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B 25 A BT F AL $E Tm:YAG, Tm:YAP, Tm:YLF,
Ho:YAG, Ho:YLF %,

Tm:YAG fh iS22 B A A (Y3AL0),, YAG)
SR IB A —E W T TR, R 4% 16 ] 1) 26
A, R R HAAE BB R . Tm:YAG fiv iR I
WETE 785 nm BHIE, WO 2 7.5%107" em?, (RG]
DU rpc i K 785 nm B2 SARBOGRAE N HR
W, RS K5 1.87~2.16 pm, 2 HI7E 1882 nm,
1960 nm A1 2 014 nm &8 = 5 & FH&, X5 K
2014 nm & HHE B, & I R 2.9%x107" em’, 3t
FZ) A 11 ms,

Tm:YAP N5 7% Tm* (45 R 42 (YALOs, YAP)
A, JE B AR ST S A U h S R, A5 % R
Py FOG IS R E . TmeYAP 5 K A W2 e i B 7
795 nm Ff} ¥, WYL # AT 3.7%102'~8.5x102" em?, Tm:
YAP B GE K5 98, 43 BIAE 1940 nm Fl 1980 nm
AbFEAE K SV, 2 0K R AE 55107 ~6x107 em’
Z I8, NFFATE 4.4~7.7 ms Z [A]

Tm:YLF & 4K 48 28 Tm (4 %16 52 58 (LiYF,,
YLF) 4 5, nJ 523N [ K0 o fi 41 i R A o s 4R
it o 7E 2 pm BRSO T, 85 R o i 4R
H o Tm:YLF FA{RTE 792 nm Ab77 76 W ic 0, W ic ik i
K 5.5x107%" em?, % S U ZE 1908 nm BT, & 5 A
M 2.3x1072 cm?, 2G5 16 ms,

Ho:YAG bR EA (5 4 SR = % B2, T LK [
FE 17 DR 2830, & — PR R AP0 2 um BOGHE 25
I8, Ho:YAG fb (4 1) W e g 3 %2437 T 1908 nm 4b,
Xof IO BRI AR T R 1.09%10°%° e, [RI I, K B I
1908 nm ) Tm:YLF FERBOGH 5 # FHAE Ho:YAG #%
JEAR ISR o B R TN T 2090 nm &b, X5 (1

Stark splitting
500

[UpconversioffUpconvergi

Energy/cm™

B 1B B TR AE ™). (2) Tm™; (b) Ho™

Fig.1 Energy scheme of active ions'®. (a) Tm™; (b) Ho*"
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KA R 1.14x107° em?, 5 F AR 7 ms,

Ho:YLF fify A J2& — 4% 1) S P A A, ] B 422 55 30
LmPROGH . Ho:YLF FhRTE 1940 nm il HAA
M S0, ok 17 TR O T A 1.2x1072° en?, 38 R FH &
SR S 1940 nm () Tm:YAP [EARBOE #$7E o H
VR . Ho:YLF 7E 2060 nm it ¥ 77 15 8¢ K i % 5 0,
KT 1.8x107° em?®, 2677294 10 ms.

F 1 BEETIURE 0 2 pm BABOERE 250 5

(Y 0 3 R 1, Hoh, T B 2R AR R IR K S
GaAlAs P RO & 9 TAE B ARDE S, H 0%
KAE 1.8~2.1 pm 5] AJ 52 B 3% £ 941 385, {EL A S 48 T 45
N, ERER TR B . 5 Z AL, Ho B 2% i A R
WA B K, 9Ot 75 Ay B, By 9 B Bk e g
2.1 pm OGBS RO
i, T T POLHATE N I

F1 BN 2 pm EEHSLIER T BRI

Tab.1 Spectral characteristics of commonly used gain media for 2 pm solid-state laser

Typical absorption wavelength/ ~ Absorption section/  Typical emission wavelength/  Emission section/  Fluorescence lifetime/

Crystal nm cm’ nm cm’ ms
Tm:YAG 785 7.5x10 2014 2.9x107 11
Tm:YAP 795 3.7x107'-8.5x107 1940, 1 980 5%x107'-6x107 4.4-7.7
Tm:YLF 792 5.5x10 1908 2.3x107 16
Ho:YAG 1908 1.09x107 2 090 1.14x107% 7
Ho:YLF 1940 1.2x107% 2060 1.8x107% 10

2 BEfEEStRMRIEFETT R

LRI, 108 [ OGS A9 B E R R 240
TR I L R L | VBG IR FIRD 71 A 45
DA 2 %k 4 AT 1 1) i BRI e A 1R 22 40

TEROCIERIE T, e b, b T3 45 10 Ao 5 |
B AR T 4, AT LS B AR AE I N iR o AR T,
P T M P9 S 00 3 5 | R ) s TR B LR, Dl A 25 ] o
AL, REGROL AR 2R I Z AR08 T
25 B 58 LSO, 308 2 PR M P II A o 5 0 55° F
I 6 3 I, T IR M — R PR i 4, LR IE
IR 5 A B SE 19 B 1) s e, BIIE AT S IR L an
P 2(a) Firzis, DA S SO B A 1 2

