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A fluoride-fiber-based master oscillator power amplifier 
for 30-W class continuous wave operation at 2.8-μm 
wavelength has been demonstrated. To overcome the 
low durability of ZBLAN fibers, various novel 
technologies for using fluoride glass with a ZBLAN-fiber-
based side-pump combiner have been adopted in the 
system. A maximum cw output power of 33 W and stable 
operation under 23-W output have been demonstrated. 
We suggest that such fiber MOPA systems will open up 
advanced fluoride fiber technology for next-generation 
high-power mid-IR lasers.             © 2019 Optical Society of 
America 
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Recently, high-power mid-infrared lasers have attracted considerable attention. Because of their specific absorption properties by -OH bonds, high-average-power lasers around 3-μm wavelength are in demand for various applications in medicine [1] and remote sensing [2], as well as industrial applications, such as the processing of glass [3] and plastic materials [4] derived from thermal accumulation. 3-μm coherent sources can be achieved by various techniques, e.g. wavelength conversion [5], quantum cascade lasers [6], supercontinuum generation [7], Cr:ZnSe lasers [8] and Er-doped lasers [9-12]. Er-doped fluoride fibers whose qualities have improved over recent decades have been used in high-average-power lasers at 2.8 μm, and their output power is increasing [13-16]. Fluoride glass exhibiting low-phonon energies are one of the most suitable host materials for mid-IR lasers longer than 2-μm wavelength. However, fluoride glass has disadvantages, such as low mechanical strength and low heat resistance due to its lower thermal conductivity, lower melting temperature and higher hygroscopicity compared to silica glass or other single crystals. The heat generation ratio of 3-μm fluoride glass fiber laser reaches 40% [17] for a 0.97-μm excitation wavelength, which is much 

larger than that of a 1-μm fiber laser system. Although high-power pumping is required to obtain higher gain, powerful pumping from the fiber-end into a short-length fluoride fiber results in breakdown of the laser system due to overheating. A long-length fiber structure with attached multiple “side-pump combiners” is effective in overcoming the thermal problems, enabling homogeneous excitation of the whole fiber, which relieves thermal loading. The development of such fluoride-fiber-based devices including side-pump combiners has been challenging due to the significant fragility in the mechanical and chemical strength of fluoride fiber. The present record for a 2.8-μm continuous wave output power is 42 W, demonstrated by Aydin et al. [18] using an end-pumped ZrF4-based fluoride (ZBLAN) fiber. However, their output power stability was limited under high-power operation over 20 W due to chemical interactions with ambient OH molecules at the fiber tips [18, 19]. Other problems of wavelength stability [18, 20] due to thermal effects also have to be taken into account even in wavelength-stabilized lasers using fiber Bragg gratings (FBGs). A master oscillator power amplifier (MOPA) system using a highly stable oscillator is an effective solution to the problems of fluoride glass fiber lasers described above.  The MOPA structure enable the attainment of stabilized high-power lasers in output power, emission wavelength and beam quality. Recently, amplifier designs have been reported for cw [21] and pulsed [22, 23] Er:ZBLAN fiber lasers. Although side pumping would benefit such applications, the active fiber is still end pumped by a laser diode (LD), and the seed light is injected via a dichroic mirror into the amplifying fiber. Last year, we reported the first fluoride-fiber-based pump combiner, fabricated by fusion splicing [24], with a view to constructing a side-pumped Er:ZBLAN fiber MOPA system for high-power operation. By using the pump combiners, 21-W cw oscillation was performed, although the MOPA system was not demonstrated at that time. In this work, we obtained a cw amplified output by a Er:ZBLAN fiber MOPA system at 2.8-μm using the side-pump combiners for the first time. 



