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Fig. 3 Comparison of average output power of passively Q-switched lasers based on two kinds of composite crystals under

different aspheric lens groups. (a) Average output power of passively Q-switched laser based on Yb: YAG/YAG/

Cr: YAG/YAG composite crystal at different collimation-focus ratios; (b) 1:1 collimation-focus ratio; (c) 1:2

collimation-focus ratio; (d) 1:3 collimation-focus ratio

ik b i B K MR R T, 23 5k s P9 O 14 ) 2 KR
PET I A AR AT 405 I P A R R T
P

1 B R T 3% 5 21 fE R AR LB 1: 291 %
FE OC Bt N 50 Yot , 3T P Fp &2 & S A 1% 5 3l
Q WG AT LIS B K AT Y th o, S 4%
R, % F Yb: YAG/Cr: YAG/YAG il Yb: YAG/
YAG/Cr: YAG/YAG B A fiR 8 3 Q ot i
ok e A A A |k o B L ERL Dk o B i DA R e B R
H5EBYIRMERMAE 4 iR, WE 4@ bl Lk
PR, Bt 2 230 U)K B30 L 5 T AN R A R Y Bl
P Q WO div 1) H A A AR 1 5 A M1 iy #a A, B
EMFE W R T T Yb: YAG/Cr: YAG/YAG
HAEMENHE I Q MO M EL W R & TR T
Yb: YAG/YAG/Cr: YAG/YAG & & & 1R i 9 3h
T4 Q WOCHS AEFW AN 17 W IS, RO 4% AT
KA om0 HE R WA, 4r Gl 27.7 kHz A
25.5 kHz, ME 4(b) o] LUE B, B2 F W Fh 2 & dh
TR BB B IR Q WOL A% 19 bk ih T B X B 5 T T R
B s, 3T Yb: YAG/Cr: YAG/YAG B4

A VR I 8 30 R Q IO 2% 1 Jik o 5 BE AL 3. 9 ns R E
F 4.9 ns, 2T Yb: YAG/YAG/Cr: YAG/YAG &
A RS Q B Ay bk o BE B M3, 8 ns 1Y
JNE] 4.6 ns, SN TR Ik b v B B i = 2 i
K.Cr: YAG 1Y %) 1R 35 of 2 25 76 5 B Tt o B 3
KU R I o R K ik vk E AR TE L B 4 (o)
()4 590 S 7 T 2 Ty 3Rk B ik e B R i {1 2 R
s . AT LAFE . B 2 S D) 2R B 8, I v g
JEIGIN G AR A AR W D R AR A e G T
Mef#a s, 5T Yb: YAG/Cr: YAG/YAG #1 Yb:
YAG/YAG/Cr: YAG/YAG &4 SRk % 3 Q
WO B AE R R IR 17 W T i 24 ik vh g 43 51
H 253, 4 ] F1290. 6 p]  WEMH IR H R 51,7 kW
1632 kW, ME 3.4 L& B, 3T Yb:
YAG/YAG/Cr: YAG/YAG &4 SR 19 85 31 i Q
WO A ST S8 Ty SR Bk B A G ) R Y
B e o FL K i T B R SR AR AR I X PR Ry
B2 YAG BIMAEAT Cr: YAG 5E M REN S
] F BE B, 08/ T 2 Cre YAG 05 1, 25 4% %
87T Cr: YAG B9 HR 5%,

2101005-4



% 48 % 21 #1/2021 &£ 11 B/ R E

(@) P (b)
s k" Yb:YAG/YAG/Cr:YAG/YAG ’.O..- m Yb:YAG/YAG/Cr:YAG/YAG

= ® Yb:YAG/CriYAG/YAG ..o:_.-" » 5 k® YD:YAG/CrYAG/YAG -
% 20 o..l' £ .o"...:::::-
= %" = ..::.--l“'

o= ...l =] e ....

g 15 F '=.. E 4F ant at

= <5}

3 1 &

R : g8 z

= gl 3F

5 2 i
(]
[}
0 N 2 2 L N 2 9 L= 2 2 N 2 N N
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Pump power /W Pump power /W
400 90
(©) (D

