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Abstract

Abstract

Ultrafast laser has been widely applied in scientific and industrial researches due to its
ultrashort pulse duration and ultra high peak power, such as transient process analysis,
high-field physics, nano-optics and precise micro-machining. In recent years,
mid-infrared femtosecond laser supplies great opportunities as wide requirements in
the studies on high-field physics, attosecond seciend, etc. This dissertation focuses on
amplification of ultrashort pulse laser and generation of mid-infrared femtosecond
pulses. It covers amplifications of all solid-state picosecond laser, amplification of
high-power Ti:sapphire femtosecond laser, generation of mid-infrared femtosecond
pulses, generation of ultra-broadband super-continuum white-light laser and related
instrumental development. The main innovative results are summarized as follow:

1, We designed and built a high-power picosecond oscillator and realized 6-W
72.6-MHz 23-ps picosecond mode-locking output under 15- W 808-nm pumping with
optical-optical conversion efficiency of 40%. Based on regenerative and
travelling-wave amplification, we realized 6-W and 20-W output respectively
working at a few hundreds of kilohertz. And 1-kHz 9-mJ high-energy picosecond
pulses were realized based on the combination of regenerative and travelling-wave
amplification.

2, We obtained 510-mW 8.2-fs broadband femtosecond pulses from a Ti:sapphire
oscillator based on all-chirped-mirror dispersion compensation. By using picosecond
green laser as pump source, we realized self-initiating Kerr-lens modelocking in
Ti:sapphire oscillator with output pulse duration of 9.4 fs. Based on chirped pulse
amplification, we realized 25-mJ 27.1-fs pulses output with repetition rate of 1 kHz,
reaching to 0.92 TW.

3, To do theoretical calculation on broadband parametric amplification, we
developed broadband nonlinear coupled-wave theory. The calculated results facilitate
non-collinear optical parametric amplification to generate broadband mid-infrared

femtosecond laser pulses.
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4, We built an optical parametric amplifier (OPA) containing four stages of
non-collinear OPA which is pumped by our home-made high power Ti:sapphire
femtosecond amplifier. With 12-mJ pump energy being applied in our experiment, we
realized signal pulse amplification with output pulse energy of 1.8 mJ and central
wavelength at 1.1 pm. Meanwhile 521-uJ broadband idler pulse generation was
realized with central wavelength at 2.86 pum and spectral bandwidth of 525 nm. The
pulse duration of mid-infrared laser was measured to be around 95 fs by means of
cross-correlation measurement. Besides, the central wavelength of the mid-infrared
laser can be tuned from 2.86 um to 3.6 pum.

5, Based on our home-made mid-infrared femtosecond laser system, we realized
several individual orders of harmonics generation from one 20-mm MgO-doped
chirped periodical poled lithium niobate (MgO:CPPLN) by focusing the mid-infrared
femtosecond pulses into it. The white-light laser spectrum ranges from 400 nm to
2400 nm. The output power of the white-light laser was 16.5 mW, corresponding to an
up-conversion efficiency of 36.7%.The poled period was designed to offer a
broadband reciprocal vector to compensate the phase mis-matching of different orders
of harmonics generation.

6, We’ve done instrumental research and development on ultrafast lasers.
Targeting on different applications, we designed and developed femtosecond
Ti:sapphire oscillator, high-power picosecond laser, picosecond green laser,

picosecond travelling-wave amplifier, etc.

Key Words: Picosecond Laser Amplification, Ti:sapphire Femtosecond Laser

Amplification, Optical Parametric Amplification, Mid-Infrared Femtosecond Laser
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UK R ¥ 7.8x10°°%/ afh:13x10° af: 4.4%x10°
(K™Y 111 Fh1A] chfi: 8X10°  chh: 11.4%10°
PR /IC: 5.23
“ﬁz . 14 6
(W:m™-K™) 1C: 5.10

J AR 37 v i 1 bk o RE B DO AR R, 10— AR AR T DA K S 7 FH 5 22
FCEE LR BK O RE R o SRR M8 5 20T B AR 4% (Al 4 Bk b 4T 2 3¢ B RE 1
JBOK o BOAD ket g R (1 SBT3 FBOR AT BB P e«

s FHEUR o FRAE UK AR BORZ Qo RB A2 — A i He ks 171 5 m] 42 ) FELDETT R,
LT TE AT RS R K A AR P E LS R B AT SEEI R 4 A
£ 1 kHz (AR ORES T, BOAD AR ki i) RE T AN R B SUECK Bl =2 4L,
PRAt 10° (A . 7EE TRREI B A O T, TR (~ 10 ps) B
Nd:YVO, f)_ERES A (~90 us) , A5 5HEM R XBLR[26], /&
DhRRE, (Extm ket Z M Re R ZE SRR, AR T E .