H 2P st 9 o 2 1) B FLASOE A9 8 FH 7 3%,

(a)

M3 Gain medium 3

M4
i .
— = ~
Mil Isolator M2
(b) Gain medium

MIQWPI gwpy T
Qi iy
K2 ZHR R (a) SIS (b) TR

Fig.2 Structure diagram. (a) Ring cavity; (b) Twisted-mode cavity
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A 5TV B (R AN DU 3 22— R R SR . PN I
PR AR B L, HL SRR R B 28 I D S 45061, 3
FE, 38 45 0 B P i G A AL TR, PN
Z AL B0 A T 1 A [8] £ 5 i 41 ', D63 53 A1 1)
5], a5 [l RE AL AR AR A E B B, DT 52 B O
PR o FH AR A [ A OGRS DAL AT B 254
BRI R L e, B e Y BB S B i 3R e
P, B4 R I BB 2207,

VBG & —F i HIOGIS IR ook, A BRI
RSB PR B . AR IR 5 A P A S5
14 £ B SR AR ALK S BOAT SRR 1 0 3 TR
JEE ARG I, DT R 5 TS N IR . SE M
B £ . 76 R PBOROG AR b, SO RS 5 X
VBG # ] DL TR+, il HT R A S AT 5 A80R
VBG 7] D52 IUAE R A 0K A 1 v S ST /8 5 3, 4
AR B I R ARL T . A, AT DLk G 8
A 1] W WK S 0L T D U0 A A o

Tt 8 A AR R B AR B AR O E A
2 & WOGER T AT BRI R AR TS, R RS
FPRBOC IR EE AR Z — o HIEARJFHL Ry R 5
PBFPFBOGTE AR I oy, I3 2o i P 4 R
(piezoelectricity transducer, PZT) 55 %5 {4 44 il 1 41 s K
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JEARE . BT EANMFOLEN B RIRGOLEA
DA, BRI DA H 55 Sl 3 e e i A X 2 00 5
AR . I B R AR I P A O AR G R DT D
I, Q JFIC AR, ikt AS 2 9 | RE 1L (1 FRLAASE ik
OB, 8 DR R AR B -l BR
(ramp-fire), FHH-TAFE-f A AR (ramp-hold-fire) £,

3 2 pm B E EIZSHKPRERS

3.1 IRWEEE

2006 4F, 3 E = AR HL 8 Yo SR ERA F
& ¥ T R K #% (master oscillator power amplifier,
MOPA) 4% ¥ ] Ho:Tm:LuLiF, BOG#$ P 5230 7 % K
2.053 um, FK e IR R 11T MO, IR5 A
i FH RS R 1) PRI T A1 s e AR A2 30 o B 14 25 i) s i
JEH . 2010 4F, Koch 25V B ] T — & 2 pum 3% K 1)
FH T 2238 3 0 RO TR Gk, B B SRR AR
Ho:Tm:LuLiF, B0t # = A EMF 5 Hz, BE& 250 m]
MO, 2750 R B, UL Ik e & 2 pm 2%
IO B UHE O T 2014 4F, Bai %P9 %
FET —F0 T 2 3BT A 0 YK b Ho: YLF #4
e, RGN IR Ty 40 W I, I8 3% 25 60 % H bk o
fiE & 7E 100 Hz F 41 F o 40 mJ, 7£ 200 Hz T4 T Hy
34 ml, UK AR D) R KT 1 MW, Jik b 58 B2 32 ns,
£k 55/NT 20 MHz,

2017 4%, My /R UE Tl K24 Y Dai %07 R ok
T 2 R e 2l OS2 PR T HotYLF 3R 9F 5 30O
WA R N 16.4 W B, £ K 2063.8 nm
AARAT T 3.73 WA D3R, RESCR A 27.1%, DR
it PR 112, FLSG RS I8 ] 5 1) 568 400 0y e ] LA gk
— 2 4 AR B T . 2019 4R, [l A 1Y

Wang %508 238 T 2052.96 nm B ik i Ho:YVO,-
MOPA R4, 1% R 48t & 3 7R 1Y B ) 35 0E 9% 3 14
Q k37 o AN HLIE B K AR AL . 38 L FE B Ho:YVO,
TR I A A BR B AR L BB R CrtiZaS, 310 4E TR
o s DA 1.02 W ik eh 58 910 ns, bk ER 52 A5 %
67 kHz H BRI 1 . R IR 45 0 300 4 5 0l
JCAE R K A (0 2 U, R 558 4548 Y Ho:YVO,
CRARAR T 1.67 W By Hh D)2, R G0 OG-63L
Rk 14.3%.

M8 L1
1.94 um Z—-}—* M6

Ho: YVO, ’ 13 | \

Half-wave
plate

Isolator

M7

1.94 pm

M2 Ho: YVO, " s

P&l 3 S Q Ho:YVO, MOPA R&E ™Y
Fig.3 Experimental setup of the single-longitudinal-mode Q-switched

Ho:YVO, MOPA system"*!