=y 350 b ® Yb:YAG/YAG/CriYAG/YAG 0 k™ Yb:YAG/YAG/Cr:YAG/YAG
= ® Yb:YAG/Cr:YAG/YAG ® Yb:YAG/Cr:'YAG/YAG

@ 300 E 70 bk

@ TTT L Ll Tl o [ "LILLE T

g gunnt® a8 § " .'.""lll'n-'l'

| mgm ® L

% 20 : Y A 0“""“"0”“"“. E. 60 e000® ooooo..

g 200f o° S50k o° ©0000000000000®
oo =

(=1

@ 150 40

100 Il 1 'S Il 1 1 Il 30 'l Il Il 1 il Il 'S
4 6 8 10 12 14 16 18 4 6 8 10 12 14 16 18
Pump power /W Pump power /W

P4 FETWAE SRR Q BOLH MR N S H SR I RM LR, (BB ; (b Jkvh 585 ; (o) ik b i
i (DRE)R
Fig. 4 Relationship between output parameters and pump power of passively Q-switched lasers based on two kinds of

composite crystals. (a) Repetition rate; (b) pulse width; (c) single pulse energy; (d) peak power

TERMHRN 17 W I ET Yb: YAG/YAG/ MR BB S TE Q O A% By Ik v 5 RN B bk i i
Cr: YAG/YAG Fl Yb: YAG/Cr: YAG/YAG & & WESIR .3 FYb: YAG/YAG/Cr: YAG/

k® 25.5 kHz 10 F ®

2 p2
£ 08 5 08F
8 g
E 0.6 E 0.6 F
2 =
g 0.4 Z’ 0.4
z z
S 02 S 02 F

0 0

-1.0 -0.5 0 0.5 1.0 -10 -5 0 5 10 15

Time /s Time /s
1o © 27.7 kHz

2 2
5 03 5
8 g
3 0.6 f 8
z z
z 04 z
g g
= 0.2 =

0

-1.0 -0.5 0 0.5 1.0

Time /s Time /s
pulse sequence single pulse waveform

Bl5 ST AEE S REHE S Q BOG I Ik ol 7 S R K th B . (a) (b)) Yb: YAG/YAG/Cr: YAG/YAG;
() (D Yb:YAG/Cr: YAG/YAG
Fig. 5 Pulse sequence and single pulse waveform of passively Q-switched laser based on different composite crystals.

(a)(b) Yb: YAG/YAG/Cr: YAG/YAG; (¢)(d) Yb: YAG/Cr: YAG/YAG

2101005-5



F 48 % 5 21 #1/2021 £ 11 A/HEHN

YAG & & i R 0 8% 3 8 Q WO A i ik vh &=
Wi Ry 25.5 kHz, Bk b 98 B B 4.6 ns, 3 F
Yb: YAG/Cr: YAG/YAG & 4 SR B8 3h M Q #%
JEA Y bk v E A AR R 27, 7 kHz, Bk wb 58 B R
4.9 ns, # T Yb: YAG/YAG/Cr: YAG/YAG #i
Yb: YAG/Cr: YAG/YAG &4 f R 8 3h 18 Q #%
67 B ik b R 81 2 5 AR (RMS) S 1%, ik ol e 510 2
FEAER Sl Z AR 5 1P B 5O8 I A
FEZ A HLAT AN [ 3 25 A0 450 FE 19 GUBE, T 43 4> B gL
X IO — A Bl A 8O Bk o, BRI Bk el ) BB
SRR R A B ) 2 N [, T 5] R T AR X B 4R
58 4

