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Abstract

:

In this work, we demonstrate a three-stage all-fiber master oscillator power amplifier (MOPA) system emitting over 40 W of continuous-wave (CW) output power at ~1.5 µm. The setup utilizes three self-fabricated high-power passive fiber components: a mode-field adaptor (MFA) and two types of pump and signal power combiners. Their development allowed us to become independent from commercially available components, which are often incompatible with fibers used in the experimental setups, resulting in additional losses. A power combiner with single-mode (SM) signal fibers in a configuration (5 + 1) × 1 was used in the second stage of the MOPA system, which was based on an SM Er–Yb co-doped double-clad (DC) fiber. The fabricated MFA was used to connect the second amplifier stage based on SM fibers with the third amplifier stage based on large-mode-area (LMA) fibers. In the third stage of MOPA system, based on Er–Yb LMA DC fibers, we used the fabricated power combiner based on LMA-type signal fibers in a configuration (6 + 1) × 1. The presented three-stage MOPA system, utilizing self-fabricated high-power passive fiber components, enables amplification of an input signal of 10 mW up to 44 W of the CW power at the wavelengths of 1555 nm and 1563 nm, corresponding to a gain level of approximately 36.4 dB.
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1. Introduction


High-power fiber sources, operating in a 1.55 µm spectral range in a master oscillator power amplifier (MOPA) configuration, are very attractive alternatives to solid-state lasers in many applications. They have many advantages, such as operation in eye-safe spectral regions, low-transmission losses in atmosphere and telecommunication fibers, and integration of easily available and cost-effective fiber communication components. Furthermore, they can be found in applications, e.g., free-space communications, light detection and ranging systems (LiDAR), range finding and remote sensing [1,2,3]. Coherent light sources built in MOPA configurations are advantageous in comparison with classical laser configurations. In this type of the configuration, a low-power high-beam-quality signal laser (master oscillator) is used. Its radiation is gradually amplified by a cascade of fiber amplifiers (typically two or three stages). In such a configuration, almost all parameters of MOPA systems are determined by seed laser, while output power or pulse energy depends on amplification stages. Especially in fiber technology, one can use a very low power seed laser and a few high-gain fiber amplification stages to get high and easily controllable output power. Typically, in a three-stage MOPA system, the first stage for low-power amplification (output power below 1 W) is utilizing active single-mode single-clad (SM-SC) fibers. In this case, an input seed signal and pump power are coupled into the core of the active fiber. The second amplifier stage for medium-power amplification (output power of several watts) can be still based on a single-mode double-clad fiber (SM-DC). Here, the amplified signal is launched into the active core, with the pump power coupled into the inner cladding, of which a cross section area is much larger than the core size. This allows using higher levels of pump power with simultaneously lower optical power density per unit area than that in the case of the active SM-SC fiber. This is why in the third amplifier stage for high-power amplification (output power of dozens or more watts), a large-mode-area double-clad (LMA-DC) fiber with a larger inner cladding should be used. Such a fiber is capable to handle both: high-power pump and signal transmission. In order to achieve required performance (beam quality, line width, wavelength tuning range, pulse duration, modulations, etc.) in the case of standard fiber-laser approaches, high-power/high-energy components should be used, which can be difficult to fabricate, especially for the use in pulse applications. It is because of technological limitations of fiber components, such as modulators, couplers and isolators, due to their high-power/high-energy pulse handling capability. Therefore, it is very profitable to modulate the low-power signal laser or use a modulator and any additional components between the signal laser and the first amplifier stage, where power intensities are much lower and have no impact on system efficiency.



