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Single-frequency all-solid-state laser technsiopy

LI Hui'?, WANG Zhimin®>, ZHANG Fengfeng® , WANC [ za'ang”
LI Jigjia® , CUI Dafu’, PENG Qinjun®, XU Zuycn’
(1. School of Opto-Electronics, Beijing Institute of Technology, Beijing 100021, Ciuna; 2. Technical Institute of Physics and
Chemistry, Chinese Academy of Sciences, Beijing 100190, China)

Abstract: Single-frequency all-solid-state lasers are widely uset “a he fields of high resolution spectroscopy, coherent
communication, radars, and gravitation-wave detection and so cu. Sirgle-‘requency all-solid-state laser is one of the important
research fields of all-solid-state lasers. To adopt appropriaic singzle-frequency laser technology better and meet different
requirements in applications, several techniques to realiz= single-frequency all-solid-state lasers were summarized, such as
microcavity, coupled cavity, birefringent filters, F-P etulons iv. cavity, unidirectional ring cavity, twisted mode cavity. Their

principles and developments at home and abroad woic imeoduced. The characteristics and application situations were also

compared and summarized.

Key words: laser technique; single-rzquency; all-solid-state laser; narrow linewidth

il

51

WOE A (laser diode. L0 iz BY [ A HOE &
S LGET s RO a5 00, RASCR & ik
LS o T8 SR W BENL WAL Bl ot s 9
AR 7 ) 2 — 2 e W TR, s o BRI
L A TEAE O TR IR T BRI e D)
SO, BT AR AN IR Z AT 5 N B0 T4
[ A5 BRO G A I ST o [ A5 SR B FE AR LR
HEPERE , BN — D E BT T5 0. H AT 4[5 25
OGRS B Y Y T2 R T A TR

B4 H K E KR R & B 5 E B B 5 H
(ZDYZ72012-2) ; |5 5 T K BF 24 A 1 5 IF K 4 50 5% By 3 H
(2012YQ120048) ; [E % B /Bl 34 % BhI H (61138004 )

TEE N2 2 (1989-) , 20, Wl LA s A, L EE N HE
B RO & 7 T BIFESE o

s B R A, E-mail ; wangzmok @ 163. com

Wch H #.2014- 12-17  ICEIME SR H 3 :2015-03-20

TF o PR R J 325 5 i T e A i PR ) LT S DB R I R
it DEARE AL A A DS LI 5 TR PR S 1) bE£L
ROV B PR I LA AR IREIL S5 o AR SO R XL
EIFEM AR LRSS

1 ETIEAYHEE R

A IR IR BE 3 OAH SBE E] B , LA S/ IM
5 g M R IR R A A RLTE N, RARAE
— AN, TS BB AR 5 0 e s T
VLAY, AT T AR TR B R O i A
F LGSR AL T 3 B A B AT B RIS o
1.1 ETEERHtREHERNEEE

1989 4, ZAYHOWSKI 25 A\ B el 1 % i i
K 1.06wm F1 1. 3pum [ Nd: YAG B0 80628, 48 58
/NTF SkHz; i %K 1. 06wm 1) NdP,0,, , Nd: GSGG
O HOEAs , R A ROR I TERIZ D305 T L
(1, 320 ) 0L 58 80 B USRS 1L 1991
A, HACH) TAIRA 28 A\4f3H 7 LD filtiz i) Nd:YVO, fif



142 /G U 7 N

2016 4£ 1 H

ROt R mB B WK 1 R, FEfhE %R
500mW [}, 753 103mW 14 1064nm FAF G, H
BRI T 32.4% 7 1993 4F i E b B LG
KU SHAN 45 5 e E N SE8 T LD Hif
iz Nd:YAG U ot # 25 i T i 252 P R 5 A5 g
S K R 700pm'™ 1994 4 GAVRILOVIC %8 A
TE AW s DT, 05 7 R K% 120mW 1y 1.
3pm FELE FMOLH HD . 2000 4F Jb 5T H TR
GAO HHZIBZH L Nd:YAG F1 Nd: YLF Sk TAEA
o1, SRR IR, 2303845 7 90mW 1 1. 06 pum Fil
10mW (% 1. 053 wm FRAGHEOGHR H , 96 300kHz, H:
Hh T fRF 11 T R 4 O T ROR R4, 2009 4F b ]
SR P 2um 1Y LD Hilis B e CTH:YAG
WOL AR, MR K B Imm, BB R ) R KT
30mW' ", 2010 4F, WA JRE Tl K21 LI %5 AR A
Tm,Ho:YVO, Sl A #0t4s ( ALK EE 0. Smm) , 4R815 T
8mW [1¥ 2052. 6nm BASTEO LR H P

Nd:YVO, - iz

=< <.