K6 MY RN 7,14,17 W I, 3 T P b
A IR B A Q BB By Bk vk g, T

LR B, B A 2 T T 3 I 1 i e ok e O 1 v
P KPR mER, EF Yb: YAG/YAG/
Cr: YAG/YAG &4 f 8 3 i Q B8 iy b
LR 1030, 3 nm # M ZE 1030, 8 nm, % T Yb:
YAG/Cr:YAG/YAG & & fiR g sh i Q Wt #s
A K H11030. 3 nm B E 1030, 6 nm, X &
K2R Yb: YAG &R & 561k 5 A R A G, B
W E RGN, O K A B KA L R
RN 2 S B8O N BB I, 2 F Yb: YAG/
YAG/Cr: YAG/YAG & & iR 88 Q ot
% % 3% Ry 2 i 4 58 AN 0,45 nm 3G 3
0.54 nm,3#F Yb: YAG/Cr: YAG/YAG & A b1k
8k s 18 Q Mot #% 1Y i R O I Y P g 4 BE N
0.77 nm # M%) 0. 98 nm,

LOF (a) oty Yb:YAG/Cr'YAG/YAG
% ——Yb:'YAG/YAG/CrYAG/YAG
05 :
2
£
S 0
8
2 10Fw FM L & e YDYAG/CEYAGIYAG
g BN i ——Yb'YAG/YAG/CrYAG/YAG
E 0.5 : -
= 8y
'T‘—s‘ 0 . 1
g
S LOF (o Yb:-YAG/Cr:YAG/YAG il
< ——Yb:YAG/YAG/Cr'YAG/YAG.#*
65 b L
0 o \
1029 1030 1031 1032
Wavelength /nm

K6 fEAREMNHET T Yb: YAG/YAG/Cr: YAG/YAG fl Yb: YAG/Cr: YAG/YAG & & kbR M 837 Q ok
B K O L () 7 Wi(h) 14 Wi(e) 17 W
Fig. 6 Output pulse spectra of passively Q-switched laser based on Yb: YAG/YAG/Cr: YAG/YAG and Yb: YAG/
Cr: YAG/YAG composite crystals under different pump powers. (a) 7 W; (b) 14 W; (¢) 17 W

il %6 A A A3 A AU £ T T Yb: YAG/
Cr:YAG/YAG #l Yb: YAG/YAG/Cr: YAG/YAG
AR Q oL M ko M*, B 7
KRB EQTW) 120 -G T T
Yb: YAG/Cr: YAG/YAG 1 Yb: YAG/YAG/Cr:
YAG/YAG B & Mg aiH Q BOLE LR B
RYSEBEENXEER,.De 5 Dy 2 5RFETE - Al y
J5 ) b A S0 I (R, 38 A 3F 5 AT LA B B
Yb: YAG/Cr: YAG/YAG E4& R mvsh i Q
Jtas A R EOCAE « Ay Jr e B R M) 1. 21
M1.22, BT Yb: YAG/YAG/Cr: YAG/YAG &
BB Q WO AR M H I BOCHE « My Ty
) E R Mk 1029 Fi 1,39, 3T Yb: YAG/

YAG/Cr: YAG/YAG Z &M sh i Q Bok#s
R EOER M ARR B R R 7 17 W R TR
LT Yb: YAG/YAG/Cr: YAG/YAG B & fiik
MBI Q WL 11 X i s D) R I N AR

[F] s 0 32 5% T 3T Yb: YAG/Cr: YAG/
YAG Ml Yb: YAG/YAG/Cr: YAG/YAG & 4 ik
B B I Q WO A 1 H YO TE AH W] 7 24 e 2D
REMM . WNE 8 Al LLE L, 7F 1: 20 H-%
FEHHF N T, % F Yb: YAG/YAG/Cr: YAG/
YAG B A S8 shd Q Mot #% i i Ot iy
M? M 1,04 B3] 1. 34, 5 F Yb: YAG/Cr: YAG/
YAG W& G 5K I8 2 8 QO & 1Y i B O Y

2101005-6



F 48 % 5 21 #1/2021 £ 11 A/HEHN

0.40 F @ .
g 035F
=
g 030}
]
é 0.25 F .-
£ Dy
s 020F /
M Dx
0.15 p
010 L L L L L L L
70 80 90 100 110 120 130 140 150
Distance /mm

