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Abstract

:

Fiber laser technology has been demonstrated as a versatile and reliable approach to laser source manufacturing with a wide range of applicability in various fields ranging from science to industry. The power/energy scaling of single-fiber laser systems has faced several fundamental limitations. To overcome them and to boost the power/energy level even further, combining the output powers of multiple lasers has become the primary approach. Among various combining techniques, the coherent beam combining of fiber amplification channels is the most promising approach, instrumenting ultra-high-power/energy lasers with near-diffraction-limited beam quality. This paper provides a comprehensive review of the progress of coherent beam combining for both continuous-wave and ultrafast fiber lasers. The concept of coherent beam combining from basic notions to specific details of methods, requirements, and challenges is discussed, along with reporting some practical architectures for both continuous and ultrafast fiber lasers.
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1. Introduction


Fiber laser technology has been a topic of extensive research due to its outstanding properties, which are attractive for an enormous number of light-induced applications ranging from science to industry, and consequently has advanced rapidly in recent years [1,2,3,4,5,6,7,8]. Fiber laser systems are an appealing alternative to other existing laser sources, owing to their intrinsic merits, including power scaling, excellent beam quality and stability, high quantum efficiency, wide gain bandwidth, superior thermal management, and turn-key operation. These outstanding characteristics lead fiber lasers to superior overall performance and have established fiber lasers as the first choice for versatile laser sources in both continuous wave (CW) and pulsed regimes.



1.1. Power Scaling Limitations of Fiber Lasers and Amplifiers


Many applications such as advanced material processing and laser particle accelerators are demanding ultra-high-power/energy lasers, which accelerate the research on the power scaling of fiber lasers. However, pumping through single-clad fibers slowed the progress of power scaling and limited the output power to a few watts. Introducing high-brightness laser diodes and the concept of double-cladding fibers have made a revolutionary step in fiber laser technology, which resulted in unprecedented output powers/energies [9,10]. In the CW regime, these developments led to the realization of a 6 kW single-mode fiber laser in 2021 [11] and 100 kW multimode fiber laser systems in 2013, both via diode pumping configuration [12]. In addition, a 20 kW single-mode fiber laser operating in CW mode via tandem pumping configuration was reported in 2013 [13]. Simultaneously with the development of laser systems in the CW regime, a significant step forward in the power/energy of ultrashort fiber lasers has been achieved. This was largely progressed thanks to the invention of the chirped pulse amplification (CPA) technique in 1985, which has launched a new leap of the power/energy scaling up for ultrafast pulses [14]. In this regard, records of 1.05 kW average power in 2013 [15], pulse energy of 1.6 mJ in 2014 [16], and peak power of 6.2 GW in 2014 [16] for femtosecond pulses have been achieved in a single-amplification channel. However, after these development steps, power scaling of single-mode fiber lasers has faced severe physical limitations, which can be classified into four distinct categories: nonlinear effects (NLE), thermal issues, optical damage, and pump power limitations [17,18,19]. These four limitations will be discussed in detail in the following sections. Theoretical analysis of the most deleterious thermal and nonlinear power limiting effects of CW fiber lasers allowed prediction of 28–38 kW for diode pumping and 35–52 kW for tandem pumping with allowance for bend-induced mechanical reliability and modal deformation. The maximum value strongly depends on the amplifier gain [20].



1.1.1. Nonlinear Effects (NLEs)


Power scaling limitations due to detrimental NLEs are constrained mainly by six effects, including stimulated Brillouin scattering (SBS), stimulated Raman scattering (SRS), self-phase modulation (SPM), self-focusing (SF), four-wave mixing (FWM), and transverse mode instability (TMI) [21,22,23]. These phenomena are mostly intensity- and fiber-length-dependent and typically become more critical when the laser works in a pulsed regime with high peak power. Decreasing the fiber length and peak intensity are the very first general measures to mitigate the NLEs. As a case in point, pulse stretching in the time domain can reduce the peak power, which is the basis of the CPA technique. Fundamentally, NLEs lead to energy transfer to unwanted wavelengths or fiber modes, which can result in unstable operation. Nonlinear effects arise from the nonlinear response of bound electrons of material to the imposed electromagnetic field. In optical fibers, this response is modeled by a dependence of the electron displacement on the third power of the electric field strength and a third-order nonlinear susceptibility tensor. Second-order nonlinear effects disappear for optical fibers due to centrosymmetricity, and higher-order effects are typically negligibly weak. Out of the above NLEs, all but TMI can be interpreted as manifestations of the third-order nonlinearity [21,22]. TMI has its basis on the change of the material refractive index under changes in temperature, i.e., the thermo-optic effect [23]. For high-power fiber lasers and amplifiers in continuous wave (CW) operation, the most prominent limitations arise from SRS, SBS, and TMI. However, in the pulsed regime, the pulse duration and spectral linewidth specify which NLE limits the power/energy scaling.



	
Stimulated Raman Scattering effect






SRS is a nonlinear scattering process, arising from the interaction of light with laser-induced vibrations of the Raman-active medium, associated with intramolecular bonds. SRS can occur inside the rare-earth-doped fiber laser/amplifiers itself or even in passive delivery fibers, resulting in energy transfer to a frequency-downshifted Stokes wave, typically shifted from the laser wavelength by 13 THz in silica fibers. SRS generates forward and backward light, in which the power level is lower for the latter. The backward light can damage the whole system, especially the seed laser in amplifiers. Moreover, SRS can induce TMI in high-power master oscillator power amplifiers (MOPAs) [24,25], which emphasizes the importance of suppressing SRS. The critical parameters to evaluate the threshold output power of SRS are the effective length of the optical fiber and the effective area of the mode. Various techniques for suppressing SRS have been investigated, among which decreasing the fiber length and increasing the fiber core size are the main ones [26,27,28,29,30,31,32,33]. Raman gain coefficient in fibers is typically on the order of 10−13 m/W, which is nearly three orders of magnitude smaller than the Brillouin gain coefficient discussed next. Therefore, SRS is more prominent in pulsed systems, however, can also occur in kW-level CW systems.



	
Stimulated Brillouin Scattering effect:






SBS is a nonlinear process that arises from the interaction between optical photons with acoustic phonons and occurs essentially in propagating/amplifying of narrow bandwidth (CW) signals through a nonlinear medium. This detrimental effect leads to an energy transfer from signal to frequency-downshifted light in the backward direction that is typically shifted by 10–20 GHz in silica fibers. SBS gain coefficient in silica fibers is on the order of 5−11 m/W and it has the lowest power threshold among the NLEs in single-frequency CW fiber amplifiers. The main approach to mitigating the SBS is broadening the spectral linewidth via external phase modulation [34,35]. To realize the SBS suppression, the change in phase modulation should be less than the phonon lifetime. This is also why SBS does not typically occur for pulsed systems with pulse durations below the ~10 ns phonon lifetime. Numerous theoretical and experimental studies on mitigating the SBS effect in fiber lasers and amplifiers has been conducted to prevent instability and physical damage to the laser system [36,37,38,39,40,41,42,43,44,45,46,47,48,49,50,51,52,53]. As a case in point, in 2020, Wang et al. demonstrated a 2.5 kW narrow linewidth linearly polarized MOPA by efficient suppressing of SBS-induced self-pulsing (SP) via implementing cascade phase modulation [54]. In the same year, they presented the first 3 kW all-fiber narrow linewidth linearly polarized MOPA via a bi-directional pumping scheme [55]. In the case of non-polarized MOPA, in 2019, a 3.7 kW monolithic narrow-linewidth single-mode fiber amplifier was reported by suppressing the NLEs [56].



	
Self-phase modulation effect






SPM, which is mainly acute for pulsed lasers, refers to a self-induced nonlinear phase-shifting process, which arises from the intensity dependence of the refractive index [21,57,58]. This effect causes spectral broadening, which depends on the optical pulse shape [57,59]. SPM is a severe limiting factor for the power/energy scaling of ultrashort pulses by the coherent beam combining (CBC) configuration, since the phase-locking loop may not correct the phase shift induced by SPM, leading to degradation of the temporal coherence and combining efficiency.



	
Self-focusing effect






Among the NLEs, SF is responsible for the ultimate peak-power limitation in the ultrafast fiber amplifiers [8,60]. SF is caused by the nonlinear refractive index (Kerr effect), resulting in a radially varying refractive index following the laser transverse mode intensity profile. This radially changing refractive index works as an effective lens leading to power concentration in a tiny spot and damaging the fiber core. In contrast to SPM, which is the temporal dependence of the intensity-induced phase shift, SF is the transverse dependence of the phase shift. For fiber laser operating in the fundamental transverse mode, SF limits the achievable peak power from fiber lasers to 4–6 MW at around 1 µm, which corresponds to a pulse energy of ≈10 mJ for 2 ns pulses [60,61,62]. The SF threshold not only depends on the pulse peak power, but also the polarization state of the laser beam [61,62,63]. In 2009, Schimpf et al. experimentally demonstrated that circular polarization reduces the detrimental impact of the Kerr-nonlinearity by a factor of 2/3 relative to linear polarization, therefore increasing the SP threshold [62].



	
Four-wave mixing effect






FWM refers to a process involving four photons in total: two or three photons are annihilated to create two or one photons at new frequencies. The frequencies are defined by the energy conservation principle. It is a phase-sensitive process that arises only if the phase-matching condition is satisfied. Compared to single-mode fibers at normal dispersion regime wavelengths below 1.3 μm, multi-mode (MM) fibers are more sensitive to the FWM. Indeed, the phase-matching condition in MM fibers can easily be satisfied, because different frequencies can propagate in different modes with the appropriate group velocity. Therefore, in high-power fiber lasers, which are based on LMA fibers, FWM can arise when the phase-matching condition is satisfied between the fundamental and high-order transverse modes [64]. It is worth mentioning that the phase-matching condition can also be met in anomalous dispersion regime fibers, which is to be considered when working with Erbium- and Thulium-doped fiber amplifiers.



	
Transverse mode instability effect






TMI is the most prominent power-scaling limitation responsible for beam quality degradation, which is the first representative result of thermally-induced non-linear effects in optical fibers [23,65,66,67,68,69,70,71]. This threshold-like behavior refers to the energy transfer between the fundamental transverse mode and one or more high-order transverse modes, leading to temporal fluctuations of the output power on the kHz frequency scale. The reason is that high-power single-mode fiber lasers and amplifiers, which need the LMA fibers in their gain medium, are designed based on imposing loss for high order modes. Therefore, any energy transferred to the high order modes converts to loss, leading to the output power fluctuations. Although this effect was reported in 2011, rapid development has been achieved in this field. Consequently, several studies have been reported on the passive and active methods to mitigate the TMI [23]. For example, in 2021, by effective mitigation of the TMI, a 6 kW single-mode monolithic fiber laser was demonstrated by Yang et al. [11]. By analyzing the thermally induced mode distortion, Ke et al. reported that the highest achievable output power with near-diffraction-limited beam quality for Ytterbium-doped fiber lasers (YDFLs) could be 67–97 kW, depending on the power distribution in the fundamental mode and the V-parameter of the fibers [72]. However, in 2019, by applying the TMI effect to analyzing the power scaling limitations, Zervas corrected the upper limits to 28–38 kW for diode pumping and 35–52 kW for tandem pumping schemes [20].