#EH Cut
El1 LD di5E Nd: YVO, A bR 2

1.2 ETEERAEBRANERZE
2010 4 ,MENG 4§ A8 7 — b LD ffiiz () A8
R RO LT EOGE v MR LB i R Eh B 3564ty
AR BT, fEAhIE Ay 415mW i, 3RS 790W [
1534nm B9\ B M, 28 55 Ol 4. SkHAP L 2012 4,
ZHANG 25 \AHGE 1 —Fhd 1 50 105 0nm 45 150
HOLE BN U 8 Y B iR B ROEER,
Uit 73 531 20 A 7 2l Ol £ A1 W% 5 el ( narrow-band fiber
Bragg grating, NB-FBG) Al 75 U2 A7 Wi A%% A ( broad-
band fiber Bragg gratinc. BB-¥BG), 7EHhiz h X K
275mW I, 75 2] 90m™ vy B Y, OB /N T
10kHz " 481 2 fif o [A4F, YANG 45 AR LD
iEH HAE RO, UL EC /YD SR iR iR B
825 A i, I JE f M 8 ( piezoelectric transducer,
PZT) JEAT I 7Eqihiz T30 360mW i, 13 2] 65mW

Fry AT R BTG L 2R BE24 3kHZ

1 .42m$§:§{b2
980nm/1080nm %W&%E%“{ 5T

NB-FBG

3 T
s sEnmsRN

976 b 2\ At "
LD B SN2
io——-»s%ﬁ%ﬁam Ny

1080nm [\ 24 2%
B2 TR B A OOt

P L AR S BT R P 1 S B HOG H H Y
TRIELEE A B ROKR R, TR SO HR 5 1 3% v Al A
[P e 5 . LA Nd: YAG ], J&EBE Ay 500 m [1)
Nd: YAG 3 /09 QA 18] B &y 165GHz, X 17 (1) 3% 55 A
0. 6nm, B YOG 19 1% 58 K T BLE I L& B 32 A9
B, T Nd: YAG 7£ 1064nm Kb 5861 96k 2nm , R L
DR G RES 2 th B 2 A I8 e, AN fig 52 I )
SR AT

R VA ) 4 11 25 BRSO A LA IRV
SiR B R Aark B2 BN R A S s 1
1 K B 4 B ) T O A AR B S T s IR
W, HRRIE i 3 M B AR BRI TR (A4 R 48
Zev B (V8 AR R A B, RIS A R T SR R O
B E TR U 2 B S el T HUARE T
WG A OGRS

2 BTSRRI AT E

LT P i ) B S BR k  B A TER
FE A — OGRS 08 R (R s — A
(2T S R WV ETE I L E I THRE i R it i 2
WESL S R R B DGR e e i, B e il
TR R TCIR R R , AR RAT BB
21 NIHENX R E

XHTFRIE G R A SR T LA T 2 0
— MR A XU s A (4 KTP (KTiOPO, )
SE) ULRL, Al 3 PR .

Nd:yvo, Aiffiies A 8%
] |/ ]

B3 AT ik e 2
Nd:YVO, & H & & m Pkt 4 HAm IR m 5
A {354 A (Bruster plate, BP) () p i % 11 225 L 45
S A IR R, HOA p R o st p PR 53
sl KTP AT 3 5 (AR BB 43 B8 6 o SE RS
ot e B, AR AHZE N «
§=4w-(n,-n,) - L/A (1)
Ao, LRy KTP @ R U A A R ABEXT R F
FEFOCAEFLAS PP  n, F 0, 2350 AS RIS
T o A e JBTE KTP ik a6, HAY 6=
m « 2 (m AEEE0) B AT U s ST S A
PR IRREA AN R AR A5 p PR, 3 B 738
AR A, SO M BURE /N, W] LU SE AR 4R, A
17 S B A5R B ASE A H
1998 4E, CHEN %5 A 3% | LD #1132 Nd: YVO,
mnfA, 2 KTP £5 55 f5 , 7Eflis D) 42 12, 6W i 15 2|



WAL 41 * 8

EAGIESLIL T SlRi N 143

3.2W BB ZR A 3 R 7 XY B Y LS 45+ B 2
SOt E R B A i 2R, 2003 4F, ZHENG F
ZHAO F) FHAG A3 e LA 5 S AR AL G4 1 ) LT 5
B ER, LA Nd:YVO, S TAEY BT, 7 4his T
800mW i}, 523 T I Ky 360mW i) 1064nm £ 4p FAAs
L 2005 4F, WANG %5 A\ % Fi XL KTP/3. BP
ZERE L TE SW iz DR T A5 T 1. 12W By a0
B R X R AL KTP/ 8 BP 4544 [4 8 KTP/
HL BP 25 R4 1) 355 45 BE ) S, A S B R D) 1 4RO L
WA R T — MR U J5 2. 2014 4F XING 5
AT T —Ff LD $l1 32 A3 06 AT 34 3% 1064nm 8 55
Nd:YAG 3otds (WE 4 Fros, Bl p /R 1064nm
I p BRSO L SR AR IR e B PR B A i 2
JRHE TSI E F , v s FL U ( high-voltage power sup-
ply, HVPS) g PR 4R fh R R AL (55 . 1E M BOL
BRI R RIIE I F, 5B T 1064nm 28 ff i 5
YRR 5 AR, Mg TRl 832mW
i, X 57 9 HH 2 g 27, 6mWH

