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Abstract: We present a technique for simultaneous power-combining and wavelength-
conversion of multiple fiber lasers into a single, longer wavelength in a different band 
through Raman-based, nonlinear power combining. We illustrate this by power combining of 
two independent Ytterbium lasers into a single wavelength around 1.5micron with high 
output powers of upto 99W. A high conversion efficiency of ~64% of the quantum limited 
efficiency and a high level of wavelength conversion with >85% of the output power in the 
final wavelength is demonstrated. The proposed method enables power-scaling in various 
wavelength bands where conventional fiber lasers are unavailable or limited in power. 
© 2018 Optical Society of America under the terms of the OSA Open Access Publishing Agreement 
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1. Introduction 

Fiber lasers have seen tremendous advance in recent years, finding applications in various 
defence, scientific and industrial sectors, owing to their superior power scaling abilities as 
compared to their solid-state and gas laser counterparts [1–3]. The attractiveness of fiber 
lasers stems from the unique qualities of waveguiding, large surface-area to volume ratio and 
the ability to be doped with high concentration of rare-earth dopants. This results in better 
beam quality and, better thermal management [1,2]. Over 10 kW from a single-mode fiber 
laser has been demonstrated [1]. Leading this upward trend are Ytterbium (Yb) doped fiber 
lasers (YDFLs), operating in the 1.05-1.1micron wavelength region. This is due to several 
favorable properties like low quantum defect and ability to support higher doping 
concentrations. The obtained powers are quite close to the maximum theoretical extractable 
power from these lasers [4–6]. Fiber lasers with other rare-earth dopants like Erbium, 
Thulium, Holmium, Bismuth exist, but these lasers don’t provide as much power scaling as 
YDFLs at their respective emission wavelengths [1]. Even including the other fiber lasers, 
power scaling has been confined to certain specific wavelength bands with large white spaces 
in between, where there exists no mature conventional rare-earth doped fiber laser technology 
to efficiently emit high powers. However, certain desirable attributes of eye-safety and 
atmospheric transparency are found wanting in the Yb emission band, but exist in other 
wavelength bands such as the 1.5micron band [7]. For the 1.5micron band specifically, 
Erbium-doped or Erbium-Ytterbium co-doped fiber lasers can be utilized, but power-scaling 
in these lasers is limited due to high thermal load and/or reduced beam quality with Erbium 
doped lasers [8] and also parasitic lasing in case of Erbium-Ytterbium co-doped lasers [9]. 

One attractive, power-scalable solution to achieve wavelength agility are cascaded Raman 
fiber lasers, which can provide high optical powers in a variety of wavelength bands. In 
essence, such Raman fiber lasers take as input a high-power laser in one of the accessible 
wavelength bands and use the process of stimulated Raman scattering to get to the otherwise 
inaccessible wavelengths through a series of Stokes shifts. Several architectures have been 
proposed to efficiently convert an input Ytterbium laser to the required wavelength through 
cascaded Raman conversion [7,10–12]. Conventionally, these cascaded Raman lasers consist 
of a single mode fiber with smaller core size to enhance the Raman nonlinear coefficient, 
referred to as Raman fiber in nested cavities at the Stokes wavelengths of the input pump. 
Due to the losses in the resonator, such an architecture provided a maximum output power of 
~100W with 45% conversion efficiency [12]. This was improved upon by a new, single pass, 
seeded architecture which used a low power conventional cascaded Raman resonator to seed 
all the intermediate wavelengths into the Raman fiber to enhance preferential forward 
scattering in the Raman fiber. This architecture achieved a substantially higher efficiency of 
64% [10,11]. 

In all these architectures, there exists a single, high power Yb laser at the input, acting as 
the pump for the cascaded Raman conversion. One intuitive and seemingly straightforward 
way to scale the output power of such a Raman laser would be to scale the power of the input 
pump source. However, as we increase the input power, there is an onset of temporal 
oscillations and deleterious instabilities in the cascaded Raman laser due to coupling between 
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the cascaded Raman converter and the rare-earth doped fiber laser [7,13]. Also, scaling the 
power by scaling the input pump power leads to additional stress on the components. 
Moreover, because of the lack of redundancy in the input, pump failure would inevitably lead 
to system failure. Therefore, it would be expedient to think of a method to overcome these 
limitations imposed by the usage of a single pump source. 