In conclusion of NLEs, it should be highlighted that, for broadband fiber laser and amplifiers, SRS and TMI define typically the upper limit for power scaling. In contrast, for high-power narrow bandwidth signals, SRS, SBS, and TMI restrict the power scaling [73].




1.1.2. Thermal Issues


The most prominent thermal effects that hinder the power/energy scaling are thermal fracture, melting of the core, and thermal lensing, which are discussed in detail in [17,74,75]. Quantum defect (QD) is responsible for the localized heat generation in active fibers, which leads to thermal degradation of both the fiber core and the protective polymer layer. In [74], a comprehensive study of thermal limits to power scaling of a double-clad silica fiber laser was carried out, in which the maximum extractable power per unit length was calculated for each thermal effect [74]. Minimizing the heat deposition in the doped core was determined as the most critical point to overcome these limits. For superior power handling and thermal management, they suggested using the large fiber cladding diameters or holey core fiber for better heat dissipation and avoidance of using low-thermal-conductivity polymers as cladding layers at high powers.




1.1.3. Optical Damage


Optical damage refers to the damage of optical components induced by high-intensity lasers. In optical fibers, laser-induced damage is most likely to happen to the end facets by high-intensity pulses [76,77,78]. The laser damage threshold (LTD) for the optical surface is lower compared to the bulk materials. For optical fibers, LTD determines the laser power/energy that an optical fiber can handle, and above which damage is more likely to occur. In this regard, for fiber lasers, utilizing components such as mode field adapters, combiners, and end-caps (at the end of fiber output) can decrease the peak intensity and consequently increase the surface damage threshold.




1.1.4. Pumping Limitations


The amount of injected pump power and consequently absorbed pump power determines an important upper limit for power scaling of single-mode lasers, characterized by pump brightness and fiber specifications. The brightness of laser diodes, fiber cladding aperture (  N  A  c l    ), and cladding diameter (   r  c l    ) define how much power can be injected into the fiber. Moreover, the pump absorption relies on the core diameter (   r  c o r e    ) and doping concentration of active ions. Therefore, the larger the    r  c o r e    , the higher pump absorption can be reached. However, maintaining the single-mode operation in large    r  c o r e     would only be possible if the core numerical aperture (  N  A  c o r e    ) decreases. Realizing a high-brightness pump along with the low NA fibers has been faced fabrication challenges [9,79,80,81]. Furthermore, due to the photodarkening effect [82], the amount of doping concentration is limited, affecting the pump absorption level. Nevertheless, with technology development, there has been a significant improvement to overcome this limitation, especially with emerging high-brightness fiber-coupled laser diodes and progress in fabricating low NA fibers [80,81,83,84].



In conclusion of power-scaling limitations, the highest achieved output powers for YDFLs have been reported as 6 kW with a beam quality M2 factor of ∼1.3 [11], and 10.6 kW with the beam quality M2 factor of ∼2 [85]. Even if the technical challenges for fabricating high-power YDFLs could be overcome, the highest theoretical achievable output power through diode pumping is calculated as 28–38 kW via a diode pumping scheme [20]. Therefore the need for new power-scaling approaches beyond the fundamental limitation has been recognized and is an active field of research.





1.2. Methods for Power Scaling


There are two main approaches to boost the achievable output power of fiber lasers, including tandem pumping (TP) and beam combining, which will be discussed in the following sections.



1.2.1. Tandem Pumping


Tandem pumping refers to a technique in which high-brightness lasers are implemented as pumping sources. Owing to its unique potential for power scaling, it has been achieved great attention in the last decade [19,86,87,88,89,90,91,92,93,94,95]. In 2010, IPG photonics corporation reported the first 10 kW level single-mode fiber laser via the TP scheme by utilizing forty-seven 270 W YDFLs operating at 1018 nm as pumping sources [96]. Following that, in 2012, they reported the fabrication of 17 kW using the same sources at 1018 nm [97], which then improved to 20 kW in 2013 [13].



This technique provides several outstanding advantages, mitigating the power scaling limitations such as thermal issues, TMI, and pump power limitations [86,98,99]. In the TP technique, lasers at the wavelength of 1010–1030 nm are typically utilized as pumping sources, among which 1018 nm is introduced as an appropriate candidate in this range. By closing the pump wavelength to the laser wavelength, the amount of quantum defect responsible for the thermal load can be decreased by almost half. Furthermore, more pump power can be injected into the main gain fiber due to implementing the high-brightness pump sources. However, the most prominent advantage of TP is that this method can control the undesired excess gain for high-order modes in large-core fibers [86]. This leads to the mitigation of unwanted effects, caused by the building-up of power in high order modes. As a case in point, TP scheme reduces the risk of self-pulsing induced by high-order modes [86,100]. Last but not least, TP has an enormous potential against photodarkening (PD); for instance, PD in pumping with 1045 nm is 1 million times smaller than pumping with 910 nm [86]. Nevertheless, the most prominent drawback of TP configuration is its need for a long length of the gain fiber, typically 30–40 m, due to the lower pump absorption via pumping with short wavelengths (such as 1018 nm). Herein arise the severe limitations for power scaling owing to the nonlinear scattering processes such as SRS. Recently, Lim et al. have presented a high-absorption LMA fiber, 27 dB/m at 976 nm, simultaneously with a low NA of 0.04 [81]. This has provided the possibility to reduce the gain fiber length from 30–40 m to below 15 m.



However, generating stable high-power laser sources at 1018 nm is demanding due to the small net gain and high amplified spontaneous emission (ASE) at the range of 1030–1035 nm. Indeed, in alumosilicate fibers, laser operation at 1018 nm needs higher population inversion than laser operation at 1060–1080 nm, leading to emerging ASE and spurious oscillations. Herein, unwanted fierce gain competition occurs between ASE and laser at 1018 nm. As a result of ASE, parasitic lasing and self-pulsing can cause physical damage to the systems. To suppress these deleterious effects, shortening the fiber length and using the high core/clad diameter ratio fibers are utilized. There has been ongoing research on producing high-power 1018 nm fiber laser with diffraction-limited beam quality, to date, the highest output power of the YDFLs operating at 1018 nm fiber laser has been reported by Yan et al., as 1150 W [89,91,92,93,94,95]. Although the highest record for achievable output power via the TP scheme is predicted to be 52 kW [18], to date, it has reached 20 kW [13].




1.2.2. Beam Combining


Based on the above discussion, power/energy scaling in single-fiber lasers has faced severe physical limitations, which hinder obtaining the high-power lasers with high beam quality and stability. Hence, beam combining of multiple lasers has always been the first measure to increase the power/energy of laser systems beyond the achievable output power from a single laser. Laser beam combining provides an impactful platform for the realization of a single high-power beam from multiple low-power lasers. A combination of individual lasers can be achieved both coherently and incoherently, which will be discussed in detail in the following sections.



This paper will review the beam combination methods and focus on the coherent beam combining (CBC) of fiber lasers in detail. There are excellent separate reviews on CBC of fiber lasers, for both continuous and pulsed lasers [6,101,102,103,104,105,106,107,108,109,110]. However, this paper gives a deep insight into the CBC concept from basic notions to more specific details of methods, requirements, and challenges for both continuous and ultrafast fiber lasers. Additionally, the review highlights the various state-of-the-art CBC architectures and provides with the guideline for some practical aspects of developing new systems. Figure 1 provides a topic map of the laser beam combining, with the main focus on the coherent beam combining approach.



The paper is organized as follows. Section 2 reviews the incoherent beam combining technique. Section 3 describes various techniques in the coherent beam combining approach. In Section 4, we focus on the coherent beam combining for ultrafast fiber lasers. Section 5 discusses the methods for power scaling of CW lasers by means of beam combining. The Conclusions chapter summarizes the main aspects of the article.






2. Incoherent Beam Combining


Incoherent beam combining can be classified into three distinct groups, including side-by-side beam combining, combining via passive components, and spectral beam combining (SBC).



2.1. Side-by-Side Beam Combining


In this scheme, multiple lasers are positioned next to each other, in an array (Figure 1), in which there is no control on the phase and spectral relation of the individual lasers, and even lasers can work in a different wavelength. The most prominent example of this method is the combination of diode laser arrays, in one or two dimensions. Since this method does not require the narrow laser linewidths or phase/polarization control, it is much easier to implement compared with CBC or SBC. Indeed, it is achieved by overlapping multiple laser beams using beam directors. With some considerations such as expanding the initial beam size and pointing of each beam (controlling the beams overlap with steering mirror, adaptive tip-tilt control, to minimize the turbulence effects), this method can be applied in directed-energy applications [111,112]. In 2015, by utilizing beam directors consisting of individually controlled steering mirrors, four fiber lasers with a total power of 5 kW were directed to a target 3.2 km away [112]. Moreover, in 2014, an incoherent combined 30 kW fiber laser system, consisting of six 5.5 kW fiber lasers directed with different mirrors through a single telescope, was demonstrated as a laser weapon system [113].




2.2. Passive Components


In this approach, by utilizing passive components, multiple lasers will be combined without any control on the phase or polarization of the beams. The most conventional elements implemented in this technique are polarization beam splitters (PBS) and fiber-based combiners (Figure 1). In combination with PBS, two laser beams with orthogonal polarization are combined, resulting in a combined beam with a random polarization state due to the phase fluctuations. This technique is inherently limited to two laser beams. If the phase of initial beams is locked, the polarization of the combined beam can be fixed, and consequently, further combination in a cascade scheme would be possible [108,114].



There has been a great development in the passive fiber-based component during the last decade. In 2013, the IPG corporation reported a 100 kW fiber laser by utilizing fused fiber combiners, with 35.4% wall-plug power consumption efficiency [12]. They implemented 90 fiber lasers with an output power of 1.2 kW, coupled to six 19 × 1 combiners. Then, using the main 7 × 1 combiner, they achieved 100 kW laser from fiber with 300 µm core diameter with the beam parameter product of 16 mm × mrad. In 2018, Lie et al. demonstrated a 14 kW combined laser beam via an all-fiber structure signal combiner with the beam quality of 5.37 and 98.5% combining efficiency [115].




2.3. Spectral Beam Combining (SBC)


This approach refers to a combining technique in which multiple narrow linewidth laser beams with slightly different wavelengths are combined into a single beam spot with spatially bright diffraction-limited beam quality [116,117,118,119,120]. In this method, the combination will be obtained by utilizing two approaches: (1) dispersive optical elements such as diffractive grating and prisms and (2) wavelength-dependent transmission elements such as volume Bragg gratings or dichroic mirrors and filters (see Figure 2). SBC has an inherent potential to increase power and brightness at the same time. In the SBC technique, the brightness of the combined beam scales with the number of laser beams. In 2011, Wirth et al. demonstrated an 8.2 kW laser through spectrally combining four narrow-linewidth fiber amplifiers [121]. In this regard, narrow-band laser sources greatly impact the quality of the combined laser beam.