.
HER e 3

RIES

LD

Nd:YAG 1064nm

eme P
P4 OB E Nd: YAG U4
XA FIEE F BOR G TR B, 5 I AR/ ) (0
X5 R A B, LB AR RO AN AR
2.2 WEkE
5 A T 5 A IO AR B ) 9 4 S i 2 1Y T
5k H AR LAY A B RS B oA, TR IR S e
o UG UM RIS Py PN
R(wy ) =
( /R, /2 > “A/RR;sin’p, (2)
(1 —,\f{jﬁj‘ + 4«/}msinzgp23
K, @0y =2mLy 2 o M Co ITEIRARS (5K
Ly JEIELE) , R, #1 Ry 235002 M, H1 My 19 B 5 2 80
P Ly AU S S AR AL ) ) A3 (8] B, DA T
FeEm R

LD

%73
5 A ma R ER

1990 4F, 3% [ AT 58 B A LD 4132 2 S s 25

4 Nd:YAG 0688, #5645 T it 2% 10mW (1 1. 3pm

L T R RO B L £ 98 o SMHZTTT . 1995

4F ,PEDERSEN % JCR ] Nd: YVO, H§4 i, e dihiz ot
IR 1.2W BF, 53] 350mW 1 1064nm BAS BOGH
WL RR 35% Y 2004 4F HARA 25\ BIFHH] H —Fl
i R AR T R B WU A 2 Nd: YAG BO% 2% (fnigl 6
FiR) A6 IW iz D)% T, 528 T 938nm ~ 946nm
() AT I YT 3% 2 O R R Kt RO L 2
KM, 2010 4F LT AT YANG 25 A F RS 4 I 115 3]
721mW {5 1991 nm FSFRHOGH i, s R Ky 2. 4W,
PR 46% 2

e %k Nd'YAG 2141

IWeer P kM
B | il
PIES

AR b

B6  WUESUL T N YAG HOE B8 A S5

R JE R 30 2L AT AR BT B BUAS /DN A A AR
N R B A T R R M B R, X AR Y
FaE PR 4y (M (2) AT LAE s iR 8 B2
0.5 AN O, — e LA B 28 40 %) Hii HH 455 1 il )
AR AT O, PR AN IS A B R T R BO R
2.0 ceMhiESTE

FI MR $R AT B3 45 28 L 5 6 /2 Littman 3
G- B S B s Pk e 2 A8 (AN & 7 Fia ), e LITT-
MAN #1 METCALF F 1978 4F42 4 . RAULRME K
HWOLTAEY .

€7  Littman B 56 SR 14 R 2 4]

i OGS 1 LR AT FRE -
{)\ = (2/N)L($) = (2/N) [}, + 1, ($) ]
A = (x/m) (sinfd, + sing)
K, L() S eoa A, I a5 & 52 45 7 Z 18]
MG FEE R, L () RG-S RIS B R 2 18] A2 B
BN EE, « O CHEE I, m RSB, 6, 9 A
S, b HATTES A o TR AR IF T e nT R
AL R RIATT S A () I A2, AT A5 8 52 BT
ek o
1989 4, KANGAS 5 N1 | —Fp R GAE AT 3
W KRR T T A RO IR G g X BB R IA
SRS Littman 5828400, 22 Fl—3R Titsapphire 4
B 7Ok, diZ R G i 0 B ko G RE S LU AR

(3)



144 /G U 7 N

2016 4£ 1 H

i1y Littman $iz7 45 2 2] 3 A&, ARG 8
YR, BT LA MR R 262 1994 4F SHAO
1B 7 H Littman 25 F PR 45 A1 1 90 R TIOR8 41
R IR Tizsapphire 0% R 45, 7115 21 FLIK v BB
22, 5m) 1% 800nm FLYNAL G Y FARAUR A 16%
WORL 58 /N T 2GHZ P 1995 48 KO %5 A4l 7 —
PRSI Rk o ()42 T i E A BOEIR% %% , '© | Littman
Y A 43 B ST B S B A R, T DA A R T R
FIZE 2R TE kvt , R 98 294 330MHz, B RCR 2 R
9% ', 1998 4, MERRIAM 45 A SR FH 2L i 4544 , 3¢
153 T WEAEL )% A IR BL 2 G SO ik o e, i b '
fkupgER K 10m], K 58 Sns, B R AR E T 40% 2,
2012 4E, WANG % AR F Nd: YLF {32 Ti:sapphire /i
A, IR 4 5 A E 17 38 4 RN R 38, XY s TRy
4.5W B, 135 T3% K 0. OW {14 790nm G5, 28 5%
0.4pm™°', 2013 4, WEI % A Mg 7 —Fp 3L T Lin-
man-Metcalf 254 ) AME 2 RO , FA5 o g 1)
#H 35mW [ 780nm PRI Y, £k 58 200kHT

