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Table 1 Several basic phase control methods and their citations

Year

Institute Method Reference Number of citations
2004 Massachusetts Institute of Technology in USA Heterodyne interference [16] 418
2005 University of Maryland in USA SPGD [21] 112
2006 Air Force Research Laboratory in USA LOCSET [27] 273
2006 Massachusetts Institute of Technology in USA Interference measurement [31] 77
2009 National University of Defense Technology in China SPGD [25] 249
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Table 2 Literatures on other phase control methods from 2006 to 2011
Year Institute Method Type Reference
2010 Harbin Insmute‘ gf Technology in Hill-climbing F ar.—f1e.1d m‘[erfer'ence [39]
China in time domain
2010 Thales in France Qu.adrl.wave lateral Negr-ﬁeld mterfer.ence [40]
shearing interferometry in spatial domain
National University of Defense . S Far-field interference
2010 Technology in China Single frequency dithering in time domain [41]
2011 National University of Defense Sine-cosine single-frequency Far-field interference [42]

Technology in China

dithering

in time domain
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Table 3 Proposed fiber laser coherent beam combining structures from 2006 to 2011

Year Institute Structure Reference
2008 Northrop Grumman in USA Diffractive optical element co-aperture [43]
2010 Lockheed Martin in USA Polarization beam splitter co-aperture [44]
2010 Friedrich-Schiller-Universitat Jena in Germany Polarization beam splitter co-aperture [45]
2010 Lockheed Martin in USA Re-imaging waveguide [46]
2010 Army g::z::;?;;il;zz;?? 1/n USA Internal beam-tail interference [47-48]
2011 Paris Sud University in France Beam splitter co-aperture [49]
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Fig. 10 Coherent beam combining structure based on re-imaging waveguide”
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Fig. 13 Coherent beam combining structure based on PBS'™!
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Fig. 14 Coherent beam combining structure based on internal phase detection
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Table 4 Partial research results of pulsed fiber laser coherent beam combining achieved from 2012 to 2016

Year Institute Structure Method Puls.e Power  Energy Efficiency Reference
duration
2012 Umvers“ygixwhlgm ™ PBS co-aperture LOCSET 524fs  58.6 mW 93.9%  [66]
National University of . . . . .
2012 Defense Technology in China Tiled aperture SPGD 3.5ns 800 W [67]
g1 [Friedrich-Schiller- PBS co-aperture HC 670 fs 530W  1.3mJ  93% [68]
Universitat Jena in Germany
2013 University of‘Mlcthan n Loherent.sp.)ectral LOCSET 403 fs 257 MW 76.3% [69]
USA combining
Vopic Q : ISP ) N
2013 Paris Sud University in (,/oherent.sp.)ectral LOCSET 130 fs 0w 86% [70]
France combining
pora  Friedrich-Schiller- PBS co-aperture HC 200 fs 230W  5.7mJ  88% [71]
Universitat Jena in Germany
National University of PBS co-aperture  Single frequency ) 0 _
2014 Defense Technology in China dithering 480 ps 88w 907 [72]
o016 | riedrich-Schiller- PBS co-aperture HC 260 fs 1kW  1mJ 91% [73]
Universitat Jena in Germany
2016 Friedrich-Schiller- PBS co-aperture LOCSET 262 fs 700W  12mJ  78% [64]

Universitat Jena in Germany
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W2, 38 SR A R 3l O N TR, E = TR AR
B N T ME LS H .

FE 2012 4, 2€ [ Northrop Grumman 2 7 5t 6
A8 ) AR 5 A AL B[R] 254 O R T SR R S 5 A
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Fig. 15 Schematic of coherent beam combining of 12 mJ 10 T H &M %6 >>10 kHz [ CR Bk ofr o0, IR T
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Table 5 Power scaling of co-aperture coherent beam combining from 2012 to 2016

Year Institute Structure Method Power  Efficiency Reference
2012 Northrop Grumman in USA DOE co-aperture LOCSET 885 W 68% [74]
2012 Massachusetts Institute of Technology in USA DOE co-aperture ~ Hill-climbing 2.5 kW 79% [75]
2014 Northrop Grumman in USA DOE co-aperture LOCSET 3 kW 80% [76]
2016  National University of Defense Technology in China ~ PBS co-aperture 2 kW 94.5% [77]
2016 Air Force Research Laboratory in USA DOE co-aperture LOCSET 6 kW 82% [78]

F 6 20124F 2 2016 4F I 1] 42 th 04 % A b T O ik
Table 6 Channel scaling methods proposed from 2012 to 2016

Year Institute Method Number of achieved ~ Number of expected Reference

combining beams combining beams

2014 Thales in France kHz interference 16 10* [79]
measurement

. . 1+~
2014 Office Natlo/nal d ETUdesI et de Recherches Orthogonal coding 3 10 [80]
Aérospatiales in France

Korea Advanced Institute of Science and Cascaded multi-

[~ 4
2015 Technology in Korea dithering 16 10 [81]
2015 Université de Limoges in Franch Phase-mlgnsny 16 [82]
mapping
2016 China Academy of %;I.lgmeermg Physics in Mulu‘level' phase 30 [83]
China dithering
2016 National Umversn'y o‘f Defense Technology Cascaded SPGD 16 [84]
in China
2013 4F , & N K248 0 7 5 1] B /AT AR B A 20154, 3 B W) L2 X 78 4 $& 11 T Breakthrough