However, high-power narrowband fiber lasers have faced an SBS limitation. Implementing all-fiber narrowband ASE sources is an excellent approach to surpass the SBS limitation due to the lack of coherent longitudinal modes of the ASE source. In this regard, in 2016, a 10.8 kW spectrally combined laser system was demonstrated by utilizing eight SBS-free sources with a combining efficiency of 94% [122,123,124]. The combining element implemented in this work was reflective diffraction grating, requiring more space for alignment compared to the transmitting diffraction gratings. In this regard, in 2019, Zheng et al. demonstrated a 10.6 kW spectrally combined system by utilizing two transmission gratings as a combining system [125]. Moreover, using an edge filter, in a filter-based SBC system, Chen et al. managed to achieve 10.12 kW with the combination of two 5 kW-level broad-linewidth fiber lasers [126]. There have been great developments in the field of SBC, in which laser systems at the level of few kW to tens of kW have been realized [121,124,126,127,128,129,130,131]. As a case in point, in 2016, Honea et al. reported a 30 kW single laser beam with the beam quality of    M 2  = 1.6 × 1.8  , realized by SBC of 96 individual fiber lasers, which later improved to 60 kW in 2017 [132,133].





3. Coherent Beam Combining (CBC)


CBC is referred to as the technique of power scaling by combining multiple laser amplifiers, which are seeded by a common source, into a single high-power beam with maintaining the beam quality [134]. In addition to spatial properties, CBC preserves the spectral properties of the lasers. In this technique, as its name implies, there is a phase relation between laser amplifiers, so the parallel amplifiers are operating effectively as a single laser. The primary notion is a seed laser split up into several replicas (N channels) and amplifying them to the highest possible power/energy through the amplifier sections, and then combining them into a high-brightness single beam. To realize coherent beam combining, the phase of each channel should be locked via either passive or active mechanisms.



In 1970, the first demonstration of CBC was realized by combining two semiconductor oscillators [135]. The first implementation of all-fiber CBC of CW fiber lasers was reported by Kozlov et al. in 1999 [136], and nine years later, in 2008, Cheung et al. realized the CBC of the pulsed fiber laser array [137]. Due to the enormous potential of the CBC technique for power scaling, it has been extensively developed in recent years, and the record of 100 kW using seven 15-kW Slab MOPAs is already achieved [138]. This paper is focused on fiber laser combining as one of the prospective alternatives to produce state-of-the-art ultra-high-power lasers with excellent laser properties.



There are two criteria for evaluating the performance of a laser combining system, which are combining efficiency ( η ) and the beam quality (M2 factor) of the output laser beam. Combining efficiency is typically calculated by dividing the power of the combined beam by the sum of the output power of amplified laser beams. However, for CBC systems, two key metrics are employed for assessing the function of CBC, which are brightness (B) and Strehl ratio (S). The brightness of each optical beam, which considers the output power and the quality of the beam (   M 2    factor  ), can be defined as:


  B =   C   P    λ 2      (  M 2  )  2       



(1)




where P is the output power, C is a constant defined by the beam shape (e.g., C = 1 for the Gaussian beam), and  λ  is the laser wavelength. In the CBC of  N  laser amplifiers, the brightness of the combined beam scales by a factor of   η N  , compared to the brightness of a single laser beam. In an ideal case, in which   η =   1, the brightness of a coherently combined beam is  N  times larger than the brightness of an incoherently combined beam in the same combining structure. Indeed, the brightness of the incoherently combined laser amplifiers at the best state is equal to the brightness of a single laser beam [105]. Herein lies the confusion about the brightness enhancement in the CBC systems. In some texts, it is stated that the brightness in ideal CBC will increase by the factor of    N 2    compared to the brightness of a single laser beam. However, in reality, it increases by a factor of  N  compared to the brightness of a single laser beam (before implementing them in the combining system). Indeed, in an ideal case, the on-axis far-field intensity increases as    N 2   . Various definitions of comparative parameters, such as the output power of single lasers and emitting aperture, cause confusion regarding the brightness enhancement in CBC systems. For example, two single lasers (with a diameter of D, power of P, and brightness of B) is combined by CBC using a 50:50 intensity beam splitter (IBS). In this combination, there is no change in aperture sizes, but the power of the combined beam will increase to 2P (in a full working array). Consequently, the brightness will increase to 2B at the output port of the IBS, indicating  N  times enhancement of B. However, if one laser is turned off and only the power of another single laser (after passing the IBS) is considered, the final power of the system will be P/2 in the output port. Now, if this power is compared to the power of the coherently combined beam, the B value is increased by a factor of    N 2   .



The next metric for assessing the function of CBC systems is the Strehl ratio parameter, which has a value between 0 and 1. It is calculated by dividing the peak intensity in the central lobe of the combined beam by the peak intensity of an ideal phase-locked combined beam. The Strehl ratio is sensitive not only to the phase-locking operation but also to the laser array aperture fill factor (FF) of combining geometry. There are two well-known definitions for FF: the first is defined as the ratio of emitting apertures area to the total area occupied by lasers cell, and the second is defined as the ratio of the beam diameter to the central distance of the adjacent beams. In this paper, the former definition is used.



There are several important requirements for realizing an ideal CBC, including the phase correlation between laser beams (phase locking), equal optical path, equal laser power in each channel, same polarization, equal beam size, and spatial co-aligning [139]. Indeed, the individual amplifier channels need to be identical for realizing the maximum combining efficiency.



Figure 3 provides a general schematic illustration of CBC. The CBC systems typically involve five principal parts: (i) the geometry of splitting/combining, (ii) laser sources and amplifying section, (iii) phase-locking system, (iv) optical path difference (OPD) control, and (v) number of channels. All of them will be discussed in detail in this section with the emphasis both on the concept and operation principles.



3.1. The Geometry of Combining/Splitting in Space and Time


By 2020, the CBC geometry was classified into two broad categories: tiled aperture and filled aperture geometries [140]. However, Prossotowicz et al. has recently introduced a new concept of mixed-aperture geometry [141].



3.1.1. Tiled Aperture (TA)


In this scheme, amplified laser beams are positioned next to each other, side-by-side in an array, with the largest possible array filling factor (the minimum gap between individual laser beams) [142]. The laser beams are co-aligned and consequently, the beams interfere only in the far-field, indicating that no beam combining element is required in this approach. Figure 4 shows the far-field intensity patterns of the coherent combination of seven beams in tiled-aperture geometry at different distances, simulated in MATLAB. The laser beams are positioned in a hexagonal pattern with a sub-aperture fill factor (ratio of the beam diameter to the collimator diameter) of 91.6% and the laser array aperture fill factor of FF = 76%. It is worth mentioning that, in CBC, through tiled-aperture geometry, the diameter of the main lobe in the far-field intensity pattern would be smaller than the diameter of a single beam after propagation in the far-field.



This architecture was first utilized in 1982 by Scifres et al. for combining semiconductor lasers [143]. The maximum reported power of coherently beam combined lasers has been demonstrated by a combination of seven 15 kW slab lasers via laser array architecture, realizing the first 100 kW coherently combined beam. This scheme is simple to operate and is suitable for a large array of laser beams since it is not limited by power handling issues of combining elements.



The approach is highly sensitive to the physical arrangement of the laser beams in the near-field. It affects the combining efficiency through the fill factor parameter, combining beam symmetry and periodicity of the energy distribution in the far-field. Laser beams can be positioned in different patterns such as square, hexagonal, and ring; however, the hexagonal pattern provides the closest possible packing (maximum fill factor), leading to the highest combining efficiency. Moreover, the filling factor affects the phase root-mean-square (RMS), which is more acute when the number of combined beams is small [144]. In an ideal case, with the maximum filling factor of ≈1, if the phase of each laser array is locked to each other in the far-field, the effective coherent combination will realize as a single spatial lobe. However, in the case of FF < 1, which indicates the nonuniformity in the intensity of the emitting aperture in the near field (due to the gap between the laser beams), a fraction of total power appears in the sidelobes. Therefore, the combining efficiency, which corresponds to how much of the total power is concentrated in the central lobe, will decrease. Indeed, in the tiled aperture combining geometry, the combining efficiency is inherently limited due to the existence of sidelobes, resulting in beam quality degradation. This is known as a significant drawback of tiled aperture combining geometry. Figure 5 clearly shows the impact of the fill factor on the combining efficiency by comparing the far-field intensity of three setups with different fill factors (FF = 76%, 52% and 39%). As can be seen in this figure, by decreasing the FF, the energy distribution is remarkably changed, and energy is mostly transformed from the main lobe to the side lobes. It is reported that the combining efficiency of multiple Gaussian laser beams via tiled aperture geometry at the ideal case is theoretically limited to 76% [145]. The highest achieved efficiency for CBC of pulsed lasers has been reported as 50% by a coherent combination of 19 femtosecond lasers with residual phase errors lower than λ/60 RMS [146]. In the CW regime, the efficiency of 58% has been achieved by CBC of eight CW fiber amplifiers with a total output power of 4 kW [147].



The implementation of tiled aperture geometry for the CBC systems are mainly realized through four configurations: collimator arrays, micro-lens arrays, fiber bundle, and multicore fibers/photonic crystal fibers (MCFs and MC-PCFs). There are excellent demonstrations of CBC of multiple fiber lasers in an array scheme [148,149,150,151,152,153,154]. This architecture is a promising approach to power scaling by increasing the number of lasers. Figure 6 provides two main schematics illustrations of tiled aperture configuration, laser array, and multicore fiber/crystal fiber.



	
Multicore fibers and photonic crystal fibers (MCFs and MC-PCFs);






Combining N individual lasers in an array scheme needs N amplifier and N-1 phase modulators, causing serious complexity in the operation. In contrast, MCFs and MC-PCFs have provided enormous potential for CBC such as high fill factor along with a common pump and phase modulation [155,156]. In this scheme, multiple cores are set in a single fiber/crystal fiber. Evanescent coupling of the optical beam between cores leads to a coherent combination of the multiple beams [157]. Phase-locking in the MCFs/MC-PCFs-based systems can be obtained by active or passive methods such as the Talbot effect and 1-to-N-way phase-locking techniques [158,159,160]. In the passive operation, the beams are coupled to each other and the phase-locking happens by supermode selection [161,162]. However, in the passive mode, the power scaling is limited to the pump power coupling to the MCFs from a single diode. This problem was solved with active phase locking via digital holography [163]. In an investigation of power/energy scaling of coherently-combined multicore fiber amplifiers, the maximum achievable average power and pulse energy were calculated as 26 kW and 450 mJ, respectively [164]. Moreover, MCF has great potential for the generation of structured light, for example, in 2020, Lin et al., in a proof-of-principle experiment, demonstrated the generation of structured light via MCF based on the CBC concept [165].



In conclusion of tiled aperture geometry, this configuration has been demonstrated to be a promising approach for many applications such as high-power laser material processing and directed-energy systems. There has been a remarkable progressive development in CBC by implementing TA geometry. In 2016, Weyrauch et al. managed to combine 21 fiber lasers with adaptive mitigation of atmospheric turbulence effects over 7 km [166]. In 2020, by the coherent combination of 32 fiber laser at 1064 nm, a 16 kW dynamic laser beam was obtained, which opened new doors for advanced materials processing applications [167]. Recently, a 7.1 kW coherent combined beam was demonstrated via seven narrow-linewidth, linear-polarized fiber lasers with the filling factor of 95%, and 18.8% energy proportion of the central lobe [168]. They reported that the peak intensity of the coherent combined beam was ~22 times higher than that of a single beam and ~4 times higher than that of an incoherent combined beam.