FI YA SRS SR T 2R A Littman RIZ5EF 4
AT LR Littrow RIZERY , — #2541 1T b 22 51 2
WK BEBEHLG . Littrow B ZE R4 AT DL $8 120 o DA
SO A A £ ok i AR SO 2R B R I 4K 5 T Littman 2544
RO AR R R i AN AR B OB R S A AT, SR
Je a8 3 2 S PR s S I S A A R AT S, R A
WG . TR A3 B O AR A T IR,
RO TR IR i 235 K8 AE P T SR RN R RS VS BB 1 250 1
HHMLHE AL TE . Littrow Z5F44H Eb Littoaz BIZ544
B AT B RS B b O T s A et N,
L BRI DA I FERISEARM T, Litow BIOEAR 1Y
2% 98— [C Littman BUSORERTS S > (HEEATE 1MHz
DL, Bl 2 22 800 R 75 R S e S g FH A KRR
Littrow BIZE44 . H AT Latrmoe 70 Littrow 4584 JCER v FH
TE LD JOtas .
2.4 EAWRERK

PRUEE B VAR B VE . 4 A bR EL 0y [
TRIEOEES A 8 Frn . T Z20E T, LA K
SRR TR G REE o bR LR I N IR (G 1E, B
BUNOIRE . eI B A RS i b v B A
TRKHIFE . ARUEELAY [ BOGIEX .

Avigy = ¢/ (2ulcos®) = ¢/ (2ul) (4)

M

i M,
Botim ik

LD
PRt
B8 i ABRYERAY B ARHOL & R

o w AR R B AT 5 5 L bR LR
FE,0 bR H N Rk SR e Ao onT DAk R
RIS A AR E L, B 0 B B OGS e FH S
JE AR AR I 38 25 48 TE U L, ) FH AR o EL XS [ 43 3 5 11
PAFEAS[FIR HEA T 1EATT , DT S BRI H A o

AP R i B AE 1986 4 BAER [ STk
th . 2005 4F, ZHANG %5 A\ fdi ] LD $fi£ Tm, Ho: YLF
HOEHS  TERE AR APIAS F-P AR RS TPBE R, 3K
BT 113mW ) 2pm BSREOLH . 2009 4 I3 /K
WK YAO 88 AR FIE NG 7 F-P bR 2y
2, Al Tm: YLE Sy A, S flis %5 56. 3W Y,
132 14W B2 2698 1907. Tom 54t S 58 i
0. 15nm, FLRH 32.29% 0, 2051 F KRS X
8 TR PIEA F-P ARUEE s B YAG BOGEE, 15 35
HIhER 45SmW B 1645nm Uik . AR, JEs
FIT K222 F RV k3-8 T 749mW (1
1645nm BAFEOH L BE S SOE I OGS R 5
RIZER BIE— D0k, F 2012 4F4845 T 1617nm Ui
W H T R s0mW L 2013 4E, %R A vk
Tm:LuA.C Ol VEY) T, S8 A i ELge A, 75 38 i K
28k 61€mW (1) 2021nm FST B CH H , BERBOR N
2 6%

P TS ST R AR e AR 8 A s o L oA o AR K
A, A2 F— R bm o 5 Sy il B T B s A5 PR
FILAS, TR HE 75 WA s R 35 A5 S5 o

3 ETHRZERFL A RMEITTIE

3.1 BEREEE

L i) PRI 322 A 1 R D AR BB A R T
(77 12, BOCAERME IR I A 07 1) FiTdE, T LAAN 22
A AN IR frs DR G 20 P i Bl 14 25 )R LK. . R A
JECHER A P B0 i (8 T S A5 1] B DG A S FEA ]
A — A5 i) 4538 DR Rt — 7 PR T A 410 o 4,
M GHT 55— 5 1) B is % o B 3 I 220
FAHRARF- TR T IR 2 B OO R R SR T I
3011 BPAEFEAHME  FOCAE R IMEEL
KRG R 5 BB AR e AR E M T — B, L
KInp 9 froR . A fBERAIE YA S A, SRR
WOt A OTE B,C,D 3 i UY. fEHLER T,
T A, B, C,D k35 HOCEIE R T 38 1 /Y 45
I A g BB A RS s 5t = iE , b 2%
PRZER s MIRIEH p Ik YEA A R385 A4 (A0 24
TRl A ), LA 21 128 £ e SRR PR A Ak
I (WE3575 AN 9 Frzs ) 51 BRERLER e 63K
IO AT PRAIEJE A A T e — 7 18] ) — i PR 2 16 R