T ATBIBOR - AT BB A TRIOCAE i A @ AT PR OCE ISR T 2 UK
ARG AR BRI . ML T HABCRT S, AT BTS00 TR By #. H il
T NA:YVO, 1R S LR, Tz 7 sURES 2R M Sh i i (S
HJIE 30%) o —FAEFAEBRRZ A, AU 2 FATBOIOR, SEILE hAR R0
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TR KOG IBOR K £ 50 AP0 7 A B 5T

o HEARRHAT BN S BATBOR T % 18, 2 KDy AT DUB IS 7RIk 5 4 e
HEAT % BT 5 EL4%HE4T MOPA (master oscillator power amplifier) Tz BOK .
4P 1.1 fr7n A Lumera 24 7] ) RAPID R ABOG A ) J5 BUR 218 27], %5 MOPA
SR SRR AT B R RO 81, B SREELE T MO DT % T =i D)
IR THEANBOCII R . ARIEA R DR AR, W75 22 ZATBIHOR
7 Beik B — G A TR T BE SE I DR i

MOPA
Master-Oscillator
Power-Amplifier

.M||||||||||||||W“ ' 'iﬂ“ m\

Mode-locked MO: Pulse Picker: Picks 1 pulse ;;,,,;‘,‘?aas—“‘
50 MHz pulses, ~ 60nJ out of e.g. 100 pulses (500 kHz)

Transient amplifier:
amplifies pulse energy
up to ~ 250 pJ

Can also pick several pulses = “Burst”

Pl 1.1 Lumera 24 ] 7 RAPID 0t 3 HUR R [27]
Fig. 1.1 Hlustration of Lumera’ s picosecond laser ” Rapid” [27]

BB OGO L E 2 A e, I EE TS0 B B0 88 A IR K /5 5K &
FERMIE5 T J 2 [ 2558 PRIBOE R R 2 2 IR KK BCK (Optical Parametric
Chirped Pulse Amplification, OPCPA) RSttt le ML a4t 7 7K. 2017 4
Y IR A1 K B HIE AT A O A R B i ' i (Extreme Light Infrastrusture,
ELD Wil 1 1 kHz. 5.5 TW />3] OPCPA R 4t, RGUHIFIMGHE M E 2K
RE PO, T B pR[28 ).
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ps Pump laser

1kHz diode-pumped Nd:YAG linear amplifiers + SHG
6m])  60mJ 120mJ 150mJ

ps OPCPA
L1 |~ 85ps,>1p e
~1.5pm, >3pJ, 80fs___| [AOPDF] | R Compressoré
fSNOPA! 1130 Qe— g |
o0 11$00 ¥ \i i Diagnostics |
60w | | Grsm sirelcher || pove doon e, ... | Vacuum chamber |

K] 1.2 4R A3k ELL BRI 1 kHz. 5.5 TW /b J& 3] OPCPA # 4~ K [28]
Fig. 1.2 System layout of 1-kHz 5.5-TW few-cycle OPCPA invented by Vilnius University
for ELI [28]

HATH AP EOE T  FE ) LK ESN AR S 4E, AEEE Trumpf 2 &)
Edge Wave ] 3ZF % [ Ekspla 22 ] . 3 [E 1] Coherent /A =] F11 Spectral Physics
2w} Trumpf 2 7] 1 B FPEOEHOR 5 2208 5T WOGBOREOR, AT EASEIL 200
W O, TR AR E R R T AR BT, e OB
R EFEATH AR 1% AR X MR O IR REINLUR T, 3 1 BO6H
I L5 AR K3, Edge Wave A &) I 32 822 2T Innoslab FIRCRHEIAR, #oOk
FE—FIBR AT IR 2 IRE I 25 A BT, SR R o s Shba 25 i BOG R E &
WHECONERBOCERETE, b ORI - F IO, ANl T/ AT B 2R AR
W L4 . Ekspla A8 LK T5T Nd:YAG FIMIZEBOR, B 1.2 dhif) s E
B, KREE R AHOE RGN 1% 7 Fiif ). Coherent /A A1 Spectral Physics
O3] R il U2 2 T MOPA 1 22 AT TBCR T7 2K, #BRE 8 SEI KT 50 W) B2 b
Bo'tHH .

1.1.2 SKEABEBMABRARN LR

BEA (BRIETE A, TiALOy BATTEHRIOEE (400~600 nm) F17%
JeR I EHE (600~1200 nm) . TR E . HUMIERE L AR BUE = AR 5, —
Ze (20 M 51 T T2 59T, Wk 1.1 s NERE A IS 329 ANF T4kl
BOCHR N RE R _EReg A dn, KA MR LRegAsary 32 us i f, LAMEH]
T YRl s B T XA BHE A TR E A BOESE. 1991 45, D.E.Spence 25K
LT REBERBON]15], SR EUR A T O h B A SRR TT TR



ALK MEOETOR S th 2050 DO 7 A ROBT 7

R L2EKFEAREESH
Table 1.2 Optical parameters of Ti:sapphire crystal
ZH ZHE
P2 (800 nm) ne=1.76
e A 3.2 us
W AT K S ] 400-600 nm
W IR K 600-1200 nm
U AE & B ~780 nm
WA 52 3 B AT
SEAT T ¢ it 4.1x10%° cm?
BT ¢ Gl 2.0x10* ¢cm?
795 nm b 523 SR 2.8x107° cm?
795 nm Kb AN & E.=0.9 J/cm?
W5 1A )
(10 ns, 1064 nm) 10 Jiem
HEZ (W-emtkKD 0.33 (300 K)
i FAHEE S8 (KD 1.28x10° (300 K)