3.1.2. Filled Aperture (FA)


This technique is based on the near-field beam combining of laser beams and is not affected by fill-factor limitation. This indicates that by implementing the filled-aperture CBC technique, nonuniformity in the near field intensity is eliminated and high combining efficiency (above 90%) is promised. As a case in point, in 2020, Muller et al. reported a 10.4 kW coherently fiber laser system with 96% combining efficiency [169]. In general, laser beams can be combined in free space or in a guiding wave medium (such as a fiber coupler). However, owing to the strict power scaling limitation for guiding wave mediums, the free space CBC of fiber lasers is reviewed in this study. Implementation of the filled-aperture CBC scheme in free space can be classified in binary ports or multi-ports optical elements. Moreover, these combining techniques can be classified as polarization/intensity dependence combinations. In the filled aperture scheme, the most prominent optical elements for CBC are intensity beam combiners, polarization beam combiners, thin-film polarizers, diffractive optical elements, and segment mirrors (see Figure 7).



	
Polarization beam combiners and thin-film polarizer






In polarization-dependent coherent beam combiners, two orthogonal linear polarized beams with fixed phase difference are combined in each step. The combined beam is yielded as a linear polarized beam that is rotated 45 degrees compared to the initial ones. With a rotation of 45 degrees of polarization direction by implementing a half-wave plate (HWP), the combined beam can be used in a cascading combination scheme. It is worth mentioning that in lack of phase control, the polarization of the combined beam is undetermined, limiting the channel combination number to two. A combination of polarized beams can be performed via polarization beam combiners or thin-film polarizers. Several representatives on power scaling of both CW and pulsed laser via polarization beam combiners have been led to the realization of tens of millijoules energy and kW level average powers [16,104,108,170,171,172,173,174,175,176]. In 2010, Seise et al. in a proof-of-principle experiment demonstrated the combination of two femtosecond fiber lasers with the combining efficiency of 97% [171].



	
Intensity beam combiners






The intensity beam splitters can be utilized as intensity beam combiners in the CBC scheme. IBSs are partially reflective and transmissive; for instance, in a 50:50 IBS, 50% of each incident beam reflects and 50% transmits. As a splitter, 50:50 IBS divides a beam into two entirely identical beams with the same properties. By controlling the phase of two entirely identical incident beams into a 50:50 IBS, theoretically, it is possible to achieve any arbitrary ratio from the output ports, from 0–100%. It indicates the possibility of realizing an entirely destructive interference in one port (idler port) and consequently a fully constructive interference in another port (main port). To realize the maximum combining efficiency, the incident beams should have the same characteristics, such as polarization and optical power. In combination of two completely identical laser beams except in output power, IBS with unequal ratios can be utilized. As a case in point, Muller et al. reported a 10.4 kW coherently combined femtosecond fiber laser by utilizing 50:50 and 66:34 IBSs in a tree-type combining/splitting configuration [169]. Compared to polarization beam combiners, IBSs have lower coating absorption, making them a viable option for high-power CBC.



In 2021, Muller et al. analyzed the scaling potential of the beam splitters-based CBC, indicating the potential of realizing 100 kW average power via IBSs in binary-tree arrangement with maintained near-diffraction-limited beam quality (M2 ≤ 1.1) and only 2% loss of combining efficiency [177]. However, this amount was reported as 33 kW for CBC via TFPs in a binary-tree arrangement, since the effective absorption coefficient of TFPs is about three times larger than the IBSs. Moreover, in a step forward in the case of IBSs, they realized that, with the cost of 0.1 degradation in beam quality, a record of 300 kW average power at 90% combining efficiency with a beam radius of 1 cm will be achievable. In addition, with consideration of sapphire and diamond as alternate substrate materials instead of fused silica, it was reported that no significant advantage is expected in changing the substrate materials.



	
Diffractive optical elements






Diffractive optical elements (DOEs) are one of the most prominent optical elements that have extensive application in beam splitting, beam combining, beam shaping, and pattern projection. A splitting DOE,   1 : N  , can split an input laser beam into multiple output beams ( N ) with precise angular spacing at angles that represent the diffractive orders of the DOE. In combining DOEs,    N : 1  , multiple phase-locked incident beams (in specific angles corresponding to the diffractive orders  m ) can coherently combine into a single beam. The first demonstration of using DOEs for CBC of multiple lasers was reported in 1986 by Veldkamp et al. [178]. Combining multiple laser beams can be obtained in both one or two dimensions (1D and 2D). Theoretically, combining efficiency of 99.3% and 98.6% can be achieved for CBC of multiple lasers using 1D and 2D DOEs, respectively [179,180]. By considering the thermal issues, the upper limit of achievable average power via DOE-based CBC systems is estimated to be at megawatt-level, with a combined beam diameter of <10 cm [133], (Chapter 1.4). As a case in point, a 5 kW laser was achieved using CBC of 5 fiber amplifier via 1D DOE (  1 × 5  ), with the combining efficiency of 82% and the beam quality of    M 2  < 1.1   [181].



However, realizing high combining efficiency for CBC of ultrafast pulsed laser is limited due to dissimilar pulse front tilt (PFT), which DOEs introduce for each input beam [182]. PFT, also called angular dispersion, leads the combined beam to have a spatial frequency chirp due to the diffraction, and consequently causes a loss in combining efficiency. In 2017, Zhou et. al demonstrated a technique to correct the PFT via a pair of DOEs, in which the combination of DOEs cancels the PFT and simultaneously minimizes the uncorrected dispersions [183]. By utilizing a pair of DOEs, they experimentally combined four 120 fs pulses, without degradation in combining efficiency and pulse width. They theoretically showed that, by implementing two DOEs, combining pulses with widths down to 30 fs can be achieved without the significant combining loss, while 300 fs is the onset of remarkable combining loss for combining with a single DOE. There have been significant advancements in CBC of high-power fiber lasers via DOEs in both pulsed and CW fiber lasers in recent years, leading to multi kW output power in the CW regime and CBC of eight femtosecond laser in 2D [181,183,184,185,186,187,188,189,190].



The combining efficiency of DOE-based CBC architectures is extremely sensitive to the beam alignment. In this regard, Liu et al. developed a theoretical model for investigating the losses of combining efficiency regarding beam deviation (induced by the DOE-mount-tilt error, emitter-incident angular error, and DOE-groove-tilt error), beam size, and the DOE period [191]. They found that combining efficiency is the most sensitive to the beam deviation induced by the DOE-groove-tilt error.



	
Segment mirrors (SM)






In 2018, Klenke et al. introduced a new concept of sequential phase locking for CBC systems [192]. In this intensity-based beam combination method, beams are coherently added one by one via a segmented mirror and can be scaled up to a large number of channels. Segmented mirrors have several zones with different reflectivity percentages (Ri, which Ri < R(i + 1)) and can be designed for operation in one or two dimensions. The combination of a segmented mirror parallel with a high reflective (HR) mirror promises a technique to CBC of several parallel laser beams in a compact system. This technique requires a detector after each combining step to collect data for the phase-locking system from the non-combining beam parts (rejection parts). It is also possible to collect the data from the combined beams in each step (leakage of the HR mirror). However, scaling up the number of lasers is limited due to the manufacturing complexity of unique thin-film coating sections for each laser beam. In 2020, Aleshire et al. by numerical analysis demonstrated a simplified design that enables SM to combine a higher number of channels compared to the standard SM [193]. They have realized that amplitude mismatch has a minor effect on combining efficiency, and just by two or three unique coatings, it would be viable to combine several tens of lasers.




3.1.3. Mixed Aperture (MA)


In 2020, Prossotowicz et al. presented a new CBC geometry concept based on a pair of micro-lens arrays (MLAs) as a central combining element [141]. MLAs are usually utilized as a high-quality beam homogenizer. A CBC system with MLAs is based on the theory of imaging homogenizer [194,195,196]. This approach is analogous to the filled-aperture geometry but has two major differences. The first is that the fill factor does not constrain the MA scheme, and the second is that there is a combining element in the MA scheme, making it resemble the filled aperture geometry. The basic notion of this approach was taken from the efficient beam splitting concept introduced in 1991 by Streibl et al., in which a lenslet array was applied as phase grating, providing diffraction orders with equal intensity [197]. Indeed, Prossotowicz et al. utilized MLAs-base splitters in reverse as combiners, and then, by using a spatial light modulator (SLM) as a phase shifter, they managed to combine the laser arrays coherently. In a proof-of-principle experiment, in the first step, they demonstrated a highly efficient coherent beam splitting of an input beam into 25 beams (  1 : 5 × 5  ). Then, these were coherently combined into a single beam (  5 × 5 : 1  ) with a combining efficiency of 90%. Both the splitting and combining procedures were realized with MLAs. Figure 8 provides a graphical representation of the concept of CBC via mixed aperture geometry.



Recently, a new method for dynamic focus shaping based on highly efficient CBC within mixed-aperture geometry has been demonstrated [198,199]. In this technique, by changing the absolute phases of each input beam, the power weights of diffraction orders are controlled. As a result, the number of combined beams along with their corresponding positions can be adjusted. In a proof-of-principle experiment supported by simulations, they conducted a highly dynamic beam switching as well as beam splitting and shaping in both 1D (  1 × 5  ) and 2D (  5 × 5  ). This approach has an enormous potential to scale up the power/energy performance with a speed of up to     10  6    rad / s  .





3.2. Laser Sources and Amplifiers


3.2.1. Seed Lasers


CBC of multiple lasers can only be achieved if all the laser beams are mutually coherent, which requires the same optical properties such as polarization state and spatial mode structure for all the laser beams. This mutual coherence can be realized within various techniques, in which splitting a single laser beam (seed laser), common resonators, and synchronizing the multiple lasers via optical coupling are the most prominent ones. The latter can be achieved via multicore fibers. Splitting the laser signal can be realized by splitting optical elements such as IBS/PBS or via all fiber couplers (  1 × N  ). The common resonator technique will be discussed in detail in the section on passive phase locking. This section focuses on the seed lasers, which are split in multiple identical laser beams via optical splitters.



To realize the highest combining efficiency, the OPD in each amplifier channel must be less than a fraction of the coherence length. Due to the inverse relationship between the coherence length and the laser linewidths, the narrow linewidth lasers provide a longer coherence length. However, it should be noted that (as discussed in the power scaling limitations due to the NLEs) SBS is the major limitation for power scaling of narrow-linewidth laser amplifiers. In the CW regime, the coherence length is usually longer than the induced OPD between channels. However, in pulsed lasers, the coherence length is roughly equal to the pulse duration, highlighting the importance of optical delay path compensation for CBC of ultrafast lasers [103].



In CBC of CW lasers, narrow linewidth seed lasers are mainly fabricated based on fiber lasers or semiconductor lasers technology. Distributed-feedback (DFB) lasers have been demonstrated as a promising candidate for low phase noise, single frequency, and single-polarization seed laser for utilizing in high-power MOPA systems [200,201]. In the case of pulsed operation, the seed lasers are typically mode-locked, gain-switched, or semiconductor lasers.




3.2.2. Laser Amplifiers


The amplification stage is one of the challenging parts of the CBC system due to high requirements to the target power level and threshold for nonlinearities. Based on the experimental reports, there are three main fiber-based solutions for amplifying the laser beams in CBC systems, including large mode area (LMA) fibers with a uniform longitudinal profile, photonic crystal fibers (PCFs), and taper double-clad fibers (T-DCF).



