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A symmetric grating is proposed to obtain higher output power in spectral beam combination by increasing the number of lasers and spectral utilization. The grating allows laser beams to be incident from both sides of the grating normal to achieve coaxial beam combining, so the number of beams and the combined output power are doubled compared with the traditional grating under the same spectral line-width. The grating is designed with the central wavelength of 4.65 μm, and the calculation results show that this grating is very advantageous for spectral beam combining, especially for the light waves in the range 4.55–4.71 μm, where their diffraction efficiencies are high (over 80%) and correspond to a wide and linear range of incidence angles. Meanwhile, based on the symmetric gratings we further propose a circular grating to achieve the same frequency spectral beam combining. This beam combining design will not increase the laser spectral line width while enhancing the laser power, reducing the requirements for the unit laser spectral line width, which is very meaningful in some application fields and will further enrich the research of spectral beam combining.
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1 INTRODUCTION
The output power of a single laser beam is often difficult to meet scientific and industrial needs due to the gain saturation, non-linear effects and device damage. Combining multiple laser beams is an effective way to obtain higher output power to solve this problem [1]. In 1986, Wilfrid B. Veldkamp of Lincoln Laboratory first proposed a method for coherent beam combining of multi-channel lasers using binary phase gratings and achieved 6 GaAlAs laser beams combination [2, 3]. In 2011, Thales Research and Technology in France reported the coherent beam combining of 5 quantum-cascade lasers by a binary phase or Dammann grating [4]. All of the above solutions are coherent beam combining, which requires a high degree of coherence between different channel lasers and is hard to accomplished experimentally, especially when the number of lasers is large [5–9]. The feasibility of a spectral beam combining (incoherent beam combining) scheme was proposed by Christopher C. Cook et al. at Lincoln Laboratory in 1999 [10] and was experimentally achieved for a semiconductor laser array in 2000, where the combined beam quality was almost identical to that of the single emitter [11], and in the same year, they have also successfully achieved spectral beam combining of 11-channel lasers [12]. Since then, the study of spectral beam combination has attracted extensive attention [13, 14].
Theoretically, the more lasers, the higher the combined beam output power, but increasing the number of lasers will bring many problems, mainly in: 1) difficulty in optical path arrangement, because the existing spectral beam combination schemes require that all emitters (or laser arrays) can only be on the same side of the grating normal; 2) the spectral of each emitter must be broadband, and the more the emitters are, the wider their spectral must be, otherwise the efficiency of the spectral beam combination will be reduced.[15]
To overcome these above problems, we propose a symmetric grating for the spectral beam combining, and also develop a circular grating (two-dimensional grating) to achieve the same frequency spectral beam combining, which greatly enriches the study of spectral beam combining.
2 NOVEL SPECTRAL BEAM COMBINING SCHEME
2.1 Symmetric grating and its spectral beam combining scheme
Compared with traditional grating, our symmetric grating has the following features: The diffracted light can be emitted perpendicular to the grating plane if the laser beam is incident on the grating at a suitable angle, so it can also be emitted perpendicular to the grating plane when the laser beam incident at the symmetrical position (or angle) on the other side of the grating normal. This allows multiple laser beams to be incident from both sides of the grating normal to achieve spectral beam combining. Meanwhile, the incident light can only be on one side of the normal of the traditional grating for spectral beam combining. Take the example of the three-channel lasers L1, L2, and L3, the differences between the two spectral combining schemes of the traditional grating and the symmetrical grating are given in Figures 1A,B respectively. DG and SG are the traditional diffraction grating and the symmetric grating respectively, and OC is the coupling output mirror that partially reflects and partially transmits the spectral lines of the unit lasers L1, L2, and L3 so that the three channels lasers are locked to the central wavelengths λ1, λ2 and λ3 respectively and are coaxially combined.
[image: Figure 1]FIGURE 1 | Comparison of the two spectral beam combining schemes of (A) the traditional grating and (B) the symmetrical grating. (C) The second spectral beam combination scheme of the symmetric grating.
