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Abstract 2 pm band laser has a wide range of applications, not only in the fields of lidar, laser ranging, and medical
surgery, but also as a pump source for mid and long wavelength infrared lasers. Using laser diodes to directly pump
thulium-doped crystals to obtain lasers in the 2 um band is a direct and efficient technical means, which has attracted wide

attention. This paper introduces the research progress of Tm : YAG, Tm : YAP, and Tm : YLF pulsed lasers, and

makes a summary and prospect.
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Table 1 Commonly doped Tm®" crystal characteristics'

12-14]

Gain medium

Tm:YAG

Tm:YAP Tm:YLF

Crystal structure

Density o /(g.cm %) 4.56

Melting temperature /K 2220
Hardness by Moos 8.25-8.5

Refractive index n 1.8123
Thermal conductivity /(W-cm '-K ') 0.13
Upper level lifetime 7, /ms 11

Pump wavelength 4,/nm 785

Absorption cross-section ¢, /(10 *cm?®) 0.65

Emission cross-section g, /(10 *cm?) 0.22

Laser wavelength A, /nm 2.01

Cubic system

Orthorhombic system Tetragonal system

5.35 3.99
1870 1098
8.5-9 4-5

a:1.9048

b:1.9185 1.44

¢:1.9270
. a:0.072

¢:0.058
4.4-4.9 14
795 792
0.91 0.35
0.5 0.23
1.94,1.99 1.89,1.91,1. 94
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ARRP O o RO T AR R 45 R 1 O iR
s, Y B RN 15 Hz B, 3845 1 20 ik o i it
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LR
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8 °C H AW FR N 10 kHz I, S2 B T SF 45 s R h
1714 W ko S8 B4 1 ps BBk o BE o0 17. 14 mJ .
W F 2 2 2 17. 14 kKW % K2 2020 nm 9 80O i i
Xif IS 4 -6 B B AR R 13, 3%, R ECR M 18. 9%,
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Fig. 2 Tm:YAG laser device. (a) Single laser module; (b) bonded Tm:YAG crystal; (c) Tm: YAG laser structure'”
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Jik ol LD, &b AR R BE AR 5 7E 120 K, 7698 QAR F 3k4%
TRk R g R 2. 55 mT LBk oh BE B R 650 ns | H 0 P
R 1. 88 pm MO Y 7E B 48] 25 RS TR Bk o B
B 45 %2 15 ns, %R B o BB 5 2. 22 m.
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3.6 mI H LK N 2014, 16 nm (9 Xk w6 B
HIJE G ok e (4 Jik 96 53 531 2 416 ns #1407 ns.
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Table 2 Development of Tm:YAG pulsed solid-state laser

Year Operation mode Repetition frequency  Output power  Peak power  Pulse energy  Pulse width
1992!1% Actively mode-locked 300 MHz 70 mW 6.7W 0.23n] 35 ps
2009 AO Q-switched 30 kHz 5.1 W 566.7 W 0.17mJ 300 ns
2011 AO Q-switched 15 Hz 30 mW 5.6 kW 2.0mJ 356.2ns
2012 AO Q-switched 10 kHz 171.4 W 17.1 kW 20 mJ 1ps
2013 — 100 Hz 18 W 900 W 180 mJ 200 ps
2014 Acousto optically cavity dumped 200 kHz 598 mW 54.6 W 2.95uJ 54 ns
2015 Passively mode-locked 98.7 MHz 158 mW S571.7W 1.6nJ 2.8 ps
2015 AO Q-switched 10 Hz 1.3W 800 kW 128 mJ 160 ns
20157 Passively mode-locked 89 MHz 150 mW 561.8 W 1.7n] 3 ps
2017 AO Q-switched 1 kHz 20.7W 246. 4 kW 20.7mJ 84 ns
2017+ Self-mode locked 3.376 GHz 1.2W 120.1W 0.36nJ 3 ps
2018 Passively Q-switched 49. 36 kHz 421 mW 20.2 W 8.53 pJ 423 ns
2018"" Passively Q-switched 57.67 kHz 272 mW 12.6 W 4.8p] 382 ns
2019 AO Q-switched 200 Hz 1.37W 18.6 kW 6.83 mJ 367.7ns
2020 Passively Q-switched 124.5kHz 842 mW 19 W 6.76 pJ 355 ns
2020 Passively mode-locked 232.2 MHz 200 mW 3.1W 0.86 nJ 280 ps
2020 Passively mode-locked 97.7 MHz 117 mW 25.1W 1.2nJ 47.9 ps
20211 Passively mode-locked 203.1 MHz 320mW 2.7TW 1.58nJ 580. 5 ps
20211 Passively Q-switched 101. 8 kHz 263 mW 5.8 W 2.3 p] 398 ns
20217 EO Q-switched 1 Hz 2.53 mW 3.9 kW 2.53mJ 650 ns
202177 Passively Q-switched 119. 3 kHz 251 mW 6.5W 2.1pJ 322.6 ns
2021" AO Q-switched 100 Hz 0.36 W — 3.6mJ —
20211 Passively mode-locked 208.5 MHz 102 mW 2.19W 0.49nJ 224 ps