	
Large mode area (LMA) fibers






The development of LMA double-clad fibers rapidly boosts the output power/energy of fiber lasers in the last two decades, both in CW and pulsed modes [1,3,7]. It provides a higher pump injection to the fibers, which consequently has realized multi kW-level in average power and multi millijoules in energy within fiber laser and amplifiers. By analyzing the thermal effect and nonlinear effects (including TMI), the upper limits for power scaling of fiber lasers have been predicted as 28 and 52 kW for the diode pumping and tandem pumping techniques, respectively [18]. The most common utilized active fibers in high-power fiber laser systems have the 20–30 µm and 250–600 µm core and clad size, respectively. For example, LMA fibers are the gain medium for the world record of average power in ultrafast fiber laser systems, 10.4 kW, in which 12 channels with ytterbium-doped step-index fibers with 20 µm core and 400 µm cladding diameter were utilized in the main amplification stages [169].



	
Photonic crystal fibers (PCFs)






Based on the above explanation on power-scaling limitations, the amplification of laser signals has faced severe limitations due to NLEs, which are especially acute for amplification of ultrafast laser pulses with high peak powers. Therefore, an increase in the core size is a mitigation approach for the NLEs, providing more pump injection capability. However, increasing the core size has a major drawback due to maintaining single-mode operation and TMI. There has been much research on optimizing the fiber structure to keep the single-mode operation in the largest core size, mainly by decreasing the core NA of the fibers. Some technical challenges have limited the core NA to 0.06 in the commercial ones, although the ultra-low NA of 0.032 is reported by Midilli et al. in 2019 [80].



However, photonic crystal fiber (PCF) technology, which is also called air-silica microstructure or holey fibers, has opened new horizons in power/energy scaling in laser technology [202]. PCFs allow tailoring the NA via the precise control of the index contrast, which resulted in a single-mode fiber within a large mode field diameter (MFD). In this case, MFD of a 35 µm, corresponding with mode field diameter (MFA) of   ~ 1000   μ  m 2    has been achieved for a low-nonlinearity single-transverse-mode in a PCF structure [203]. Moreover, PCF has been demonstrated to be an ideal substrate for multi-core structures in CBC systems [161,162,204]. In an improvement in the PCF technology, the large-pitch photonic-crystal fibers (LP-PCFs) concept was introduced for effective single-mode operation in PCF technology for power/energy scaling up [205]. The use of LP-PCFs has resulted in 22 GW peak power [16], 23 mJ single pulse [175], and kW level average power within CBC systems [174,176]. However, the major drawback of PCFs is high bending loss, leading to the inconvenient large size of the system.



	
Taper double-clad fibers (T-DCF)






In 2008, Filippov et al. introduced a new concept of double-clad fiber, called taper double-clad fiber (T-DCF), which offered a new horizon to amplification of laser signals to high power/energy levels with maintaining the excellent beam quality [206,207,208,209,210,211]. In T-DCFs, both core and clad layers vary in diameters along the fiber length. T-DCFs provide a varying large core diameter of up to 200 µm, resulting in the minimum non-linear phase shift and the high pump absorption capability. Since the size of the core gradually increases along the fiber length, the mode content does not change through amplification, which resulted in excellent beam quality (   M 2  < 1.1  ). Indeed, T-DCFs have an inherent capacity to raise the NLEs thresholds [212]. However, for a stable high power/energy amplification, in addition to large MFD, polarization maintaining is required. In 2018, Fedotov et al. presented the first ultra-large core Yb-doped birefringent active T-DCF, with a core size of 96 µm, effective MFA of   2000   μ  m 2  ,   and beam quality of    M 2  < 1.09   [213].



T-DCFs have been extensively advanced in recent years due to their enomorous potential to deliver outstanding characteristics, resulting in multi-kW in average power and millijoules-level pulse energy. As a case in point, soon after the demonstration of T-DCF in 2008, a 600 W single-mode (   M 2  < 1.08  ) laser amplifier was reported by Filippov et al. in 2009 with an efficiency of 63% [214]. One year later, in 2010, they improved their work to a highly efficient 750 W laser amplifier with an efficiency of 80% [215]. Recently, a 4 kW CW single-mode laser via double-tapered double-clad fiber (DT-DCF) with the beam quality of    M 2  < 1.33   has been reported [216]. Later, it has been increased to a 5 kW monolithic fiber amplifier, called spindle-shaped YDF, with an optical efficiency of 66.6% and beam quality of    M 2  < 1.9   [217].



Regarding the production of single-frequency lasers, in 2020, a 550 W single-frequency fiber amplifier was demonstrated based on the polarization-maintaining T-DCF [218]. Moreover, 100 ns single-frequency laser pulses with 0.5 mJ energy and beam quality of    M 2  = 1.08   were obtained [219]. In case of energy scaling, 1.6 and 0.24 mJ energy pulses were achieved via actively and passively high-power Q-switched lasers, respectively [220,221]. The latter was the first demonstration of a Q-switched fiber ring laser, which was based on the active polarization-maintaining tapered double-clad fibers (APM-T-DCF).



There are several reports on utilizing T-DCFs to simultaneously achieve the high peak and average power pulses in picosecond ranges with excellent beam quality, which have resulted in a few hundred watts in average power and megawatts level in peak power via T-DCF [222]. For example, in 2020, a laser with the 1.26   MW   peak power and 200  W  average output power was obtained via implementing the T-DCF, without the need for additional stretching techniques [223]. These representatives indicate that T-DCFs have great potential for high power amplification of the laser beams with maintaining the beam quality, which made them an ideal gain medium for powerful CBC systems [224].





3.3. Phase-Locking Systems


The key requirement for CBC is that the laser arrays must be mutually coherent in both space and time to realize the maximum combining efficiency. Hence, controlling the phase of each laser beam is strictly necessary for a highly efficient CBC system. The unwanted variations in the optical phase, called phase noises, lead to a decrease in the combining efficiency. These phase noises can be caused by thermal effects, external environmental disturbance, and so on. Figure 9 illustrated the far-field intensity patterns of the coherent beam combination of seven laser beams when the phase-locked loop is open and closed. As can be seen (Figure 8), when the phase control system is on (phases of all beams are controlled), the energy will be mainly concentrated in the main lob. However, without phase control operation, the energy will be distributed in random patterns. Phase control techniques are classed into two distinct categories based on the physical mechanism employed: passive and active phase control.



3.3.1. Passive Phase Control


In the passive phase-locking approach, called self-phase locking, cophasing is obtained based on a coupling mechanism that can be realized by energy coupling (self-organization of the laser emissions) or nonlinear interactions effects [160,225,226,227,228,229,230,231,232,233,234,235,236,237]. This approach is simple to design and operate. However, several physical limitations degrade the optical efficiency as the output power and the number of laser channels scale up [238,239]. Consequently, passive phase-locking methods are not suitable for implementation in high-power/energy CBC systems. Hence, this paper mainly focuses on active phase-locking techniques and only reviews the most conventional passive methods in brief. To date, various research has been conducted on passive phase-locking CBC of fiber lasers [229,236,239,240,241,242,243,244,245,246,247,248,249,250,251,252,253,254,255,256,257]. The phase control in passive architecture can be classified into four distinct categories: a common resonator, optical phase conjugate (PC), evanescent (leaky) wave coupling, and self-organized technique.



	
Common resonator






This technique works based on the supermode selection, which can be realized via spatial filters or the Talbot effect. The term “supermodes” refers to the phase-locked states, also called collective mode structures or array modes, and, according to the coupled-mode theory (CMT), the array of N laser beams will have N supermodes. The in-phase supermode, where all the laser beams operate in the same phase, has the best beam quality and is the desired operation mode. In this method, all laser beams are amplified in individual gain mediums located inside a common optical resonator, and by provided feedback from the resonator, the beams are coupled to their neighbors through the supermode selection process. The main advantage of this method is that the optical power is distributed between several gain mediums. On the contrary, the major problem in this approach is the variation in the optical path, piston error, which hinders the power/energy scaling. Dammann grating cavity [258], self-Fourier cavity [233,259], Michelson cavity [260,261], and Talbot cavity [262] are the most well-known methods of the common resonators passive phase-locking technique. In 2008, a 710 W passively phase-locked coherently combined laser system was achieved through a common ring oscillator, in which the common feedback was obtained from a spatially filtered sample [241].



	
Optical phase conjugate






Optical phase conjugation, also known as time reversal, refers to a third-order nonlinear process that reverses the propagation direction and piston phase variation of an incident beam. By implementing phase conjugate mirrors (PCMs), distortion of the beam wavefront (piston phase) can be compensated, which is widely utilized in high-power/energy laser systems. Optical phase conjugation is mainly realized by nonlinear optical effects such as degenerated four-wave mixing (DFWM) and SBS, of which the latter is the most commonly used approach. Since the first demonstration of coherent coupling of laser gain media using SBS-based PCM in 1986, stimulated Brillouin scattering phase conjugate mirrors (SBS-PCMs) have been greatly implemented in passive coherent beam combining systems [263,264,265,266].



	
Evanescent (leaky) wave coupling






This technique is extensively utilized for CBC of semiconductor laser beams [267]. In this approach, the laser beams are positioned close to each other, so that their optical fields overlap and couple to each other through the evanescent wave coupling process. Consequently, the energy can transfer between the single gain media. Regarding the number of gain media (N), N supermodes (collective mode structures) are allowed to excite in the system. Through the suppermode selection process, the in-phase supermode dominates the laser operation. The most prominent disadvantage of this technique is the limitation to scaling up the laser numbers. MCFs/MC-PCFs are the best representatives of the evanescent wave coupling technique [161,162,241,268,269]. In this regard, in 2000, Cheo presented the concept of clad pump multi-core phase-locked fiber laser for brightness scaling of the fiber lasers [270]. One year later, Cheo et al. reported a high-brightness laser beam from a phase-locked multicore Yb-doped fiber laser array under strong evanescent wave coupling with equal strength among all cores, which was the first in-phase supermode achieved via a 3D laser array [268,269].



	
Self-organized






A self-organized technique refers to a passive coherent combining technique that does not require active length, polarization, or amplitude control. The physical mechanism of this technique is based on the longitudinal mode selection in a Michelson interferometer resonator, which is applied for more than two channels. Indeed, this technique slightly deviates from the definition of the CBC concept, in which all the laser parameters must be identical. In fiber laser systems, this method was first applied for a coherent combination of multiple neodymium-doped fiber lasers in 2004, in which self-cophasing was achieved spontaneously via all-fiber 2x2 coupler trees [225,271]. In 2005, a 200 W CBC fiber laser system was demonstrated through the self-organized phase-locking technique using non-fiber couplers [240]. In 2007, Zhou et al. provided a model for the phase-locking evolution of each laser in a fiber laser array, which was analyzed theoretically and numerically [272]. One year later, Cao et al. researched the self-organized coherent fiber laser arrays with circulating field theory, in which the influences of the OPD and the number of fiber lasers on the performance of the whole system were discussed in detail [238]. In 2009, Chen et al. demonstrated a new self-organized coherent combining configuration of an array of fiber lasers, which was based on mutual injection locking [273,274]. However, the most prominent drawback of this technique is that the combining efficiency is reducing with the increase of channel numbers.




