently recovered before the arrival of the subsequent pulse.
For a given length of fiber, our model first calculates the total ASE exiting the fiber ends for a given pump power in the absence of any seed by simulating the local inversion and propagation of ASE seeded at one photon per mode in each direction. The pump power is gradually increased until the total ASE power reaches 0.1 W at two fiber ends. The pump power is then fixed, the model then simulates the propagation of a single pulse through the fiber considering local gain depletion, gain dispersion, group velocity dispersion (GVD), Kerr nonlinearity, and stimulated Raman scattering, assuming there is negligible pumping during the short pulse transit [3]. Stimulated Brillouin scattering is not considered since it is not generally an issue in pulsed fiber lasers. The output pulse is generally steeper at the leading edge and narrower due to gain saturation. The pulse energy at the output is obtained by integrating power over the entire pulse in the time domain.
The 1 m-long double-clad ytterbium-doped fiber (50/250 0.06NA) used in the model has a small-signal pump absorption of 20 dB/m at 976 nm with ytterbium concentration at 8.52 × 1025 ions/m3 [3]. Given the ASE limit, output energy changes little for counter-pumping wavelengths at 915 nm or 976 nm in this fiber. The actual pump absorptions are almost identical in these two cases due to the high inversions at the ASE limit. Counter-pumping at 915 nm is then used as a default in our model. Variations of output pulse energy versus fiber length and ytterbium concentration are also observed to be small at the ASE limit, less than 7% from 0.5 to 2.5 m while fixing the ytterbium concentration at 1.49 × 1026 ions/m3 or ytterbium concentration from 4 × 1025 to 2.4 × 1026 ions/m3 while fixing the fiber length at 1 m. The pulse energy peaks at a seed wavelength of ∼1030 nm but less dependent on wavelength when the seed pulse energy is near the saturation energy. More details are provided in [3]. The output pulse energy was simulated for seed pulse energy of 1%, 10%, and 100% of the saturation energy versus the core diameter at 1035 nm where the saturation energy is ∼605 μJ (see Figure 3). The small-signal pump absorption is kept constant at 8.74 dB/m at 915 nm by adjusting fiber length when the core diameter is changed.
[image: Figure 3]FIGURE 3 | Simulated output pulse energy at 1,035 nm at Ein/Esat of 1%, 10%, and 100% along with measured data from diffraction-limited nanosecond fiber MOPA in the literature and experimental data from this study (see Table 1 for details of the literature). The small-signal pump absorption is kept constant at 8.74 dB/m at 915 nm by adjusting fiber length when the core diameter is changed. The fiber is counter-pumped at 915 nm. Maximum core diameters are used for the tapered fibers in [21, 22] (see Table 1).
The experimental data from the literature displayed in Figure 3 are for diffraction-limited nanosecond MOPAs (see Table 1 for details and References). The seed energies are not always available in the literature. The maximum pulse energy from a fiber MOPA should be below the simulated curves for the appropriated seed energies. Most of the experimental data are in general agreement with the simulated curves considering all the uncertainties. The two data point at 30 μm core just above the simulated curve for the seed energy at 1% of the saturation energy with output pulse energies of 1.05 mJ [9] and 1.1 mJ [11] had seed energies at ∼1.5% and ∼2.1% of the saturation energy, close to what are expected from the model. Our own data at 50 μm core with an output energy of ∼2 mJ had a seed energy of ∼28% of the saturation energy, well below the theoretical prediction of ∼3.8 mJ (more discussion on this later). Most of the experiments in Figure 3 were seeded below 1 percent of the saturation energy.
TABLE 1 | A summary of diffraction-limited nanosecond pulsed fiber MOPA in the literature used in Figure 3 (d: core diameter, Ein: seed energy, Eout: output energy, Δt: pulse width, fR: repetition rate, L: fiber length, λ: seed wavelength).
[image: Table 1]The major exception to our model in Figure 3 is the data from OFS [6]. The output pulse energies of 1.4mJ, 1.6mJ and 2 mJ of the OFS data were produced with seed energies of ∼0.1%, ∼0.6%, and ∼0.9% of the saturation energy respectively. The temporal pulse measurement in the OFS work however used an AC-coupled detector (Thorlabs FPD310-FC-NIR) [6], which cuts off all frequencies below 1 MHz. ASE, mostly at low frequencies, cannot be observed in such measurements. The measured spectra did not show significant ASE but cannot exclude much degraded pulse contrast at the output due to amplification of the seed powers present between the main pulses in the original seed [6].