Emission in the eye-safe spectral range can be achieved by using active Er-doped SM-DC fibers; however, the output power of setups using this type of active fibers is limited, due to effects, such as clustering of erbium ions, excited state absorption, pair-induced quenching etc. [4,5,6]. To overcome these problems, active LMA-DC fibers can be used, which will result in efficient output power scaling. In Reference [7], Kuhn et al. have shown that using active Er-doped LMA-DC fibers allowed achieving continuous-wave (CW) output power of 67 W at 1570 nm. In the case of purely Er-doped active fibers used in laser- and amplifier-enabled setup, further scaling of their output power can be achieved by resonant pumping [8,9,10]. However, the most common approach is co-doping active Er-doped fibers with ytterbium ions. This well-known nowadays co-doping technique allows achieving significantly higher output power in comparison with purely Er-doped fiber lasers and amplifiers [11]. Present impressive output power is 297 W at a wavelength of 1567 nm in the case of fiber laser (pump power of 1.2 kW at 975 nm, a slope efficiency of approximately 40% at low power and 19% at high power, respectively) [12], and 151 W at a wavelength of 1563 nm in the case of MOPA setup (pump power of 470 mW at 975 nm, a slope efficiency of approximately 35% at low power and 29% at high power, respectively) [13]. Most recent result showed that 110 W at 1556 nm was achieved with pump power of 250 W at 940 nm with a slope efficiency of approximately 46% [14]. In Reference [14], a free-space setup was used to monitor signals and couple seed signals from single-frequency laser with a passive SM fiber at the output with an SM fiber at the amplifier setup. However, because of that free-space solution, only 1.2 W from 2 W power of seed signal was reaching the active fiber.



Although all above setups [7,12,13,14] are using bulk optics components to take the full advantage of MOPA configuration, one should avoid those kinds of components in optical paths, which constitute the entire setup in the so-called all-in-fiber configuration. In this type of configurations, all bulk optics components (e.g., mirrors, lenses) are replaced by passive fiber components, which make setups significantly less complex, robust and immune to external factors, such as vibrations, contamination and long-term thermal drift of optomechanic components; therefore, it does not require regular adjustments. It is also much easier to maintain high beam quality in all-fiber setups, because it is not leaving the waveguide (e.g., fiber core) in the whole MOPA setup [15,16,17,18,19,20,21,22]. It has been shown that optical power of 100 W at a wavelength of 1566.5 nm (pump power of 360 W at 965 nm) with a slope efficiency of approximately 29% was achieved in an all-fiber laser configuration [23]. In the case of the all-fiber MOPA configuration, 56.4 W at 1550 nm (pump power of 150 W at 976 nm) with a slope efficiency of approximately 37.0% was also obtained [24]. A single-stage Yb-free Er-doped amplifier setup was presented in Reference [25] with impressive power of 103 W at 1585 nm (pump power of 275 W at 976 nm) with a slope efficiency of 37%. Table 1 presents the most important parameters of systems mentioned above.



The most important components of all-fiber construction techniques of high-power sources are mode field adaptors (MFAs) and fiber power combiners [20,21,22,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. MFAs enable signal transmission between two fibers with different mode-field diameters. In general, it means that such a component connects two amplification stages based on different types of fibers (e.g., SM-DC and LMA-DC). Power combiners are very effective components, which are delivering the pump radiation into the inner clad of the active DC fiber and sending the signal into its SM- or LMA-type core. In the case of a power combiner used in a laser setup, it consists of N multimode fibers at the input and one passive DC fiber at the output, which forms a configuration N × 1. In the case of a power combiner used in an amplifier setup, additional signal feed-through fiber is necessary at the input configuration (N + 1) × 1. Reliable design and fabrication processes of those components are essential for efficiency of fiber lasers and amplifiers, and their reliability and stable operation in different working conditions. Currently available commercial components are often not compatible with geometrical dimensions of fibers used in experimental amplifiers and laser setups. A splice between non-matched fibers can cause leaking of high power radiation, leading to point overheating and even damaging the fiber and the setup. It is often a problem to match commercial components to the fibers used in the experimental setup, which is still under investigation by many research teams [20,21,22,26,27,28,29,30,31,32,33,34,35,36,37,38,39,40]. It is important to achieve a low transmission loss of the pump radiation, but most of all, it is essential to achieve a very low transmission loss of the signal radiation, which is more expensive than pump radiation (according to price per W). It is very difficult to achieve high transmission of the signal in the case of (N + 1) × 1 configuration, especially when high taper ratio (TR) is needed [31,36]. Thus, research teams applied thermally expanded core (TEC) techniques [29], internal MFAs [30], or by using a fiber with a clad with a reduced diameter to decrease the required TR [36].