F 2GS TR T B B Y 2 pm YL
A2 [ 25 Bk i ROG A O i HH R, WD LA Y BT
I PRIE I B B HO AR TR BT 23, T ATE R 58
(1 2 RS BT PR R Ao s 9 it D R (R A 5 2
HOCHITIHE 2, B2 1 ST Bt 233 il— % B0

REHARFE s

R 2 AR 2 pm BN £ B ZSBK I EL AR5 H AR

Tab.2 Output characteristics of 2 pm single-longitudinal-mode all-solid-state pulsed laser with ring cavity

Year Institution Wavelength/nm Repetition rate Power/W Energy Pulse width/ns
200654 NASA Langley Research Center 2053 - 1.1]
20108 NASA Langley Research Center 2053 5Hz 1.25 250 mJ -
201453 NASA Langley Research Center 2050.967 100 Hz 40 mJ 32
201787 Harbin Institute of Technology 2063.8 3.73
201741 Harbin Institute of Technology 2053.9 - 0.941 -
20198 Harbin Institute of Technology 2052.96 67 kHz 1.67 24.9 uJ 910

3.2 HEEREE
2020 4F, My R Tolk K24 Y Dai 252 ffF i T —
RN 4 Fros B LB B Ho: YAG U6 #R, 1

WK 2097.46 nm AEFRIE T 0.76 W Y 3 K% L2k B\
P H TR, X 28.9% AU ARNRCR, I 18 i 7E I R
WS bR L BT ROBE I K O 2096.94 nm 1 18 3]
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Tm: YLT laser

2098.48 nm. It Q JF G HL T O 5 14 ik
Wi, e 2 KHz 9 ko 8 0% R, 075 2Rk b i
0.2 mJ, ik #h 5E B 116.5 ns, #OGEAE x Al y J5 1) BB
JEAR BT 4300 R 1.15 1 1.10,

T T A ) 2 pum B2 [ 25 Mk e
SeALHIBF T AR R A, 6 3 51 o AT AR oK 36 434 56 v
WO B I R . AR LB L, o T T
Bt A 1 B A s 5 D D 9 745 11 25 143 B
IR, PRI, 22 4 25 A AT 525 PR 22 1 5% 060, 4
O 8 i 2 A R T R R B T R
ST, BRI, I 2L A s B AR T 9T ) S W7 2 e, 3
TS A UMy 1 A AP S5 (A, R TR RO B RO B TR

F 3 SR 2 pm BHES B S B

Tab.3 Output characteristics of 2 pm single-longitudinal-mode all-solid-state laser with twisted-mode cavity

Qwp3 8

Pl 4 HHFEAT Ho Y AG WOL#% 9284 B 11

Fig.4 Experimental setup of the twisted-mode Ho:YAG laser'*”!

Year Institution Crystal Wavelength Power/W Pulse width/ns
20121 Beijing Institute of Technology Tm:YAG 2 um 1.46
2014 Harbin Institute of Technology Ho:YAG 2 um 1
20174 613th Research Institute of AVIC Tm:Ho:YAG 2090.9 nm 0.2
202044 Harbin Institute of Technology Ho:YAG 2097.46 nm 0.4 116.5
33 VBG £ 35.3 kW 9 06 Bk o g th o 2019 4F, i PR 82 )

i, VBG ) Z M H T 1 pm BOGHE, HIH
FE 2 pwm SO PR A AR A

2015 4F, Pt K226 Tl SRR T — B T
VBG [ Tm: YAP S B9 2h il Q B de, HfE &
5% 96.2 kHz B, Ha0 B K Oy 1988.8 nm, £ 9
4.2 MHz, Y% 1 D30 724 mW, ik 5E 2.2 ps, Hlik
RER 7.5 W

2018 4%, My /R Tk K241 Duan 59 B4 T —
Tl 7 32 52 35k 0 ik o % T 1945 48 58 Ho:CaF, OGS,
ffi Fl VBG 7 i £ 2100.5 nm &b 35 15 14 &% K % 22 3
B 3 T FE o 6.94 W, BEAUR 57.9%. YW F R
13.2 W i, 7 3 kHz B 5 AT N 3045 1T 5/ ik 5
JF 54 ns., e KBk b AE R 1.9 mJ FlldR K6 (H 3 R ik

/ Fiber laser diode
_— +

7EHLG T Q 8125 Ho:SSO HOL £ Hh # FH VBG & 44
v, ZM IR 19.3 W B, 7€ 100 kHz B9 FE M T 3845
T 6.33 W 8 KV ki th D 3, X Ry 48.5% 1R
N 32.8% WY G-OGH AR, Bk 98 BE 3.6 ns, i i
K 2100.5 nm,

2020 4F, ¥ B [ BE 5 T K 1Y Berthomé a5 P
F T — B an S s 0 Jok i o A I K AT R
Tm:YAP BOG s, @ il VBG 1 Ak Rl & 4%, O
P 4E A YAG B L, 78 1 kHz B9 5 =2 4505 T Al
PAFRASBE B0 230w, ik BE 50 ns ARG E Bk opdar iy, OF
HOGREL 5 /T LUE4E 2] 4 pm LAF, X TA RSO
T A0 A ) R R, 30 AT LUK 1940 nm 9 1%
#1960 nm.,

