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Abstract Coherent combining of fiber lasers is an effective approach to pass through the power limitation of single
channel fiber laser and achieve high output power, and is also an important foundation for the traditional high power
laser system developing towards laser phased array of high power fiber laser system. The system configuration of
high power fiber laser coherent combining is introduced, and the main study object and the key technique are pointed
out. The research status and development tendency of fiber laser coherent combining are presented. The main
technique challenges for fiber laser coherent combining are analyzed.
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Table 1  Main research objects of fiber laser coherent combining

Symbol Parameter Object Research content
A, w Amplitude, frequency Fiber amplifier High power, narrow linewidth
(Zws Yu) Center position Beam combining High fill factor, axis stabilization
0, Polarization angle Polarization PM amplifier, polarization compensation
o T Tilt/tip, wavefront Wavefront Mode control, tilt/tip control, beam cleanup
o (1) Phase Phase noise Phase locking, stabilize inference
r Optical path Optical path difference (OPD) OPD is less than coherence length
T 5% BIR
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Table 2 Typical research results of linear polarization single-frequency fiber amplifiers

Polarization
Year Institution Configuration Power /W M? extinction ratio Reference
(PER) /dB
2005 University of Southampton, UK Spatial 264 1.10 16 [19]
2006 Laser Zentrum Hannover, Germany Spatial 148 <1.20 22 [20]
2007 University of Southampton, UK Spatial 402 <1.10 <16 [21]
Air Force Research
2009 Spatial 260 <1.30 18 [22]
Laboratory (AFRL), USA
2011 AFRL, USA All-fiber 203 — - [23]
2011 University of Michigan, USA Spatial 511 1.20 >15 [24]

Shanghai Institute of Optics and
2013 All-fiber 170 1.02 >20 [25]
Fine Mechanics (SIOM), China

National University of Defense
2013 All-fiber 332 1.40 >21 [18]
Technology (NUDT), China

2014 AFRL. USA Spatial 811 <1.20 — [17]
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Table 3 Typical experimental results of linear polarization narrow-linewidth fiber amplifiers

Year Institution Configuration Power /kW M ? Linewidth /GHz PER /dB Reference
2008 Nufern, USA All-fiber 1.01 <1.25 8 — [27]
2010 Northrop Grumman, USA All-fiber 1.43 — 25 — [28]
2013 Nufern, USA All-fiber 1.50 — — — [29]
2014 Lockheed Martin, USA All-fiber 1.14 1.08 12 16 [30]
2015 Tianjin University, China All-fiber 0.52 <1.10 30 18 [31]
2015 IPG Photonics, USA All-fiber 1.03 1.18 20 20 [32]
2016 NUDT, China All-fiber 1.89 <1.30 45 15.5 [26]
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Fig. 2 Experimental setup of coherent combining based on polarization control fiber amplifier
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Fig. 3 Experimental setup of linear polarization laser with polarization control in output end
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Table 4 Typical experimental results of none-linear-polarization narrow-linewidth fiber amplifiers

Year Institution Configuration Power /kW M * Linewidth Reference
2014 AFRL, USA All-fiber 1.17 1.2 3 GHz [49]
2015 IPG Photonics, USA All-fiber >1.50 1.1 <15 GHz [50]
2015 Shandong HFB Photonics, China All-fiber 2.05 1.4 75 GHz [51]
2015 University Jena, Germany All-fiber 2.30 <1.3 45 GHz [52]
2015 MIT Lincoln Laboratory, USA Spatial 2.55 <1.15 <12 GHz [53]
2016 SIOM, China All-fiber 2.50 <1.2 <50 GHz [54]
2016 CAEP, China All-fiber 2.90 1.6 at 1.6 kW 0.31 nm [55]
2016 University Jena, Germany Spatial 3.00 1.3 0.17 nm [56]
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Fig. 13 Efficiency of coherent combining with and without dynamic optical path difference control
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Fig. 15 Experimental results of 7-element beam coherent combining based on AFOC.