FESL/RE RN VR AN 75 0 A0 e 46 (5 7] DL EL 33 IR0 1 IR s i e /)
T 6 fs [F ik [30-32]c Il FH GBS EO AR AT IS AN R4, AT DASEBLE 4 fs
Rk 33 ). BH T BK S A 1% G mT DASCRE LSRR Bk =4, 2
T b s 246 7 N AT LR ik b s 4 3100 ) ST e 2 (34, 451l G s 451 2 7 6D ke
FEA JEGAF AT i 4] 35 A2 B G 4 ik i 4 36 |55 55 . 1E WM = A 0™
ARG, (HH 2 KE SN FJT R TTH AL . HEl Spectral Physics. Laser
Quantum A1 Thorlabs 52 & C.4 44 200 mW E2%/0 M (2 3] 3 s
FERFABOCIRG &M LW B0 k9N T 10 fs BB A BOGHR 2% S hr i ™
A o

R A0 CHRG & 4 H 0 RAD kb e B ARG ER AL, BRI T R BORI
o T WKk BOK (Chirped Pulse Amplification, CPA) AR ) & B [37], f#
5 KR BOEIK T BE B REW NN EE B SR K BB B 4], ELhrrh, Z2HEEHN
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WO R RS T RAPEOBTON I RIS LK RO T AR S SR A 2
fidiffl . Coherent /A & fil Spectral Physics /A & G414 1-5 kHz (I EZ AR, 1)
N 4-13 W, kTN 30-150 fs IR A WOGBORAS, 1P EOK 38 554575 1 [
AU E EAC i E.

SRIM, B ATHH Bk BE R TE 13 md LR 1 kHz 7 DR = A OB O 88
WA o TS IR A SR ) B S SR A AT ST X MO SR A R KK FR
Ko SEILERF A ThZETBOR B T R MELE T A PR R AL B . i T AR AR e
PERRR &, B2 AR AR AR 7 md DA Rk P Re R . O 7 SR E A D AR A
tH, — B AR ER =GR K . fEEBOR T, SR BRI ST
=k 50 W BLE, I AR A S AR BRGNP, AME 2 5] NGB BT I G IR
I, 04 51N ARER AR 85 RS 25 TROR O G AT 51N ™ B I AR, S B 2%
B O G RO SR AR E, BRI L m M o O T R RO, B R, T8 A A A
PR B B R A b AR AT 7%, RS A AR AR T # ORI, #4
25 5 R AP A 2 Rk

N TR A ORI E b, AR MR T A OGRS ATEOR
FEITTREAT T — R AR 5E[38-41], I & T =PI D2 KRR A OB
pe o dinlonilR

1.2 LSNP RO E B RIER

21 ANEOG 7 15 16 REVE BBl 2 2 um-20 pm (500-5000cm™) , f1 T 404
JEAEEHNPL G2 VR AR E T M ZNH, HRRERG T
R Z RS FER

TEZ PR, BT L. 0852 35 s (0 0 M S K AR TE h 40 Ah
B, B I L H AR RS A ) 5 3 580 2 BOR MO T 2L A BRI ) o A 2040 R
Gt SR R B PR, [ REWSECE T 2R SR S RS, IAh, |
F A LML R A A RSP (K 5 11 [42], B H N R E RO IA T, Ty
RBOET BTG, NZEFATIHRAE ZHIER.



ALK MEOETOR S th 2050 DO 7 A ROBT 7

FEFERE2EAIR, HOy COy CO. CH, 25 IR £ B B0y 118 rh L1 AN BUAR B B
s (IR BN AL B Re e pRad, BRI Fh 20 AMEO G T A T 3 2 7 1 R AR TR S0 5
430 AP R 2T MO ORI R DR KB e ) R

FEGRST AU, WOGH T NMEH BRI BRI, AR BOGRIR I e TFA
(PR BE RSO B B IR L o KA F0F 2.9 pm ZbF 20 ANBOE RS2, R R
AN 5 NARZE SR BAE FII , 52 206458 S Ak 17K 537 B 5 1% IR IR ISR B 1)
e, MHARE, AR IR, RS EEST RREE

AT W s P B S5, s G i A R TR ORI B B4R 1 HL T
FIAREW R U, oc A7 [44, 45]. IXEWREBRBKIEK, BHRGIHETHES
$hn, AR EUOER AL R E RN, S UOEE A RSN T R X
G 2R B A SR AR S B ORI B K, S O B I P R R R T 400
146], Tl 7 B F AT S Es il R e 2D AR R UK

1.2.1 LGN EER LB

FAAETRLAN KMo T EEA W BB 7T HE S T AL S &
JBOK COPA) J7 3o Al 72 92 T30 2 A0 o 0 BE 1T i S U I AR, i S R I I
R FRE R A, HAZd e iR B AR, TBORIERE 4 a4 e 2K
A AR OGS A A, R T A 2 Bk OBKTE s SR R AT SRR
FRL RN, AR AR R, Gl I AL VL BC 7 SURENS TR R 98 T IO I
Ko SR AR LNk 4

1.2.1.1 BRABTHEELH

BB B 3 R I P AT A1 B B3 25 0 R R B A L B AR I 25 T
FIRLIE 428 B F B4R /LAY F B8 7 3 25 Tm® i Ho™; W4
BT BRI RSP 3 E4, 5 CriZnSe H Fe:ZnSe.