In this work, we demonstrated a three-stage MOPA system performed in the all-fiber construction, providing more than 40 W of CW output power at the wavelengths of 1555 nm and 1563 nm. In our MOPA setup, we used self-fabricated high-power passive fiber components: a pump and signal power combiner in a configuration (6 + 1) × 1 for high-power operation (using LMA-type signal fibers) described in Reference [31], a pump and signal power combiner in a configuration (5 + 1) × 1 for medium-power operation (using SM-type signal fibers) described in Reference [36] and an MFA for connection of SM-type fiber with LMA-type fiber (e.g., for connection of the medium- and high-power amplifier stage). All the components were fabricated using Large Diameter Splicing System (LDS): three-electrode advanced fiber splicer which enabled tapering of single fibers or fiber bundles, splicing and cleaving fibers with diameters from 80 µm up to 2 mm [34].




2. Experimental Setup


2.1. First and Second MOPA Stage: Pre-Amplifier EDFA and Medium-Power Amplifier EYDFA


An experimental setup of the two first-MOPA-system stages is shown in Figure 1. A standard telecommunication distributed feedback (DFB) diode laser providing output power of 10 mW at 1555 nm and 1563 nm were used as a signal source. A pre-amplifier EDFA (Erbium Doped Fiber Amplifier) setup was based on an active 110-cm-long SM fiber doped with erbium ions (nLight LIEKKI Er 4/125) pumped in a backward direction (according to signal) by one SM diode laser operating at a working wavelength of 980 nm and output power of 600 mW. This stage amplified the signal up to 200 mW in the case of both the wavelengths (approximately 13 dB gain). The second stage -medium-power amplifier EYDFA (Erbium-Ytterbium Doped Fiber Amplifier) was based on a 5-meter-long Er/Yb co-doped SM-DC fiber (CorActive DCF-EY-7/128). Pumping of the active fiber was implemented in a forward direction, regarding the signal by a multimode laser diode operating at 975 nm with power of 9.3 W (JDSU 6398-L4i). The pump power was launched to the active fiber through a self-fabricated pump and signal power combiner in a configuration (5 + 1) × 1, which was recently presented in Reference [36]. At the input side, this combiner consisted of five pumping ports, i.e., multimode fibers with core/clad diameters of 105/125 µm (Numerical Aperture NA = 0.22) and one SM signal fiber with core/clad diameters of 9/80 µm (NA = 0.13). A passive SM-DC fiber with core/clad diameters of 9/125 µm (NA = 0.12/0.46) was used as the output of the combiner. The fabricated combiner provided a signal transmission efficiency at a level of 94% and a pump transmission efficiency close to 90%. In comparison, the same-class commercial pump and signal combiner (based on SM signal fibers at input and output) offered transmission efficiencies at a level of >90% for pump light and >85% for the signal [41]. The unabsorbed pump power in the active fiber was dissipated in a cladding-mode stripper (CMS). At the output of each stage of the amplifier, an optical isolator was placed and also fiber couplers (99/1% and 99.1/0.9%) were used in order to monitor output power at each stage as well as the backward stimulated Brillouin scattering (SBS) signal.



Characteristics of signal output power versus pump power in the second medium-power MOPA stage are presented in Figure 2a. At both the wavelengths of 1555 nm and 1563 nm, the power at a level of 1.8 W was achieved (the gain at a level of 9.5 dB) with the pump power of 9 W giving a slope efficiency of 20%.



Figure 2b shows the optical spectra at the seed wavelengths of 1555 nm and 1563 nm, which were recorded at the output of the second medium-power amplifier MOPA stage. The optical signal to the noise ratio (OSNR) at the maximum pump power of 9 W was at a level of 50 dB and was mainly determined by the seed laser noise. There was no sign of Yb-ASE occurrence at the output because of the relatively low level of the pump power.