(a) Before tilt/tip control; (b) after tilt/tip control
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3.3.4  IRIRIEH

i B 42 1) 32 AT T 7 T AP < 1) e 5 0l R s 4 i i 2 4 L AR AR T O FE B R s 2) TR 2R
i U 't oK) i 9 5 160 A A5 4% ' RO 5 B A 1) i U A Bl R BT RS R . X T A LAR A TS U E T DOE
8 TR T B SR A% B ' TR i I D5 1 AR IR) 5 %k B I AH T 5 1 R 2 5 8 OEIRB IR S P IE S . 7R
SERRAH A R GE R R A B A IR 42 1 A0 O IR A R A 4 T — B 2 R AT B9 X TR A B4 D IR 4 1l 7
8312 WEAN G X BANHBIE . — BOR T PR X b R A REEAT R Y . H AT A T HGE A T A
B 2 o T Bl I 2 I o S I A R YRR B AR T B B R R 3 2
ANREW R ER 5 AT S O B R AR O AT — R Al B S PR R A SR, —Fh AT AT R 5 R TE AFOC
T A IR Bl Y B2 IR AR S T I S IR A B I D ) 9
34 HBBTAMMIERER

&5 T AR L SRR A R AR 2009 AF G [E T B 3 b 5 2 N RIAESCEE 1105 kW YO
S AER S P AR A OE IR B R AN A S BOE BOER BT R 22 . GO B B G TR B (E R K
DA A e b v i ) S AT R S Bk A, R 0 FLAR A T A O B s DA 2015 4 SRR B T B
R 42 BOCLF RO LI DI A 44 kW BGHOGH 1 5 AR 2011 AR IR BT 2 B R 2k AR HOG A8 52 B
B IRERECH 218 g SRR T U B i DA 2016 AF 36 [E A AT AT L B L BLAY 4.9 kWY

0201001-13



H = # ot

5 EGEMOCM T S R S 45 2R

Table 5 Typical experimental results of continuous laser coherent combining

Phase control Combination
Year Institution Source Power /chains Reference
method type

2009 Northrop Grumman Fiber+slab Heterodyne Filled aperture 105 kW/7 [142]
2011 NUDT, China PM fiber amplifier SPGD Filled aperture 1.8 kW/9 [70]
2011 MIT, USA Laser diode SPGD Filled aperture 38.5 W/218 [111] [143]
2011 MIT, USA PM fiber amplifier SPGD Filled aperture 4 kW/8 [58]
2013 MIT, USA PM fiber amplifier — Filled aperture 21 kW/19 [144]
2014 MIT, USA Fiber amplifier — Filled aperture 34 kW/— [16]
2015 MIT. USA Fiber amplifier — Filled aperture 44 kW /42 [16]
2015 NUDT, China PM fiber amplifier Dither Common aperture 2.16 kW/4 [79]
2016 AFRL, USA PM fiber amplifier Dither Common aperture 4.9 kW/5 [44]
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Fig. 17 Light spot patterns of coherent combining under different atmospheric turbulence intensities

0201001-14



FIRZ .
42 Mo FEBETEMEIHEERE

58 BEOL R 58— BRI 65 5 D AR BOL AR A HOLOL IR U BLAE Z e R B 22 L Bl 3l 1k X
o A AR BT REROE B 8 — R AU o I e 2 i BoR R SF R i R E A IE T D (D
R BRI G ELAR) L RN AR GER TIRERE D A3 i s i LS B HRGE A R OB A . O T BRI g
TFa 5T, 5 A T 5 A 0T 445 ) o R DO A P B R 8 O O T AL B BT CAPPLE) 42 1
APPLE i RGELH AN 18 P, RO JEARUR R I 221 v 45 Dy AR OGB4 910 3 3 ik 23 FLAR A 5 bR $2
POG D3RR 4 R G AR B A SRR R D' SR i ) 3 T2 MORS 2 ) S Bl Al 9 45 4 0 R 4R T R GE 1Y
FeusE PEFIAT A fr e 3% R GE AT T E bR RO P A AR B RS O SR RE T 2 T —UR BB ROL R &
HUESEVGUEEIEN

- i controller
power-in-the-bucket i global metric (global SPGD)
. ! computation
outgoing receiver J i J
beams ' i l' !

PD
{7’} local metric

phase-shifter

high-power
fiber amplifier from fiber
W preamplifier

‘// ’#__j_/
[ DAO controller
K 18 APPLE R 4i45 /R 2 A
Fig. 18 Structrual diagram of APPLE system

R T % SR B ) B 2 e iR 78 R TETROR A% B AL AR LTS L 2Ot ARl AR /O AR 25 S I DLk
IO 45 B B R 1 B R Pk SRTE T dn Ae] S B 4 R A 0 R RE L KR BE L SRS BE RO R AL 2011 4R,
APPLE 1% #1354 €1 (Excalibur) TR X . J5 5 19 B s & 0 & &5 T 238 o T #8022 A B B I T R
Bt DT 3 kW DG 2R K & FHEL £ 11 3 NG 2% A RE ) L IR L' o 451 4 8 T 1 0 IR i o B
FIF AL, 2013 4F  Excalibur 71408 FLASH 7HRI% X . FLASH | 7677 & th 2%k 100 kW B 2% %
Jo it B B AR R T Y ORGSR R BT AEAH G H SRR L R B B L A T
42 kW fLEDC LR O T A e .

