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Spectral beam combing in solid-state lasers
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Abstract: This paper discusses the technique of the spectral beam combing (SBC) in the solid-state lasers,
including the fiber laser, the Yb:YAG slab laser, and the diode laser. For the fiber lasers, we study the beam quality
degeneration (BQD) in SBC due to the dispersion of three kinds of diffraction optics elements (DOE): single multi-
layer dielectric (MLD) grating, a couple of MLD gratings and multiple volume Bragg gratings (VBG). We point out
that, for all cases, BQD is determined by the full-width of the second-order moments instead of the full-width of half
maximum in the spectrum of sub-beams. But the value of BQD depends on the DOEs. For solid-state crystal lasers, we
demonstrate the feasibility of SBC in the Yb:YAG slab laser by designing an experiment for an intra-cavity SBC
employing an MLD grating. The experiment results SBC of seven sub-beams and 241 W laser output, the beam quality
after SBC is f=4.1. It indicates that the output power of the Yb:YAG slab laser can be further scaled by SBC. Finally,
we demonstrate a new technique to scale the output power of the laser diodes (LD), which includes the large modal
external oscillation in the slow-axis and the SBC in the fast-axis simultaneously. The experiment results the SBC of
nine LDs with the slow-axis width of 1 mm, the beam qualities after SBC are ~6.3 in the slow-axis and f~1.6 in the
fast-axis. It means that beam quality after the SBC in the fast-axis is controllable.
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Fig. 1 Three schemes of spectral beam combining of fiber lasers based on different diffraction optics elements
Bl 1 =FET AR DOE ST i e 4 Bt bilk & oy 4

B T2 T MLD JC2FBOLIEHE & MRS 30 kW B BR SF, Lockheed Martin 2y 7] 76 AT I #E4T 17X MLD & 1
BESE, WA T — 8 WU, 7E 2009 43R5 T 2 HOG GG M — 3 190 WO Y45 SR 7). Fraunhofer AF5E fF W 7E 2011 4F{if
FH— AR T 56 (19 MLD Yt 9230 1 4 SOG4 1 7.3 kW, MP=4.3 (945 50, 3 RIE ) 8 nm. @48, XF 1 Yb-#87%)
21 0] LU 29 40 nm f9 38 23 335, S00RE 9 335 (8] BEBR ) 7 3k — @ AR A RE T o G [ R Ok 2 HLIA R 2 I ] VBG BEAT
WA, SEHL A S R 160 W ZRFE<0.1 nm AR 3L, S MUARELEDIR 770 W, M=1.2 BIEER, K IR 0.5 nm,
SCHL T AR B G RO AR BRI TLAR RSB AR IO B IS A R T T BT RO A R, SRR F [
PRICHEKF-

— JBCTT 7, JCEFBOLOEIE & pd 8 AL R BB AR [ A LA R O, RO A — Bk Ot
Wb AOEHER BESL LB T A 55 o T SO AR O T AE 7™ E B AR MR, R O R T B R

121008-2



REMSFESE: &[S WOL TG & B AR

Sk v B, P e U T BOZ T Z e IR AR B BB . Sk [7, 10-11] $5 H B Y € OO S 5
B LB TR e Y EE R 35 SCk [12] AR VBG IS A P (B S SO R U IR AL AT T BB IEIE, $5
B B 1 O o BT [ B 32 B VBG RS F AR RS2 o AR SCEE X — PR B HOGIE O, XL 1 BTR 0 =R
WA T B B S BOCR TR R T R G E ST .
— KA A B AE SO A ST S MLD et s, HAT 6T i R R Oy iR
mA = d(sina + sinf) (D
o m AT BB d R E 2 RS TR 5 o R B 43l R A B SR R B AR o AR S0 S IO B i B A S B B m=
—1 BT o
2% TAE B — DA AS G u(x,y, 1), X B x, y B3 B TORH 8w E A A AR, IF Had x 3 5 T )
1, WG SIS 05635 AT PASRIR N
u'(x,y,A) = Wu(—xcosa/ cosB,y, ) (2)
M JRE B Y S LU (] Y A RS AE S LB, S B0 S AR RS
AB =AA/dcosB
PR 1 5 A X (2) H B — 1 3t PR 5
' (x,y, Ao + A1) = yJcosa/cosBe* By~ xcosa/ cosB,y, dy) (3)
s Ao WAGHGIE R OB AL OISR E S 425 (FWHM) o
FEF 54~ MLD SEMt i 635 G n e 38R B AN 1 1(a) TR, 3 B 3% 60 1l B 0 o' 5 i R Ak vl AR A =X
T AT AR SRR . IR TEAR A IR T R p(1), MLD X 0 4 Ag, IR BT AT 5K B 6 AR 378 135 B P9 L2 [R] 43 A
H—4E, AT LI A5 5E Ny
U(x,y,2) = Np(u(x,y)
M H=(3), IR & it — 3 MLD ST 43 5 i &4
Us(€,y,4) = p(DUL (¢ = (A= o) f [dcosa,y) (4
X UL ux,y, )N B A R R LBty . 85 5 B A R R B 3 & 5 A, 0 B A
R IR