2.2. Setup of Third-Stage Amplifier: High-Power EYDFA


A setup of the third-stage MOPA, which was a high-power amplifier, is presented in Figure 3. It was based on a four-meter-long active Er/Yb co-doped LMA-type DC fiber with core/clad diameters of 25/300 µm (Nufern LMA-EYDF-25P/300-HE). The pump power from six multimode diode lasers (LIMO35-F100-DL915) with total available power of 210 W was launched into the active fiber in a forward direction using a self-fabricated pump and signal power combiner in a configuration (6 + 1) × 1, presented in our work [31]. This power combiner had six pump input ports—multimode fibers with core/clad diameters of 105/125 µm (NA = 0.22) and one signal LMA-type fiber with core/clad diameters of 20/130 µm. At the output of the combiner, an LMA-type DC passive fiber with core/clad diameters of 25/300 µm (NA = 0.09/0.46) was used, which was compatible with the active fiber used in the third MOPA stage. Our combiner provided a signal transmission efficiency at a level of 78% and a pump transmission efficiency at a very high level of approximately 98%. The output fiber from the second stage (SM, with core/clad diameters of 9/125 µm) was not compatible with the input signal fiber (with core/clad diameters of 20/125 µm) of the combiner, and the input fiber of the third MOPA stage. In order to overcome this issue, we used a self-fabricated MFA, which had a conventional SM fiber (SMF-28e) as an input port and an LMA-type fiber with diameters of 20/130 µm as an output port, which was the same as an input signal fiber in our power combiner. This component was characterized by a signal transmission efficiency at a level of 90%, so it is comparable with commercially available MFAs [42].



At the moment when we were working on this setup, we could use the (6 + 1) × 1 pump and signal power combiner (MMC06112571, ITF Technologies company) with 20/125 µm (core/clad diameters) input signal fiber and 20/200 µm (core/clad diameters) output DC fiber as a commercial alternative. This combiner was characterized with a pump transmission efficiency at a level of ˃93% and signal at a level of >89%. In this case, an MFA at the input was still needed not only to connect the SM fiber with 20/125 µm (core/clad diameters) fiber, but also to connect an output port from the combiner (with core/clad diameters of 20/200 µm) with our active fiber (with core/clad diameters of 25/300 µm), as shown in Figure 4a. Such a construction was used in our previous work [43]. This configuration of the MFA was not available in commercial offers; thus, we fabricated it by tapering the LMA fiber with core/clad diameters of 25/300 µm and splicing it with the output port of the ITF Technologies combiner (with core/clad diameters of 20/200 µm). The developed MFA was characterized with pump and signal transmission efficiencies at a level of approximately 92%.



If we used an ITF (6 + 1) × 1 combiner with transmission loss at a level of approximately 0.5 dB and a self-fabricated MFA with a transmission loss of 0.35 dB (connecting 20/125 µm combiner output DC fiber with 25/300 µm active fiber) in the third amplifier construction, the total signal transmission loss through those two components would be at a level of 0.85 dB. However, although both of them were propagating pump power, the combiner pump transmission losses of the combiner and the self-fabricated MFA was approximately 0.32 dB and approximately 0.35 dB, respectively, giving the pump power transmission loss of 0.67 dB in total. Using our self-fabricated (6 + 1) × 1 power combiner guaranteed a very low pump transmission loss at a level of only 0.09 dB, which was much lower than that in the case of commercial combiners. The signal transmission loss was at a level of 1.08 dB. Even though the signal loss is larger than that in the case of an ITF combiner, we had to also take into account the number of splices:




	
1st additional splice as a combiner with MFA,



	
2nd additional splice inside the MFA combined with an active fiber.