540 % 41 2 DU TS O AR 145
TCIEHTE R, TEBR T 25 1) he LR , T SE BRSO3 5
B YRLEHE

/
Ky

— ~

G E R ey AP S A
P, TR TE BB IR o

1985 4F  JrdH AR K7 1 KANE 28 A\ dedd iy 1
PP 1o 24T I O G A AL, R LIS B, A A TR T
LD fif1iz Nd: YAG FHedE - [ 4544 21 JE [ ( non-planar
ringoscillator, NPRO ) , 7E iz K fil1ig 3. 1W B, 48 T
163mW [1) 1064nm Hifi%h >, 2004 4F, ZANG 2 A
PEH T —Fh Nd:YAG @A 4R b B A SRR 0
i, 193] 1.6W [y 1064nm 34 22 PTG, RECE
K 50% 0, [H4E, fEE ZIMER 28 AR T —Fhop i
YRR R HOGAS , BRI YAG SRR 1H
KiG T — P& 100pm 1) Nd: YAG 3 5, e & 5515
1.6W Hufi 1064nm 4 % % 22 i, & 20 % X 3
45% 7 [E4E ZHAO 22 AR F LD 132 Nd: YAG 2
PR 1H 450 8 B, Il iRk SE B T 13190m
BTN B S 0 B JRIES , PR ]l 14 GHz, 7Eqihiz Dy %
3. 1W B, R B Sl 402mW S 2008 A e
JRUE Tl K2 YAO S5 R FHEE V-1 PR IS 45 4L i )
Tm JELF FOEERHE Ho: YAG Sh A, FE 432 Uy = iy
17.8W IiF, k45 7. 3W [ BARRO G T Foqn b K
2090.9nm"™, 2013 4F b HUH T k2f CAO A7
YL B B YAG SR04 2 IO SR S i
TEHHARA B 1 RN 18% W iE . & 445 T Bk
I 10.5W 1 1645nm BT i e Y £k 56 18. 6kHz,
RIBEN 60.03% , B g ix — = H 2 [ P AT i E 1)
A5 IR LA P % S SO U S Dh 3R B
AR AR R Tm: YLF o #i iz
Ho:YAG NPRO #2838 48 7 8W % 2122nm BA S 18
Sl RICRIK 61.4%

B AR TE O 25 2 BRI S R TSR I R
eSS T —5, A 25 8% Foe e BSO8R (0
78 DGR BRI AR (H N T T =R i A G
BRI EA R, B 50 oo B A T,
fi LB D RART B FL DR
3.1.2 pZAMNEHRBE PRI R 8
PRt A ARG s 5% % O T ARE T
B3 AFATTI LB O R AR . =
LA T P A5 WA S v 2 i ) T S R 2
5K, FRIE I N R — A7 T W OGRE AL, PR L s oy

K3 B TCAR A T 1 1 1 B )2 F HARRI-
SON F 1992 4E47 H 1. 2004 4F, ZHAO 28 AR LD X
Uiy ity T 4132 7S B8 PR B SOG IR R IS, 78 Sz T %5
32.3W fIELL R, 45 2 10, 4W 1 BB 1064nm 21 Fh i
H RIS N 43.7% 1 2009 4F, SEEHE LR R F B
SHARDLOW 45 A\ | FH B 153 55 FH R T2 I 1 7 ik S T
17W F) BB 6t REACR Oy 44% 1 2011 4, WANG
G NKRH Nd:YVO,/YVO, AIE#tEs, 76 S0W [ 4ihiz
I A55] T 20W 1% 22 HUi 1064nm OB, 6
TCHEARR N 40% , BOLHEH B M° <117

[F)4F, XIE 48 A F) G 5w ons BRIE i (4an &l 10 i
N, LM M, ML M, RS L R LH, ok,
L, FoR 5 My Fl M, 2 B RS ) FE s T 30
358W B, 531 31, MW s Y, 4k 550l 80MHz, S
FEE T M =141, 2014 4F, LU % AR f] 888nm
LD iz MEEM VIR 554 B YVO,/Nd:YVO, fifk,
FEHIZ Dy 0y 75W B, 15 28208 1Y 1064nm LB HY
iy TR 33 TW DO BOR B T 4. 9% K B3k
1.54H ) [F4FE, WANG 28 AR Nd: YAG =553 E
IS AR D Ry 24TW F 25TW I, 3 A RA- 1 T %
J3 61W By 1064nm Fl 21. 7W ) 1319nm BA S5 840G B
W

B 10 LD fliEifhiz Nd: YAG B 4 b i A

OPSEOCPFRRE I ik i ARG E L T AFRAS ey 2 3
WO SR LA HE R TR E
Jr eI R R —EOR
3.2 H#%ERE

FHA FR I 12 T I B 4/ o P i) 2 T B LAk
BLETT o PSRBT 1 A4k DG I R A A A
e FL A ARARES , R T BROG I 13 4 /v B b i 3 3o
Aii, INTTARAT B o LA EER AN 11 s ok
fEE M, My /4 PR P Py M R A R N YAG Al
e le Py Al P, HRAh A B B, I 5 O i 4k
JTIRELA45° . AR IROGE L Py )58 R G
ot P, J5 AR Mk e, 00 M, SR R 2t
P, A 6 S AL BRI ' , PR A3 %7 5 P9 9 7 1] )
153l S A L 1 A A 638 4E7 cos” (i = kL)