2.2 Tm:YAPBkF 2

1997 4F ,Elder 25" LA Tm: YAP Jy 3 25/ it , 1 1K
EER T RMALD ZW My, kM 7T 1.965~
2.020 pm 1Y AT AT G o

2004 4F-, Sullivan 2" 38 T 745 6 Q B & I R
Tm: YAP#Ot# . MEE MR N 5 kHz i), 35153 T F
¥y R Sk 35 WLk vh BB B 8 7 mT L Bk b SE A
75 ns %K 1940 nm B EOGE H .
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WK R OEHR R Tm: YAP B EOEAY , 5 T2 Sk
To0 AN W MR (SESAM) 4R A3 7 S A5 ik o i o, AE B
B R 26,47 kHz B, 153 F OF 35 T R S 480 mW,
1936. 9 nm 1 1938. 9 nm X K #4656 o R &
MK 1.240.2,

2015 4F , WA JR V5 Tl K2 Yao & R E T 2%
FH HE G 81 2 O SR AR Bk b i H 0 T YAP SO R,
SR B A E 3R o FEAH IR R A O K 792 nm
1 LD, B AR RTP L JE 30 b fin 2% 00 3 2 — H
ARG T HKTE N 7. 1 ns SE I EH 3.02 W Y
ok O B X R A% R 100 kHz

2018 4F, Uf g K24 5K i HE 45 5L F SESAM, 52 i
T LD Tm: YAP fb 7 ) R Tl 3R 34 28 B 45 42 7% i
o YR RHNE IR K 7,96 W I, 2R 15 BRSOG4 B
K- % T2 730 mW Bk S8 K 1. 7 ps, X R i
FANE R 88. 7 MHz, L K 4 1982. 4 nm.,

2019 4F , K 2 BT K 2% Wen 251 5R FH XU 42 1 %
ARSI T Tm: YAP WO & & W T R 50 . S IR
KR oL UK Kk 795 nm B LD, M & U ok
79.2 W HE B F N 1 kHz i, 3545 7 ik oh GE & N
16. 36 mJ W AE 1) % 4y 430. 07 kW, Jik 9% 38. 04 ns. %
K 1.99 pm 30O fr X R OGO B e sk R R
20.66% . X4&HAT Tm:YAP ik ot 28 i 45 15 1)
KIEE )R

A AT, L 2R K 2 Niu 2638 1 75 6 18 Q At 3h i
QMEEA MR ELH T Tm: YAP #OE 2% 19 Bk vb
o S5 Q T B L, AU Q H R AE 3R G 7 Bk 5
e U T 23R A S8 i o A R R B Y R A
PNy 5,34 W S IR N 1 kHa I, A 3545 T Ik
PhvE BE A 239 ns WEE T % 1146 W Y 2 um Y 30O
i o
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B3 TR A M Tm: YAP#OERS
Fig. 3 Tm:YAP laser with electro-optical cavity-dumped"”
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Table 3 Development of Tm:YAP pulsed solid-state laser