In this work, we address the question of power-scaling with multiple lower-power laser 
modules. Specifically, is it possible to have multiple lower-power laser modules, all possibly 
operating at different wavelengths, but in the same band, and by passing them through a 
cascaded Raman converter, hope to achieve higher stability, simultaneous power-scaling and 
wavelength conversion to a single lasing line at any different wavelength band? 

Conventionally, power combining to obtain a single lasing wavelength utilizes complex 
architectures to control the phase or wavelength of each of the input lasers, such as coherent 
and spectral power combining [14,15]. In this work, we propose a technique for simultaneous 
power-combining and wavelength-conversion of multiple Ytterbium-doped fiber lasers into a 
single wavelength in a different band through Raman-based, nonlinear power combining. We 
illustrate this by power combining two independent Ytterbium lasers into a single wavelength 
around 1.5micron with high output power of ~99W. 

2. Experimental setup

The conceptual schematic of such a nonlinear power combining technique is illustrated in Fig. 
1, where the principle is illustrated for the case of two independently controlled Ytterbium-
doped fiber lasers operating at two different wavelengths in the Yb emission band. This 
conceptual analysis is equally applicable to the more general case of multiple ytterbium lasers 
as input. 

Fig. 1. Schematic illustrating simultaneous power combining and wavelength conversion. 

Suppose we had only one Yb laser operating at the wavelength 1λ  in the above schematic 

and we feed it into the cascaded Raman converter module. It would end up at some particular 
Stokes-shifted output, say 1Sλ , corresponding to the input wavelength 1λ . If instead, we had 

the other Yb-doped laser, operating at the wavelength 2λ , acting alone it would produce at 

the output a different wavelength than 1Sλ , say 2Sλ , corresponding to its particular Stokes-

shifted wavelength. If we now wavelength-combine these two independent and uncorrelated 
Yb-doped fiber lasers and feed them into the Raman conversion module, one might intuitively 
think that one would observe a dual wavelength output laser where both 1Sλ  and 2Sλ  are 

present at the output. However, this is surprisingly not the case for what is present at the 
output of the cascaded Raman converter module are not two lasing wavelengths but a single 
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lasing line corresponding to either 1Sλ  or 2Sλ . This happens because of the asymmetric shape 

of the Raman gain spectrum in Germania-doped silica fibers and the cross-coupling between 
the Stokes lines of the two lasers within the Raman converter. This results in one of the 
Stokes lines dominating over the other as shown in Fig. 1 and at some point there would be a 
complete transfer of power from the Stokes line of one of the laser into the other. This results 
in power-combining of the two lasers and simultaneous wavelength-conversion. In the 
circumstance that the Raman gain profile were symmetric around the peak, we anticipate that 
the Raman gain seen by a longer wavelength from a shorter wavelength is comparable to the 
loss seen by the longer wavelength to the wavelength which is two Stokes shifts of the shorter 
wavelength. In this case, we expect greater continued separation of the Stokes components of 
the individual lasers rather than merging of the two. 

The above approach of using multiple, lower power sources is anticipated to enhance 
stability. Raman instability is a two-step process related to both the amount of spurious 
backward light moving from the Raman convertor to the input pump and the amount of 
amplification this light sees in the rare-earth doped fiber laser [13]. By moving to multiple 
pumps, despite the backward light from the Raman convertor being of comparable magnitude, 
its relative impact is reduced due to individual powers and amplification in the multiple 
pumps being smaller in this case. We anticipate that the enhancement in stability is because, 
the instability is decided by whether the power of the individual modules is beyond a 
threshold power while the total output power from the Raman laser is decided by the total 
power of all the modules. 