146 /D THE S N

2016 4£ 1 H

YVER 9oy

Nd:YAG I
s o
1 2
P, P,

RV e S
(HH k=2m/0 R A HEOEEK, L bk
FELE N HRIE o WOGMATR, « EE) o M AT
HERS 25 SR N YGHRAE 2 J5 ) L RE R 5040, A
AAFAEZS ()5 FLAUNE , AT L SE B0 2 B9\ i 7
B LA HLEL s M 1965 4E i EVTUHOV Fil SIEGMAN
Byt BlJS, OKA,KUBOTA f1 ANTHON %5 A {d
FHAH R B A it 1 ) 2R RS 1 [] AL, 2005 4F, WU
SR LB Nd: GAVO, BOGE, iz DR
11.5W i, 75 2] 2. 1W 1) 1064nm BRSO H #HE
LY 20% . 2009 4E HAO 25 AR FIHTLEG BRI v
=85 VBB SCB T Nd: YAG/LBO SOG4 Y 2
A YIS T R 3. 5W i, 75 3] 105SmW ) HLAT
473nm FECH Y  FEIACR N 3.5% Y [RAE, Jb st R
T R2219 GAO H 2 R iR 18 1 w] 81 545 Tm:

YAG e , i ad F G A s i R AT i, iz TR A 7.
T2W B}, 15 8 e K F R 514mW 1) 2pum A 8 38 B
WOEHH RBERMCR A 9. 7% P 2011 4E K IGHEI
HE—25 Ak Tm: YAG HIEEREROGRS 3R T 1. 46W (1)
PASTHOEH H ARIOR A 19.2%

FHEG R 38 F 45 1 R M 3 5 A . A 17
TABFES RHIBOCH B Th 76 m iz 2R e
KI5 ™ FE IS SO A AR AR i ok I i R
U, FH A R 738 TR T 38 AR P A 0L, H RS
HIR RN LR K

4 N %

G T AT 4 [ A B 3 g A LR 52y
Hop e ko 20 20 e ey B 1 o R
AN R TR IBIE S Sy NEE 3% S Ci T
UEIE R B GE M TR B (RS S RE A B, S B A
(VR AN AR B 73 JE T2 00 T AR P e e M R g v
P B R 1 M A 5 A A5 s v 38 T 4% 1w ) P 1 34
tR AT, TE R S TR B BN, & 1 [RIPE RO R 2
FE A BRSO B G , DATTT B ] 33 25 1 e R B AT
g, w0, DAL 4 FO5 iR BIANE BT ORI
g SRS E 2 AL 4R Littman A Littrow PR
Fhghty , 20 T LD Bk, Tiz sapphire OGS
H L A Littman 4584 5075 BB 532005 il T8
A 5 1 (AR O AT, — R IR 3 s ot s A
YL LI 2% 30 R L i (AN B ) IR iR

A4

=
[ ﬁ
& )

i —

T5 ) RIS (5 FHT A AR A B 7 £k W F) i o, B ) SR i 0
JE AR R IR RO 4335 3l R T 7%, al A L
- PUER SR Y B o I S T ik B3 Y [ A% AN A
(], (EAE AT BRI T 4 e A, e S BR H v
NATTHE MR ZER L R 45308 1 07 12, A s 2 oy
IEAAE ARG AR 25

Z % X W

[1] ZHOU B K, GAOY Z, CHEN T R, et al . Principles of laser [ M].
6th ed. Beijing: National Defense Industry Press, 2008: 212 (in
Chinese) .

[2] ZAYHOWSKI J J, MOORADIAN A. Single-frequency microchip Nd
lasers[ J]. Optics Letters, 1989, 14(1) :24-26.

[3] TAIRA T, MUKAI A, NOZAWA Y K, ' al. Single-mode oscillation
of laser-diode-pumped Nd:YVO, micchip lacers[ J]. Optics Letters,
1991, 16(24) ; 1955-1957.

[4] SHAN Zh G, SHEN X H, HUANG © | et al. Single longitudinal
mode operation of LD purad M4 VAG microchip laser[ J]. Laser &
Infrared, 1993, 23(C) .22 ¢2 {in Chinese) .

[5] GAVRILOVIC P, O’ NIL. M S, ZARRABI J H, et al. High-pow-
er, single-freqenoy diode-pumped Nd: YAG microcavity lasers at
1.3um[ T]. Applicd Physics Letters, 1994, 65(13) :1620-1622.

[6] GAO Ch y, LiyZ, WEI G H. LD-pumped single-frequency seeding
lase s #nd 11e linewidth measurement[ J]. Optical Technique, 2000,
s (o), £49-547 (in Chinese).

[7] LINZ, GAO Ch Q, GAO M, et al. Diode-pumped single-frequency
wizrochip CTH: YAG lasers using different pump spot diameters[ J].
Applied Physics, 2009, B94(1) . 81-84.

[3] LI G, YAO B Q, ZHANG C H, et al . Diode pumped operation of
Tm,Ho:YVO, microchip laser[ J]. Chinese Physics Letters, 2010,
27(3) :034201.