Year Operation mode Repetition frequency ~ Output power  Peak power  Pulse energy  Pulse width
2004 AO Q-switched 5 kHz 35 W 93.3kW 7mJ 75ns
20111 Passively mode-locked 26. 47 kHz 480 mW — 18.1pJ —
20141 Acousto optically cavity dumped 200 kHz 1.28W 148.8 W 6.4l 43 ns
2015 Electro-optic cavity dumped 100 kHz 3.02W 4.3 kW 30.2 pJ 7.1ns
2018 Passively mode-locked 88.7 MHz 730 mW 4.8 kW 8.2nJ 1.7 ps
2019 AO Q-switched 1 kHz 16.4 W 430. 1 kW 16.4 mJ 38. 04 ns
2019 Passively mode-locked 96. 55 MHz 880 mW 19.03 W 9.11nJ 478.83 ps
2019 Passively Q-switched 255 kHz 2.2W 15W 8.7ul 579 ns
2019 Passively Q-switched 101 kHz 542 mW 10. 1 W 5.4 u] 533 ns
2019+ Doubly Q-switched 1 kHz 274 mW 1.1kW 274 pJ 239 ns
2019 Doubly Q-switched 62.7 kHz 350 mW 22.4W 5.6 uJ 249.4 ns
20201 Passively Q-switched 95 kHz 957 mW 11.5W 10. 1 pJ 857.5ns
2020 AO Q-switched 1 kHz 230 mW 4.6 kW 230 uJ 50 ns
2020 EO Q-switched 10 kHz 21.96 W 107. 3 kW 2.20mJ 20. 64 ns
2020 EO Q-switched 200 Hz 630 mW 185. 3 kW 3.15m]J 17 ns
2020 Passively Q-switched 113.7 kHz 1.29 W 28.9W 11.3 pJ 392.7ns
2020 Passively Q-switched 24 kHz 100 mW 1.55 W 3.8ud 2.5us
2020 EO Q-switched 1 kHz 2W 33.3kW 2mlJ 60 ns
20201 Passively Q-switched 71 kHz 451 mW 8.58 W 6.35p 740 ns
2021 AO Q-switched 10 kHz 33.2W 16.6 kW 3.3mlJ 200 ns
2021 Passively Q-switched 88. 28 kHz 0.97 W 24.4 W 11.2p) 459.0ns
2021 AO Q-switched 1 kHz 2.3W 80 kW 2.3mlJ 29.5ns
20211 Passively Q-switched 105. 1 kHz 2.05W 21.2W 19.5u] 916 ns
2021 Doubly Q-switched 100 Hz 420 mW 111. 8 kW 4.2mJ 38 ns
2021 Passively Q-switched 98.59 kHz 1.37 W 6.4 W 13.85 ) 2.16 ps
20211 Passively Q-switched 175 kHz 0.81 W 2.TW 4.6 p) 1.69 ps
2021 Passively mode-locked 70.2 MHz 630 mW 57TW 8.9nl 156 ps
2021 Doubly Q-switched 200 Hz 151 mW 34.3 kW 755 uJ 22 ns
2021 Passively Q-switched 70.08 kHz 153 mW 2.67W 2.18 plJ 821 ns
2022"" EO Q-switched 1 kHz 1.76 W 88 kW 1.76 mJ 20 ns
20221 Passively Q-switched 49 kHz 280 mW 6.6 W 5.7l 0. 86 ps
20221 Passively Q-switched 95 kHz 220 mW 10.5 W 2.3ud 220 ns
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2020 4F , K& B TR % Wen 45 HRIE T 5 T o6
W QM Tm: YAP /& 5 & MR AR K FOEH R A Aok
K R 795 nm #9 LD #F 47 X R, MR E A
79.2 W H B WR K 10 kHz I, iLEh 3545 T E B o &
A 21.96 W ik b 55 BE R 20. 64 ns., Bk vh g B A
2.20 mJ, W& {5 Ty F o 107.3 kW, b U KR
1937. 87 nm Y ik i i 6

