Chinese Physical Society
IR Acta Physica Sinica

. Institute of Physics, CAS

CsB30; M E3 = &304 28.3 W 355 nm %
Wik fZd KIE RIE BHER ERL O FAZ
28.3 W 355 nm laser generated by efficient third-harmonic in CsB305 crystal

Xie Shi-Yong Lu Yuan-Fu Zhang Xiao-Fu Le Xiao-Yun Yang Cheng-Liang Wang Bao-Shan
Xu Zu-Yan

5| Fi{5 & Citation: Acta Physica Sinica, 65, 184203 (2016) DOI: 10.7498/aps.65.184203
{E2815%)1% View online:  http://dx.doi.org/10.7498/aps.65.184203
AP 4R View table of contents: http://wulixb.iphy.ac.cn/CN/Y2016/V65/118

AT RERCL B B L&
Articles you may be interested in

160W i [ 13 1E SR & I A SR 06 A% B RIE 72
160 W laser-diode end-pumped Nd:YVO, slab laser with positive branch hybrid resonator
YE % 4.2016, 65(19): 194206  http://dx.doi.org/10.7498/aps.65.194206

P32 G- PINESUSHS 2 W 4 v EE AT D' R AR - 2 N YAG WA 06 4%

High repetition rate and high beam quality joule level Nd: YAG nanosecond laser for Thomson scattering
diagnosis

PP 2#H%.2016, 65(15): 154204  http://dx.doi.org/10.7498/aps.65.154204

1= DR O 2 v KDP i A L 28 w8 R0 = A5 4 Bz 3 B 53 25 7 R BUE A AU 40 #

Numerical simulation analysis of high efficient SFG and color separation in far field in high power laser
facility based on noncollinear phase matching by KDP crystal

YyH 22422016, 65(14): 144202  http://dx.doi.org/10.7498/aps.65.144202

PR KO ARURT L RS PR KA i 26 e R A A e Ak 52 i

Effects of thermal annealing, laser and electron beam on the fabrication of nanosilicon and the emission
properties of its localized states

Y% 4:.2016, 65(10): 104202  http://dx.doi.org/10.7498/aps.65.104202

SRR AL KTIOP O,y i A A B B AR AT fls SO s 7= A 7 852 B4 589nm B

Continuous-wave single-frequency 589 nm yellow laser generated from sum frequency of single-block
non-planar ring cavity laser in periodically poled KTiOPO, crystal

Y= 4.2016, 65(9): 094203  http://dx.doi.org/10.7498/aps.65.094203


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml
http://dx.doi.org/10.7498/aps.65.184203
http://dx.doi.org/10.7498/aps.65.184203
http://wulixb.iphy.ac.cn/CN/Y2016/V65/I18
http://wulixb.iphy.ac.cn/CN/abstract/abstract68379.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract68379.shtml
http://dx.doi.org/10.7498/aps.65.194206
http://wulixb.iphy.ac.cn/CN/abstract/abstract67937.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67937.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67937.shtml
http://dx.doi.org/10.7498/aps.65.154204
http://wulixb.iphy.ac.cn/CN/abstract/abstract67711.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67711.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67711.shtml
http://dx.doi.org/10.7498/aps.65.144202
http://wulixb.iphy.ac.cn/CN/abstract/abstract67328.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67328.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67328.shtml
http://dx.doi.org/10.7498/aps.65.104202
http://wulixb.iphy.ac.cn/CN/abstract/abstract67110.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67110.shtml
http://wulixb.iphy.ac.cn/EN/abstract/abstract67110.shtml
http://dx.doi.org/10.7498/aps.65.094203

) I8 ¥ 48  Acta Phys. Sin.