[9] MENG L, PAN Z Q, GENG J X, et al. A short-cavity phosphate
glass fiber laser and its output characteristics [ J]. Chinese Journal of
Lasers, 2010, 37(2) : 362-366 (in Chinese).

[10] ZHANG W N, LIC, FENG Z M, et al. Short cavity single frequen-

cy fiber laser at 1080nm based on highly Yb®* -doped phosphate fi-
ber [J]. Laser & Optoelectronics Progress, 2012, 49(10) :100601
(in Chinese) .

[11] YANGF, CHEN D J, PAN Z Q, et al. short liner cavity single-fre-
quency fiber laser with active frequency stabilization by fiber Bragg
grating [ J]. Chinese Journal of Lasers, 2012, 39 (9) . 0902005
(in Chinese) .

[12] CHEN Y F, HUANG T M, WANG C L, et al. Theoretical and ex-
perimental studies of single-mode operation in diode pumped
Nd:YVO,/KTP green laser: influence of KTP length[J]. Optics
Communications, 1998, 152(4/6) :319-323.

[13] ZHENG Q, ZHAO L. Study of a diode pumped single frequency
Nd:YVO,laser at 1064nm[ J]. Optical Technique, 2003, 29 (6) :
675-676 (in Chinese).

[14] WANG]JY, ZHENG Q, XUE Q H, et al. A watt level single fre-
quency green laser obtained by birefringent filter technique[ J]. Acta
Photonica Sinica, 2005, 34(3) :321-324 (in Chinese) .

[15] XING J H, JIAO M X, LIU Y. Design and experimental study of e-
lectro-optically tunale single frequency Nd: YAG laser at 1064nm
[J]. Chinese Journal of Lasers, 2014, 41(3) :0302007 (in Chi-
nese) .

[16] GAO L L, TAN H M. LD-pumped all-solid-state single-frequency



WAL 41 * 8

EAGIESLIL T SlRi N

147

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

laser technique [J]. OME Information, 2002, 9 (11):8-11 (in
Chinese) .

ZHOU F, FERGUSON A I. Tunable single frequency operation of a
diode laser pumped Nd: YAG microchip at 1.3um[ J]. Electronics
Letters, 1990, 26(1) . 490493.

PEDERSEN C, HANSEN P L., SKETTRUP T, et al. Diode-pumped
single-frequency Nd:YVO, laser with a set of coupled resonators[ J ].
Optics Letters, 1995,20(12) :1389-1391.

HARA H, WALSH B M, BARNES N P. Tunability of a 946nm
Nd: YAG microchip laser by use of a double-cavity configuration[ J ].
Applied Optics, 2004 ,43(15) :3171-3173.

LI J, YANG S H, ZHAO C M, et al. High efficient single-frequen-
cy output at 1991nm from a diode-pumped Tm:YAP coupled cavity
[J]. Optics Express, 2010,18(12) :12161-12167.

LITTMAN M G, METCALF H ]J. Spectrally narrow pulsed dye laser
without beam expander [ J]. Applied Optics, 1978, 17(14) :2224-
2227.

KANGAS K W, LOWENTHAL D D, MULLER III C H. Single-lon-
gitudinal-mode, tunable, pulsed Ti:sapphire laser oscillator[ J ]. Op-
tics Letters, 1989,14(1) :21-23.

SHAO Z X. High efficiency SLM Litiman configuration Ti:sapphire
laser system[ J]. Chinese Jouranal of Lasers, 1994,21(9) ;717-720
(in Chinese).

KO DK, LIM G, KIM S H, et al. Self-seeding in a dual-cavity-type
pulsed Ti: sapphire laser oscillator[ J]. Optics Letters, 1995, 20
(7):710-712.

MERRIAM A J, YIN G Y. Efficient self-seeding of a pulsed
Ti** :Al,05 laser [J]. Optics Letters, 1998, 23(13) :1034-1036.
WANG R, WANG N, TENG H, et al. High-power tunable narrow-
line with Ti:sapphire laser at repetition rate of 1kHz [ J]. Apii~
Optics, 2012,51(22) :5527-5530.

WEI F, CHEN D J, XIN G F, et al. A compact and ruggec mab.=
external cavity diode laser with Littman-Metcalf configuration | j |.
Chinese Jouranal of Lasers, 2013, 40(11) :1102GiZ (in Chinese).
XU HZ, QIU Y S, XU B. Wavelength tunin; chaacteristic im-
provement of external cavity diode lasers[ 7. Journal of Applied Op-
tics, 2008,29(6) :975-977 (in Chins ).

ZHANG X L, JUY L, WANG Y L. Dis'c-pumped single frequency
Tm,Ho: YLF laser at room ter.pevaurc” J]. Chinese Optics Letters,
2005, 3(8) : 463465.

YAO B Q, KE L, DUAN LN
ewidth diode pumred m: VL' laser with double etalons[ J]. Laser
Physics Letters, 209, *{3) :563-566.

YAOBQ, LIUX ‘., JULX, et al. Resonantly pumped single fre-
quency Er:YAG laser at 1645nm[ J]. Laser Physics, 2012, 22(2) ;
403405.