2 um

L 3

< Lc~50 mm o
VAG Agogscto Tm:
ctalon P YAP .
modulator /
HR@ 2 pm TC-VBG
85%@2 pm

Beam shaping lenses

/ 0.8 um

HR@ 2 pm
HT@ 0.8 um

5 AR Q Tm:Y AP S Gas S B ] )
Fig.5 Experimental setup of the AO Q-switched Tm:YAP laser™”
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ARG TIEARET VBG 1 2 pm Y4
[ 2k O s B 1 A, AT LA, T VBG A
o B PERORG JEE | B BT R T | R B AR E S

Fi i, VBG #OL R B 20N TR AL TEHOLM A
RWOEAE . SR, VBG BBk AR W, FEAmEiAL AR
HELABIOR | 450077 BO(EL ARG . A B e 200

& 4 VBG i 2 pm BHEE EIZS Rk R 28 it
Tab.4 Output characteristics of 2 pm single-longitudinal-mode all-solid-state pulsed laser with VBG

Year Institution Wavelength/nm Repetition rate/kHz Energy Pulse width Linewidth
20157 Northwest University 1988.8 96.2 7.5W 2.2 ps 4.2 MHz
20184 Harbin Institute of Technology 2100.5 3 1.9 mJ 54 ns
20191} Harbin Institute of Technology 2100.5 100 63.3uJ 3.6 ns
20205 Paris-Saclay University 1960 1 230 uJ 50 ns <4 pm

3.4 MFENZE

16 2 pm YRR FIE ARG h, T 2 haE 5
PEHOCEAE T O BOGE . PR RO
OB I ¥O% #4% . 3E F 1 25 JE I (non-planar ring
oscillator, NPRO) i 6 4% UL & 437 X S 15 (distributed
feedback, DFB) 2 A O A% 5 1 AT 4 1% 22 e 14 il
TR, TR R PR R R G M RE RS
EE
341 PR BMAEM TR

X T — S EUE E OB IR I, AR E R 5
JEA R L, DR O3 ek 44 2Rt 1 o A ] B, il 1
g5 th 4o rh R — Y B =GR BIHR Y B (E, 28755
PBHOCK T, X R ITERRR . TR
[ A O A B, B BB 85 /0N, Sy 1 i ek J
152 B GAAT H, [EAHOT A T K P
Ko FrLA, AT DL B HEAE RS 25 40 B3 DG R T B A N
(BB 2, A LA Ay T 4R s %) o B o) s A R O s
I IX SO A B FR A R OGRS

BRI VL AT S5 R BB (R R i R 45
o J R FT £ 97 o RS A8/, S B R O G M L
PRI e 1 1 BB B PR, 75 B B
BOLEE R 7, R 3 AR FI MOPA %
Gk SR e 1 A R SO

1997 4, 3¢ [ 2 A5 0 Y Singh FEC BF] T
— B T XA 2 pm [ SO T B R L, RS
1 Ho:Tm:YLF R #OGH 78 . BRI I %37 s A1 1
ANV K AR A N . T 10 Hz B, 48 3 4% 77 A=

35 mJ ik rh RS 1, IR 5E R 400 ns, K # 5 KLk
B IE 700 mJ, 1998 4F, Singh 47 F i A Fp
TEABAR ST iyt B 1 125 mJ, FAH 6 Hz, Bk rh 58
& 170 ns 1 BRSO, IFAE K S 3845 T 600 mJ
1) B bR b BE

2012 4F, M 7RI Tl K 2% 1 Dai 558 WF il 7 —
£ Tm:Ho:YAP Fh T 15 A Q it &8, {fi F B AR
Tm:Ho:YAP 1 F OCHAE A T, 7F 2130.7 nm 4by=
A 37 mW B BB R O . R AR R,
FE 100 Hz B 3515 7 2.8 mJ /4 i i 66 &, bk o 58
289 ns, I AP 22 AR 2 55N 4.5 MHz,
342 AERMABEA TR

i BL-¥A W (Fabry-Perot, F-P) f5#fE EL ik & H Ay
B R B BOC IR PR B 07 1, 0 i 2 I PR A Y A
AFETF TR F-P bR EL, R AR B 28 2 58
B T, B N AL AR AR, (3 G R e
(14 AR AE 1 P9 I 35, DA T AT LA S ' B A B i
T AE 2 pm RO T, BT PR £ 2
BT, 0T P BUE Z AR R AL A

ST AR L BB O 2 IR S R TR B B
P, L I R bR o LA A AT LS B RO
AR AR O SR, B L K A AT FE AR U
DL 08 HLE A e BRI . R, W
T A B0 SR IO 85 7 S B R R AT T
K .