Vol. 65, No. 18 (2016) 184203

CsB;0s i S = /&5 /7% 28.3 W
355 nm ™

&R E
FRLY

W 7k D2)

1) (BB MR R E IR 5 aE TR A0, b
2) (1 ERRE R KGR SRS BT T, D2 R s, K3F

K/

3) (P EABFEGERIIS BESARB TLE, PRI 518055)

4) (P ERFEBEEACBORBE T, BB S BARB FT G, JL5

gD RAZED HER?
e 4
100191)
130033)
100190)

(2016 4 4 A 26 HUEH; 2016 4 7 A 1 HURBIME SR )

I CsB305(CBO) & 4R % Nd:YAG 75 6 1 Q #E % 42 1064 nom 36 1 155 20 = A% 400 3% B 3R 43 = Th 2R
355 nm FOGHI . 1064 nm B R K Th 5 ik b 502 AR B0 (LD) 81 B0 TH #5328 Nd: YAG &4 19 32 38
Vi - ZTOK (MOPA) RG0S 210 W i Q HEIE S, WO PA 1 kHz Bk 7k e, Bkt B 5
AN Q fkph, BRI BE N 40 ns. £ 128 LiB3Os (LBO) @A~ 4E 98 W 532 nm 286, it 30 mm K
1125 CBO # 4%t 1064 nm 5 532 nm YeHIE1S 28.3 W ) 355 nm 284, A8 B I = 550 208 4 13.5%,
LLARIAI 614 R TT 2R LBO MR 28.6%. W FT T CBO =545~k 355 nm Y6 iR BE AR 18 2 HOR RE AT 98
N25 °C, @K T LBO @ik 4 °C. SEIRIEIH, CBO MARTE = 54077 42 355 nm [ 55 # 2550 % AL BE AN Uk

JTHEBT LBO b fA.

XK HE1F: 355 nm WO, CsB3Os dbfh, =540, i B %

PACS: 42.55.-f, 42.70.Mp, 42.65.-k, 42.60.Lh
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355 nm BAMFOGH T RA R K. BOL TR
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AW S IO Ty BOE AR A0 K ot e
At 161 e Ab, 355 nm O AT AE A IOk IR
TR e R AR T8 Sy s 2 g il = et 4
o R R B MR HESDE F. il 2R 1 e i
XFFOCAN T N3 1 2F5 0 — 4140 BERERIT ™
A 111064 nm HOLE =502 H #3355 nm 4k
WOt B B 775, LiB3Os(LBO) bk LA
e 75 B9 48 A0 Sl 1 e A i O OO iR g 0, B
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153 13.3%, AT LBO kR 2 £5.

WA 2 5l R AR 2R R e 2 AR O R kR
B e TR S AP N TR A Ry S i
T UM 2 AR 2 AR R I — AN E BRI 2013
4, Zhang 25 UL I | E BLIZRE I & T CBO &
PRI S SRR R B, 1 CBO =547 4 355 nm
) B 7 5 B0 R WL RIE. A TR CBO & 44 %t
Nd:YAG 761 Q #E 1% 22 1064 nm #OG I = 21 =
RN RS = T 355 nm WOkHIH, FEXT CBO
g R = A= 4 355 nm AR U PEE T T
KR T ik rp =02 S B0 (LD) 21 BE T ki
Nd:YAG @R i TR % - D Z0K (MOPA) R 413k
5 1% 210 W 91064 nm FEHDG, e 1 KHz
ik o R B RS K A RS 5 AN Q ke,
Jik 58 B 40 ns. T2R LBO @R A1 1128 CBO &k
43 3 T £ AR = 545 1064 nm 0, & 3KE
28.3 W 19355 nm L4k, AH R = 5 405
AL B 13.5%, HLAH[F S A4 IT2E LBO & A 1)
AR R i 28.6%. W ATL1F E] CBO = £ 477 4k
355 nm G IR T 9 N 25 °C, i KT LBO &R
4 °C, KB CBO B AT = Th # 42 € =541 355 nm
WOtk .
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2.1 SKERE