EXPERIMENT
The validity of our model was further evaluated using two-stage monolithic MOPA seeded by a directly modulated diode from AeroDiode providing pulses from a few nanoseconds to hundreds of nanoseconds at ∼1030 nm (see Figure 4). The repetition rate can be adjusted over a wide range up to few MHz. For the repetition rate at 100 kHz, the pulse energy, power and spectrum from the diode measured at the output of the pump combiner for the pre-amplifier are shown in Figure 5 for various set seed pulse durations. The pulse shapes are given in Figure 6 for two timescales showing there is still a pre-pulse power of few percent of the peak power present before the pulse leading edge.
[image: Figure 4]FIGURE 4 | The two-stage MOPA used in the experiments (iso: isolator, MFA, mode field adaptor, CPS: cladding power stripper, BPF: bandpass filter, PM: polarization maintaining fiber).
[image: Figure 5]FIGURE 5 | (a) Pulse energy and power and (b) spectrum from the seed diode measured at the output of the pump combiner for the pre-amplifier for various set pulse durations shown in the Figures.
[image: Figure 6]FIGURE 6 | Pulse shape in logarithmic vertical scale with (a) close-in and (b) zoom-out time scale from the seed diode measured at the output of the pump combiner for the pre-amplifier for various set pulse durations shown in the Figures.
The first stage consists of ∼3 m PM ytterbium-doped 25/250 Coherent fiber (PLMA-YDF-VIII), cooled in a water/ice bath. The length was optimized for the maximum pulse energy. A 6 nm bandpass filter was built into the isolator (DK Photonics) after the pre-amplifier for ASE suppression. Output pulse energy and power from the pre-amplifier measured at the output of the pump combiner for the power amplifier for various set seed pulse durations are shown in Figure 7. The pump power was increased until there was sign of slowdown in the output power increase. Larger pulse energies can be obtained at longer pulse durations, but the increase is small above set seed pulse durations of 200 ns Pulse shape and spectrum at various powers for set seed pulse durations of 100, 200 and 300ns are given respectively in Figures 8–10. There is a clear sign of pulse narrowing at higher powers as result of gain depletion. Pulse width reduced to ∼65ns FWHM at 150 μJ for the 200ns seed pulse, a strong indication of nearing extraction limit. At high pulse energies, the pre-pulse power reduced to ∼0.1% of the peak power (see Figures 8–10). This is due to a combination of spectral filtering and gain depletion by the high intensity part of the pulse, resulting in improved pulse contrast. There is also sign of nonlinear spectral broadening at high pulse energies. Seeded at ∼60 nJ (0.04% of the saturation energy, 200 ns, 100 kHz repetition rate), a maximum of ∼200 μJ could be obtained from the 25/250 fiber in the pre-amplifier with a gain of ∼35 dB. The polarization extinction ratio (PER) was measured to be ∼20 dB at the output of the pump combiner for the power amplifier.
[image: Figure 7]FIGURE 7 | Power from the pre-amplifier measured at the output of the pump combiner for the power amplifier for various set pulse durations.
[image: Figure 8]FIGURE 8 | (a) Pulse shape and (b) spectrum at various powers from the pre-amplifier measured at the output of the pump combiner for the power amplifier for seed duration set at 100 ns.
[image: Figure 9]FIGURE 9 | (a) Pulse shape and (b) spectrum at various powers from the pre-amplifier measured at the output of the pump combiner for the power amplifier for seed duration set at 200 ns.
[image: Figure 10]FIGURE 10 | (a) Pulse shape and (b) spectrum at various powers from the pre-amplifier measured at the output of the pump combiner for the power amplifier for seed duration set at 300 ns.
The pump combiner of the power amplifier consisted of a 25/250 input fiber and 30/250 output fiber, which was then spliced to the in-house fabricated ytterbium-doped 50/250 fiber. This is the same fiber used in [5] with a 0.028 NA (see cross section image in Figure 11 and more details in [4]). The core is co-doped with Al and P, see [24] for more details. The pump absorption was measured to be ∼4.9 dB/m at 915 nm and was estimated to be ∼20 dB/m at 976 nm. The ytterbium-doped 50/250 fiber was typically 1.2–1.6 m long (see Table 2) and kept straight in a cooled V-groove due to the extremely low NA. We measured the MOPA performance 8 times, varying pulse duration, fiber length and repetition rate. Each time the power from the MOPA was limited by fiber fuse at the power amplifier, which happened between 1 and 2 mJ pulse energy regardless of pulse duration, fiber length, and repetition rate tested. Typically, a flame at the fiber would start a short distance away from the output end and burn for up to a few tens of centimeters. Unlike fiber fuse at lower powers [25], entire sections of fiber of up to few tens of centimeters were completely obliterated in our case. The detail of the runs is summarized in Table 2.
[image: Figure 11]FIGURE 11 | (a) Average power and pulse energy versus launched pump power and (b) mode image at the output of the power amplifier for the sixth run at the maximum power (200ns set seed duration, 1.21 m, 200 W average power). Fiber cross section image is shown in the inset.