I PAY A DG BP0 X DY 27 YOG A 458 W 14 D16 TR O 5 1 R AT TR AD RS . H TR A T IR GE A B A A
JE /N AR BE B A F O RO I O T R ) 3 DL T Y A I R R D AR R R R WLRGE . CRAHAE 3.3 1
iR AFOC 1T L P = 0K B2 /N (~1 mrad) 59 56 B 1] A5 190  SR FH VR 6 2 AH 98 [ 25 10 b g
SR BE B /N B . 2014 AR L RHR R AE S5 G AR T A ORI B R A AR R R P I ROR PR T
— o B TR o A A B B A O AR A O L R AR T 4 ) b —E A RN AR R A
RO 3T 13 A 20X 2 Y A B B B A I AR T A S 56, A5 B T U SRR 4 ik 0°,0.17°,
0.34 B AHT G LBOGH 1 . 2015 4F , H - Bh 8 R 27 ) PR it A 28 2 25 20 X AH T 65 B e o & 33 A BE AT T
Pl SEELT /N BE (0.3°) 1 L T B A48 AH T A B BO s e

S EF P A 45 B 1) S BURE Ry R 28 W T B L /NAT R B A A B A — AR i B R BT 2013 4R, SR
Fm g KT N L3t T R 6 25 B0 AR 15 B X RT B8 B0 Bk 18 /N AT B AT 7 18 09 E &, R A DE-
STAR™ . 4nl&l 19 ff7s , DE-STAR F) H A B A8 HL it A3k vy o 5 407 () 25 (9 56 21 il R 34 B 41V A O 6 U5 L i
EEOERAT B R A AT ST R R T S R R SRS N BUA R IZ R R R

0201001-15




B 19 T #OCH TR DE-STAR R4 H4#
Fig. 19 Scheme of DE-STAR system based on laser phased array
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Table 6 Typical experimental results of coherent combining with ultra-short pulse laser related to ICAN

Average Peak Pulse Pulse Frequency /

Year Institution Chains M*  Reference
power /W  power /GW energy /m]  width /fs kHz
2011 University Jena 2 88 — 0.5 700 175 — [163]
2012 Amplitude Systems 2 60 2 0.65 300 92 1.25 [164]
2013 University Jena 4 135 11 0.54 <30 250 — [123]
2014 University Jena 4 210 — 2.1 340 100 — [165]
2015 NUDT 2 313 — — 827 §x10*  <1.5 [128]
2015 University Jena 2 55 3.1 1.1 200 50 1.25 [166]
2016 University Jena 8 700 35 12 262 55.9 <1.2 [167]
2016 University Jena 8 870 — 3.3 275 265 <1.1 [168]

ICAN " 55 4 — AN B HOR J& R R JC I 2 2 P 50K H e S8 5 R 9 2 AR 458 il $2 AR . 2011
L EM A AR LI Jerome FEY LT 64 BRI HE SEHOG YA T S B BIUEE RIS EEAN T A /10, &
JRE BTy B AEY 3400 IR B BA(EAY 77.300. 2013 4 ARPRBAL AT SPGD Fik LB T 32 #Ok
WHAR AL BIE  BURG PEREIT A BREIE B2 5 T 26 A5 52016 4F o AS PR SR 1T G306 A 52 42 1 1) 7 7%, b Y
A 8 PO AT 2 PAR G P, SEE T 16 BRSO BRI AL BUE L B ER 25 /N T A /240707

5 FRIPKEK
F 7 R A A R TN B 5 A OGRS S B TR L AT A O R T P B DS
4 ¥ 2R SR AT R B 0 L DRI L X G i B TR ST B T A W BT A R 4
e B SR L R G O i 0O R TR 2 35 (56 2R OB T 1T I % P
F T JUFOEIR G B R S 8 2R

Table 7 Requirements of control parameters for several different beam combining methods

Coherent Spectral Geometry Temporal Fiber
Control parameter
combining combining combining combining combining
Center wavelength X N X X X
Spectrum linewidth N/ N/ X X X
Beam quality N N X N X
Tilt/tip N N N J X
Polarization N X X X X
Optical path N X X X X
Dispersion N X X X X
Phase noise N X X X X
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