= HNA:YAG 1064 nm #O% 3k 15 & Th F
355 nm WOL K H G W B 1 TR, gl AL
FHRG D K G —AEH0 —A5 0 & 48, BARA
s M1, M2, & meE M3, i Q ol Ql, Q2, ¥
FeMIZE R M1, LM2, LM3 A1 LM4, 1064 nm 90°

etk QRL, QR2, ¥ W8 M4, M5, &5 F1,
F2 )2 F3, {540 1A SHG, =54k THG A A 4>
ek P, Hidr, M14% 1064 nm = RE, M2 4 1064
nmf}ﬁf%%ﬁ/ﬁﬁﬁﬁé\%ﬁ, 4% 1064 nm %Bﬁ@%ﬁﬂ%,
M3 41064 nm F#BEARIR A, X 1064 nm #E47 E f,
3433 EWMIRI1 s Y6 S, ACPIRIR I p EIE S, M
AL 41 H 1) 1064 nm BOG ARG, QL, Q247
A Qo i, 8 I 1 A8 HCE R S T
Q kot . QR1, QR2 7> 5 B T P OGN 2
B 7 8], FH SR AN A BOW AT 5 08, M4, M5 B%
45° 1064 nm = K, F TR S 7. Fl
B¥ 1064 nm IR, X 1064 nm 6K BAVLE S
BB LM4 [ #4% 85 2008, F2 8% 1064 nm Jk = J5E
1% MOPA i H 1 1064 nm 0% 5 5 540 f 4k
FEAE R IIERN 532 nm 4806, F3 NGBS, ¥
1064 5 532 nm S, #1064 nm FEAS A5
6T E = A A AR R T E 1 355 nm KA.
e B P = KO A R 2 B, SR 355 nm
WOETh R vl I

WOGHIZ R 4 [ A PO R O34, 2
W= Th 28 | G O I R A, AR SEEG g
MO HE A8 R F B4 8 41 808 nm LD T[]
Tz, Hod, LD gy kot iz 5%, H 5 5%
N1 kHz, Bk5E N 200 us, HESFETh R K
N5 W, Bkt s LD — 7 T K 7 #hig e A R T
PAFE R EBKEOL, 55— 75T 20% (19 5 23 L AR
Tk shiz 77 N T HOE R RN, AR T #4
BRI IR m R R E O . R 0
A NA:YAG @ik, TR EEIR. Nd:YAG dfk
T 3L RAF oA RE S MM R, BOA K Th 2 [
PO A 5 3l 5 IO . Nd:YAG BRI R
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Fig. 1. Schematic diagram of optical path of 1064 nm MOPA system, second-harmonic and third-harmonic

generation.
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SFN®4 mm x 120 mm, Nd3T B FHB IR E N
0.6%, A5 AR 45 A TR FEE AT A SO 6 v (10 18 25 7
ATEE N ¥I5], BRI AT S R B . Nd:YAG HEXX
T A% 1064 nm /=i iR, PR AR SO0 A% i 1 S 5 45
Fo. WOUHRIT — AT E b, W EE IR KAE R
MR S 2 R i Al L g g AR
AR RO HEAT VA

2.2 BINM%E1064 5 532 nm B FHHH

1064 nm & % i % A Bl JERa s i s i 0718,
Bl 1064 nm IR #1817 7EHOE TAE RFR X (114 4
P AR X AL E, DU Nd:YAG B 3R1E K FE
HAf, XA — 5 AT LUS AT BE 2 H B2 B 12 RE &
PAF = PR BOCK H; 53— J7 AR O B A
B PRI 1) RO S 380 RS BRI AR Y, ] v o A
R, RIG I, AR TR SR ORI
W . T AT iE NG R AR R R R U SR S
B, BEOEN TRERONIE S, R IE L ELE
BOtHEE R L. N — RO FE 0 2 25 T AL T,
JETF R — M5B 2 et B AL B, R ABCD
& R 5 BRI R I AR AT T BB L BT
ABC D 5 FER AR AR N

A\ 2 A+ D\ % -1/4
o= (3) me-(52) 17

Horb, w NBOEEE O EBER, B K,
A, BRI D %355 ABCD SR IXF BT 2. il i
AT 75 3 5 2 T i M1, M2 2 A2 kN, —
JiTH, FRX RS, BOURE BOLARERR X TAER 7] LA
AT B KA I8 Th = B i 32 &, O Th 3
SARWIE K, 55— J7 1, R X N BB BE - 42 1
R, BAF TR BB RAE. WK T
WOGFEAE f K HE D)2 T AGE B A IE A 350 mm,
BEIS e B il 5 2 BON —500 mm BOG 88 IE4FI8 AT
ERGTARRR DX, DR e M1, M2 3% i il 3450
—500 mm P 4.