3.3.2. Active Phase Control


Active phase-locking systems consist of two sections, phase detection and active phase noise compensation. Phase corrections are mainly implemented by electro-optic modulators, liquid crystal modulators, and piezo-electric actuators. The main techniques for actively phase-locking systems can be classified into five categories, including Hansch–Couillaud (HC) polarization detection, optical heterodyne detection (OHD), frequency dithering, hill climbing, and phase-intensity mapping (PIM).



	
Hansch–Couillaud (HC) polarization detection






For polarization beam combination, HC polarization detection is the most widely implemented technique, in which the phase difference between two orthogonal beams is measured [275]. In this technique, a small fraction of the combined laser beam is directed to the setup called HC detectors, which consist of one PBS, one quarter-wave plate (QWP), and two photodiodes, which is shown schematically in Figure 10. There is a     45  °    difference between the axis of QWP and the axis of PBS, leading to a split into two laser beams with orthogonal polarization. Two photodiodes located in each output port of the PBS measure the optical beam powers and create the electrical signals, proceeding to calculate their difference, called the detection signal. If the phase between the two optical beams is zero, the detection signal would be zero. Therefore, by this approach, the phase difference corresponds to the detection signal.



In an ideal PCBC of two orthogonal polarized beams with the same power and phase, the combined beam is completely linear polarized, rotated by     45  °    compared to the initial input beams. If a sample of the combined beam is directed towards the HC-detectors, the QWP, which is rotated by     45  °    relative to the PBS axis, creates a circular polarization beam. The PBS divided it into two orthogonal polarized beams with the same optical power. Then, the detection signal will be zero at this state, indicating the perfect co-phasing between the channels. As a drawback of this technique, one HC-detector for each two-channel combination step is required. This technique has been mainly applied for CBC of pulsed lasers, and through this phase-locking technique, the records of few tens of mJ energy, and kW level average power in CBC of ultrafast fiber lasers have been obtained [175,176].



	
Hill Climbing






Hill climbing is a mathematical optimization algorithm, intending to optimize the target parameter, which is the laser output power in CBC systems. This technique is the simplest method for active phase-locking of multiple laser beams, in which the cophasing is achieved by maximizing the combined laser power in the far-field central lobe. Indeed, no phase detection is needed in the hill-climbing optimization algorithm, and the phase of each laser amplifier is controlled concerning other laser amplifiers. The stochastic parallel gradient descent (SPGD) optimization algorithm is the most utilized in this technique [235]. In the SPGD algorithm, by applying the initial random set of slight shifts to phase modulators, along with obtaining feedback from the combined beam, the effect of the phase changing on combined power is detected. Based on this feedback, the new set of slight shifts is applied to maximizing the combined power. This procedure continues until the power (efficiency) is maximized. The SPGD technique requires a single detector to obtain the feedback, leading to simplicity in operation. For many years, the slow convergence rate of the SPGD algorithm was considered as its major drawback. However, with great advancement in optimization of this algorithm, this technique has achieved significant progress in scaling up the number of laser channels. Up to now, the maximum number of coherently combined laser beams of 107 channels has been achieved by the SPGD algorithm [154]. Moreover, recently, the 7.1 kW CBC CW laser system has been demonstrated by implementing the SPGD algorithm [168].



	
Optical Heterodyne Detection (OHD)






OHD method refers to an active phase-locking technique that involves a frequency-shifted reference beam, typically shifted by an acousto-optic frequency shifter or similar, along with a sample of laser beam array to produce an electrical signal (heterodyne signal) through an interferometric combination. This heterodyne signal provides the correlation phase information between the reference beam and the individual lasers. Therefore, by implementing one phase modulator in each amplifier channel, the phase of the channels will control.



This method, also called coherent detection, requires one detector per laser channel. Despite the hill climbing method, in OHD, the phase-locking process of each laser channel is independent of other channels, indicating that all individual lasers are locked directly to a reference beam. Therefore, no physical limitation is imposed upon the scaling of the number of channels. OHD is applied to both tilled and filled aperture geometry, although utilizing it in the context of the tiled aperture is more convenient. Due to feasibility in the application, the OHD technique was utilized in various CBC systems [116,184,276]. As an example, OHD was implemented as an active phase-locking technique for the first 100 kW CBC laser system [138]. However, the requirement for the detector array arrangement along with the necessity of the reference beam constrains the performance of the OHD technique. However, the most prominent drawback of the OHD technique is the lack of a direct way to confirm all the channels are phase-locked to each other.



	
Frequency dithering






Frequency dithering refers to an algorithm in which sinusoidal phase modulations with unique frequency/frequencies are implemented to derive the phase errors by radio frequency (RF) demodulation. This technique can be implemented through a single or multi-frequency dithering context.



In the multiple dithering technique, called synchronized multidither, tagging a small phase dither to all the laser beams along with the sampling from the combined beam via a single detector provides a superimposition of beats due to interference between the laser beams. By implementing the radio RF demodulation, an optical phase relation between each pair of lasers will be obtained. Consequently, after analyzing these phase relations, phase-locking will be achieved through adjusting the optical phase via implementing one phase modulator in each amplifier channel. Unique frequencies are provided by controlling the voltage of electro-optic modulators (EOM). This technique was first utilized in adaptive optics, called coherent optical adaptive techniques (COAT), for mitigating the phase distortion induced by atmospheric turbulence [277]. This technique is completely independent of the need for a reference beam. Requiring only one detector for sensing the phase shift between the laser array leads to scalability in implementing this technique for multiple channels. Furthermore, synchronous multidither approaches are free of phase set point ambiguity, which is intrinsic to the OHD method. The most prominent disadvantages of this method are the electronic complexity and cost.



This technique has been significantly developed to improve accuracy and reduce complexity in the last decades. In this regard, in 2010, the concept of the single-frequency dithering technique was introduced, in which one modulation frequency and consequently one phase control module are required [278]. This technique boosts the function of CBC for larger number of channels [279,280]. Furthermore, in 2014, an active phase-locking using a square wave dithering algorithm was demonstrated, which no longer needs the RF demodulation circuit and is eminently suitable for large scale CBC systems [281].



Among synchronous multidither phase-locking techniques, locking of optical coherence via single-detector electronic-frequency tagging (LOCSET) is a commonly used algorithm. The LOCSET technique can be operated in a self-referenced or self-synchronous context [282,283]. Various research has been conducted on CBC laser systems based on the LOCSET technique [169,175,181,186,187,192,278,284,285,286].



	
Collective phase-intensity technique






	
Collective phase measurement technique






For scaling the number of laser channels, direct measurement of the phase information is needed. This imposes complexity on the systems, which implement single-detector-based phase-locking techniques. In this regard, the idea of implementing a camera as an array of detectors for measuring the intensity of interferometric pattern resulted in a new phase-locking technique with great potential for boosting the control speed and scaling the channels number. The phase difference between channels can be calculated from the comparison of the ideal interferometric pattern with the interferometric pattern formed by amplified beams. In 2011, the record of the 64-channel CBC system was reported by Bourderionnet et al., in which the phase of each fiber was individually controlled [148]. The phase information for each channel was obtained by implementing a quadriwave lateral shearing interferometer (QWLSI) as a self-referenced wavefront analyzer.



	2.

	
Phase-intensity mapping (PIM)







In 2015, Kabeya et al. presented a new method for active phase-locking, in which the phase differences are converted to the intensity pattern through an optimization algorithm [287]. In this method, there is no phase measurement and, consequently, it does not require adding phase modulations or phase perturbations to the phase pattern during the iteration steps. Therefore, this method cannot be considered among the four previous phase-locking techniques. In a proof of principle experiment, they managed to actively control the phase of the 4 × 4 laser beam array. Then, in an improvement, they demonstrated a CBC of 37 fiber amplifiers with the combining efficiency of 94%, by implementing the PIM technique in an optimization loop [151].



In 2019, Du et al. demonstrated a new version of the PIM-based phase-locking algorithm based on intensity pattern recognition of the uncombined beams [190]. One year later, they managed to produce 81 independently controllable beams and then coherently combined them via DOE [153]. This technique has had great potential for boosting feedback control by implementing machine learning, which recently has resulted in the stabilization of the 81-channel CBC system with a control speed of tens of times faster than the SPGD algorithm [288]. Moreover, they have developed a new approach for boosting the feedback phase control of high channel-count CBC by implementing a programmable array generator [289].





3.4. Optical Path Difference Control


The OPD between the lasers in the CBC scheme has a detrimental impact on the combining efficiency. The OPD induces a phase shift and reduces the temporal overlap of the optical pulses, which, in turn, leads to a decrease in the combining efficiency of the CBC system. The effect of OPD in pulsed lasers is more perilous than in CW lasers, which may lead to the entirely losing temporal overlap of the pulses [103,290,291]. In this regard, the shorter pulses (broader bandwidths) are more sensitive to OPD, resulting in more loss in combining efficiency. For instance, to realize a combining efficiency of 90% for the pulse with a bandwidth of 5 nm (corresponding to the transform-limited pulse duration ≈ 310 fs at 1030 nm), the OPD must be less than 25 µm. In comparison, for a pulse with double the bandwidth at 10 nm, this OPD difference requirement decreases to 12 µm. Furthermore, path length differences in CBC of pulsed lasers can induce extra phase difference between different pulses owing to the SPM and group velocity dispersion (GVD) consequently decreasing the combining efficiency [103,290,291]. Hence, compensating the OPD in the laser channel is crucial in the CBC systems.



The primary technique for compensating the OPD is to add a delay line by splicing the extra fiber to the short channels, which might be highly suitable for the CW and nanosecond laser pulses with GHz linewidth [290]. However, for fine adjustment, which is needed for the CBC of ultrafast lasers, the variable optical delay line (VODL) with a resolution of less than 1 µm is desired [146,152,172,292]. Due to the limited range of the VODLs, first, the OPD must be adjusted manually (for example by splicing the extra passive fiber), so that VODLs realize the fine adjustment only. There are commercially available electronically controlled delay lines (ODL) capable of compensating for up to 4000 ps delay range, with the resolution of <1 fs. These motorized ODLs consist of an input and output fiber collimator and a movable reflector. The input light propagates in free space and is reflected from the movable mirror and coupled to the output fiber collimator. The OPD compensates in free space through separation between the input and output ports by moving the reflector (see Figure 11).



It is worth noting that, from a fundamental perspective, the OPD and phase control act on the same quantity: time delay between the combined electric fields. Indeed, the OPD control system performs the coarse and fine adjustment of optical path differences between the laser beams. However, OPD adjustment on the wavelength scale is performed by the phase control system. In some systems, optical phases are controlled by electro-optical phase modulators [284], which create ultrashort OPDs by changing the refractive index of the propagating medium. In some other cases, ultrashort OPDs (phase control) are controlled by implementing the piezo-actuated mirror (PA) [169].




3.5. Channel Scaling


To boost the power/energy of the CBC systems, there are two main strategies: scaling the power/energy of the individual laser channels and increasing the number of laser channels. The first one has been hindered by several physical limitations, such as NLEs, optical damage, and thermal issues. Therefore, increasing the number of lasers has consistently been in demand for scientists. However, increasing the laser numbers has faced several limitations, owing to the signal error in the system for the phase-locking algorithm. Indeed, by increasing the number of channels, the combining efficiency will decrease due to the increase of system errors and simultaneously decrease the bandwidth of the phase-locking algorithm.



