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Multi-Tone Amplification
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Abstract Multi-tone amplification is a novel technique to effectively suppress stimulated Brillouin scattering (SBS)
effect in narrow-linewidth fiber amplifiers. The corresponding basic principles are described in detail. Multi-tone
amplifications can be classified into large and small wavelength separation amplifications. Important outcomes in
theoretical and experimental researches of these two kinds of amplifications are overviewed and their superiorities in
SBS suppression are analyzed. It is pointed out that the large wavelength separation amplification shows great
advantage in enhancing the output power of the single frequency laser and the small wavelength separation
amplification is of great value to further enhance the output power of current high power coherent beam combination

system of fiber lasers.
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Fig. 3 Simulated results of two-tone amplification with small wavelength separation. (a) Spatial evolution

of seed laser power; (b) spatial evolution of FWM power
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Fig. 4 Simulated results of three-tone amplification with small wavelength separation. (a) Spatial evolution of

seed laser power; (b) spatial evolution of SBS power; (C) spatial evolution of FWM power
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Fig. 5 Simulated results of two-tone amplification of 1064 and 1068 nm seed lasers. (a) Spatial evolution of

seed laser power; (b) spatial evolution of SBS power; (¢) spatial evolution of FWM power
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Fig. 7 Simulated results of three-tone amplification of 1056, 1060 and 1064 nm seed lasers. (a) Spatial evolution

of seed laser power; (b) spatial evolution of FWM power

60 b 80 .
multi-tone multi-tone
50 b _ multi—tone 1070 1 E 6 1070 nm ~Zngle-
multi-tone 1044 nm\g = multi-tone
& 40F  1040nm N g 1044 nm 1070 nn
= - 3
o) 8 40
g 30 <
S o0t E
20 o ..g" 20 multi-tone
10F " single-tone IS} 040 nm
1070 nm,
0 b= 0
0 1 2 3 4 5 6 0 1 2 3 4
z/m Distance along fiber /m
B8 1040,1044 F1 1070 nm = K KB F 6 2h 5 B9 4.5 m M35 647 1040,1044 H1 1070 nm =P K
Bt Y 2T o7 B A2 b 1 A 0 235 21 TR - 56 T R Bt ' 2 467 5 25 P A 4L 45 SR
Fig. 8 Simulated results of spatial evolution of signal Fig. 9 Simulated results of spatial evolution of signal
powers in three-tone amplification of 1040, 1044 powers in three-tone amplification of 1040, 1044
and 1064 nm seed lasers and 1070 nm seed lasers with 4.5 m gain fiber

2.3.3 b %

TE 3 B 36 A B 15 18y 390 3R 18] B LA K A A6 5 Dt i A 0 3R EE RO 211 BE A9 B0 T » R 8 [R] B 22
PR AT R A A B RO B e T AR 4 BRSO i L 0 T s S R BRBOL R B S B o R
HSC. WA T S T 2 5 SRR 5Ot Y 1 2 9 A T LA DGR BOR AR TE M SBS EATEZ M AWM., 2

110607-6



48,110607 MM SYBIZHRE www. opticsjournal. net

IR ) B R X ol 450 24 [T B L 2 36 bE MO T B 25 2 MR ™ A 0 P R B O B2 % 43 S o g JH Al R
T MR XE .

3 LIS
3.1 NEKERSERKBX

2004 4F B R R WeBels AT T AU K BOR L 5 . & 10 (a) Ry Ho S50 2544 1] . 5256 v R FH
A~ 1064 nm FAFIE T FIE 4R G i (NPRO AR R Bl BOGE 3G £5O64T R 72 m BB HOWAL )26 2F . 47
HAE 6 pm  BEFLE(NAY KN 0. 165 NALZ R D BIL5#, B2 400 pm,NA 4 0. 38, iz 69 K4 808 nm,
Fr = 1 AR 2 A9 2353 502 100 A1 50 mW L Al 2 @0 450 48 AT LA Ja Jb 50722 o 1A I 32 8 95 3 ek 8 5l 4 e
FORMRB AT 2 f5 A LA RS . & 10(bh) s 25 . HORFh 1 1. BIE B DR 8 2 W B [F
P A0 R AELAS 380 5 45 % ) B ek 0 (B s T %6k 4. 5 W5 0 o [ i K EL TR Y9 Sk 2 3% A L UK 00 RS ) B ) )
% D%y 6.3 W 2 £5 1 HL KA RS WU A R B g s D R B K OR 1 3 £ 2 . Sege b i B TR W
B FWM IR %2501 S E 1903 ) B8 O 2 A% A HE DR 930 B8 119 7 2k /DN I T B XU T R i) SBS
AT R O J5 R Z P TR ST 35 5E 1 kAl

m /2lsolat0r 2 50/50 (a)\ = [ —4—NPROL+2 adapted (b)
NPRO1 b % ol —=—NPRO1+2 aaadttas
] o 6 A
% —=—NPRO1 ‘AA‘ * ...""'
r agee®
isolator & e J—]
/4 22522t /2 = | oot e
NPRO2 4 g4 forward e
glass—plate 3 " e
ot - -
double—clad fiber _ ,\ % ol 8 < backward__
(= - - "
‘/ ' 5 Vai ---7---_-.-.--- - -
\ﬁber coupled ™ = aperture (spatial filter) . - ] o

diode laser 0 5 ' 10 15 20
E_to analysis (forward) ¢, analysis (backward) Absorbed pump power /W