7£ 808 nm LD I8 I3 400 W I, K15 -F1y
Iha 82 W I Q 1064 nm IR BOLH H, AN )
- FeEE R N 20.5%. 7L QIF K LA 25 kHz iz
R I W S LD SR h IR Bk [R5 i AE S
b Q G TR TR, MM RIEER— 4 LD
iz ke 1] (200 ps) AT LASRTS 5 A4S Q kol
fr . SRAhE KR H I Q — U AR BBk O

AR LG, T Q Rk SR ig ey X — i T4 T ok
18 25 SR [R] AT R BAYRD B REGORF H R g
AR, e m O, O
XofJ ik R e A A Q Rk, UL s A B
) R AR 2, 7 AR 16 Q BBk v g L LA AN
ik st B BE A e, AT AR T O I T e, dkk
BOGEMRIBG. 1064 nm OBk Ik @ — Rk
JEHLPRM A (DET10 A, Thorlabs) 7R3 %% (DPO
4104, Tektronix) BEAT I, & 45 R U0 &l 2 fros.
LD DA 1 kHz B AIZ T, 1064 nm B ik
T, AN HIE K [R] A OGTE Q/ER R R
42541064 nm I Q Bk, @il 2 (a) s, WEAS
B BBk b 98 FE N 40 ns, WIE 2 (b) FT7R.

Intensity /arb. units

Time/40 ps-div—?!

Intensity /arb. units

Time/100 ns-div—1!

2 1064 nm WOGHKMHIETE  (a) Bk (b) B4k
Fig. 2. Pulse waveform of 1064 nm laser: (a) Pulse
train; (b) single pulse.

TSRS E S IR M 1064 nm EO6, RAE T
MOPA F Gi % Ik & 2 a0 1 BOGEAT Dh R TOR. T
K&z R B R iz R AP ok . —
Bi B T HORH P Hhis B 18] %] 1064 nm BOGEE
W, — 7 HP7 IEROCEBOR g AT — M his Bk 5 R
FE B — A s S O AR 7
10 T AL RS 5 — AN i B LR m dihis o) %
PEIRCR. TEBUOR LA 400 W Dh iz iy, MOPA
ARG a3 9 210 W, AR B S P2 AR
N 32%.
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Ak s FEAH A7 VC LB A B0 FHEw b &
50N T AT DA SR FH K TR R 4R 1 4k SI2 I 7 A%
) AR AR5 R AR FEALAR VTS 19 LBO fE
NAESERAR, SRR S N5 mm x 5 mm x 40 mm,
AT JE @Y X YE A 1064 5 532 nm Jil SO, AR
BAAESERSE N 401 °C R b3k T, X4
om AR B R 146.8 °CHY3RTF 17 98 W 532 nm £E 3
S, FIBFEWT T T LBO 5404 532 nm [ 8
JRAY 532 nm ZO% i H D) 2B IR AR AL 1) — 4k
h£R W 3 firs, 1T LA H LBO 540 Th 2 b i B
AR BRI E A SN 1.3 °C, ] IR iR %
FE SNSRI R S i P A

0.8-?, B— / B \ o
0.6 / SN S \ B

8 S S .

02-./\

146.0 146.5 147.0 147.5 148.0
Temperature of LBO/C

Power of 532 nm laser/arb. units

K13 532 nm GO6IH DA B AR fbth £k
Fig. 3. Variation curve of 532 nm normalized power

with temperature of LBO.

2.3 BINE 355 nm EINENFEE

CBO = {540 R #2218 11 AR 47 DT I 7 Tl ),
CBO @& LA Z 840 F: 1) 5 mm x 5 mm x
20 mm JEGHARPEE; 2) 5 mm x 5 mm x 30 mm
TR PENE; 3) 5 mm x 5 mm x 30 mm FiiEJE
THIH% 0° =135 1064 5 532 nm &, J5IEETHIPE 0° =iE
355 nm . SZIG LA T LA _E 328 CBO Mk 1) =%
ARTERE, W 4 FroR. B e, SRS CBO
A&, K 20 A1 30 mm B =585 45 1 355 nm 0O