2012 4%, MG R Tl K22 1Y Dai 45 58 i 6 7
A F-P b fE BAT A BOGIE IR I, 7K 2090.9 nm 2b
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3T 60 mW Y Tm:Ho:YAG Rl 130G, 4K J5 FI 0
7 AF AR, B Tm:YLF 0% 48 £ 1 Ho:YAG, 7&
100 Hz A 35459 T 4 BE 5 7.6 mJ, ik vb 56 B 132 ns B9
BRI . RIS 22 LA 26 96 R 3.5 MHz, 1] L
W L T 238 8 ROt 3 ik R4 . 2018 4F, Dai
ZEISTAE Tm:Ho: YLF OGS IR 8 th 46 A P4~ F-P A5 i
B, Jf# it PZT U A, SCBL 7 il 6 fros /] i

Electronic servo ! Q-switch

system driver

W FYE RN OGS, A AT LM 2050.962 nm i
F] 2051.000 nm, H 7 2050.967 nm (1] CO, W Wi i ik,
AT T 76 mW BYBRPBIROE . AR JE R AIR AL
AR SEIT Fk b A B 4.4 mI Y Ho: YLFELZ\ AR 3%
Jt, Bk v e BE 65 ns, HE &AL 100 Hz, St o 5t & K 1
1.07, $EEAT SRR, £698 4.1 MHz,

Detector

Pump . Ho:YLF
M5 M6

) Tm-doped
laser

Unabsorbed !

pump laser

Ml;-'.'l-—"“l: PZT

0.2 mm etalon
1 mm etalon

Seed laser

Tm:Ho:YLF

[ 6 Ho:YLF Fh-F-iH ASotas e ih % Bl

Fig.6 Experimental setup of the injection-seeded Ho:YLF laser'®”

343 WA EA TR

2011 4%, FAER % 5 Tl 0 58 #5523 A9 Strauss
ZE17) fifi F| Ho:YLF 1 Ho:LuLF 4 A HIF i T —Ff B 4L
B2 pm MR A WOLICR RS . B s Fh 1 HO6 8% E
50 Hz 774 73 mJ Ays KM i Re i, Dkl oi BE 365 ns.
BASE TR AR AT R i A 254544, 7F 2064 nm Hl»
WA R4 210 mJ 19 i 3 2 %, K98 350 ns, 2013
4., Strauss 251 ) HOGHE B E A, H 50 mJ [ RE &
PEATFR A, R K 2064 nm, & 0 F 50 Hz i,
1 BITORG W B RBOGCIK i RE B 333 mJ, Bk i v FE £
FH1E 350 ns.,

2018 4%, H A M K A5 B 5 A5 £ AR W58 T 1y
Mizutani SEP B T 1.94 pum #8 Tm YA OGRS R
TH 1Y Ho: YLF BOGHS, i B IR 5 4k 35 45 AR 2%
2N O R G AE = IR T LA 200~5000 Hz 1) 5 &2 5

RTAE, K 2.064 um. 200 Hz 1Y /N2
BT, AR AR T Bk b BE B 150 ns, d5c K ik o fig &
21 m) WEOEET o SRS R AR ABOR, 5 A
4300 Hz B} o] 755 16 mJ (9 B BEEOG 6 H, B2
T 7 s 235 8 Kok .

2019 4, MR Tolk K221 Wang!™ %51t 17—
BT CO, 22 40 WSO B 35 1) Ho: YLF WU K A
TN Q WO, UL B AT WU 31 7 R 4549 (1 B0
B Ho: YLF B HOLAHE WP+, B AE 2064.414 nm
1) CO, Wit Ak, 100 Hz B H 5 AFR T, JOK 24
Bk o fE 16,1 mJ, ik 98 221.3 ns, £k 9E 3.87 MHz.
2023 4F, IR L U R B A WA S T R S5 R Y
Ho:YAG FhF 30t RN B #OEAS, 76 100 Hz i HE K
WA AR 7.3 mI A Sk b RE AL, BKE 161.2 ns, 28
LR ARG fg ] 3k 33.3 mJ, £65% 4.12 MHz.
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Master

' —
‘_I HR flip mirr ---------
HR
& Tm-fiber laser L AOM
(105 MHz) [~

CW laser

7 HYE Ho:YLF BULH 2 MR IMOLH ik 5P

Fig.7 Experimental setup of single-longitudinal-mode Ho:YLF laser Doppler wind lidar™®”

3.44 NPRO #ABA TR

NPRO H BLHUREER N T30 A . 23 U A Ak
INREIH AR, AN 8 Fryn o SR Hebh 25 4 i R &
WOCIE IR IR, 38 5 SN o S 00 hr 56 e i 80 A
18 25 A AN 1) T A 52 S e > S B0 1Y) B ) i B
AT B 25 ) B FLARONE , i tE BR B0, T
4 B NPRO OG5 B9 HOL i AR 45 AT #E RN, BT
PLH AT EE RS YAG fik.

Pump beam
Output beam

& 8 NPRO Z5th R &l

Fig.8 Structure diagram of NPRO

NPRO O # 45 1 K 22, BA i fasE e, e
2 pm P BT SEILR 58 MHz 520 . T kHz 400

RO E . I, NPRO BOG#S 5 1F g b5 1
FRFHEAZRG, HAh, 8455 NPRO BOLAR 1)
s AR T B T DA S IO A R, (L S R 8 HLYE
FRIEE .