Tm* BF IR T 790 nm, XK ARTE GaAlAs ot R iR bt
VU, &AM LD HHTREE. (ER T Tm* B 1 R EA T 2 um BT, *t
JSL ) B RN 40%, X AR T B0 LD 3T R & 7= A AR R i 3 3 4811
BT B T I RER A M RHE, @i 2 SR BN AE 43— 790 nm St TR UK

gl
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PASKLF[4T ], X T IR T LR T 800%. A 5t = A4 22 SUoth R AN 5K
SN B AR IR 5, TAE— M i 5 PR MM B =38 2% . T 3y 2k
A SR, FTDMMEIR B4, NI Tm® B P95 2 )32 HhS i 31 4F
Wotasd, BT 72% MR [48]. kA, FHILLT Tm® B 5 4R S A A
J[49], Tm® 8545 2% (MG AP B0 4 1 & 5T e 1 58 58 HLSE InFi8 (501, & & i@t
By U A e E T E R O ik (51, 52,

ERWIEF R, B Ho™ & T [MMOs f i i T 0 B A1 Tm® %5 8 T4
ABALFI[53, 54], JEITIXEL PR R AR Y HO BT, ST A .
JEok, BEELSRBORIE G, WTLME A 1.9 um 1995 Tm® 37 1
He B AT A5 Ho™ & FBOt ik BEaA TR, Mokl 2.1
um P O . AL RIOE 7T, Malevich 254508 72T Ho:YAG S A ()
CPA R%i, 1% Z 4t TAEALE 5 kHz, Hnth ki e & 3 md, ik v vT U4 5] 530 fs[55]
SEE AU BRI L@ UK AR, Hemmer S544 @2 2T HorYLF & 441 13 mJ. 100
Hz. 10 ps [ CPA 0t £4:[56, 57]. i, J.W. Zhang ZiH# Tm* & K18
LHEOGERRT HooYAG i OGS EEAT 200, IR & HIEAS 2] T 18.7 W Ky Zh &
vt kb Al LA 4R E) 260 fs[58 |o A4 iZMOBE N BB S AT B I SPM 208 J 5
W, R4 5 R AR GaSe dhiA, JBIL 2R A4 T ORI I B 55 500 ~2250 cm !
(=30 dB) FEAH T LZLAMEOE, AR TR FmBOL AR A K (R 82 F A 5

ZnSe fuiARJE T 11 -VIEER ALY f iR, % 500 nm~2200 nm 35 Bt OGS i %
B, S MLANE ORbEE. B H) 1996 4, BRI S)E T
=1 -VUEB ALY AR AT T 408 70, A UESE T %R AR TE P AR HR 2 B
eI E . 2000 4, BHIFA G Esh8i 7, 7E Cr:znSe #ot#s
SEPLT 2.5 pm PEEHEPEO A, F DIE 82 mW., ik FE 4.4 ps. 2006 4,
LT AT AR SR B S B R, 7E CriznSe OB RS SEIL T 2.5 pm PR B
Rk 58 100 fs BB K BO S 1S ROk AR 4, W LR
TERG U 55 2-2.8 um MUEEL(59 . TS 7E 2009 4F, FEIX P A8 A5 ST
TR B HEBUEL60, 61]. R ZMAEKH R ™E, FEEIHERER

(Ti:sapphire IFEZMEHTET % n, Jy 3X10Pm%W, Cr:ZnSe &A1)y 180X 10°%°

9



ALK MEOETOR S th 2050 DO 7 A ROBT 7

m*W) , 3T Cr:iZnSe fifAff) CPA RG L SLHL T 1 kHz, 350 pd. 346 fs (1A
POt [ 62].

MR, Fe:ZnSe diAMIMBRELN, RO M4 2 B P RN, EERT
IR MEST HBOE . 1999 4F, Adams ZFE IRSCIL T Fe:ZnSe anfAR% 4 um BT f9A]
WIEROE, (HR MR E T 180 K IR T63]; Kernal 51 2005 “ESEHL | %
TR IR A0k 64]. 2009 4, FETZ ARSIl T Q 8%, Hithk 0.58 mJ
() 2 AN Rk, Y VE BN 3.5~5 nm[65].2017 4, Velikanov 23T Fe:ZnSe
R ASZEL T 130 md otk 66,

1.2.1.2 RXSEHWKX

FERBHOG G 888 4, ot Ikah ™ 4 Z I I BLRAE NS — A 25
I 2L RN AR H T 51 H BRI 2 B AR L It 6 - I SR A R TN, F
FAT, SRRy T ¥ O GG i B T B, Fe T8N O RS SEILIR
e YUV O eI EREARTY G WAV 32/ &)1 e o8

FeeR Ui IS5 R VA S R ST NER £ & 1P U E | 32 oy VAN = VT | 357
PRSI N Z RS A2, R ZUE 74 (Second Harmonics Generation,
SHG) . Y& & 4“4 (Difference Frequency Generation, DFG) . YaZ &K
(Optical Parametric Amplification, OPA) F1J: % & k¥ (Optical Parametric
Oscillation, OPO) [#j4:fili. DFG Fll OPA #1757 stk H Hi ™ A B 4fy th 2L AMBO ik
U E 2y e

W T A DA R B0 PR AR R R R AR A R AR B A
(KTiOPOy, KTP) . il R KA fit i (KTiOASO4, KTA) FIHREREE & & (LINDO;,
LNO) S50 ik : BB EE 1A (ZnGeP,, ZGP) | Bis5 R dh A& (AgGaS,, AGS)
R SR (GaSe) SSAREM itk — MRS, ALY A 05 AR
e, HUBRAERE iy, (HR LB GG — A IR A1 2] 5 pm LT, AH Tz 20 4hE
TGP A s ARSEA SR A AR St R R, DGR — AT BAA E) 10 pm
PAE, W T 2L ANSO G A, AR R AR S AR5 BB — AR EL UG, HLbksa
JERZE, T H 2 M AT 800 nm EK A WOLA X0 TR, — MR 22
fHEHBAAE 1 um DL BRSO N R R