R 98 20.5 F125.6 W, 7] LA H CBO
P BE R INA R T3 = AR, SR E iR T
FH RN BE R P S AR BE IS CBO @R AR 1 355 nm
Je it K Th R fEK N 30 mm LA eTh R
g3 28.3 125.6 W, EARFENE K CBO fnfk =%
R A5 e v, T PR S R P AR 355 nm 6 IR AR
RIEAR 0, 437N 14.4% F112.7%, 22 90 AL )
CBO @R | JE IEETH 51N T NSHB0OE & = 54
FEFEVE B R R, 7EAH R 42 24 T = A0

fan DR . @ DA SRS LA A ) 7R
HeTnEE 210 W I, R 30 mm K CBO 7~
A2 1) 355 nm AT F i E, N 28.3 W, AR
SRR N 13.5%.

30 oo I R R

—#— 20 mm uncoated "
o5L —®— 30 mm uncoated AT | _®
—4A— 30 mm coated

Power of 355 nm laser/W

140 160 180 200 220
Power of fundamental light/W

4 AFEZEH CBO fi ik =5 S H Dl e i 22
Fig. 4. Curve of output power of third-harmonic

generation by different types of CBO crystals.

FH TR RS R S 28 (1 10 S AR A7 DT 2 5 1 47) 1)
) LBO = 5 45 &y 7R AF A LL 8%, 355 nm 4 i Th %
W 5. fE i Kz D Z i CBO J¢ LBO = % 43
R4 5 N 28.3 F122 W, #5405 43 73l N 13.5%
F110.5%, CBO = 5 5 % # 2 Z L LBO 1 28.6%.
CBO & LBO = A5 R4 5N 14.4% F111.2%,
CBO =441 8% H LBO 15 28.6%. 236 CBO
o A = A5 U 6 R 5 R 3 T LBO A,
AL E 25 9 7R TT 28 A0 A7 U E 26 144 F, CBO = fi% 4%
A RAEL M 2 %8115 pm/V, & T LBO 1)

0.75 pm/V 31 [H it CBO & & 58 5 52 8 i o %
355 nm K AMNEOE.
30 T T T T T T
—A— Coated 30 mm CBO II-type A
= - —m— Coated 30 mm LBO TI- type/A/
5 251
3 /
E l/-
8 201
% / /
£
D? 15k /
120 150 1I80 2I10

Power of fundamental light/W

K5 CBO/LBO =fi it HhZ L 4%
Fig. 5. Comparison of output power of third-harmonic
generation for CBO and LBO crystal.
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KT, JELME SRR 2 51 E N
H T B 0
dn

n:’no+d7T(T*TO)7 (2)

Horr, n IR R T TS 2, no RS2 Tp B
T2, dn/dT A5 E R4 A (2) XA]
DL H, 2 A AR B R AR SO I, R S 1 T 5 o
2 U T 5 BOAH 57 2 T 7 5 i) AR A3k
WP U P U e S R i A ) — A R . S
G 7 CBO K& LBO = {5 5% H T 2 Bl il 5 A%
eI, W6 BT, B 6 (a) N CBO fh ik = 1%
AR AE ) 355 nm O I — 1k Th Z B R AR L T
2R, 76 SRR 140 °C 4 355 nm O Ih =
i, AR O A IR I T 2 3 B = 5
R T B, £ 355 nm WOLDI R T M 2R Er —
2 N SF ) A iR BE 23 i) D 128 AT153 °C, B
FERT %8 25 °C; [FIFER, LBO ik =545 355 nm
WOt IH— LD R bR E R & B 6 (b) Fos,
£ 355 nm BWOGIIZE T FF 28 i (B B — P I XT B2 Y

wofb o
[ w e,
09 g
. T

S 8 O O W W S .. O
R Y T S o U

oA we

0.4 [ieeee Mo b b B

Power of 355 nm laser/arb. units

3
120 125 130 135 140 145 150 155 160
Temperature of LBO/C

Power of 355 nm laser/arb. units

70 72 74 76 78 80 82 84 86
Temperature of LBO/C
El6 (a) CBO =il fEH %; (b) LBO =Sk 52
Fig. 6. (a) Temperature bandwidth of third-harmonic

generation by CBO crystal; (b) temperature bandwidth
of third-harmonic generation by LBO crystal.

e MR FE 73 ) R 75 AT T9 ©C, A R IR i FE A B
4 °C. W BRI, CBO =% 4 i I FE i e
7 LBO 615 %, CBO 3 AT i D 3 A =% 40
355 nm PG, MSEBRR AL A BT
Bt 4 Ty 2 I il PS8 A e A A B R R Y 9 B T
AFSEH.