In order to implement this conceptual schematic, three basic functionalities are necessary. 
Firstly, it would need a wavelength-independent feedback mechanism in order to be color-
blind to the input wavelengths. Irrespective of the input wavelength, the cascaded Raman 
converter will be able to produce a Stokes-shifted output. Secondly a mechanism is needed to 
terminate the cascaded Raman conversion at the desired wavelength band. And lastly, a 
wavelength-multiplexer is required at the input in order to combine the input wavelengths 
prior to feeding the multiplexed input to the cascaded Raman converter. 

Fig. 2. (a) Architecture implementing the nonlinear Raman-based power combining. (b) Loss 
characteristics of the Raman filter fiber (from [11]). 

The architecture that implements this nonlinear, Raman-based power combining technique 
is illustrated in Fig. 2(a), and this architecture incorporates all the necessary functionalities 
outlined above. The first Wavelength Division Multiplexer(WDM) multiplexes the two input 
lasers following which it is fed into the cascaded Raman convertor. 

In recent times, the concept of a distributed feedback Raman fiber laser has been proposed 
[16,17], and this concept has been the key enabler for developing a fixed and tunable 
wavelength, grating-free architecture of a high power Raman laser [17–19], where the Raman 
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fiber is in a semi-open cavity with feedback provided by the 4% Fresnel reflection (due to the 
presence of a flat cleave) of the distributed backscatter, which is independent of the input 
wavelength. Such an architecture has demonstrated a color-blind mechanism to convert any 
input wavelength to high order Stokes wavelengths thereby eliminating the use of fixed 
grating sets and providing a wavelength-independent feedback mechanism. This grating-free 
architecture has been incorporated into the nonlinear Raman-based power combining 
architecture in Fig. 2(a) in order to provide a wavelength-independent feedback. The feedback 
coupler is used in lieu of a flat-cleave in previous work to enhance the amount of feedback. A 
80/20 fused fiber coupler with terminated ends is utilized which provides a feedback of 
~36%, reasonably higher that the 4% feedback provided by a flat-cleave. This coupler’s 
feedback serves the purpose of sending back the distributed feedback at all the intermediate 
Stokes generated in the Raman filter fiber. This is essential for the preferential forward 
scattering in order to make the process of Stimulated Raman scattering more efficient by the 
process of seeding with the intermediate Stokes wavelengths. 

One of the limitations with broadband feedback is termination of the cascade. As input 
power is increased, the output wavelength is further converted to the next Stokes component, 
compromising the efficiency and spectral purity. This previously limited the achieved power 
[16,17]. In our case, we use a secondary mechanism to terminate the cascade at the required 
wavelength band through the use of a fiber which has a cut-off (high loss) at the designed 
long wavelength side [12]. This ensures that the Raman cascade terminates at the desired 
wavelength band. Such fibers, based often on a W-shaped index profile, are referred to as 
Raman filter fibers. The Raman filter fiber used in the current experiments has a cutoff at 
1500nm resulting in wavelength conversion to the 1.5micron band. Its loss characteristics is 
shown in Fig. 2(b) [11] and the gain profile can be found in [7]. By suitable choice of the cut-
off wavelength of the Raman filter fiber, wavelength conversion to any band in the 
transmission window of silica optical fibers can be envisioned. 

In our experiment, we have two high power lasers of the 100W class, both operating in the 
Ytterbium band, at 1117 nm and 1075 nm. It is to be noted that these two lasers are not 
separated by one Stokes shift in order to distinguish it from the special case where the two 
lasers are power combined from within the same Raman cascade series, and hence this is a 
more general case. The optical power emanating from the 1117 nm laser is 98.1 W and that 
from the 1075 nm laser is 85.3 W, both at full power. After being wavelength-multiplexed by 
the high power, fused fiber WDM, they are fed to 160 m of Raman filter fiber with an 
effective area of 12sq-micron through another WDM, whose other input port is spliced to a 
looped coupler to provide feedback. In essence, this stage forms the core of the nonlinear 
Raman Power Combiner (RPC) where the simultaneous wavelength conversion and power 
combining occurs. In this work, we used a fused WDM which can handle upto 500W of total 
input power, but in reality, for further power scaling, especially when multiple input lasers are 
used, free-space beam combiners can also be used instead. 