0.35 P
g 030} Dy
: \
% 0.25
‘. A
s x
0.15F
0.10 L L L L L L
60 70 80 90 100 110
Distance /mm

B 7 IR 4 i AR S 6o B 5 A4 B 100G AR R S B Bt » S o 6 M 80 Af KR IR 506 3. (@) Yb: YAG/Crs
YAG/YAG: (b)) Yb: YAG/YAG/Cr: YAG/YAG

Fig. 7 Relationship between beam diameter and propagation distance under different composite crystal ( point is

experimental data, and solid line is fitted curve), inserted figure is near-field spot. (a) Yb: YAG/Cr: YAG/YAG;
(b) Yb: YAG/YAG/Cr: YAG/YAG

MM\ 1,07 BEANE] 1. 22, H BLIZ BLS 10 J5 IR 2 Ak
o7 Bt 2 S SR B i K, 5 3EF Yb: YAG/
Cr: YAG/YAG W15 &6 AR H , 76 A1 [ 19 °F 259 i 11 )
FTFLHET Yb: YAG/YAG/Cr: YAG/YAG & &
B 2R Q WG A% M O g M AR, X2
PR YAG 2 0 T (5 75 44 1) B0 1 o 47 L 4 £y

15

@)
—=— Yb:YAG/YAG/Cr:'YAG/YAG
—e— Yb:YAG/Cr:YAG/YAG

05 . . " .
3 4 5 6 7
Average output power /W

BEM. A8 WAFRELLHE T, T Yb:
YAG/YAG/Cr: YAG/YAG 5 4 i 14 14 4% 20 7
Q WAk OB FE B R B T R A ME L AT
LKA Bt 25 3R A L f91) B0 486 A R 3 Y6 B A% IO
B 5 7E 386 K, SR 1 Ty 356 77 A 1 i A8, 4 S 3K
M* S0 3 O G RE AR AR 220

L5

(®)
Ll Yb:YAG/YAG/Cr:YAG/YAG

13 f
12 p

11 f

1.0

1:1 1:2 1:3
Collimation-focus ratio

Bl 8 M 5P el H-RERANER, (M 5F8HEBIRGER; WET Yb: YAG/YAG/Cr: YAG/
YAG & A& SR B sl Q WOt & i ORI M 5 i R AR LB OC R

Fig. 8 Relationship among M?, average output power, and collimation-focus ratio. (a) Relationship between M* and

average output power; (b) relationship between M? of output laser of passively Q-switched laser based on Yb: YAG/

YAG/Cr: YAG/YAG composite crystal and collimation-focus ratio

4 4 v

KRR A Yb: YAG/YAG/Cr: YAG/
YAG 5 A IS8 T s v sh I Q R
HFEAMEPEG YAG & F T RS bR
MRS 3T Yb: YAG/Cr: YAG/YAG B &
BB A, 2T Yb: YAG/YAG/Cr: YAG/
YAG 5 & I mv s Q WOt #s AUEA & 11
iy 1 TR B bk R e DL R W T L 3R ELA AR Y
RERACR SE-RECR A R A R R B AL a1k

OC 32 i 3R FN AR BR 1 355 B2 41 A9 o 1528 45 Lb 1) R 3
SERER N AEFE MDA 17 W B BT Yb: YAG/
YAG/Cr:YAG/YAG & & @R g shid Q ot #
FISE 5 T R 7. 41 WL B S H K 25,5 kHz,
Jik b 58 BE Sk 4.6 ns . ik o BE & R 290. 6 ] | W {E T
HH 63,2 kW RFRMEN 57.0% LR R
43.6% ., SHTF Yb: YAG/Cr: YAG/YAG 1M
ML HETF Yb: YAG/YAG/Cr: YAG/YAG B4
BBl Q WOk & 191 4 4t Th & ik vl e 1 AN
ok b A T R A3 R TE T 5. 6% .14, 7% F1 22, 2%

2101005-7



F 48 % 5 21 #1/2021 £ 11 A/HEHN

It BLAEA R B 5 DR T MP IR, SR
ZEREI T Yb: YAG/YAG/Cr: YAG/YAG &
AR S Q Ot BAE B A S

(1]

(2]

[3]

(4]

(5]

(6]

[7]

(8]

(9]

[10]

[11]

[12]

2 % X #

Liu X M, Cui Y D. Revealing the behavior of soliton
laser [J]. Advanced
Photonics, 2019, 1(1): 016003.