10
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B 73 LA b A AT ST SR AR L DT T A1, 38 T DASE FE SR A AR A T 1
FAOZUCHE, $2 i . b, JIANAL I HERR4E 14 (Periodic-Poled LiNbOs,
PPLND A RCIELE AL BB K. DBk ke, BN SR, &8
PRI AR A7 VT T f e o AHRE B T2 A AR B s FE IR, 1 46 3 2 5 ZE (R A A
FEAR AR T 58 BOR R FE ) b A 2, HLAR 0 A A, I PR T 3% b A
TER i BE I DO OPA I F2 R I A .

X & AR AR LRI AR I IE TS L A RBEE MR R BRI 4% B (34T X B,
WFRPR. T EFAELMERAR OPA RIREFE dhar oh WO 3k L
1.2.2 AR .

2 1.3 FITF P40 () S AR i O 5 8

Table 1.3 Optical parameters of different kinds of nonlinear crystal used for generation of
mid-infrared laser

P
bR BRI (um) 7 A B
(pm/V)
KTP 0.35~4.5 2.25 2~3
KTA 0.35~5.2 2.04 1.2
LNO 0.33~5.5 4.25 0.25
PPLN 0.4~5.5 16 0.25
ZGP 0.74~12 036=68.9 0.003
AGS 0.5~13 036=23.6 0.035
GaSe 0.65~18 d»»=54 0.03

AL A R ARG RO EFXT 800 nm 5 1100 nm ZEAR AL LA B ZGP
AGS il GaSe fit iR A STRFEX AR I T BUARAL ULHEC, #mn s HAR LR i AL R BBR AR,
(=

AL AR R A AE 1.06 pm ~10 ns BOLE FIAE R .

1.2.2 XEBEMRFEPAIN KB ELHARIER

HATHOBCRAE 2 pm I RER V2B ES . HEMFRN kHz, Hth ko8
N EHPOEIR O AR 2 B H S . B T FEOREE, MPAANR A
TR R A 67 ][ 68 [ RIRA AR ik i) AR (2. 77 AR R 50-150 eV RER IR AD

11



ALK MEOETOR S th 2050 DO 7 A ROBT 7

ok b R BF 9 P 32 2 [ B ) RLBE R R oK B 4 1) 2 TR R (K18 g 2 (¥ H A T AL
1691,

F. Krausz #45 B 2H R F 55 i 5K 5 A WO IR & as [ R N 5 5 e R I
JGIIFFIUR[70], KR T A BOGIR G A4 B GG 1K 1030 nm s SR E R
A Yb:YAG #ERTBORE, 3315E S 6RIUEM MG, M PPLN SRR
JG—2% LNO & #EAT NOPA UK, A3 1 Ok 2.1 um, HEHUR
N 3kHz. HEE N 1.2ml. K9y 10.5 fs i E kit .

BS

c?::'nt m FeR":::,aose's Yb:YAG Disk Laser SFG
: inbow 20 m3, 1.6 ps, 3 kHz Synchronization
-I system
Y
Femtolasers Femtopower |
1 mJ, 800 nm, 25 fs, 3 kHz -r
4% BS,
i 1
' 5 bar Kr Iz E E
—— _ |
Chirped mirror g=———— Chirped mirror 1 Delay Delay
Periscope LiNbO,
([
DFG PPLN_—— — - ]

©
OPA PPLN 1 OPA PPLN 2

| Dazzier |

10 mm Silicon

Silicon

P 1.3 F. Krausz M4 2 57 FRO Ko 2.1 um & C P OE R Gon B K [70]
Fig. 1.3 lllustration of 2.1-um few-cycle laser system built by F. Krausz’ s group [70]

AFT F. Krausz SREA R0, ik 2 BRI 8 18 R B 1R
A AR B A BORIE N R G FEIIR, K IE4R 5 ki > 30 fs 1 2.2 md BokiEA
I AT R T, 200 R4 5 R AR BIBO @RI I 1 P R S K
53 DFG i F2 /= AR Be R 1 pd % 1.2 um~2.2 pm 58375 5671 M5
¥i%(5 5% ik AOPDF fE5i 51| 4.4 ps, Fl4x (1) 50 nd 15 5 e hb BAE J5 4 =4kt
£ OPA (Non-collinear OPA, NOPA) H{RHF % BCN, Hith 3 md BEE ikl
B 2eid 150 mm B A SERRLBEAT R 45, 4931 T 114 fs A5 R . BT ok
PR, AATISEELT 53 as MR AD kb AR S R, T REELE B TR E T K 0%
Wil (284 eV) [2,72],

12
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Hollow core fiber with 30 psi neon
Ti:Sa Osc. y 2.2mJ,30fs ' I )
80 MHz, 8fs Chirped
I < SiBW BIBO DFG mirrors
o, 0
Ti:Sa PO
14-pass Amp BIBO 1 BIBO 2 BIBO 3
+ 50 nJ 1 30p) n_A 400 pJ o
Filter

]
S m ’ 1’% 4.4 mJ 6 3md, 11.41s

STLZEE LT Delay1| | [ © Delay2|" “ Delay3| ’ —
A . ~ N ~ Fused silica
BS 2 |
Ti:Sa 18mJ,5ps  |BS1 ’