 Fig. 1.  Schematic diagram of the setup for an Er:ZBLAN fiber MOPA. Figure 1 shows the experimental setup for a 2.8-μm MOPA system. The ZBLAN fibers used in the present study were purchased from FiberLabs, Inc. Double-clad active fiber, which has a 6-mol% Er-doped core of 15-μm diameter, 0.12 NA and a square-shaped first cladding 240 μm a side, were spliced with an undoped ZBLAN guide fiber with a core diameter of 280 μm. The optical coupling loss at the splicing portion is less than 0.05 dB. Fiber coupled 976-nm-stabilized LDs (K976AAHRN-27.00W, BWT) with a core diameter of 105 μm were coupled to the guide fiber via free-space. Two FBGs with high-reflectance (HR) and low-reflectance (LR) were fabricated on both sides of an active fiber by plane-by-plane inscription using a 513 nm femtosecond laser, as shown in Fig. 2(a), with a central Bragg wavelength of 2801 nm where atmospheric absorption is relatively low. Detailed information about the fabrication technique and optical properties of the FBG were reported in our previous paper [20]. The reflectivities of HR and LR-FBGs are 97% and 10-15%, respectively. The distance between the HR-FBG and the active fiber tip were shortened to less than 10 mm to reduce the absorption loss of the pump light and also inhibit parasitic oscillation. The output side of the active fiber was spliced with a 0.3-mm-length ZBLAN fiber spacer and an end-cap (EC) composed of CaF2 single crystal of 1-mm-cubic to protect the fluoride fiber tip from OH diffusion. Such an EC protection enables long-term laser operation at 2.8 μm [25], because the CaF2 crystal exhibits a higher thermal conductivity of 9.7 W/mK compared to AlF3-based fluoride glass, which is generally used as EC material [17]. Recently, photodegradation effect on fiber tips in the 2.8 μm Er:ZBLAN oscillators were evaluated in detail by Aydin et al. [26] using various endcap materials. According to the ref. [26], stable cw operation over 100 hours was demonstrated under 20 W output by sputtering silicon nitride film on the output surface of the endcap. In our system, the difference of the refractive indices and thermal expansion coefficient between ZBLAN and CaF2 is very small, which results in low Fresnel loss (<0.1%) and low residual stress after thermal splicing. The whole active fiber and FBGs were mounted on an aluminum plate, which was actively cooled with 20°C water, as shown by the blue-hatching in Fig. 1. The MOPA part consists of several free-space optical elements and a bidirectional LD-side-pumped ZBLAN fiber amplifier including ZBLAN-based pump combiners. The output signal from the oscillator was polarization-controlled and isolated using two wave plates and a Faraday isolator. It was then coupled to the 

LP01 mode in a multi-mode ZBLAN fiber-core of 24 μm in mode-field diameter by observing a Gaussian-like beam pattern at another side of the amplifying fiber. Coupling efficiency over 95% was achieved by choosing such a larger core fiber. The incident signal power is about 52% of its power at the output of the oscillator. The side pump combiner shown in Fig. 2(b) consist of a double-clad multi-mode ZBLAN fiber (signal fiber) with a core of 28-μm diameter, 0.12 NA and a square-shaped first cladding with 240 μm a side, and a ZBLAN pump fiber with a core diameter of 170 μm. The coupling efficiency from the pump fiber core to the first-cladding of the signal fiber was 83%. An angle-polished pump fiber was spliced with the square-shaped double clad fiber by scanning the CO2 laser around the fiber surface. Detailed information about the fabrication technique of the combiner were reported in our previous paper [24], the first demonstration of a fluoride-fiber-based pump combiner. The other side of the pump fiber was spliced with a silica glass fiber, which was coupled with a 976-nm-stabilized pumping LD (K976AG1RN-100.0W, BWT). The fusion splicing techniques of silica-fluoride glass fiber, reported in Ref. [10, 27, 28], is effective for reducing the coupling loss of the pump source [18]. Figure 2(c) shows a typical microscope image of a silica-ZBLAN spliced fiber. A relatively high bonding strength between the silica and ZBLAN of 2 MPa was achieved owing to the tapered structure of the ZBLAN fiber whose tip overlaps the silica fiber tip. The optical coupling loss at the splicing point is less than 0.22 dB. The coupling efficiency from the ZBLAN to silica fiber is only 20%, which means that