ZHU L N, GAO Ch Q, WANG R, et al.
1.645pm single longitudinal mode Er: YAG laser with intracavity
etalons[ J]. Applied Optics, 2012, 51(10) :1616-1618.

ZHU LN, GAO Ch Q, WANG R, et al. Fiber-bulk hybrid Er:YAG
laser with 1617nm single frequency laser output[ J]. Laser Physics
Letters, 2012, 9(9) :674-677.

WANG L, GAO C Q, GAOM W, et al. Diode-pumped 2pm tuna-
ble single-frequency Tm: LuAG laser with intracavity etalons[J].
Applied Optics, 2013,52(6) : 1272-1275.

KANE T J, BYER R L. Monolithic, unidirectional single-mode

-t al. Stable wavelength narrow lin-

Resonantly pumped

[36]

[37]

[38]

[41]

[42]

[43]

[46]

[47]

[48]

[49]

[50]

[51]

[52]

Nd:YAG ring laser[ J]. Optics Letters, 1985, 10(2) :65-67.
ZANG E J, CAO J P, LI C Y. The study of solid state monolithic
semi-nonplanar ring laser[ J]. Advanced Measurement and Laborato-
ry Management, 2004, 12(1) ;19-22(in Chinese) .

ZIMER H, WITTROCK U. 1.6W of single-mode output power from
a novel power-scaling scheme for monolithic nonplanar ring lasers
[J]. Optics Letters, 2004,29(14) ;:1635-1637.

ZHAO Y, GAO Ch Q, CAO Y L, et al. Study on laser-diode-
pumped 1319nm single frequency laser tuning and noise suppression
[J]. Laser Technology, 2004, 28(5) :466-468 (in Chinese).

YAO B Q, DUAN X M, FANG D, et al.7.3W of single-frequency
output power at 2. 09 um from an Ho:YAG monolithic nonplanar ring
laser[ J]. Optics Letters, 2008, 33(18) :216-2163.

WANG R, GAO C Q, ZHENG Y, et al. A resonantly pumped
1645nm Er: YAG nonplanar ring oscillator with 10. 5W single fre-
quency output [ J . IEEE Photor:ics Technology Letters, 2013, 25
(10) : 955-957.

WANG L, GAO Ch Q, CA2> Mo %, -t al. Resonantly pumped mon-
olithic nonplanar Ho:Y &G -iuge ) ser with high-power single-frequen-
cy laser output at 2)22.n, "4 ]. Optics Express, 2013, 21(8):
9541-9546.

ZHAO J Y, ZHAI'G X'S. LD dual-end-pumped high power CW sin-
¢gle- frequanc s Nd: YVO, laser [J]. Acta Sinica Quantum Optica,
2004 10(2, .8792 (in Chinese).

SFARDLOW P C, DAMZEN M J. High efficiency 17W single fre-
~1en y ring laser with feedback mirror[ C]//European Conference
v vasers and Electro-Optics 2009 and the European Quantum Elec-
tronics Conference. New York, USA.IEEE, 2009:1.

WANG Zh Y. Investigation of 880nm LD pumped high power CW
single- frequency Nd:YVO, laser [ D]. Taiyuan: Shanxi University,
2011:30-35(in Chinese) .

XIESY, BOY, XUJL, et al. A high power single frequency di-
ode side-pumped Nd:YAG ring laser[ J]. Chinese Physics Letters,
2011, 28(8) :084207.

LUH D, SU J, ZHENG Y H, et al. Physical conditions of single-
longitudinal-modeoperation for high-power all-solid-state lasers[ J].
Optics Letters, 2014,39(5) :1117-1120.

WANG P Y, XIESY, BO Y, et al. 33W quasi-continuous-wave
narrow-band sodium D,, laser by sum-frequency generation in LBO
[J]. Chinese Physics, 2014, B23(9) : 094208.

EVTUHOV V, SIEGMAN A E. A “twisted-mode” technique for ob-
taining axially uniform energy density in a laser cavity[ J]. Applied
Optics, 1965, 4(1) :142-143.

WU E, PAN H, ZHANG S, et al. High power single-longitudinal-
mode operation in a twisted-mode-cavity laser with a c-cut Nd:GdVO,
crystal[ J]. Applied Physics, 2005, B80(4) :459-462.

HAO EJ, LIT, TAN HM, et al. Single frequency laser at 473nm
by twisted mode technique[ J]. Laser & Infrared, 2009, 39 (9) .
924927 (in Chinese) .

ZHANG Y, GAO Ch Q, GAO M, et al. A diode pumped tunable
single-frequency Tm: YAG laser using twisted-mode technique[ J].
Laser Physics Letters, 2010, 7(1) : 17-20.

GAO Ch Q, WANG R, LIN Z,
Tm:YAG laser generated from a diode-pumped L-shaped twisted
mode cavity[ J]. Applied Physics, 2012, B107(1) :67-70.

et al. 2pm single-frequency