3-pass Amp

Kl 1.4 H 3G PR RS A SR KOy 1.8 nm AR EPEOE R g s K [71]
Fig. 1.4 lllustration of 1.8-um few-cycle laser system built by Zenghu Chang’ s group [71]
£ 3 pm BB EIASE A RSN B i PRI T 2013 S SE3 T 13.3 mJ.
ik 96y 111 fs. EEHHRIY 10 Hz I rIE P 2000 WMDY, I EZh A IE F
7 120 GW, 1HIEEH Yy 3.3 um-3.95 um(73]. fbfi 1A F FB 22 RIE 7 30, 3 KR
BREAWOCTBORE5 B Nd:YVO, UK AR [FE R, R R EEEE) jitter {6/ T
10 ps. M WK A HOCBORAS R M2 OPA R 4t, P A IR FLL4h &
PHEOtR IR, a4 —% OPATIRE, KHh2rshEotseid Offner f& B4t
ik wi i€ 55 £ 430 ps, BEERIAR 7 pd, 1AL ET LNO @ik #) OPCPA JBUK, K
Bt R 2 T 29.5 md, ZeidJk4e, #5207 13.3md. 111 fs Bkt i .

BS
Nd:YVO, Regen Amp Nd:YAG Amp
1 kHz /480 ps/3 mJ 10 Hz / 900 mJ
Coherent jr
Synchrolock 1 Compressor
-]
BS OPAl
Ti:Sapphire Regen Amp Stretcher
1 kHz /35fs /3.5 mJ

Ge

Delay Line

K 1.5 B4 #1120 GW FF 2l sh R BOE R G E [73]
Fig. 1.5 lllustration of 120-GW mid-infrared femtosecond laser system built by Liejia
Qian’ sgroup [73]
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ALK MEOETOR S th 2050 DO 7 A ROBT 7

TE 4 pm B, 4E g K 2% 1) AL Baltuska 45 54 78 A SEEL 7 Ho0 kKo 3.9
um. kP REE 8 md. kP TEE 83 fs. EEANZ Ny 20 Hz (I 2L4MBOt it 74 ).
fATTEH Yh:KGW s /RiE BE R & s fE A i, — 7V EAET Yb:CaF,
mn R CPA RGFATION, 70 /38 77 g 5 3R AL ik Poph Bl = A2 Do i i 2

(White Light Continuum, WLC) , T J& X A Y6 4L T JE 8203 T KTP Sk
1) =2% OPA UK, 153 T REE N 65 ndv F 0K 1460 nm 5% B—
I, Rz 4t eiE R 1064 nm B HEEH SR, 2k Nd:YAG Botas# Hik
KN 70 ps. 250 md [Ffikaf, 1ENJE4: OPCPA RAMIZRTH Y. ¥ 1460 nm ({15
SR IEIE, WEIMATHS OPCPA UK, BASH]T 22 md 1 1.46 pm 1555k
13 mJ 1) 3.9 um WA . XSO HEAT R 46 /5, 192] 7 8 md. ~80 fs [ fikat
fav i o

~20mJ

Yb:KGW Kerr-lens uncompressed
modelocked osc. »=1.46 um

KTA OPCPA

>8 mJ
~80 fs
2=3.9 um

20-Hz Nd:YAG ampl.
1064 nm
VBG 70 ps, 250 mJ

A=

50pm 500-Hz Yb:CaF,
DPSSL CPA compressor
1030 nm, 190 fs, 1 mJ 1 2=3.9 ym
' 3
fs KTP OPA
h,=1030 nm >
%.=1460 nm GR|SM stretcher
. " J 3=1.46 um

] 1.6 A. Baltuska PRS2 1) 3.9 um PEE . IE{EThE 90 GW HRZL4h KDL &
gGurnEE [74]
Fig. 1.6 lllustration of 3.9-um 90-GW mid-infrared femtosecond laser system built by
A.Baltuska’ s group [74]

Ja ok A. Baltuska [ BAIE AR Hi 2 K228 M.M. Murnane 203% B 701 BA
SEEL T S X B, X RHERRFDETREE L 1.6 keV, EA m AT
P, MR T 2012 FE4 kK FAE Science 1[75].
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.u|| HW”

N
‘l Phase-matched ”

VUV-EUV-X-ray Fields

Grating

" Waveguide

Kl 1.7 M.M. Murnane PR 5 T H 2040 K RPEOGIRB 1) 1.6 KeV = I I 7= AR (1 52
B EE [75]

Fig. 1.7 Schematic diagram of generation of 1.6-keV high-order harmonics driven by

Laser Field ¥

mid-infrared femtosecond laser performed by M.M. Murnane’ s group [75]

5 5 pm BB WO AT, BER N B T AR 2 22iK(76, 77 HEIR
i, L. Grafenstein 25528 7 08 5.1 pm.y ikt Ee sy 1.3 m. Jhkf 56 fE
N 75 fs. AN 1 kHz LA b A KR kb= A 78 . Al AT A5 41
KBRS EN R G IF TR, AR 15 um KR0S — 3BT E N ARL M
27 L um BISY, TF ZEHE 3.4 um h A ANEOE, (ENRSGHIE S
—HRAEN AR IR = 2 um (S, B NEET HotYLF Sk ¥ CPA R4t
R FIR. TR K CLRE 5.1 um, —BREAPARLR I SR AR B E
1E OPA TR IS & ik & ZGP ffk.
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TR KOG IBOR K £ 50 AP0 7 A B 5T