10 /NI Al B R I R S . Cad ST 445 ) 1B 5 (o) i 4 2 25 B 08 2 6 ) 72 A
Fig. 10 Experiment of two-tone amplification with small wavelength separation. (a) Experimental setup;
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Fig. 12 Experiment of two-tone amplification with 6 W single frequency output. (a) Experimental setup; (b) SBS power
versus 1064 nm output power; (c) backward spectrum of 5 W single-tone amplification; (d) backward spectrum of
maximum output laser in high seed ratio two-tone amplification
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Fig. 13 Experiment of two-tone amplification with output power over 100 W. (a) Experimental setup;
(b) backward power versus output power
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Fig. 14 Experiment of two-tone amplification aiming to find factors that influence the efficiency and output power

®)

of the amplifier. (a) Experimental setup; (b) elimination of pump laser

R T W RO R B B AESE AT T AR KRR TR F LR, HAKERE 1~10m 2
[a) P 25,1064 F1 1040 nm B 156 14 oh R A28 4k 75 Bl 4> 51 f 39. 5~236 F1 295~2456 mW., HZ 2.3 W
1064 nmyETEA A BESCEF T 1 3R % K OIORSE TR AE XS L . MR SEag 25 BN 1 1k 2 s .
%1 1064 nm xx{ﬁkﬁﬁzj:%ﬂmmrj@%ﬂy‘cﬁk PEEL IS

Table 1 Relations among efficiency, output power and fiber length

Efficiency ranges for 1064 nm amplifier

75%~80% 70%~75% 65%~70% 60 % ~65%
Gain fiber length /m Maximum 1064 nm output power /W
10 27.8 45.3 49. 3 45.5
9 43.6 49. 6 48.1 58.6
8 47.4 71.7 78.5 No data
7 77.5 79. 8 84.4 80. 2
6 68. 8 74.7 75.5 76.8
5 Does not exist 62.8 76.5 88.8
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Table 2 Enhancement of output powers in two-tone amplifications with efficiencies over 70 %

employing different fiber lengths

Enhancement Enhancement Optimum
Maximum Maximum
Two-tone relative to single relative to power ratio of
Length /m power power
) efficiency /W tone at optimum single 1064 nm to
(single-tone) /W  (two-tone) /W
same length tone at 5 m 1040 nm
5 50.0 62.8 70.3 1. 26 1.26 4.19
6 45.0 68. 8 76.0 1.53 1. 38 1. 64
7 35.5 79.8 71.3 2.25 1. 60 0.20~0. 60
8 31.3 71.7 71.6 2.29 1.43 0. 10
9 27.0 49. 6 71.8 1. 84 0.99 0.10
10 25.0 45.3 73.3 1. 81 0.91 0.10

T IR R X T RCOR i % A R A D) SR RE L X 7 m 4 DG EF 23 S R O I AR 16 C Iy
180 (£ K B 1 pl BT 1 b B 3 3 g SR SR 25
3 el B AN [l I 7 A I R 45 B 2 3 R T

Table 3 Comparisons of output powers and efficiencies in amplifiers with different temperature distributions in fiber

Percentage L .
Power of Power of P.. (1064 nm, Efficiency Efficiency Percentage
P, (1064 nm, decrease
1064 nm 1040 nm Ratio cold/hot in cold in cold/hot  decrease in
all cold) /W in output ) ) o
seed /W seed /W region) /W region region efficiency /%
power /%
0.706 1. 200 0.59 48.3 77.5 37.7 61.5 76.7 19. 8
0.485 1.987 0. 24 61.5 77.8 21.0 63.8 71.5 10. 8
0. 150 0.295  0.51 65.5 79.8 —18.0 65. 9 71.3 7.6

2011 4, Henry S8 /5 RS20 (9 BE Rt b E 4T T M8 85 6 2F LA R 1064 nm BUBE R R #8 800% 1
SEH . AT S A B, B A O T 2T U I B A U X T 1064 nm B 7 4R B 0OKR A i i EOE R 1064
1040 nm YA Ly 3873 A3 A AR KA 52 W L 76 8¢ e B2 I g HOe R 1064 nm B R Z . T X B
PRl R G I 149 2 S AR R AT AR T X il B AR . P 15 () Oy FLSZ B A L I 15 (b) AR 4y MR S5
G, LR KEN 7 m,