2012 4F, M5 R I Tl K 2% 1) Dai 587 2% A Ho:
YAG NPRO 1E R+, 1 A% Ho:YAG BOEHKAS
AT 11 mI /Y 5k vh fig i, K ob S8 B 110 ns, FE 0
110 Hz, 28 5% 4.8 MHz, S it & 7€ x Fl y J5 ) 1435
}1.09 F1 1.04.

2016 4, Jb 5T B TR 2% (1 Gao 45 ° fi il NPRO
Pl IE AR ARSZIL T HoYAG M 28 340G 28 i) B A A5
B, DL 140 mW Y 2.09 pm S0 Ho:YAG NPRO
VRT3 2% % ] “ramp-hold-fire 4R 44 I+ A,
R ZAE 200 Hz FAR T 15 8 i K g it 14.76 md, ik
M SE B 121.6 ns, £k 95 3.84 MHz, 2018 4F, Zhang
ZEUT [R)BE R F Ho:YAG NPRO /AR 7, 528 T —A
= EATPAYAEL Ho:YAG MOPA R4, 1£ 1.25 kHz [ &
BOFR R K15 13.76 md 1Y i K BE B L, Tk R
178.9 ns, £k 5 2.65 MHz, Yo i it [ 7€ x Fll y J7' 1]
4y Bk 116 A1 1.20, B i H S R A0 BE Ho:YAG

202307308
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MOPA Z Ge45 J8 hy AH T 22385 35 0 XU o' 75 35 1 AR PR S AR, W& 9 R . fE 100 Hz f

IR MR AT AR A5 6.8 mJ Y B bk b BE =, Bk b BE B
2023 4F, By R E Tk K22 1 Yan 558 U8 fiff H] 166 ns. Ho:YAG FRLid i K AlKF RE S 5ORF] 32.3 ml,

2090.6964 nm fi) Ho:YAG NPRO fE A F 1, & O 258 2.84 MHz, i th BEABHOL EA S e 1k -

Control
system

19 NPRO 1A Ho:YAG HOG# R gee Y
Fig.9 Experimental setup of the NPRO injection-seeded Ho:YAG laser™
345 DFB %Kk 2HF R Bl R, B TS CO, AR M AH T 22 43 W I %
DFB 2} 5 1R 38 3 5558 5 78 2 S 3 28 rp i Jt: 7 iK (coherent differential absorption lidar, CDIAL)
A PR IR 52 B B A 1 il H OB R 98 T LA ™,
# MHz 8 4%, +0il G 1 TR A LR R R RS 2015 4F, 1[5 [H R E 0 3 AR S5 1Y
9 4E P, T 2 pm 9 DFB 2 AR BOG &8 5 1R R Gibert 557 Bt T — A an & 10 Firs 19 Fh 513 A B0

Atmosphere
2.05 pm pulsed laser ?
Open
window s l —
CW Tm |
fiber laser Lens
Ho:YLF ! $50 mm —f4—
Resonance
detector Beam owp 4
e i ol expander
1 PID [l
f EEREE | 1
i HWP
' ==
! Seeder «t- Beam
[~ collimator
{ DFB-LD
77| off-line 50/50
—IAOFS DD
,--a DFB-LD Balanced coherent
- on-line detection

P10 H£F 2 pm PYBHOEARH CDIAL SCHRe E T

Fig.10 Experimental setup of the CDIAL based on 2 um single-longitudinal-mode laser””!
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B Ho:YAG kit 245, LA DFB SR EOGRS A
FpF-, HEAR 2 kHz I, Bk frRE £ K 10 ml, BKSE 40 ns,
298 10 MHz,  7EAH T 25 430 W WO 75 38 Hh i FH e 3
LRGN KR CO, MU R B, BB 48 = 2k
TN F s [ R 25 [ 43 B3R

2020 47, o E BL 2 BE L b4 R % HLCE 5
f) Chen &P &1 T —F £ F Tm:Ho:LuLiF, 1Y 2 pm
HYBHOE R G, T IO6AE B DFB 2 SR EOEAE
M =R FR 20, LA 10 Hz 59 8 255 H 100 pJ
Jik i, 28 58 /N TF 0.05 nm 18 55 7S e NGE KRS58
7E 2051.9 nm B PO TN ARAS T 5.6 mI BYTBCR Bk
AE, kb 96 il 429.7 ns, T 10 Hz, i FHAM 246
T2 (3O 9k 1.24 MHz,

346 FFIEAFEKEL

130 AHOR PR AR B & L i B L
RERRE | T 2k 00 3 7 S R L, WO A R A R R B R
B ok PO B SRR T B, O U B0 4
BRI Z B 3R 5 RS TR AR R TR
HEABARM 2 pm A [ 2Pk vh O % 10 s ek, w]
DL, B m 330 mJ A BRI b i o = e IR O
F A Ry Bl 8 i SE LAY 7, T DFB 2 AR BOG 28 Fh
FURISEE T 2 kHz W S B 4 | 40 ns (Y578 ik
52U DL} 1.24 MHz 1 £ 78 42 56 B, i e AT LU
DFB f SR BOGEE AR IR B KL HERF
AR EE R K3 6 R G b 52 2%, TR S AR 4k S P
it I DL e 58 A 30 B AP JE R A AR,