Qin Z P, Xie G Q, Gu H, Mode-locked
2.8-pum fluoride fiber laser: from soliton to breathing
pulse[J]. Advanced Photonics, 2019, 1(6): 065001.
Song Y F, Wang Z H, Wang C, et al.

progress on optical rogue waves in fiber lasers:

buildup in a mode-locked

et al.

Recent

status, challenges, and perspectives [J]. Advanced
Photonics, 2020, 2(2): 024001.

Ding Z X, Huang Z N, Chen Y, et al. All-fiber
ultrafast laser generating gigahertz-rate pulses based
on a hybrid plasmonic microfiber resonator [J].

Advanced Photonics, 2020, 2(2): 026002.
Tegin U, Rahmani B, Kakkava E, et al. Single-mode

output by controlling the spatiotemporal nonlinearities in
mode-locked femtosecond multimode fiber lasers [J].
Advanced Photonics, 2020, 2(5): 056005.

Kofler H, Tauer J, Tartar G, et al. An innovative
solid-state laser for engine ignition[J]. Laser Physics
Letters, 2007, 4(4): 322-327.

Jisoo K, Soomin M, Youngin P, et al. Optimization
of a passively Q-switched Yb : YAG laser ignitor
pumped by a laser diode with low power and long
pulse width[J]. Current Optics and Photonics, 2020,
4(2): 127-133.

Dascalu T, Croitoru G, Grigore O, et al. High-peak-
power passively Q-switched Nd: YAG/Cr'" : YAG
composite laser with multiple-beam output [J].
Photonics Research, 2016, 4(6): 267-271.
Pavel N, Barwinkel M, Heinz P, et al.

ignition-Spark plug development and application in

Laser

reciprocating engines [ J]. Progress in Quantum
Electronics, 2018, 58: 1-32.

Tsunekane M, Inohara T, Ando A, et al. High peak
power, passively Q-switched microlaser for ignition

[J]. 1IEEE Journal of
Electronics, 2010, 46(2): 277-284.

of engines Quantum

Phuoc T X. Laser-induced spark ignition fundamental
L1l
Engineering, 2006, 44(5): 351-397.
Bhandari R, Tsuji N, Suzuki T,

second to ninth harmonic generation using megawatt

and applications Optics and Lasers in

et al. Efficient

peak power microchip laser [J]. Optics Express,

2013, 21(23): 28849-28855.

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

2101005-8

Hayashi S, Nawata K, Sakai H, et al. High-power,
single-longitudinal-mode terahertz-wave generation
pumped by a microchip Nd: YAG laser [J]. Optics
Express, 2012, 20(3): 2881-2886.

Ishizuki H, Taira T. High-gain mid-infrared optical-
parametric generation pumped by microchip laser[J].
Optics Express, 2016, 24(2): 1046-1052.

Zhao H, Wang H'Y, Zhu S Q, et al. 578.5 nm end-
pumped passively Q-switched Raman yellow laser
[J]. Laser & Optoelectronics Progress, 2021, 58
(1): 0114004.

RO, ENETE, REAR, 4. 578.5 nm i T AW #% 3
Q& MtWOtH [J]. ot 5t v ik,
2021, 58(1): 0114004.

Lei H, Liu Q, Wang Y, et al. Passively Q-switched
pulse laser with large core size crystal waveguide near
diffraction-limit beam quality output[J]. Acta Optica
Sinica, 2021, 41(12): 1214001.

WEL XA, B, S TSR R S R R R
SRR S B0 Q Bk e Ot AR (U] SR,
2021, 41(12): 1214001.