(a) é 60 (b) power ratio of 10§(4%ng§; it%glg(i480§§n 40 p
o L d b
SEi . d=a | B
g é« 40 W \:1236/1466(0%8) 60 g E
B2 30 P 0 o3
%’cé’ o T~ o 5
e - 80
1040 or £ 2 . e i’g"f;
1064 nm 1064nm|  $ 5 10 - 0 §E
source ter(ré%eoxguélbe%o)ne detector &g‘ o —a__ 100 5
~ - ical M1 ‘ ' ‘ ‘ A~
hemispherical L2 0 20 40 60 8 100

Temperature of external environment /C

B15 InBOGLT 3205 DU R 28 0R SE8 , (a) SEIR 45 14 8] 5 (b) 52 B 45 21
Fig. 15 Experiment of two-tone amplification with enhanced efficiency by heating of gain fiber. (a) Experimental setup;

(b) experimental results
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Table 4 Reliance of 1064 nm laser on temperature distribution in the gain fiber

Amplifier]  Amplifier2  Amplifier3  Amplifierd  Amplifier5

Power of 1064 nm seed /mW 156 238 238 485 1236
Power of 1040 seed /mW 1400 1168 600 821 1400
Ratio 0.11 0. 20 0. 40 0.59 0. 88

Single temperature zone
Percentage of 1040 nm at 20 C/% 48.62 38.17 26.67 14. 64 11.27
Percentage of 1040 nm at 35 C/% 41.40 30. 74 20.72 12.76 7.65
Percentage of 1040 nm at 50 C/% 38.82 29.72 18. 84 11. 38 7.04
Percentage of 1040 nm at 65 C/% 34.95 26. 30 16. 34 11.11 6. 40
Percentage of 1040 nm at 80 C/% 27.71 21.58 12. 22 8. 27 4.63
Decrease from 20 C t0 80 C /% 43.01 —43. 46 —54.18 —43.51 —58.92
Increase in 1064 nm efficiency from 20 C to 80 C /% 40.70 26. 80 19.70 7.50 7.50

2011 4F , Dajani " 75 [7] 1) 4l 32 14 £ 06 2T TR & o AL SO K O 9 77 1543 81 7 203 W9 1065 nm
o . K16 LSRR A I . FRUR T OGS TAE B Y 1065 nm, 3E L S 100 kHz. iz Kl i
DR W, GEIER %9829 0.1 nm. P AE 1035~1045 nm 2Z 6] 7T 98 . i — 4> 4 G EF O O 8 I &% D8 Bk
Ty ASE St e @ BURCH St PRl ik 6 W FCR & 30627 09 Nufern 72 7 m R (25/400) fR 1 Ot
2 AR ML NA 5352 0. 46 F1 0. 06, 25 FARZY 15 em DU HOR &7 L T AE7E S BR2S

PM2
brogdband 1055 nm .
signal 976 nm

PM1

broadband

seed
Pl 16 SR 203 W OB K K 28 45 4 ]

Fig. 16 Experimental setup of two-tone amplifier with 203 W single frequency output
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T3t A B3k 2L BE PR B B R M s b 254 6 m SB 2T fRdy 12 CHEIR LRI F 1 m 7225 A B ¢ 4544 6 m B 4T
PREFERRT 1 m GR35 80 CHEML . R a &5 H Y SO B {EL R 1 2 RO 43 W XU IR if 1 2y
FERT 15:1,1065 A1 1035 nm XU K i i 54508 90 W, 1065 F1 1040 nm BUJEE < R R i H 5050 ' 24
83 W R b 454 i B P TR it D AR a 25 40 I 4 AR D UK K it 2 A R R T, Hrp
1035 A1 1065 nm SRR AR TR B B » BY(E i th D R 2935 130 W SR AT ¢ 4544919 1040 H1 1065 nm X
PR TR D AR L0 50+ 1 1065 nm SEka i Py 3k 182 W, X Ji fia) HCA e 15 14 A ) 2 725 I I e O 3k
SBS B {EL: SR ¢ Z544 19 B OR 24 1065 #1035 nm SEHY B 5~ 2 450 5y 40 mW F1 5 W 32 BR T4l
iEJEHY 1065 nm Sk DAk 203, 5 WX 1] )6 1% F1IS 1) 2 232 45 4 ) 2 A< 04 ¢ & il 26 19 23 A 27 S I i

broadband
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Fig. 17 Schematic of coherent combining of two two-tone amplification chains with output power of 390 W
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Fig. 18 Experimental results of 275 W two-tone amplifier. (a) Amplification property with different seed laser;

(b) spectrum of 275 W output laser
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