this splicing works like an isolator to protect the LDs, due partly to the mostly absorbed pump light in the 3-m double clad fiber. It also has a fairly low coupling efficiency of much less than 1% between the core-propagated laser mode to the pump fiber. The reason why this silica-ZBLAN fiber splicing technique was not used in the oscillator is that the splicing portion was damaged frequently. The 2.8-μm counter-output passed through the HR-FBG and reached over 250 mW under 5-W operation, which might induce overheating due to drastic absorption by the silica glass. In previous work, an Er-doped fiber was used as a signal fiber in the combiner and the fiber branch was damaged by the heating effect under 60–80-W pumping. An undoped-fiber-based combiner inhibits the thermal loading at the weak part around the fiber branch and enables further powerful pumping in the present system. These two undoped signal fibers, including the pump combiner, were core-to-core spliced with a 6-mol% Er-doped signal fiber with the same core/clad diameters. This active fiber is long enough at 3 m to absorb the 976-nm pump light. An optical microscope image of the core-to-core spliced ZBLAN fiber is shown in Fig. 2(d). The core position and axis are perfectly aligned and the coupling losses for core/clad propagation are less than 0.3 dB and 0.05 dB, respectively. Core-to-core splicing errors should be reduced, which will cause amplified signal loss resulting in a reduction of not only the MOPA output but also the damage threshold of the fluoride fiber derived from signal leakage. Such a high-quality core-to-core splicing technique might be helpful for recovering fluoride-fiber laser systems. Two ECs spliced with signal fibers were given a dielectric AR coating (LAYERTEC GmbH) for 2.8 μm to reduce the signal loss by Fresnel reflection and inhibit parasitic oscillation in the amplifier due to multiple reflection. The whole active fiber, including the core-to-core spliced parts and the pump combiners, was mounted on an aluminum plate, which was cooled with 20°C water, as shown by the blue-hatching in Fig. 1. 
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cooling system. As mentioned in the experimental session, the fiber branch suffered damage under 60–80-W pumping in our previous work [24] that is adopting Er-doped fiber in the combiner. Undoped signal fiber allows almost 100-W pumping for each combiner without breakdown in the present improved system. The power intensity at the fiber tip of the amplified output was estimated to be 7 MW/cm2 under 33-W operation. This value is lower than the typical power density inside the cavity in a 10-W-level Er:ZBLAN fiber oscillator using a single-mode fiber. The MOPA system using a larger core fiber is suitable for high-power operation maintaining high stability of the output power, wavelength, and beam quality.  

 Fig. 5.  Temporal output power stabilities of Er:ZBLAN fiber MOPA at output powers of 20 W, 23 W and 30 W continuously. We propose the fiber MOPA system adopting our side-pump combiners and Si3N4 coated ECs [26] as a potential candidate high-average-power 3-μm source with industrial grade performance. This oscillator/amplifier-separated structure exhibits high maintainability, robustness and a small foot-print of 30 × 30 cm2. Further power scaling will be realized by increasing the number of combiners and fiber length. The power amplification range was 32 W using a 3-m-long gain fiber with two combiners in the present system. A 100-W-level output is expected for a 9-m-long fiber and six combiners (total 550–600-W pumping), if the durability of each splicing portion will be improved in a future system. A powerful 3-μm source is suitable for pumping a Fe:ZnSe mid-IR laser [29], as an example of use. Various original techniques for the fluoride materials employed in this system, including side-pump combiners, make it possible to develop next-generation fluoride-material-based laser systems, not only Er-doped but also Dy-doped mid-IR lasers [30, 31]. In addition, diverse combinations with master oscillators e.g. Er:YAG [32], Er:Lu2O3 [33] and Cr:ZnSe [8], could be considered using an Er:ZBLAN fiber amplifier which exhibits a broadband gain property in the wavelength range 2700–2900-nm. We suggest that our fiber MOPA will lead the way to advanced fluoride fiber technologies for high-power mid-IR lasers.  
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