3. Results

Figure 3(a) shows the final spectrum at the output of the Raman filter fiber for the full 
coupled input power of 183.4W from the 2 independent lasers. The total output power is 102 
W and an impressive 87.1W of this total optical power resides in the 1.5 micron band. This 
corresponds to a fraction of 85% of the total output power in the 1.5 micron band. 
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Fig. 3. (a) Spectrum at the output of the Raman filter fiber for a combined coupled input power 
of 183.4 W. (b) Power plot showing the evolution of the total output power and the power in 
the 1.5 micron band as a function of the combined input power. 

Figure 3(b) shows the power plot of the total recorded output power from the RPC(blue) 
and the power in the 1.5 micron band(red) as a function of the combined input power of the 
two lasers. From this plot it can be seen that as the input powers are increased, there is a 
greater degree of conversion to the 1.5 micron band. The effective quantum limited 
conversion efficiency in this experiment is ~73% and at full power we obtain a conversion 
efficiency of 47%, which corresponds to ~64% of the quantum limited efficiency. 

Here we have demonstrated a proof-of-concept experiment with two lasers. But in 
principle, this concept of nonlinear Raman-based power combining can be extended to the 
case with more than two input lasers, at various wavelengths. As an initial step we have 
performed the experiment with the two input lasers at different wavelengths as illustrated in 
Figs. 4(a)-4(c) to investigate the power combinability and as seen in the figure, that they are 
still power combinable. Based on the availability of lasers, one is fixed at 1117nm, while the 
other is a tunable, high power Yb laser source [20]. Figure 4(b) shows that the two input 
lasers are operating at the wavelengths 1117nm and 1070nm, both at the 100W class, and at a 
combined coupled input power of 193.4W, we obtained 94.3W of output power in the 1.5 
micron band for a total output of 107.8W, corresponding to a fraction >87% in the desired 
band. 

Figure 4(c) illustrates the special case where the two input lasers operate at the 
wavelengths of 1117 nm and 1064 nm, being separated by one Stokes shift with respect to 
each other. In this case for a combined input coupled power of 201.1 W, we obtained ~100W 
at the 1.5 micron band for a total output power of 112.4 W, which corresponds to ~88% of the 
total output power vesting in the 1.5 micron band. In this special case, we anticipate that the 
1064nm initially amplifies and gets converted to 1117nm resulting in the merging of the two 
lines with the first Stokes shift followed by cascaded conversion to the 1.5micron region 
effectively as a single source at 1117nm. Because of this reason, the conversion efficiency is 
also the highest in this case. Figures 4(d)-4(e) show the power plots as a function of the 
combined coupled input optical power, and it can be seen in both cases that there is a greater 
degree of conversion to the 1.5 micron band with increasing input power. Here, we notice that 
the amount of coupled power into the RPC is dependent on the input wavelengths. This is due 
to the use of a fused WDM specified for use with 1064/1117nm. Suitable WDM design and 
selection to ensure low-loss coupling of all input sources would be essential as we scale the 
number of input lasers. 
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Fig. 4. (a), (b), (c) Schematic representation of the results of the power combining for the case 
of three different input wavelength combinations. (d), (e) Power plot showing the evolution of 
total output power and the power in the 1.5 micron band with the variable input laser operating 
at 1070 nm and 1064 nm respectively. 

In the future, we will be investigating the efficiency of this architecture as the wavelength 
spacing between the individual input pump lasers decrease. In particular, we are interested to 
look at the dynamics of the multiple input lasers merging into a single line as a function of the 
wavelength spacing between them and the number of Stokes shifts utilized. 

In summary, we have demonstrated a high power 1.5micron laser obtained through the 
simultaneous power combining and wavelength conversion of two independently controlled 
Ytterbium doped fiber lasers operating at different wavelengths. This approach can be scaled 
to multiple Ytterbium lasers and can be wavelength converted to any desired band in the 
transparency region of the optical fiber used. Such a system promises to be an attractive 
solution for scalable power at various wavelength bands and applications enabled by it. 
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