S5 MFEN 2 pm BYE S EIZS R E S 5 E

Tab.5 Output characteristics of 2 pm single-longitudinal-mode all-solid-state pulsed laser with injection-seeded

Year Institution Wavelength ~ Repetition ~ Energy Pulse width  Linewidth
/nm rate /m] /ns /MHz
19975 NASA Langley Research Center 2050 10 Hz 35 400 -
199867 NASA Langley Research Center 2050 6 Hz 125 170 -
20117 Council for Scientific and Industrial Research, South Africa 2064 50 Hz 210 350 -
201209 Harbin Institute of Technology 2130.7 100 Hz 2.8 289 45
201211 Harbin Institute of Technology 2090.9 100 Hz 7.6 132 3.5
201204 Harbin Institute of Technology 2090 110 Hz 11 110 438
201311 Harbin Institute of Technology 2118 100 Hz 8 151 3.7
2013 Council for Scientific and Industrial Research, South Africa 2064 60 Hz 330 - -
20157 French National Centre for Scientific Research 2050 2 kHz 10 40 10
2016 Beijing Institute of Technology 2090.2912 200 Hz 14.76 121.6 3.84
2017 Beijing Institute of Technology 2100 200 Hz 44 113 3.98
20185 National Institute of Information and Communications Technology, 2064 200 Hz 21 150 )
Japan
2018 Harbin Institute of Technology 2050.967 100 Hz 44 65 4.1
20187 Beijing Institute of Technology 2090 1.25 kHz 13.76 178.9 2.65
2019 Harbin Institute of Technology 2064.414 100 Hz 16.1 221.3 3.87
20201 Shanghai Institute of Optics and Fine Mechanics 2051.9 10 Hz 5.6 429.7 1.24
202087 Harbin Institute of Technology 2064.414 100 Hz 242 250 2.81
202317 Harbin Institute of Technology 2090.6964 100 Hz 323 166 2.84
20237 Harbin Institute of Technology 2096.667 100 Hz 333 161.2 4.12
4 & i ik vh g 0, AU VBG 0] LASE A kHz /Y

SCH S 2 pm B 4 9] 25 Bk O 85 7 45 40
SR, XM L L RRE . VBG LR T TEA
77 2R 2 pum B4 [ 25 K b OB AR5k J ik
frresik. AETAIHERIEC 20T DL M H

B AR IR Ak T LS B MHz $8 2%
AL vEt™ . JTARR, WOLH | HBEE L L
REREHOE K RO H AR S BAG T 8 F #, 2 pm
BRI [ 2k O IE S SRR E | ROR L A
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T8, KigmnyJy n Pedi k Jg

SR, TE 29 HT 2 pm A4 [ 25 Dk OB HOR
KR b AR v, TS AEAE — S (R R R AR 0, O
i 3B B A 2R B TRORO B R SE BE K e = O
M PRI s R RD 10 A BLAABO 2 A< B S5 48 5E 8k
8%, XA HOLA R B e R, A KB
W, HAT 2 pm B 4 [ 25 K vp O 25 10 4 L ok o
B BEAT BT, BRI T AR WO TR 38 45 i H i 1 .
Ja, mF Tm™ Ho' ¥ M ifE = Be R R4, 2 2 Ik
TN B A 20007 T R M), 4 T RO K ) RO [P R, I
R AR BRI #8 0] 41 A5 28 AL AURR, #Rsk
O XoF i e 285 %) 5 el 23 R AT B A LR B 58, (A0
R A FIAR A2 T T I

BEXT I, [ N AMRIIE A G R T e T — SRR e,
A BRI FE, B B AT R S5 R B O AR
(disk laser), AJ ATE SR B FICAETAR | B /N A9 S0 20
S R A O Y BOE R A2 O R AR
&t (Stimulated Brillouin Scattering, SBS) % A, 7& & £F
WO = BE T LB A A4 T AR B A A Ik 5 0; 41
B R A R0 TG B 12 A 0 55 TR ), dn i
TRV WOG AR A5 PO K VRS 4 A Sy R i b
B PR A o AR PR R B B AR | 34504k
FOEIRD, HET, FEROGIRG 4 N 51 ARk 45
T et [ AR O A8 S B PR AS 28 W OB I8 7 1
F B AR B ETE X 2 pm B A 5T 6 A R
18, EARSKA B th LLAMROG I A RS 5
AT WO A E T M Ah, 78 SEBR N H, Y
B — VR AR TG AT R4 S8 IR AR Ry B, R DR
ZRYBEFER ARG G 1 XA TP

MR IEAR A BIAE, 76 H 2 35K 19 0 FH 75 K HE 30
T, BEE PG RE . WKTE H48  PVE A HOR AN
R LA Bt i B3 15 A B AN OG AR 25 M AT IR 2
2 pm PR 4 (i 285 Jik O H AR 70 B A 1% 450 4
H SRR R 9 N AN

SE Lk
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Advances in 2 pm single-longitudinal-mode all-solid-state pulsed lasers
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Wang Yulei'?, Lv Zhiwei'?