Han X H, Xia K G, LiG Y, et al. 3.2 ns high peak
power radially polarized pulsed output from passively
Q-switched microchip laser with composite structure
of YAG/Nd: YAG/Cr'" : YAG crystal[J]. Chinese
Journal of Lasers, 2015, 42(7): 0702010.

PV, BBt S, % 3.2 ns IR E IR
YAG/Nd: YAG/Cr'" + YAG ## & f ik ot 3h 4 Q 42 1
T I o R ot D], b B0, 2015, 42 (7):
0702010.

Li M L, Wang N, Hou W, et al. End-close-pumped
passively Q-switched composite Nd: YAG/Cr'" : YAG
laser[J]. Journal of Russian Laser Research, 2015,
36(1): 43-47.

Chen Z J, Zhu S Q, Chen Y J, et al. Comparison of
passively Q-switched LD side-pumped green laser by
using Nd’" : YAG/Cr'" : YAG/YAG composite crystals
of different initial transmissions [J]. Optics &. Laser
Technology, 2013, 54: 362-366.

Zhu S Q, Wang S E, Chen Z Q, et al. High-Power
passively Q-switched 532 nm green laser by using
Nd: YAG/Cr'" : YAG composite crystal [J]. Laser
Physics, 2012, 22(6): 1011-1014.

Yang X Q, Wang H X, He J L, et al. A compact
passively Q-switched intra-cavity frequency doubled
Nd: YAG/Cr'" : YAG composite crystal green laser
[J]. Laser Physics, 2009, 19(10): 1964-1968.

Gao X H, Wu L Z. Passively Q-switched solid state
monolithic laser based on composite Nd: YAG/Cr:
YAG crystal[J]. Laser & Optoelectronics Progress,
2019, 56(6): 061401.



F 48 % 5 21 #1/2021 £ 11 A/HEHN

[23]

[24]

[25]

[26]

[27]

[28]

[29]

R, 27, BT N YAG/Cr: YAG & 4 fh ik
ZER Mg Q AU O (1] . Mot 5otw+
3R, 2019, 56(6): 061401.

Wang Y, Jiang M H, Hui Y L, et al. Passively Q-
switched Nd: YAG/Cr'" : YAG microchip laser with
low time jitter and high repetition rate [J]. Acta
Optica Sinica, 2018, 38(10): 1014004.

ESVENE 5 N1 S VN1 ESS N R
N YAG/Cr'' + YAG #ah i Q Ao 2 (U]
JEaEA44R, 2018, 38(10): 1014004,
Bibeau C, Beach R J, Mitchell S C,

et al. High-

average-power l-pm performance and Irequency
conversion of a diode-end-pumped Yb: YAG laser[]].
IEEE Journal of Quantum Electronics, 1998, 34

(10): 2010-2019.

Dong J, Deng P, Liu Y, et al. Passively Q-switched
Yb: YAG laser with Cr'™ t YAG as the saturable
absorber[J]. Applied Optics, 2001, 40(24): 4303-
4307.

Sulc J, Jelinkovd H, Nejezchleb K, et al. Generation
of 1.6 ns Q-switched pulses based on Yb: YAG/Cr
microchip laser [J]. Proceedings of SPIE, 2015,
9513: 951317.

Dong J, Ren Y Y, Wang G Y, et al. Efficient laser
Y,ALO,/Cr'" + Y,A;0,
composite crystals[J]. Laser Physics Letters, 2013,
10(10): 105817-105822.

Dong J, Ren Y Y, Cheng H H. >1 MW peak
power, an efficient Yb: YAG/Cr'" : YAG composite
crystal passively Q-switched laser[J]. Laser Physics,
2014, 24(5): 055801-055805.
Zhang Z H, Cheng X ],
Amplification characteristic of low temperature Yb:
YAG crystal disc cooled by alcohol [J].
Journal of Lasers, 2011, 38(7): 0702013.

performance of Yb :

Wang ] L, et al.