Booster

Ho:YLF

K 1.8 L. Grafenstein S5 2 () 5 pm ZAEEJD AW 2 AMNIOCH R GURE K [78]
Fig. 1.8 lllustration of 5-um mille-Joule-level few-cycle mid-infrared laser system built by L.
Grafenstein et. al. [78]

HI ESCA AT AE R, 2 pm BB PO R B0 R SRR e D2 BN K
A, IXEARGRES TARAE kHz FEEMR, R TRXERGOLITRE 1A ket
FAERISES . XT3 um B A BRI LA RO RGNS, X EEIR I E
IR N 10-20 Hz, IXFE AR EARANH T 2EAT Bl B2 fik v (112 Wi LA I 18] 93 3
FERE AT RS O T THZEEMN 5 nm B =B R RSN R EUE
HIRIE, HRXFER RS T M 2 pm BEABEPBOCE I, XA R
TG SEELA B AT BOR B AR T TR

N, A R B A A v DR BR A O A A F N AR, AT T 3 um
P EEPEN 1kHz 1 KFP OPA SEX, JFFSEIL 1 521 pd. 95 fs I 204N
g1 o

1.3 XREXHHARAR
WA KIHEO) TR0 BORF AR I 78, A S e &R A it 5e, JF
T PO G OCRNR Z0 AN REPEOE P A R T, EE NSRS R
F—FAAE T ARSI IS [ —— B PO ORI R 204 KRR O AR
77 T B B AR AT 5T S
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1 E &L

SN T A RS RO A RUEOR I TAE . WIS R T R Th R R
WObIRG A5, IRGASAE 15 W T2 Tl 6 W ko 23 ps 19 R ik
A, SR ERIAE] 40%, YRR T, M?<1.05. {3 H A HOK 7 sk
I 200 kHz. 6 W ikl Fe o4 th s A AT BOROR I 7 20, SEBIL T 500 kHz. 20 W
g, BERARM 100 kHz F 500 kHz /TR, J£HCHE “burst 87 o 1k
b, AT T RO R R SEBORT T, St e Sk PO AT T E R T
SR, ERZSEIL T 1kHzy 9 md B FP Bk

BT R S BB R AR RO A o 4 F AWk 6
B, JEIETE I 4R N A0 BaF, P v FIRES RS AMa2 (i, SO T 510 mwW
(151 SO . S BSR4 ] LG F 8.2 fs MK TE M E LS R . PR T
RGO I AR A WOBIR G 28 BB 7T, SCIL T AR A BOGIR G & B AR 5 /K
EB R ROk I EE R BN T BRI AR RBORES, R Ei
S 45 A 0 2 B A B L A ORI SO 2 5 LN B R O T RS B F 22 o TE 2R
A LR EIF R T R oh o R R S A OGO 2% (0 SEEG R 7T, 4331 7 i
Ref 25 md. BRI 1 kHz, Bkob9ifE 27.1 fs s e EAKE A BOLTIIK 248,
HRGN G ST LA RO A 1 SE B B E T R

FVUTEAE T 58w AR G B T RIS IR I UE . — S, X =
RIS BREAT TH R 2RI SR DG A B0, (FZ B AE B WD E A
WOt 2 5 IR RE T IFA AL . BRI T AR A OB 1 OPA P el
A KADEO G SEER I 7T, FRATASE FH B8 i AR R AR S B BB AT TS IR T
KR A OGS IS A Z IR AT T3k, ZFIRN (PP OPA R4iHid
I ZEB= A B P LA RO B P R TR L T HR

FERENDA T HET R OPA 177 A=A 2040 KB BOG R SESS . FH KTA
mRE NS E R, 2% OPA TR, WAL T 1 kHz FEH T, 4
1.8 mJ 9 1.1 pm {556 A1 521 Wi (19 2.86 um PRATOG KIS, fdF ELAR S 1 75 5%
M EAF B h2LAMNBO BRI K 5E )9 95 s, HatHBOGH OB FT A 2.86 pm 118 3|
3.6 pm. ZFLAIMNEOE RGUNTT R EORBOE P AR SRR T A

SENTANE T BT AN WO BRI AR I SR IS W AL A R R
ARG B R B R R B AR TE N S B ik, UR 24N RPN B0,

= &

i
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ALK MEOETOR S th 2050 DO 7 A ROBT 7

BT T AR RN, 7R R b R AR T AT A IR BB GE, RAE
Fiy 9 2 AR R A 11 O B 5 A A R

FLEA T A RS PR B R AR . SR O IR G AT T
— AT, BEEDT DY S T KT 400 mW. ik %K T 50 nmy ik
Ta/NT 20 fs MR AWOGIRG &, F T Z R SE 0 By AR OR A8 (K -7
Vo FERFPWOGER T, WHE] T W & m DR RO R A, — & RSO0
FFENUR — & BT ISR N L. W B AP o WOk RE A6 S 72.6 MHz., 7
W AP SO BOC I, JeR BT M3~1.1. BFH 0 B A AT Bk s D%y
10 W, HEMZ I 100 kHz-500 kHz 7T, SCHF “burst” Bl FHAE AL Al
ST 5 W ) 532 nm Al 3.6 W ) 355 nm RGBT, RO #8 T LAN
FFom 5256

B\EXR SN RRAT T B R,
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F2E L2ESEPEETEMBABHR

2.1 518

A RBEE - FRBOCBOR AW D , — 8 R 1 A [ 2SO 6 R 1R R
FUBH o Mot ROCFRRCR &, AR 3 AR, Bl A, Moy
PRI U BT % T B

TR SRR A [ 2 PO EHE AR MG IR e WOOtIE L R
JRAGAN VAo ATk 158 A B A o i Y EAD IO FR 3R D6 2 B R KK v 8K
(OPCPA) RGN ARRERE . M. ROk 3205 5.