W()H 1
MéBCz/l_/T[:MZ \/1+9(2)dzCTand/lXp(/l)(/l—/lo)2 (5)
o Oy R Ao XoF R4 BRI ' B T8 37 R 55t A1 s wo S BB R 3% B R M0 D B DG ST R DR B R . X
(5) WG G R Gl 8o e R BT i 1B A SO B R RS0 ¢, M S 2Em i E . 2Lk m i
R, ST R A

- \/H () ®
WRSEIELIE A Lorentz 3%, o1 72X (5) i A B3 T2 A B, FRATDREAS ) — T8 55 Rl BB ik, 3 —
FBE b, A SR G oy A A AE— AN BRI IR B, ,Eﬁﬁﬂﬁ%]ﬁﬁ?[(ﬂ—lo)z+A/lz]7l, 2 (5) ARt R B, 3 R
A TG R A 53 AR G R R R AL Y 2 R AR R R
TR 3BT R T X MLD JE OGRS S R (51 1(b)) BB Bt R B e iR Ak . a0 HOEHERIEE S L, IF e X
Loy = Leos’a/cos’8, 1= xcosa/cosf D

PR, e BOCH TSR O HGE Sk

ieikL+i¢ ) :
Uy, ) = \p(d e o ey (—pp 4 Ax, (8)
(€)= NP~ = [ dn (=n+Ax.)
Ax=(A=Ag)Leg/dcosa, ¢ =m(Ad—A) Leg/Ad*cos*a (9)

XFFFATIE B AR G RV, AR K A 2 MR AN 200, DR (8) R (9) B, A R 9 A9 D't Ui i

121008-3



weOoW s 5 Ol TR

XMOCHG 24 o 7 A T — A2 WE R, F- 38 5 S BOR UG BT 706 R RS g, kT 5 BOG RS IR
A, T EL G ] B R, Sl T 5 B A ™

HE— 25 AT RIE, 0 2R 220 A A %o B2 3 ) A R T, 283 OGN 0 B3 37 5 O 25 IO 2R 48 Y 12 37 5
A, BRI 37 % B0 S5 063 0 AT TR 56 o 100 2 P SE M A BE B AR /N o HAR G RO Rl FR sl #6556 F 4o XK,
W) 302 37 G B RUSE AT i 0 A i 3Ry

1 L
2_ . _ 2_ .2 eff EPRY
W = Pfdxdy xzfcuxpu)m( x+Axy)P =wl+ dzcoszapfd/lXp(/l)(/l ) (10)
Ao PIRAGCTIR . (a0 B R S R A oA
6 L*cos’a
M= = = 1 o 8 [ (DA~ Ao)° 1
SBC /l/T[ J +W%d2COS4ﬂPI /lxp( )(/l /10) ( )
A
1 (LAAcosa\
M2 = M2 A1 4 — [ 2205 12
sBe \/+21n2(dwocoszﬂ) (12

5 5 MLD ik & il X —FE, RO IE A Lorentz i, R0 (1) (B2 & 800y, AR5 5] — A
Jog5 RGBT iR AL .