(1. Center for Advanced Laser Technology, Hebei University of Technology, Tianjin 300401, China;
2. Hebei Key Laboratory of Advanced Laser Technology and Equipment, Tianjin 300401, China)

Abstract:

Significance The 2 um single-longitudinal-mode (SLM) all-solid-state pulsed laser has attracted much attention
for its applications in lidar, gas monitoring, laser medicine, material processing and scientific research, owing to
its high stability, narrow spectral linewidth and other advantages. For instance, the 2 um SLM laser features high
atmospheric transmittance and eye-safety, making it an ideal emission source for Doppler wind lidar. Moreover,
the 2 um laser covers the absorption peaks of various gases such as H,O, CO, and CHy, enabling it to be used as
the emitter of differential absorption lidar for atmospheric greenhouse gas monitoring. By combining the 2 um
laser with other sensors, a comprehensive atmospheric environment monitoring system can also be established. In
the field of material processing, the 2 um laser can interact with many materials, greatly simplifying the
processing steps. Furthermore, the 2 um laser has diverse applications in medical surgery, such as tissue cutting,
stone crushing and eye surgery. Through the characteristics of its working wavelength, the 2 um laser can achieve
precise tissue treatment, while reducing the damage to the surrounding tissue, offering a safer and more effective
option for medical surgery. The 2 pm SLM all-solid-state pulsed laser also plays a vital role in the field of
military defense.The 2 um laser output can be obtained by using nonlinear frequency conversion or directly
pumping gain medium doped with Tm*" or Ho®*. However, the linewidth of the 2 um laser output generated by
nonlinear frequency conversion is relatively wide, so it is extremely difficult to achieve SLM laser output. In
contrast, compared with the nonlinear frequency conversion technique using 1 pm lasers as the pump source of
optical parametric oscillators, Tm*" or Ho** doped Q-switched lasers typically involve using a special resonator
design or introducing mode selection elements, which have more compact structure and higher stability in

achieving a 2 pm SLM pulsed laser.With the significant development of laser technologies such as laser pump
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technology, single longitudinal mode selection technology, and high energy laser pulse technology, the 2 um
SLM all-solid-state pulsed laser is developing towards smaller size, better performance, and more stable output
performance. In recent years, researchers at home and abroad have designed and fabricated various 2 um SLM
all-solid-state pulsed lasers. According to the specific application scenario, the most suitable SLM selection
scheme is chosen, and researchers have obtained 2 um SLM pulsed lasers with different characteristics and
successfully applied them to several fields. However, there are still some technical challenges to be overcome in
the development of the current 2 pm SLM all-solid-state pulsed laser technology. In this paper, the common 2 pm
single-mode all-solid-state pulsed laser technologies with the ring cavity, twisted-mode cavity, volume Bragg

grating and injection-seeded method are analyzed and summarized.

Progress This paper reviews the research progress of 2 pm SLM all-solid-state pulsed laser technology, in
conjunction with its applications across various fields. It introduces the working principles and characteristics of
SLM selection techniques such as the ring cavity, twisted-mode cavity, volume Bragg grating, and injection-
seeded method. The laser output characteristics of different structures, including central wavelength, output
energy, pulse width, full width at half maximum (FWHM) of the spectrum, pulse repetition rate, and beam quality
factor, are summarized based on different SLM selection techniques. The results indicate that the 2 pm SLM all-
solid-state pulsed laser has made significant strides in single pulse energy, spectral line width, and stability. It can
achieve high-energy SLM laser output with a line width on the order of MHz and pulse repetition frequency on
the order of kHz. However, the output pulse width remains wide (on the order of nanoseconds), the structure is
complex, and the thermal effect is pronounced. Finally, the paper analyzes the current technical bottlenecks,

provides corresponding solutions, and prospects the future development of 2 pm SLM all-solid-state pulse lasers.

Conclusions and Prospects Driven by the escalating demand for practical applications, 2 um SLM all-solid-
state pulsed lasers are evolving rapidly towards miniaturization, enhanced stability, high efficiency, narrow
spectral linewidth, and substantial output energy. Future development trends are expected to focus on further
advancements in output performance and the exploration of innovative methods for realizing 2 um SLM all-solid-
state pulsed lasers. Moreover, with the progression of laser technologies such as longitudinal-mode selection,
pulse width compression, and thermal management, coupled with the continuous exploration of new gain media
and laser structures, the comprehensive performance of 2 pm SLM all-solid-state pulse lasers is anticipated to be
further improved to cater to diverse application requirements.
Key words: all-solid-state laser; 2 um; pulse;  single-longitudinal-mode (SLM);  mode selection
Funding projects: National Natural Science Foundation of China (62305100, 61927815, 62375076); Scientific
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