81 (DE-STAR) , 4n & 17 fir 7 , ) G £F 3840 25 21 i Starshot 1 H ", [ 18 i /R Ry iZ W H A& 1, 0 H 5§ 18
B AR 45 B AR A5 = R OGS Hh R R % e 2 R NV T A F A OE AR T4 B3R E 100 GW &5 BE 3O | 3K 3 4 >k
FEm, PR A BOHE Ty, ek AR B RAT AR KA A R
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Fig. 16 Schematic of international coherent amplification network"™”
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Fig. 20 Schematic of THz generation from femtosecond laser’
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Fig. 21 Schematic of coherent beam combining of 16-channel multicore fiber laser "
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Abstract

Significance Coherent beam combining (CBC) is an effective method to improve the output power of fiber lasers while
maintaining good beam quality. As interdisciplinary research continues to deepen, the CBC technology of fiber lasers is constantly
revitalized, and its application scenarios are becoming increasingly diverse. Reviewing the evolution of fiber laser CBC
development and outlining prospective directions for their future development are crucial. This article discusses the development
trajectory of the active phase control CBC of fiber lasers, and systematically outlines its development stages from the perspective of
literature metrics. The characteristics of each development stage are summarized, and the outlook for future development trends is

provided.

Progress Based on an analysis of the literature indexed in the Web of Science Core Collection, the development process for the
active phase control CBC of fiber lasers can be divided into four stages: the early stage of academic development, the period of rapid
academic development, the stage of stable academic development, and the key stage of technological development.

In the early stage of academic development before 2005, research focused on passive CBC and played an important role in
promoting the research on the CBC of fiber lasers. During the period of rapid academic development from 2006 to 2011, researchers
proposed various phase-control methods, which solved the basic prerequisite of achieving active phase control. Subsequently, with an
increase in the output power, researchers pursued greater combining efficiency and proposed various structures to achieve this goal.
At the same time, researchers also explored expanded applications of CBC technology of fiber lasers. During the stage of stable
academic development from 2012 to 2016, significant progress was made in the CBC of pulsed fiber lasers. A co-aperture CBC
system with higher theoretical efficiency received widespread attention. Researchers proposed many methods to further increase the
numbers of combined channels. To improve the combining efficiency, researchers conducted studies on controlling multiple
parameters that affect the combining efficiency. In addition, based on the research on the CBC of fiber lasers, researchers gained
greater confidence in using CBC technology to obtain ultra-high energy and power, and have proposed various concepts for large
scientific installations. In the key stage of technological development after 2017, with the development of CBC technology of fiber
lasers, practical breakthroughs have been achieved in various areas such as the numbers of combined channels and combined power.
CBC structures with tiled apertures have been widely used in optical-field manipulation. The evolution of nascent disciplines such as
artificial intelligence intersects with the development of CBC. The structures and methods continue to improve, and various related

products are gradually emerging.

Conclusions and Prospects With the development of CBC technology of fiber lasers, the overall trend is characterized by an
increasing array scale, improved combined power, improved control parameters, the deepening of interdisciplinary research, and
modularization. In terms of the array scale, CBC with thousands or even tens of thousands of beams is a further development trend ,
driven by various large scientific installations. Regarding combined power, using tiled aperture structures to achieve output power
values ranging from hundreds of kilowatts to megawatts has become a practical reality. In terms of controllable parameters, automatic
alignment devices with the polarization state adjustment capability and two- or three-dimensional fiber end position adjustment
capability are important devices for achieving multidimensional control of fiber laser arrays. In the field of interdisciplinary research,

CBC technology has been enriched and developed along with advancements in related technologies. CBC has been shown to be an
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effective approach to improve laser brightness, which can be utilized in various scenarios. Regarding modularization, modular
development can meet different application scenarios and requirements, enabling the rapid construction of fiber laser CBC systems and
promoting their application development.

The development process for the active phase control CBC of fiber lasers exhibits significant stage characteristics, with many
excellent research achievements emerging at the interval of approximately 5 years. Domestic research institutions have played
important roles in promoting its development, such as achieving kilowatt output power and arrays of thousands of beams for the first
time. In terms of CBC modules such as single-frequency lasers and narrow linewidth lasers, the highest publicly reported technical
indicators have also been achieved. With the continuous maturation of academic development and gradual improvement of technology
in the field of the CBC of fiber lasers, unique application value has been demonstrated in areas such as basic scientific research and
industrial processing, gradually integrating this technology into social productivity and daily life. Currently, in other countries,
scientific devices and products related to the commercial use of CBC are being developed as light sources for basic scientific research
and industrial processing. These developments are of great significance in promoting basic scientific research and supporting laser
intelligent manufacturing. In the stage where the academic and technological development of the CBC of fiber lasers tends to mature,
challenges and opportunities coexist. It is foreseeable that the “CBC+ " model, driven by applications and uses in interdisciplinary
research, will promote the development of relevant disciplines in the future. This will also lead to a new scientific understanding and

technological progress in fiber laser CBC itself.

Key words laser optics; coherent beam combining; fiber lasers; research process
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