TABLE 2 | Summary of MOPA performance (Ein: input energy, Eout: output energy, Δtset: set pulse duration, Δtin: input pulse width, Δtout: output pulse width, L: fiber length, Pmax: peak power, launch: launched, abs: absorbed, eff: efficiency, rep: repetition).
[image: Table 2]If seeded at 20% and 30% of the saturation energy (121 μJ and 181.5 μJ, respectively, with the saturation energy of 605 μJ at 1,035 nm), 3.62 mJ and 3.85 mJ of maximum output energy would be expected, respectively, from the 50/250 fiber according to our model. In run 6, 2 mJ pulse energy (∼1.5 mJ in the main pulse, see Table 3) and ∼200 W average power with M2 = 1.1 to 1.2 was achieved at the output before fiber fuse. The pulse was further narrowed to ∼20.4 ns FWHM in the sixth run (see Table 2).
TABLE 3 | Calculation of pulse energies in the main pulse (N/M: not measured).
[image: Table 3]Output power and pulse energy versus launched pump power is given in Figure 11a for the sixth run. The increasing slope towards higher pump power is due to the pump wavelength moving towards the Yb3+ absorption peak at higher pump powers. Optical efficiency was ∼94% relative to the absorbed pump powers. The mode at the output at the maximum power is shown in Figure 11b, showing excellent mode quality from the 50 μm core with a 0.028 NA [26]. Pulse shape and spectrum at various powers are shown in Figure 12 at the MOPA output for the sixth run. Some residual pump at∼976 nm can be seen in the spectrum as well as a changing of pump wavelength with increasing pump powers.
[image: Figure 12]FIGURE 12 | Pulse shape (a) and spectrum (b) at the output of the power amplifier for the sixth run.
Measured M2 (averaged over two axes) versus average output power is given in Figure 13 for the eighth run at 200 kHz repetition rate. This is typical of all runs. The initially large M2 is much reduced at higher powers due the preferential amplification of the fundamental mode in the ytterbium-doped 50/250 fiber. The fiber has a V value of ∼4.27 at 1,030 nm, supporting only four modes (LP01, LP11, LP21, and LP02) with the fundamental mode having a much better overlap with the gain. As pump power is increased, the power in the fundamental increases much faster than that in higher-order modes. Similar behavior has been observed before [27]. The transverse mode instability (TMI) threshold was not reached in this case. We have measured TMI threshold at various CW seed powers, see Figure 14, by measuring M2 at increasing pump powers and observing the increase of M2 above ∼10% from the base line. The TMI threshold at the average power of our pulsed seed, i.e., ∼28W, is expected to be ∼270 W for CW seed.
[image: Figure 13]FIGURE 13 | Measured M2 (averaged over two axes) versus average output power for the eighth run at 200 kHz repetition rate.
[image: Figure 14]FIGURE 14 | Measured TMI threshold versus 1030 nm CW seed powers for the Ytterbium-doped 50/250 fiber.
DISCUSSION
Pulse energy in Table 2 is calculated from the measured average output power and pulse repetition rate. This is only accurate if the ASE is negligible. Quantifying ASE from the optical spectrum is impossible considering optical filters are often used to suppress ASE in the pre-amplifiers. This creates a seed for the power amplifier carrying only ASE at wavelengths very close to the peak wavelength of the pulses. The ASE at the output of the power amplifier will be dominated at these ASE wavelengths in this case, i.e., very close to the peak wavelength of the pulses. In addition, optical pulses generated by directly modulating diodes often have limited contrast, i.e., there is unwanted optical power between main pulses at wavelengths very close to the peak wavelength of the pulses. This unwanted optical power can also seed ASE between pulses in the power amplifier, producing ASE at wavelengths very close to the pulse peak wavelength.
There are several other techniques for measuring pulse energy, but they are all limited in some ways. Pyro-electric energy meter can theoretically measure pulse energy, but they are limited to low pulse repetition rates far below the >50 kHz repetition rates used in this study. In addition, ASE often varies with time, making isolating it completely from the main pulses almost impossible. Acousto-Optic Modulator (AOM) can be used to suppress the main pulses so that the remaining power between the main pulses can be measured. This may be possible for blocking out a wide window around the pulses in [28] but is hard to do for high-power nanosecond pulses with millimeter beam waist due to the slow AOM turn on/off time (>100ns for an optical beam with a millimeter beam waist, fundamentally limited by the transit time of acoustic wave across the optical beam). Our beam size after the fiber is ∼3 mm. Faster AOM turn on/off time is only possible with much attenuated beam, allowing significantly smaller beam on the AOM. Optical power can be integrated over time using a specially designed circuit with a capacitor [29]. In this case, the main pulse will generate a fast raise in the capacitor voltage within the main pulse duration while ASE will show up as a slow rise between the main pulses. With the exception of the AOM approach, all the approaches are limited by detector dynamic range.