Compared with traditional gratings, it can be seen that the symmetrical grating has the advantages of a larger number of lasers, higher spectral utilisation, smaller space requirement and the ability to combine beam at the same frequency. As shown in Figure 1C, there is also another spectral beam combining scheme where the positions of the lasers on either side of the grating normal can be asymmetrical compared with Figure 1B, L12 and L23 are located between L1 and L2, L2, and L3 respectively, which their corresponding wavelengths λ12 and λ23 are between λ1 and λ2, λ2, and λ3 respectively.
2.2 Parameter design and the spectral beam combining effect
A theoretical study and parametric design have been carried out for the new grating proposed above. In order to obtain high first-order diffraction efficiency, we have designed a sub-wavelength dielectric grating assuming the central wavelength of 4.56 μm [16]. As shown in Figure 2, the simulation unit is in the black box, and the refractive index of grating material [image: image], air refractive index [image: image], grating period [image: image], duty cycle [image: image] and ridge height [image: image] are respectively set at 2.0, 1.0, 4.2, 0.5 and 6.3 μm.
[image: Figure 2]FIGURE 2 | Schematic diagram of the ray trace in the grating (the simulation unit is in the black box).
As shown in Figure 3A, calculations show that this grating is ideally suited for spectral beam combining, as it has a high diffraction efficiency (>80%) for the incident light in the range 4.55–4.71 μm, with a maximum diffraction efficiency of 91.4% at 4.66 μm, and a relatively significant difference in the incidence angle of these lights while their diffracted lights are emitted perpendicular to the grating plane. Figure 3B shows the electric field distribution of incident and diffracted light in the grating for the laser beam of 4.6 μm, the purple arrows represent the direction of incident light (33.2°) and the green arrows represent the direction of diffracted light, which is consistent with the initial assumptions and calculations made earlier. Due to the left-right symmetry of the grating structure (see Figure 2), the beam incident from the right side of the grating normal has the same direction of emission.
[image: Figure 3]FIGURE 3 | (A) Variations of the optimal incidence angle and diffraction efficiency with laser wavelength; (B) The electric field distribution for the laser beam of 4.6 μm at the optimal incidence angle of 33.2°, the purple and the green arrows represent the directions of incident light and diffracted light respectively.
From the previous simulation and analysis, it is clear that the symmetrical grating is perfectly feasible for spectral beam combining, and has the advantages of high spectral utilisation and small space occupation compared with traditional grating combining scheme. But as shown in Figure 1B, this grating can only combine two beams of the same frequency (or same wavelength). If a grating could combine multiple beams of light at the same frequency, the spectrum of each laser does not need to be broadband, and the combined laser beam is not broadband anymore which is very meaningful in some application fields [17]. To this end, we further develop a circular grating.
2.3 Circular grating and its spectral beam combining scheme
The so-called circular grating means that the grating grooves are not straight but circular, so that the same frequency beam is incident on the same solid angle to the center of the circular grating to achieve coaxial same frequency spectral beam combining. A schematic diagram of a 4-channel lasers spectral beam combining using the circular grating is given in Figure 4, CG is the circular grating and OC is the coupling output mirror respectively. Obviously, the overall output power of the combined beam can be increased by increasing the number of the same frequency lasers at this solid angle, and further increased by increasing the number of different wavelength lasers at other solid angles.
[image: Figure 4]FIGURE 4 | The same frequency spectral beam combining scheme based on the circular grating.
3 CONCLUSION
To increase the number of lasers and spectral utilisation for greater output power of the combined beam, we propose a symmetric (one-dimensional) grating and a circular grating (two-dimensional). Compared with traditional spectral combining scheme, the symmetrical grating spectral beam combining scheme can double the total output power of the combined beam by doubling the number of lasers for the same spectral line-width. The grating was designed with a central wavelength of 4.65 µm, and the calculations show that this grating is ideally suited for spectral beam combining with a high diffraction efficiency (>80%) and a relatively significant difference in the incidence angle for the incident light in the range 4.55–4.71 μm. In addition, a circular grating is further proposed for the same frequency spectral beam combining. The ideas of symmetrical grating, circular grating and same frequency spectral beam combining proposed in this study will further enrich the study of spectral beam combination.
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