HRAEE(5), X T 5 MLD J6iE A =X, B4R, o0 A% 0 /s (B o RO ) 002 T80 A P > o o o
RAL AR EE XA MLD St A s, (1) o LUE B, 7309 6 3R SEROR, f8 Bis il o' o i iR Ak i
Ao AR, K (1) 5K (5) FEATXS L, 7T VR B XM wo /L < 6pitf, BMLD St & i LB e iF i 5 R Z B4 4 0
KFH MLD #5, 2 IRR o 32 BRF M 0945 43 BI(E (~30 kW/em?), B MLD #8835 D)% A il R SF 7 2
hem 2%, I 0y~ 100 prad; 15 T H 45 3 4 B, SCMLD AR 28 5 21 R A i 3OS SR 1~3 mm, Y6 a] 2%
Jom G P AT B MLD B BT fe R B F R B AR 4 98 0T LR MLD B m — AN, R A2 o B R
(SBS) By BR il , X MLD 2 BT A v/ (9 S 4 1 Dy 28 8 0 3 i T MLD #5. (H il T YT B AR ST, AT 4L
F ) MLD S A 1 #8255 R AH 5 09, an o] 76 08 s 45 8 T 52 B0 D O 2R 3O a1 75 02 H R A AR MERE

JEHGH i VBG AT 5 SE 3G A B i R AR X MLD e 7 2 8 2215 £, AR EAT 0 s i O R BT R
FRIFEL, VBG 125 #3140 2 1 28 5% i 3 5 SR AT 5 0%

JGATE VBG H R AT7 55 o0 2 AT 3L oA ' T8 4 7 U0 A L e PSS Ao R, i TROUR i i 1 RN B ST

A=A4=21, K,;=K,—K;= sinf, +sinf, = 1/n,A (13
Hr: A, A5 AR ASOCHRAT G K, Ko, K530 0 ARG . A7 S656RCHIN A 5 13 5% 5 0, Fn 64 530 R A
SO LS VBG W& L s 4 S VBG A& [B1HE, n,, S VBG B33 5 3. 38 o 3K 57 B 1 ~F 1H A 3 i
SFE 244, 7T LI4S H Bragg 4514

K. -K;=|Kg*/2 =  sinf =sin6; =sinf = 1/2An,, (14

K e 05 N Bragg fl o WA ), 4 A SPGB0 S AN 2 Bragg 25 VR, BB SEIE S MF BRI, BDIKG # Kl
LS AT LA Ry A — 35843 6 A4 BE 0 Bk A 5 380 H b 1

BRI (1) A DI m=1 13353058 2 AH ], T84 (80 i o BT R Ak mT DA H 3 (5) SRk

FIH VBG #7615 4 1 5 1 FH MLD S $5 R X376 F: A IR A (i T, VBG R AT S 58 7000 5 ff 9
IE/NF MLD JeM ([ 2~3) .

A LLE #] R-VBG EA7 3% L AF A — A3 X8k, LI F VBG W65 & i EEE S5 H 2 an &l 1(e) i il
YT GG o EDR O SRR, B 1(e) WY VBG 2 £ 0 R [l kK ik 7 ol £ 1, T B A R A R
n—=1 4> VBGCR F LIRS Bk B AT LI /> VBG B ), B0 80 = D S ioe i, Hob=A 2 MR AR 7 42 2%

2 Yb:YAG HREHARAIES IR
VT AR S, 76 T T 5 [ A O U8, (75 B0 Yb 38 24 bR (18] 4) S ) 1L Nd 8 e 0 B8 K (008 F7 . EL R,
Yb:YAG 8 B 22 72 A R SOR A9 5 B AR AR 0, 2018 4F, [ T A M BLAF ST B I L T2 5 B BF5E

121008-4



REMSFRSE: A=A BOLHHOLE & R

1.0
A
AN
zOé Al ) — 1200 lines/mm
I l". | A 1500 lines/mm
/06 | — 1800 lines/mm
/ VA
f04t \
/ 02t | I
AN \LOX T
4 2 2 4

0.4 \\\ — 1200 lines/mm
1w 1500 lines/mm
I.'6 - \ 1800 lines/mm
?’4 I".
I,'l ' Hlul
/32 L
- { !
A | \
g / .,'. ._. \;l’..l ') '. , \4( e
4 2 2 4

Fig. 2 Efficiency of T-VBG diffraction with different line densities change with wavelength deviation and incident angle deviation
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Fig. 3 Efficiency of R-VBG diffraction with different line densities changing with wavelength deviation and incident angle deviation
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(a) typical near-field spot (b) near-field spot after filtering the
intracavity guided wave mode

(c) beam quality before filtering the intracavity mode (d) beam quality after filtering the intracavity mode

Fig. 13 The measurement of typical near-field spot and beam quality of large-mode external-cavity semiconductor laser
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Fig. 14 Measurement of related parameters of fast-axis spectral beam combining
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