There has been an ongoing effort to increase the number of combining channels, summarized in Table 1. In 2006, Yu et al., combined 48 CW polarization-maintaining (PM) fiber lasers [293], and the number was increased to 64 lasers in 2011 with a residual phase error of <λ/10 RMS [148]. This improvement has also been demonstrated for the pulsed lasers, resulting in a combination of 61 femtosecond lasers with the residual phase error of λ/90 RMS. Then, the number of channels reached 81 within RMS error of <0.1% [152]. However, the first demonstration of CBC of more than 100 lasers was achieved by combining 107 CW fiber lasers with the phase residue error of ∼λ/22 RMS and 22.5% ratio of power in the central lobe.





4. Coherent Beam Combining of Ultrafast Fiber Lasers


As discussed earlier, amplification of ultrafast fiber lasers faces severe limitations such as NLE and optical damage, which hinders scaling up the peak and average power of the ultrafast pulses. The CBC concept provides the possibility of distributing the laser power in multiple channels in space and multiple pulses in the time domain. However, due to the fast phase variation inside the pulses, the CBC of ultrafast pulses are more challenging than the CBC of CW lasers. This is due to fact that not only must the phase of the pulses be locked to each other but also the time delay between the pulses must be compensated to obtain the maximum combining efficiency. By utilizing VODLs, perfect pulse synchronization can be obtained. Another issue is that pulse operation induces intensity fluctuations in the feedback signals, which must be eliminated by the phase control system to prevent mixing with actual phase signal errors among each laser channel in the phase-locking process. For this purpose, low-pass filters are implemented, eliminating the high-frequency intensity feedback induced by the high repetition rate pulsed lasers in the feedback loop.



The first reports of implementing CBC in pulsed lasers were in nanosecond pulses demonstrated by Cheung et al. in 2008 via utilizing a CW laser as a reference beam [137]. Then, in 2011 [294], Lombard et al. reported a pulsed laser system, in which 100 ns pulses were amplified in two separate channels and then coherently combined. However, the first demonstrations for implementing CBC in ultrafast pulses were reported by Seiz et al. in 2010 [171] and by Daniault et al. in 2011 [284], for the CBC of two femtosecond laser pulses. Chirped pulse amplification (CPA) is the most prominent strategy to realize the high-power/energy pulses through the CBC systems.



The CPA technique was first demonstrated by Strickland and Mourou in 1985 [14]. It is based on a pulse stretching in time, which decreases its peak power and enables an amplification to the highest achievable level (see Figure 12). After the amplification stage, the stretched pulse is compressed down in time to its initial duration. There are several techniques for stretching and compressing pulses, classified based on the utilized optical element such as prisms, gratings, and optical fibers. Among them, bulk gratings have been established as a good option, due to the capability of strong stretching and compression. This technique has boosted the amplifying of the ultrafast pulses and has opened new horizons in laser technology, leading to the Nobel prize in physics in 2018. The CPA technique allows the achievement of high-power levels, and it is widely utilized in laser systems based on the CBC approach [175,176].



CBC of ultrafast fiber lasers can fall into one of the following architectures, including spatial, temporal, multidimensional, and spectral synthesis, based on the physics of the laser combination.



4.1. Spatial CBC


Spatial CBC refers to splitting the amplification to physically (and spatially) separate amplifier channels that are then combined. In this configuration, which represents the fundamental feature of the CBC systems, the initial laser pulse split (in space) into multiple replicas (N pulses) via splitting elements such as IBS, PBS, and fiber couplers. After amplification in the N parallel amplifier, pulses are combined to realize a high peak/average power single pulse (Figure 13). Several great demonstrations of the CBC of ultrafast fiber lasers with an unprecedented record of high-power/energy pulses have been reported since the first representative in 2010, via both active and passive phase-locking mechanisms [16,156,171,172,245,284,295,296]. For instance, in 2014, a coherently combined 22 GW peak-power fiber laser based on the CPA system was demonstrated [16]. The highest average output power of a coherently beam combined ultrafast fiber laser system, 10.4 kW, with 254 fs pulses at an 80 MHz repetition rate (0.5 GW peak power) was demonstrated in 2020 through the spatial CBC configuration [169]. In addition, recently, a 1 kW, 10 mJ, 120 fs ultrafast fiber laser system has been reported through the spatial CBC of fiber CPA-systems [176].




4.2. Temporal CBC


In contrast to the CW regime where the power can only be distributed in space (i.e., splitting it to multiple laser amplifiers), in the pulsed regime, the replica pulses can be distributed both in space and time. Temporal CBC refers to splitting the pulse into several replicas in the time domain and amplifying these individual pulses in a single amplifier before combining, which is called divided pulse amplification (DPA), see Figure 14. Theoretically, by implementing the DPA technique, the peak power and the pulse energy can be scaled up by the factor of N. This approach is a promising method for the energy scaling of ultrafast pulsed lasers, which was first demonstrated to mitigate the NLEs in amplification of ultrafast pulses by Zhou et al. in 2007 [297]. As can be seen in Figure 14, the initial pulse is divided into multiple replicas of the pulse with lower peak power and different polarization state compared to the initial ones. The purpose of pulse splitting is to reduce the nonlinear effects. Then, each pulse is amplified separately and finally combined coherently together. There has been various theoretical/experimental research on implementing the DPA technique, demonstrating numerous high-power/energy ultrafast fiber lasers based on the DPA concept [173,175,298,299,300,301,302].



The DPA technique can be realized in both active and passive mode. In a passive mode, the splitting and combining stages are implemented in the medium, relying on the double-passed configuration [300]. However, in a double-passed gain medium, the achievable pulse energy is limited to the gain saturation due to the asymmetric amplification. In 2014, Kienel et al. introduced the first experimental demonstration of an actively controlled DPA system in which the splitting and combining stages were separate [301].




4.3. Multidimensional (Spatial + Temporal) CBC


This approach simultaneously involves both benefits of temporal and spatial CBC techniques to scale up the power/energy of the ultrafast fiber lasers. This configuration consists of N spatially separated amplifier modules (spatial CBC), in which there are M pulse replicas in each amplifier module (temporal CBC). Figure 15 provides the schematic representation of this method. In 2012, the first passive CBC of eight temporally and spatially separated ultrashort pulses with the pulse energy of 3.1    μ J    was reported by Danialt et al. [303]. Later in 2015, Guichard et al. reported 1.1 mJ ultrafast pulses via the combination of CPA + DPA in a passive CBC context [302].



In the case of active multidimensional configuration, Kienel et al. in a proof-of-principle experiment demonstrated the active multidimensional CBC of ultrashort fiber lasers with the pulse energy of 37    μ J    (without using the CPA technique) [304]. However, during the last years, the multidimensional CBC configuration has experienced rapid development, resulting in a demonstration of a 23 mJ high-power fiber CPA system in 2019 [173,175].




4.4. Spectral CBC (Spectral Pulse Synthesis)


Spectral coherent beam combination (SCBC) refers to the coherent combination of the ultrafast optical pulses with different optical spectrums, in which the combined beam is broader than individual pulses. In this approach, the initial broadband pulse is spectrally split into N narrow-band pulses. After amplification of each narrowband pulse in individual amplifiers, they are combined via spectral combiners (Figure 16). This type of CBC is slightly deviated in terms of the definition of the CBC concept, in which, in CBC of ultrashort pulses, it is supposed that all the individual pulses are the same (except the polarization state), while in SCBC, pulses have different optical spectra and the combined beam is broader than the individual pulses. Splitting the initial broadband pulse to the N narrowband pulses is performed by the spectral filters, operating as a wavelength-dependent beam splitter. For the spectral combination of the optical pulses, various elements can be utilized, including diffraction grating [305], volume brag grating [306], and multi-layered dielectric filters [307]. The latter is more feasible in the application due to its spatial-dispersion free function, which requires no spatial chirp compensation [307].



The first experimental proof of principle was demonstrated in 2013 by Chang et al., in which three laser channels were combined coherently via a modified LOCSET phase-locking algorithm [308]. In this experiment, the phase errors between spectrally non-overlapping combined signals were measured via a two-photon absorption (TPA) detector.



In the same year, Guichard et al. utilized SCBC to overcome the gain narrowing in femtosecond laser pulses through combining two-channel pulse synthesis [309]. In this regard, Rigud et al. proposed a new version of SCBC that was based on amplification on a single multicore fiber [310]. In the work, they designed and utilized a special linear multicore fiber with 12 ytterbium-doped cores. The initial pulse was divided into 12 bands spectral component via a blazed grating and coupled to the linear multi-core fiber via a microlens array for amplification. The microlens array collimates the output beams in the output of the multicore fiber. In the final, combination stage, by implementing a set of a lens and blazed grating, 12 spectrally divided pulses were coherently combined.



However, in contrast to other CBC techniques for ultrafast pulsed lasers reviewed in this article, the SCBC method has not been well-developed yet. Therefore, it requires deep investigation to be suitable for implementation in the high-output-power/energy pulsed lasers [311].



In conclusion of CBC of ultrafast fiber lasers, the spatial CBC method currently is the most convenient approach for realizing the high average power ultrafast laser systems [169]. On the other hand, multidimensional CBC is more popular for realizing high-energy pulses [175]. It should be highlighted that in realizing the high-average-power CBC systems, the IBSs are mainly used as combining elements [169,296], while in conducting high-energy pulsed lasers, PBSs and thin-film polarizers (TFPs) are commonly utilized [173,174,175,176]. Table 2 provides the best representatives results of the CBC of ultrafast fiber lasers.





5. Coherent Beam Combining of CW Fiber Lasers


In this section, the most prominent representatives of the approaches for realizing a CBC of CW fiber lasers will be reviewed in two distinct groups, corresponding to their combining geometry.



5.1. Tiled Aperture


As discussed before, the tiled aperture is the most feasible geometry for CBC of fiber lasers, in which the laser beams interfere only in the far-field. This approach has enormous potentials for output power/channel scaling and implementation in directed-energy applications.



	
Directed-energy applications






Tiled aperture geometry has considerable potential for direct energy applications, notably for compensating the wavefront distortion induced by atmospheric turbulence [109]. Indeed, by implementing a target-in-the loop CBC system along with adaptive control of piston and tip/tilt phases, efficient laser beam projection in the km range can be achieved. As a case in point, in 2011, the first experimental demonstration of CBC over a 7 km atmospheric horizontal propagation path was reported by Weyrauch et al. [149]. In this experiment, they implemented seven adaptive fiber collimators, with the capability of electronic control of wavefront phase tip and tilts. By implementing the SPGD algorithm in the target-in-the-loop setting, they managed to optimize the phase shift distribution to compensate for the optical wavefront distortion induced by atmospheric turbulence. In an improvement, they experimentally demonstrated efficient adaptive mitigation of the phase aberrations over the same path under the strong scintillation conditions, in which, compared to their previous work, the number of channels was increased from 7 to 21 channels [166].



	
Power scaling






Since the tiled aperture configuration does not require the combining element, there is no power-scaling limitation due to the optical damage issues. Indeed, in this method, the optical intensity can be kept below the optical damage threshold. After demonstrating the combinability of a 1.4 kW fiber laser in 2010, there has been an ongoing effort to realize multi (tens of) kW CBC of CW fiber lasers [312]. In 2011, the first kW level CBC of fiber lasers was demonstrated by Ma et al., using the single-frequency dithering technique [279]. In the same year, a 4 kW output power fiber laser was achieved through the CBC of eight laser amplifiers, with a combining efficiency of 78% [147]. In 2020, a 16 kW single-mode fiber laser with the dynamic beam for advanced material processing was reported, based on the coherent combination of 32 fiber amplifiers in the optical phased array (OPA) technique [167,313].