Chinese

[30]

[31]

[32]

[33]

[34]

[36]

2101005-9

kAR, BN, TEG, F. ETIKIERAN
Yb: YAG Frotk & A 8O6 s oK R e i 5t (7] b
S, 2011, 38(7): 0702013.

Jiang W, Liu Y M, Chen W D, et al. Composite
Yb: YAG/Cr'" * YAG/YAG crystal passively Q-
switched lasers at 1030 nm []J].
2015, 54(7): 1834-1838.

LiJ Z, Zhu S Q. High-peak-power short-pulse laser
using a Yb: YAG/Cr'" : YAG/YAG composite crystal
[J]. Optik, 2019, 176: 630-635.

Xu J, Dong J. Effect of a codoped interface layer on

Applied Optics,

passively Q-switched laser performance of composite
crystals[J]. Applied Optics, 2016, 55(23): 6516-
6522.

Ren Y Y, Dong J. Passively Q-switched microchip
lasers based on Yb: YAG/Cr'" : YAG composite
crystal[J]. Optics Communications, 2014, 312: 163-
167.

Tsunekane M, Taira T. Temperature and
polarization dependences of Cr: YAG transmission for
passive Q-switching [C] //Conference on Lasers and
Electro-Optics/International Quantum  Electronics
Conference, June 2-4, 2009, Baltimore, Maryland.
Washington, D.C.: OSA, 2009: JTuDS.

Vorholt C,
Measurement of temperature-dependent absorption
and emission spectra of Yb: YAG, Yb: LuAG, and
Yb: CaF, between 20 °C and 200 ‘C and predictions

Koerner ], Liebetrau H, et al.

on their influence on laser performance[]J]. Journal of
the Optical Society of America B, 2012, 29 (9):
2493-2502.

Dong J, Ueda K 1, Yang P Z. Multi-pulse oscillation
self-Q-switched
transverse-mode laser[J]. Optics Express, 2009, 17
(19): 16980-16993.

and instabilities in  microchip



F 48 % 5 21 #1/2021 £ 11 A/HEHN

Highly Efficient Passively Q-switched Laser Based on
Yb:YAG/YAG/Cr:YAG/YAG Composite Crystal

Li Yongzhi"*, Zhang Meng"?, Yan Dongyu"”, Zhu Guang’, Chu Yuxi"*, Hu Minglie"*
" Ultrafast Laser Laboratory, School of Precision Instrument and Opto-Electronics Engineering, Tianjin University,
Tiangjin 300072, China;

* Key Laboratory of Opto-Electronic Information Technology, Ministry of Education, School of Precision Instrument
and Opto-Electronics Engineering, Tianjin University, Tianjin 300072, China ;

> Guoke Century Laser Technology ( Tianjin) Co., Ltd., Tianjin 300072, China

Abstract

Objective Passively Q-switched laser is widely used in laser ignition, laser processing, nonlinear frequency
conversion, and other fields owing to its short pulse width, high peak power, and miniaturization. A composite
crystal can further shorten the length of the cavity to compress the pulse width, reduce the loss, eliminate the air
gap, and avoid the damage to crystal surface coating caused by air-break. Although the heat can be dissipated via the
end face YAG, strong thermal effect remains inside the Yb: YAG/Cr: YAG/YAG composite crystal. With the increase
in temperature, the number of particles in the lower level of Yb: YAG increases, augmenting the self-absorption
effect of Yb: YAG at wavelength of 1030 nm, resulting in its low efficiency. In addition, Yb, Cr:YAG dielectric
layer, which has detrimental effect on the laser output performance, will be formed in the center of the composite
crystal owing to the preparation technology. The present study proposes a four-layer-bonded composite crystal,
Yb: YAG/YAG/Cr: YAG/YAG. Among these layers, the outermost one, YAG, plays the role of cooler. YAG as the
intermediate layer can dissipate heat and reduce the thermal effect, thus reducing the self-absorption effect of
Yb:YAG, as well as avoid the dielectric layer produced between Yb: YAG and Cr: YAG. Experimentally, the good
output parameters can be obtained by the Yb: YAG/YAG/Cr: YAG/YAG composite crystal.