Because those are LMA-type fibers, they are extremely sensitive to angular misalignments. For example, a 0.5° angular misalignment on a fiber with mode field diameter MFD = 6 µm resulted with a small transmission loss of 0.06 dB, while in the case of MFD = 20 µm, the loss increased to almost 0.7 dB [35]. Thus, it is profitable to limit the number of splices in order to avoid any additional losses. In addition, such a loss on a splice means leaking of a power, and since we are dealing with high powers, those leaks could lead to point overheating and finally damage the fibers and the setup. Taking all above into account, we chose one component with a higher signal-power transmission loss of only 0.23 dB, but with a lower pump-power transmission loss of 0.58 dB, under which circumstance, the number of splice was reduced from 2 to 1. We chose the forward-direction pumping scheme because of two reasons. First reason is that if we chose the backward-direction pumping scheme, additional MFAs would be needed to connect output fiber (20/125 µm) with both the input MFA and an active fiber (25/300 µm) (Figure 4b(I)). On the other hand, two MFAs could be replaced with one MFA connecting an SM fiber (8.2/125 µm) with an LMA fiber (25/300 µm) (Figure 4b(II)). However, large difference between mode field diameter could cause large losses. The second reason of choosing the forward-pumping scheme was the safe operation of the system. The backward-pumping scheme was quite dangerous, because in the case of a small change of the pump diode temperature, its operating wavelength could shift, leading to a decrease of the absorption in the active fiber. The unabsorbed pump power could reach the signal source, or in the case of the bidirectional pumping scheme, it could reach the pump diodes used for the forward pumping, resulting in damaging of the whole setup.



The real level of the pump power which was reaching the active fiber was smaller than that provided by a pumping laser. Significant laser power was guided in cladding modes of the output fiber of the pumping laser. To secure safe operation conditions, a cladding-mode striper was placed on each splice connecting the laser pigtail (100/140 µm) and the standard MM fiber (105/125 µm) of the power combiner. A measured waste of the pump power was approximately 30% of the total pumping power, decreasing it to a level of 147 W. If we also took into account the small pump power attenuation by the fabricated combiner, the pump power reaching the active fiber was at a level of approximately 144 W. The output of the third stage was terminated with a short piece of passive LMA fiber, which was cut at an angle of 4° (larger than a critical angle corresponding to the NA of the used LMA fiber) in order to avoid back-reflections from the fiber end and ensure the safe operation of the system.



Since the setup was designed for pure CW operation, a special care must be taken with respect to thermal issues in the system. Most of the dissipated optical power was converted into heat in the active fiber. With respect to a relatively small volume of the active fiber, the proper and effective cooling method should be used in the third high-power stage of our MOPA system. With only air-based cooling, the pumping end of active fiber reached high temperature very rapidly, resulting in damage to the cladding and thereby the whole system. Especially the pumping end of an active fiber should be cooled efficiently, since almost half of the pumping power was dissipated in its first meter, because of its high pump absorption. At first, the active fiber was spliced to exactly match passive DC fiber buffer from both the sides. Then the active fiber was placed in a thermal conductive medium. We decided to use commercially-available thermally-conductive pads dedicated to electronics components, which were sandwiched between two aluminum plates in a way shown in Figure 5.



The active fiber and passive buffers were placed circularly on an acrylic thermal pad and covered by an aluminum plate covered by a gel thermal pad. In this way, a perfect thermal contact was obtained, and no excessive mechanical stress was induced into the active fiber.





3. Experimental Results


A graph showing measured output power of the three-stage MOPA setup for operation on both the wavelengths (1555 and 1563 nm) versus pump power of the third high-power amplifier stage is shown in Figure 6. The maximum achieved output power was approximately 44 W at the pump power of 144 W at the wavelength of 915 nm. The achieved slope efficiency was at a level of approximately 33% in the case of the MOPA operating at the wavelengths of 1555 nm and 1563 nm. As can be seen, there was no decrease in the slope efficiency even at highest pumping power, which led us to assume that the output power was currently limited only by the available pump power. In both the cases, the input signal of 1.8 W from the second stage was amplified with a gain of approximately 13.9 dB. Taking into account that we used 10 mW seed laser, we characterized the presented MOPA system with a total gain at a level of approximately 36.4 dB.



Figure 7 shows the recorded spectra of the amplified signal at the output of the three-stage MOPA setup. It was characterized by a very low amplified spontaneous emission (ASE) level of the output signal at the wavelengths of 1555 nm and 1563 nm. The registered OSNR was at a level over 40 dB in both the cases. In addition, during the measurement, we were controlling Yb-ASE emission in the spectral region of 1 µm, and it was at a low level below 0.6 W, and we did not observe any spontaneous lasing.