3 & ®

ERGE AR IS e 26 N, R KD Zkmh =X
LD %1 B 1 4l 32 Nd:YAG ¢ 448 i MOPA % 4 3k
153413210 W ) 1064 nm F40%, N1 kHz
ik v R B e R R B L 5 AN T Q Bk, BRL K
ML N 40 ns. L IZKLBO &R0~ 4 98 W
532 nm k6. S5 T 3 AR CBO &R I =54
PERE, PLAS R B 30 mm K CBO =4 1)
355 nm ERAMEIhE s, 9 28.3 W, AH M. 1) =54
AN 13.5%, LEAHIE 264 F 1125 LBO SR I =1
AR R 28.6%. SEIA 5T T CBO 5 LBO @ fk =
5000 ) R P OB R R B (3R R 9 40 Sl R 25 °C
A4 °C, WSEBRR PR B A B, CBO B A
Tt A E =44 355 nm OGN . SLIGIERA,
CBO @ ARLE = 5457 2E 355 nm B R R
AR T TR T LBO fRAAk.
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Abstract

Ultraviolet laser operating at 355 nm has been found to have wide applications in scientific and industrial fields of
laser radar, biological fluorescence medicine, micro processing, laser marking and laser ablation, owing to its superior
properties of short wavelength, high single-photon energy, and high resolution. In addition, 355 nm laser plays a vital role
in promoting the development of RGB full color display because it can be used as an excitation source for investigating
the blue light emitting materials.

LiB3Os (LBO) crystal possesses relatively high nonlinear coefficient and high optical damage threshold. Therefore,
it is generally employed to generate 355 nm light through the third harmonic generation (THG) of the Nd:YAG laser
(1064 nm). However, the CsB305(CBO) crystal, which also belongs to B3Oz group has attracted more attention for its
larger nonlinear coefficient.

The temperature sensitivity is another important characteristic of the nonlinear crystal. Temperature fluctuation
can cause the variation of refractive index of nonlinear optical crystal, which leads to phase mismatch and thus affects
the nonlinear conversion efficiency. The principal refractive index of CBO crystal was accurately measured using the
auto-collimation method in a temperature range from 40 to 190 °C for the first time by Zhang et al. in 2013 [Zhang G
C, et al. 2013 Opt. Lett. 38 1594], while the temperature bandwidth of CBO for 355 nm THG has not been reported.

In the present paper, a high-power 355 nm laser is produced by efficient THG of an acousto-optic Q-switched quasi-
continuous wave 1064 nm laser in CBO crystal. The master-oscillation power-amplification (MOPA) system with Nd:YAG
crystal which is side pumped by high-power pulsed laser diode (LD) array delivers 210 W of a quasi-continuous Q-switched
1064 nm laser power. The laser operates at a 1 kHz repetition rate, and each pulse train contains five Q-switched pulses
each with a duration of 40 ns. The 98 W of 532 nm green light is produced by second-harmonic generated in type-I
LBO crystal. The 28.3 W ultraviolet laser is achieved by a 30-mm type-II CBO crystal through the sum frequency of
1064 nm and 532 nm light. The conversion efficiency from the fundamental light to the third harmonic reaches 13.5%,
which is 28.6% higher than that obtained with a type-II LBO crystal under the same experimental conditions. The
temperature sensitivity of CBO crystal in the 355 nm THG process is studied. Its temperature bandwidth is 25, which is
much broader than that of LBO crystal. The experimental results show that the CBO crystal is superior to LBO crystal
in the sense of conversion efficiency and temperature sensitivity for THG of 355 nm.

Keywords: 355 nm laser, CsB3O5 crystal, third-harmonic generation, temperature bandwidth
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