AR, IR K2 Yang 55 HRGE T — & 2 F OB I
QM Tm: YAP 78 ik 58 B0 #% , >4 51 &2 0 %y 200 Hz,
T YRR 10. 1 W B, 3R A5 T koo 98 BE 4 17 ns
Uy %k 185. 3 kW a0 9% K iy 1988 nm A9 ik nf i ot
LR
2.3 Tm:YLF Bkid ik 88

1997 4 , Ketteridge & it i T — Fh £ IR IR T
(77 K) 18 17 G LR #54 LD WU 42 Wl (9 % 22 7T 98 1Y
Tm: YLF BOGAR , B A% 228 1% 5 [l 1. 85~1. 92 pm.,

2002 4F , Petros %5 R i T w5 Bk b BE =
Tm:YLF #otas . IRE BTV RIZ5 4 o LD B
) ok i 5 3 L K R 450 ps IE L $RA5 Tk O B g
4 310 mI K R 1,91 pm, X RS R 29%

2007 4, Jabezynski 28R F L I K R 792 nm
B LD ZEMH Tm: YLF d4 K, 56 Qiz i, Y =G M
R JL Hz B, 3R 45 T W& {E T 2 2k 300 kW . fik 5& 4
15 ns. I K K 1900 nm A 30O & .

2017 4F , ¥ 2 JiE K %% Soulard 25" 3% H] SESAM,
R T —Fh 2.3 pm S 9 S B Tm: YLF BOGS .
KA LI 780 nm BWOLFE M Tm: YLF ik, EE
A% 100 MHz F , 38153 7 # T % 165 mW | Jik 58 4
94 ps B BB IO Fr L R SE — R IRGE 2.3 pm P K
1 SESAM 8 Tm: YLF #OE#% .

[/ 4F , Canbaz 45" 3 F 7 /R i85 B2 , £ K H 780 nm
F ) Tm: YLF Ot as b SE 90 7 sh B, 4845 1%
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Fb it G ik o Y R TR Oy 880 mW L & AT
ol 41.5 MHz B, 3648 TP #00% 14,4 mW ik 58
514 fs K 2303 nm B9 3E0OGHr .

2020 4, Goldberg %"t i T K BE & & W {H 1)
) Tm: YLF 8% 8 Q WOt . ot &4 Cr:
ZnS VE R AT A A 2 24 Cr: ZnS 3B 1 R 927 |
FAM D H R 30.5 W E B K 1 kHz i, 3R 15 T 0%
EI 5 280 kW Lk #h BB 50 10. 8 mT | ik #h 58 J& 4
38 ns BY 1.9 pm L ;2 Cr: ZnS B I R
89% IR g 14.7 W H Wi R 2 2 300 Hz i,
AT T WG IR N 350 kW B ik vh g &0 10. 2 mJ ik
e BE O 29 ns 19 1.9 pm SO H L 43 00 0 H R E A
Tm: YLF 8 sl 8 Q ik w8 ' 45 Ir 25 45 1) f K B ik o
il R A e W (L T %