4. Conclusions


In conclusion, we have demonstrated an all-fiber high-power CW-operating MOPA system, in which we have used self-fabricated passive fiber components: pump and signal power combiners in the configuration (5 + 1) × 1 using SM signal fibers and in the configuration (6 + 1) × 1 using LMA-type signal fiber, and also an MFA for connection of the SM fiber (8.2/125 µm) with the LMA-type fiber (20/130 µm). The presented MOPA system consisted of three stages: pre-amplifier (EDFA based on erbium-doped active SM fibers), medium-power amplifier (EYDFA based Er/Yb co-doped active SM-DC fiber) and high-power amplifier (EYDFA based on Er/Yb co-doped active LMA-type DC fiber). The maximum achieved CW power was approximately 44 W at the wavelengths of 1555 nm and 1563 nm in the presence of the pumping at the power of 144 W and the wavelength of 915 nm. The presented MOPA setup confirmed functionality of our self-fabricated high-power passive fiber components and their capability for stable operation in high-power radiation regimes. Further research on the high-power passive components will lead to improvement of their transmission parameters, leading to improved efficiency of MOPA systems.
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Figure 1. Experimental setup of two first-MOPA-system stages—preamplifier EDFA (Erbium Doped Fiber Amplifier), and amplifier EYDFA (Erbium-Ytterbium Doped Fiber Amplifier). 






Figure 1. Experimental setup of two first-MOPA-system stages—preamplifier EDFA (Erbium Doped Fiber Amplifier), and amplifier EYDFA (Erbium-Ytterbium Doped Fiber Amplifier).



[image: Applsci 08 00869 g001]







[image: Applsci 08 00869 g002 550] 





Figure 2. Characteristics of signal output power versus pump power (a) and optical spectra at the seed wavelength of 1555 nm and 1563 nm (b) recorded at the output of the second medium-power amplifier MOPA stage. 
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Figure 3. Experimental setup of the third MOPA stage—high-power amplifier EYDFA. 
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Figure 4. Alterative solution of the third MOPA stage construction: with commercial pump and signal power combiner (a) and with a backward-pumping scheme (b). 
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Figure 5. Cooling scheme of the active fiber of the third MOPA system stage. 
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Figure 6. Characteristics of signal output power versus pump power in the case of the MOPA operating at 1555 nm and 1563 nm. 
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Figure 7. Optical spectra of the output signal at the wavelengths of 1555 nm and 1563 nm. 






Figure 7. Optical spectra of the output signal at the wavelengths of 1555 nm and 1563 nm.



[image: Applsci 08 00869 g007]







[image: Table] 





Table 1. Most important parameters of mentioned MOPA (master oscillator power amplifier)/laser systems.
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Ref.

	
Gain Medium

	
Output Power

	
Pump Power

	
Slope Efficiency

	
System Type






	
Construction with bulk optics




	
[7]

	
LMA Er3+

	
67 W @ 1570 nm

	
225 W @ 976 nm

	
30%

	
MOPA




	
[12]

	
DC LMA Er3+/Yb3+

	
297 W @ 1567 nm

	
1.2 kW @ 975 nm

	
40% → 19%

	
Laser




	
[13]

	
DC LMA Er3+/Yb3+

	
151 W @ 1563 nm

	
470 W @ 975 nm

	
35% → 29%

	
MOPA




	
All-fiber amplifier construction + free-space seed signal coupling




	
[14]

	
DC LMA Er3+/Yb3+

	
110 W @ 1556 nm

	
250 W @ 940 nm

	
46%

	
MOPA




	
All-fiber construction




	
[23]

	
PM DC LMA Er3+/Yb3+

	
100 W @ 1566.5 nm

	
360 W @ 965 nm

	
29%

	
MOPA




	
[24]

	
PM DC LMA Er3+/Yb3+

	
56.4 W @ 1550 nm

	
150 W @ 976 nm

	
37%

	
MOPA




	
[25]

	
DC LMA Er3+

	
103 W @ 1585 nm

	
275 W @ 976 nm

	
37%

	
MOPA
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