Recently, a 7.1 kW CBC of seven narrow-linewidth, linear-polarized all-fiber amplifiers was achieved by Ma et al. [168]. In that work, they implemented the SPDG algorithm for the phase-locking system, and by applying the 95% filling factor, they achieved 86% contrast of the far-field intensity pattern.




5.2. Filled Aperture


The tiled aperture combining geometry has an inherent drawback due to the emerging of side lobes, leading to the beam quality and combining efficiency degradation. Hence, filled aperture combining techniques have received great attention. However, despite the tiled aperture combining geometry in which the beams are combined in the far-field (due to propagation), the filled aperture technique needs the optical combining elements to overlap the beams in the near field. In this regard, various optical elements have been implemented, including DOE, IBS, PBS, re-imaging waveguide (RIW), high-power fiber couplers (HPFC), and all-fiber-based photonic lantern (AFPL). Among them, a CBC system based on the DOE has provided the output power world record for CBC of CW fiber lasers in filled aperture geometry [181]. Table 3 provides the best representatives results of the CBC of CW fiber lasers.





6. Conclusions


In this paper, the coherent beam combining of fiber lasers from basic concepts to the recent development in both continuous wave and pulsed regimes is reviewed. CBC is a promising, versatile technique for scaling the power/energy of lasers far beyond what it is possible to obtain from a single laser, realizing the hundred kW level in average power and joule-class pulse energy. CBC can open up unprecedented new possibilities in science, industry, and defence. For example, this technique can provide the energy level needed in extreme ultraviolet (EUV) applications (such as second-harmonic generators) or in particle physics as laser-based particle accelerators. In industrial applications, both coherently combined CW and pulsed lasers are implemented for advanced material processing such as high-speed ultrafine cutting and welding. In defence applications, coherently combined laser systems are used as directed-energy weapons.



Coherent beam combining technology is also the key enabler in realizing ultra-intense laser pulses and high-power laser systems. For example, the extreme light infrastructure (ELI) project, aiming to investigate the light–matter interactions at high laser intensities and on ultrashort timescales, is based on CBC technology [316].



While technological advancements have made it technically possible to achieve 10–100 kW CBC systems, a major hurdle in these systems is still the complexity and increased footprint required for all the combining elements. In relation to this, the system cost is not only driven by the cost of the optical power, as phase controls, delay controls, and related feedback loops need to be incorporated for each channel. The cost of these additional parts can end up being several thousand to tens of thousands of USD per channel, obviously largely depending on the chosen geometry.



In the context of passive and active phase-locking systems, the latter provides more straightforward scaling-up capabilities. In the CW regime, tiled aperture geometry has enormous potential to scale up the power with the near diffraction-limited beam quality, and it is considered as the best approach for directed-energy applications. In terms of pulsed regime, the highest power/energy records of CBC laser systems have been demonstrated in the filled aperture geometry. To date, the records of few tens of mJ pulse energy, few tens of GW peak power and few tens of kW average output power were experimentally realized through the CBC of multiple fiber lasers.
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Figure 1. Topic map of the laser beam combining. 
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Figure 2. Schematic representation of four main methods of incoherent beam combining (a) side-by-side beam combining, (b) beam combining using all-fiber passive signal components, (c) SBC with volume Bragg gratings (VBG) as a wavelength-dependent transmission element, and (d) SBC with reflection diffraction grating as a dispersive optical element. 
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Figure 3. Schematic of coherent beam combining system. 
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Figure 4. Intensity patterns of the coherent combination of seven beams in tiled-apperture geometry at different distances. The beam profiles are shown in the same frame scale. 






Figure 4. Intensity patterns of the coherent combination of seven beams in tiled-apperture geometry at different distances. The beam profiles are shown in the same frame scale.



[image: Photonics 08 00566 g004]







[image: Photonics 08 00566 g005 550] 





Figure 5. Impact of fill factor on the far-field intensity patterns of the coherent combination of seven beams in tiled-apperture geometry. The 2D beam profiles shown in the insets are illustrated in the same frame scale. 
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Figure 6. Schematic of tiled aperture coherent beam combination; (a) CBC of multiple laser array in far field due to propagation and (b) CBC of multiple laser beam emitted from multicore fiber in far field by implementing an optical lens. 
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Figure 7. Schematic of filled aperture CBC systems by the four most popular optical elements; (a) CBC with polarization beam splitter (PBS), (b) CBC with intensity beam splitter (IBS), (c) CBC with diffractive optical element (DOE), and (d) and CBC with segment mirror. 
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Figure 8. Schematic concept of mixed aperture CBC based on MLAs as a splitting and combining sections along with spatial light modulator as a phase shifter. 
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Figure 9. Far-field intensity patterns of coherent beam combination of seven laser beams, (a) when the phase-locking system is on and (b) when the phase-locking system is off. The 2D beam profiles shown in the insets are illustrated in the same frame scale. 
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Figure 10. Schematic of HanschCouillaud (HC) polarization detection for PCBC of two channels. 
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Figure 11. Schematic of compensating OPD via a variable optical delay line (VODL). 
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Figure 12. Schemes of chirped pulse amplification concept based on the pairs of gratings. 
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Figure 13. Schematic representation of spatial coherent beam combining; (a) PCBC with PBSs as splitters, TFPs as combiners, and phase-locking system by implementing Hansch–Couillaud detectors; (b) CBC using fiber coupler as a splitter, IBSs as combining elements, and phase-locking systems by utilizing a single detector. 
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Figure 14. Schematic representation of divided pulse amplification (DPA) technique. 
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Figure 15. Schematic representation of multidimentional coherent beam combination of ultrafast pulsed laser. 
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Figure 16. Schematic representation of spectral coherent beam combination of ultrafast pulsed laser. 
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Table 1. Representative results of the channel scaling in the CBC of fiber lasers.
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	Year
	Channel
	Geometry
	Operation Mode
	Combining Efficiency
	Controlling System
	Institution
	Ref.





	2006
	48
	Tiled
	CW
	RMS erorr < λ/30
	SPGD
	MIT
	[293]



	2011
	64
	Tiled
	CW
	RMS erorr < λ/10
	PIM
	TRT
	[148]



	2017
	37
	Tiled
	CW
	96%
	PIM
	UNILIM
	[151]



	2020
	61
	Tiled
	Pulsed
	50%, RMS erorr < λ/10
	SPGD
	IPP
	[152]



	2020
	81
	Filled
	Pulsed
	RMS error < 1%
	PIM
	LBNL
	[153]



	2020
	107
	Tiled
	CW
	96% *
	SPGD
	NUDT
	[154]







* The fringe contrast of the far-field intensity pattern.
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Table 2. Representative results of CBC of ultrafast fiber lasers.
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Combining Configuration

	
Year

	
Average Power

	
Peak Power

	
Pulse Energy

	
Pulse Duration

	
Beam Quality (M2)

	
Combining Efficiency (%)

	
Channel Number/Replicas

	
Configuration

	
Institution

	
Ref.






	
Spatial

	
2014

	
230 W

	
22 GW

	
5.7 mJ

	
200 fs

	
≤1.3

	
88

	
4

	
CPA, HC detection, PBS

	
Jena

	
[16]




	
2020

	
10.4 kW

	
0.5 GW

	
130 µJ

	
254 fs

	
≤1.2

	
96

	
12

	
CPA, LOCSET, IBS

	
Jena

	
[169]




	
2021

	
1 kW

	
68 GW

	
10 mJ

	
120 fs

	
≤1.2

	
94

	
16

	
CPA, HC detection, PBS and TFP

	
Jena

	
[176]




	
Temporal

	
2013

	
77 W

	
1.3 GW

	
430 µJ

	
320 fs

	
≤1.3

	
97

	
2

	
CPA + DPA, TFP, passive

	
Amplitude &CNRS

	
[300]




	
2014

	
37.5 W

	
2.9 GW

	
1.25 mJ

	
380 fs

	
NA

	
75

	
4

	
DPA, LOCSET, PBS

	
Jena

	
[301]




	
Spatio-temporal

	
2015

	
55 W

	
3.1 GW

	
1.1 mJ

	
300 fs

	
≤1.3

	
90

	
2×2

	
CPA + DPA, passive

	
Amplitude &CNRS

	
[302]




	
2015

	
NA

	
NA

	
37 µJ

	
50 ps

	
NA

	
75

	
2 × 4

	
DPA, LOCSET, PBS

	
Jena

	
[304]




	
2016

	
700 W

	
45 GW

	
12 mJ

	
262 fs

	
≤1.2

	
78

	
8 × 4

	
CPA + DPA, LOCSET, PBS and TFP

	
Jena

	
[173]




	
2019

	
674 W

	
80 GW

	
23 mJ

	
235 fs

	
NA

	
71

	
12 × 8

	
CPA + DPA, LOCSET, PBS and TFP

	
Jena

	
[175]




	
Spectral synthesis

	
2013

	
273 mW

	
NA

	
NA

	
403 fs

	
NA

	
85.8

	
3

	
Spectral filters, LOCSET

	
UMich

	
[308]




	
2013

	
10 W

	
2 MW

	
0.29 µJ

	
130 fs

	
≤1.4

	
86

	
3

	
LMA fiber, dichroic mirror

	
CNRS

	
[309]




	
2013

	
370 mW

	
NA

	
NA

	
290fs

	
NA

	
NA

	
12

	
MCF, Grating and MLA twin pulses with 1.75 ps

separation

	
CNRS

	
[310]
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Table 3. Representative results of CBC of CW fiber lasers.
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Tiled aperture

	
Directed Energy

	
Year

	
Distance

	
Channel number

	
Tip/Tilt Correction

	
Phase Control Method

	
Institution

	
Ref.




	

	
2011

	
7 km

	
7

	
√

	
SPGD

	
UD

	
[149]




	
2015

	
7 km

	
21

	
√

	
SPGD

	
UD

	
[166]




	
Power scaling

	
Year

	
Power (kW)

	
Channel number

	
Combining efficiency (%)

	
Phase control method

	
Institution

	
Ref.




	

	
2011

	
1.08

	
9

	
85 *

	
SFD

	
NUDT

	
[279]




	
2011

	
4

	
8

	
78

	
SPGD

	
MIT

	
[147]




	
2020

	
16

	
32

	
>95

	
OPA

	
CIVAN

	
[167]




	
2021

	
7.1

	
7

	
86 *

	
SPGD

	
NUDT

	
[168]




	
Filled aperture

	
Combining technique

	
Year

	
Power (kW)

	
Channel number

	
Combining efficiency (%)

	
Phase control method

	
Institution

	
Ref.




	
DOE

	
2016

	
5

	
5

	
82

	
LOCSET

	
AFRL

	
[181]




	
PBS

	
2017

	
2.16

	
4

	
94.5

	
SFD

	
NUDT

	
[108]




	
AFPL

	
2017

	
1.27

	
3

	
NA

	
SPGD

	
MIT

	
[314]




	
RIW

	
2010

	
0.1

	
4

	
80

	
LOCSET

	
LM Corp

	
[315]








* The fringe contrast of the far-field intensity pattern.
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