20214, Tamer % F a1 4 i 78 Tm: YLF #%
JedeE ARG TRkl LB T B
KAE OGO R RN, R OGRS R
TR 7 R o A . MR AR AR R R RN
793 nm WEAE TR R 1 kW Y ik ob LD £ 00 1 2R 3
EFo b s AR EEEMAE N1 HB KB T
Jok o BE H o 18 mJ K FE R 20 ns P A 1,88 pm [
Jok O E o R R S 43 R WL Ik i 2R YR G O
3,2 min & G — ko, 4 DUSHE BOK, 24 LD B bk
S8 Ry 30 ms (WEH T AN 12,2 KW I, J 2 34
ik #f fig & S 3.88 T,k 9E M 20 ns. P P K K
1.88 pm MR o EIRG A A his 5 RE T,
24LD Hi ik ob 9 BE R 40 ms A IR N 16.9 kW
B, 3615 T Bk o B R 38. 1 7, Bk 5% Sk 22 #0 & 9% 19 0%
et o X TAEARATHE T Tm: YLF 30688 BT 3K
5 1 o e PR bR b RE B 2D SR R 2 pm U BE O 36
BT R A B e Rk b RE R B R T R AE R Tm:

Tm:YLF Oscillator

10kw
LDS

4x Beam Expander

X

0

‘ Diagnostics

YLF BOG8% 07 I /i .
Pump Pump 10kw
Optics Optics LDS
Pass 2
Pass 3
Pass 4

TFP: thin film polarizer; HWP: half-wave plate; FR: Faraday rotator; PC: Pockels cell; QWP: quarter-wave plate

K4 KAt Tm: YLF 50005 &

Fig. 4

Large energy Tm: YLF experimental device
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4 Tm:YLF kb B ARO6 8 & AT
Table 4 Development of Tm : YLF pulsed solid-state laser

Year Operation mode Repetition frequency Output power  Peak power  Pulse energy  Pulse width
2002 Free-running operation — — — 310 mJ —
2007 AO Q-switched — — 300 kW 4.5m] 15 ns
2017 Passively mode-locked 100 MHz 165 mW 17.6 W 1.65nJ 94 ps
20177 Passively mode-locked 41.5 MHz 14. 4 mW 675.1 W 0.35n] 514 fs
2018 Passively mode-locked 94 MHz 95 mW 32.6 W 1.01nJ 31 ps
2019 AO Q-switched 1 kHz 1.97W 53. 2 kW 1.97mJ 37 ns
2019 Passively Q-switched 76 kHz 6.3 W 27.5W 85.2 3.1ps
2019 Passively Q-switched 82 kHz 1.05 W 30 W 12.8 pJ 427 ns
2019 Passively mode-locked 54.1 MHz 1.04 W 179.7W 19 nJ 107 ps
2020 AO Q-switched 9 kHz 25 W 2.7kW 2ml] 740 ns
2020 EO Q-switched 1 kHz 1.4W 82. 4 kW 1.4m] 17 ns

- ) i 1 kHz 10.8 W 280 kW 10.8 mJ 38 ns
2020 Passively Q-switched

— — 350 kW 10.2mJ 29 ns
2020"" Passively Q-switched 6.67 kHz 320 mW 57 W 48 uJ 843 ns
20211 EO Q-switched 500 Hz 625 mW 65. 8 kW 1.25ml] 19 ns
20211 Electro-optic cavity dumped — — — 3.8817 —
20211 free-running operation — — — 38.117 —
2021 AO Q-switched 5 kHz 7.32 W 21.5kW 1.4mJ 68 ns
3 sEE AT Al Al SO W IR I OB B SO SR TR R 4
A =

A, FETF Tm: YAG. Tm: YAP il Tm: YLF
mn AR 1 2 o Y B RO R IO T — s 1 R 0O
R N QU N N QUL IR e S S R NE o o N
BT A A MO B AR S , BAT, T Tm:
YAG SR 2 pom i B B R EOE A% S8 T O B4 T
RRKT 150 W 2 pm P BEBOLH . Tm: YAG B A
PO I T A ) T B R AR 24 M RS, 7 R K B
EHARN LR, Tm: YAG VE R34 35 A B b 2 pm 3k
BESOGI W ) A8 B — B Bk

FET Tm: YAP S 9 2 pm 95 B [ A 806 88 48 1t
LA KRt W (E T R TR T B A, Bk o v
Ak RS, T Tm: YAP K 0T 5 3 35045 28 1
PO, 5 Tm: YLE S RAH B S KA B S5
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