Time domain measurement techniques using fast detectors such as the integrating method in [28] can isolate main pulse from ASE in time domain and is more accurate assuming bandwidth, sensitivity and dynamic range are not limiting. In case where pulse energy is limited by strong ASE, the ASE in time domain is expected to follow the inversion which is at a maximum just before pulse arrival, at a minimum just after the passage of a pulse due to energy extraction by the pulse, and slowly increasing towards the next maximum due to the effect of pumping between pulses (see [28, 29]).
We used a 5 GHz detector (Thorlabs DET08CFC) and a 10-bit 50 GHz oscilloscope (Keysight UXR0504A, 256GSa/s) for our pulse measurement in the time domain. Once the optical power was reduced so that the detector was not saturated, the DC detection noise floor was the main limiting factor. In no case, we observed the slightest growth of ASE which is expected to grow between the pulses due to the effect of pumping at the highest powers for each run, see Figures 15–20 (normalized data without any DC correction). We are therefore certain that we were far from the ASE limit in all our measurements. The DC detection noise floor typically is ∼0.001 after normalization given the detection range and bandwidth used in our measurements (see Figures 15–20) but varies from run to run. The highest is ∼0.004 for run 8. The discretization and instrument detection errors can amount to an uncertainty of ∼1% for our measurements, which is likely the cause of the DC noise floor.
[image: Figure 15]FIGURE 15 | (a) Close-in and (b) zoom-out time domain trace for the highest power for run 3, 200 ns set pulse duration, 100 kHz repetition rate, and ∼160 W average power (normalized original data).
[image: Figure 16]FIGURE 16 | (a) Close-in and (b) zoom-out time domain trace for the highest power for run 4, 300 ns set pulse duration, 100 kHz repetition rate, and ∼150 W average power (normalized original data).
[image: Figure 17]FIGURE 17 | (a) Close-in and (b) zoom-out time domain trace for the highest power for run 5, 100 ns set pulse duration, 100 kHz repetition rate, and ∼150 W average power (normalized original data).
[image: Figure 18]FIGURE 18 | (a) Close-in and (b) zoom-out time domain trace for the highest power for run 6, 200 ns set pulse duration, 100 kHz repetition rate, and ∼200 W average power (normalized original data).
[image: Figure 19]FIGURE 19 | (a) Close-in and (b) zoom-out time domain trace for the highest power for run 7, 200 ns set pulse duration, 50 kHz repetition rate, and ∼190 W average power (normalized original data).
[image: Figure 20]FIGURE 20 | (a) Close-in and (b) zoom-out time domain trace for the highest power for run 8, 200 ns set pulse duration, 200 kHz repetition rate, and ∼120 W (average power (normalized original data).
We numerically integrated the measured optical power in the time domain for the highest powers for each run (data typically collected every 31.25 ps) to obtain the ratio of the energy inside the main pulse relative to the total pulse energy between rising edges of two consecutive pulses. The main pulse is defined as within the set duration of the pulse, marked by the arrow for the pulses set at 200ns duration in Figure 12a for an example. This definition allows an easy and unambiguous identification of the main pulse. The total energy is integrated over one entire period from pulse to pulse. The DC detection noise floor in each case is taken as the optical power just before the arrival of the pulse averaged over 1 μs The DC detection noise floor was first subtracted from the measured optical power and numerical integration was then performed in the time domain. The fraction of the total energy in the main pulse can then be obtained for each run at the maximum power. This is summarized in the third row of Table 3. Time domain data was not measured for the first and second runs. In general, the energy in the main pulse is between 1.7% in the eighth run to 30.4% in the fifth run according to the third row of the Tabel 3 below the total pulse energy calculated from the measured average power. The corrected pulse energy is given in the last row of Table 3.
CONCLUSION
In summary, the maximum pulse energy versus core diameter from our model seems to provide a reasonable guidance on the upper limit of pulse energy that can be extracted from a given fiber. Most data observed in the literature as well as the experimental study provided herein are consistent with the model. We conducted a systematic study of output pulse energy’s dependence on pulse durations, fiber lengths, and repetition rates and found our MOPA is primarily limited by fiber fuse at pulse energies roughly between 1 and 2 mJ in all the cases tested. Our two-stage diffraction-limited monolithic MOPA has achieved ∼20 ns FWHM pulses at ∼1.5 mJ, 100 kHz repetition rate and ∼200 W average power with M2 = ∼1.1, limited only by fiber fuse. The highest pulse energy obtained is ∼1.7 mJ within the main pulse. Both the pulse energies and average powers are among some of the highest for diffraction-limited monolithic fiber MOPA architectures thus providing some interesting potential for industrial lasers.
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