Methods In the present study, passively Q-switched lasers based on Yb: YAG/YAG/Cr: YAG/YAG and Yb: YAG/Cr:
YAG/YAG composite crystals are studied. First, the optimal transmittance of output coupler (OC) is selected to
achieve the highest output power. Then, the effect of pump beam radius on the output power is investigated using
different collimation-focus ratios. Thereafter, the relationship among pump power of the two types of passively
Q-switched lasers, repetition frequency, pulse width, single pulse energy, peak power, and spectrum are studied by
optimizing the OC and pump spot. Furthermore, the quality factors (M?*) of the laser beams with the two kinds of
crystals are measured.

Results and Discussions The optimal transmittance of OC for passively Q-switched lasers based on Yb: YAG/
YAG/Cr: YAG/YAG and Yb: YAG/Cr : YAG/YAG composite crystals is 50%, and the output power increases
approximately linearly with the increase of pump power. Passively Q-switched laser based on Yb: YAG/YAG/Cr:
YAG/YAG composite crystal acquires a higher output power of 7.41 W and the slope efficiency of 57% (Fig. 2).
When using 1:2 collimation-focus ratio (diameter of pump spot is 210 pm), the maximum output power is achieved
and the output power of passively Q-switched laser based on Yb: YAG/YAG/Cr: YAG/YAG composite crystal increases
more rapidly as the diameter of pump spot increases as compared with that of passively Q-switched laser based on
Yb: YAG/Cr:YAG/YAG composite crystal (Fig. 3). At the maximum pump power (17 W), the repetition rate, pulse
width, single pulse energy, and peak power of passively Q-switched laser based on Yb: YAG/YAG/Cr: YAG/YAG
composite crystal are 25.5 kHz, 4.6 ns, 290.6 pJ, and 63.2 kW, respectively. Overall, compared with passively
Q-switched laser based on Yb: YAG/Cr: YAG/YAG composite crystal, passively Q-switched laser based on Yb: YAG/
YAG/Cr: YAG/YAG composite crystal has the lower repetition rate and pulse width, higher single pulse energy and
peak power (Fig. 4), and better beam quality at the same output power (Fig. 8).

Conclusions We experimentally demonstrate a highly efficient passively Q-switched laser with Yb: YAG/YAG/Cr:
YAG/YAG composite crystal pumped by a LD with a wavelength of 940 nm. The output performances are investigated
based on Yb: YAG/YAG/Cr:YAG/YAG and Yb: YAG/Cr: YAG/YAG composite crystals with different transmittances of
OC and diameters of pump spot. Based on the Yb: YAG/YAG/Cr: YAG/YAG composite crystal, the maximum average
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output power of 7.41 W is obtained at the pump power of 17 W. The slope efficiency is 57.0%, while the optical-to-
optical efficiency is 43.6% . The laser pulse has a pulse width of 4.6 ns, a repetition rate of 25.5 kHz, pulse energy
of 290.6 p.J , and peak power of 63.2 kW. Compared with the passively Q-switched laser based on of Yb: YAG/
Cr: YAG/YAG composite crystal, Output power, pulse energy, and peak power of passively Q-switched laser based
on Yb: YAG/YAG/Cr: YAG/YAG composite crystal are raised by 5.6%, 14.7%, and 22.2%, respectively. In the
meantime, the M* factors of passively Q-switched lasers based on two kinds of composite crystals at the same output
power are investigated, the passively Q-switched laser based on Yb: YAG/YAG/Cr: YAG/YAG composite crystal has a
lower M* factor when producing the same amount of power. By comparing the experimental results, passively Q-
switched laser based on Yb: YAG/YAG/Cr: YAG/YAG composite crystal can achieve better laser output parameters.

Key words lasers; ytterbium-doped laser; diode pumping; passively Q-switched laser; solid-state laser
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