A FEIFAGINS S5/ A s D AR s B PO IR 3 2% K BT ASEEL, — A2l
L BAMACR R RA TN TIRIUR B REE, 7SI T#H2E. A
TR K BOAD kit BRATIIT R 1 10 0 2% B P A O ANAT UK (K SE SR AT 7T o
SEBrrb, 1R e AL I A T B R IR Z A A A0 IR TR KRR,
TREAEITRE T 1 kHz ZfEREHAPFOCTBOR I SR 7T

2.2 BWERHHHERIIRS B AT

PR aAF 9 B A RGO U5, Hufr 225G EE 3L o $2 i B AP HR 3 s O L1 D 2%,
Xt TR SR RUBOR R BB S X TATEISORM & fe ik s % 2%
A LB 5 SEBOR SR BRI s 0 T B AR ORI & 5 3R i A ikl i
REBE A A 36 e ik P AR E LR I DL, 45 BIRGE ABOR Bk 2 81 o 3 A
KITAME, g Be i LR EoL D e s .

T MRORE SRS, TEXERNEZSEANA: B BEMR
RER o A B RNk e NI BE ey tH BOCI BN 2R DI R Rk
A RO DA BE A T N R P R AL I REECR o SEg o8 T BRI e BIE . 32
R ARR AR BAIASE P s T AR U 2o 1205 I AT AORIIESIR V2 o PN IR B0 5 2R3
JOTE di i A AR % 18] B A RS CUL T, A A T IOGAE RS 250 o7 A ROt B
R
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ALK MEOETOR S th 2050 DO 7 A ROBT 7

2.2.1 HitiHtE

$F— AR P RS SO R AT . Laporta 547 T 36 THE BB MO
Hh 00 2 ) T T TR 79

dN(X, y,Z) = R(Xl y!z)_GECOS(X’ y’ Z) N(X1 ylz)_ N(X, y,Z)
dt hvi T 21
dg S(x,Y.,2) q
— = —0eCo|[[ ——=—=N(Xx,y,2)dV ——
dt oecoff] hvi (x.y.2) Tc 292

A, z BB, N & EREGURIFERIFHCE R, R 2 BRI (] P 4 523
B ERERRL T EE CRIEEE), SN ERE, o REITRTNA
SPEGIE, coEAEHOGHE, h 2w E, viRBUDETIINE, q 284
ERITACTEL © 2 BReddian, 2ot 7gam. 7R 2.1 4, Blor2x
BN SN RN BT JaTFF i re=2le/5Co, HH le=la+(n-1)1 &1
PRIEEIA AL, n RGN BURIHTHEE, e M1 3 ) RIS R 2540 50 )L
A KJE . 6 =2ail —IN(RiR2) + Sc + Sa = 281 + T + Sc + Sa AEXT HAL IR N It 5 AE i
WHIAERFURE, T MBS R, &R UGB A h T R4 5 21
MR SCRITSOS 3 B IE L T S AR BE AR FE, 6 ¢ A2 B T 2R T AR AN FE VR 2K S 5
EIAATHFE, S0 R THRIEERZETIANINTHBFE. £ T IR/ 255 5
3o

FEBG AN 2.2 WHRBE T a3 A BEike 2 (M Z 080, RiE NSRS 2
AR N o DRI Z 07 A2 RO TR 28 A S O 38 , ANid A T8 s 0 Ok ak

Q JFRMOL A% .
FEAE R SRR IR Pin KRN

J'” R(x,y,z)dV =np ::

Hrb, e =nuga(ni ] ve) R, pIeEmECE (hmeldik LR 5%
T DI e na~l—exp(-al), WA, o NEELEFIHEAALFIR
W REL | RBEKEE, v REMDEIGT AR, B RAEEEAIE 28 /1 B AR
WREAT . FERFS SR MR 5 m] LAAS 11 PN 8 53 AR A 2 TR 9K &R
SE SCAERE 2 1 S A VA — AR 0 A

2.3
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R.y.2) 2.4
0

re(X,y,2) = =

serd, [0y, 2)0V =1, RoFRFAER 340t SR P R 2 105 T

o BOALRE SR A AR R AT N

si(X,y,z) = S(x—zlz) 2.5

S
Hrf, So NERLERER
KIif 21 AN 2.2, HBEITTE 2.3-2.5, MEFFAFKMT, EAIGE

1
P, — ohvi J‘J'J' si(X,y,2)re(X,Y,2) .
2nplecrer | 27 coSosi(x,y,2) [ lsat +1

FEIXHL, MMIRE RS B Lsat = i [ oer o FEVE IR NN HS G T BIE AL € So~0),
A LA 31 75 B BB R 2 A

Po=—M"" v, 27
27]p|eO'eT
Vert = [ms.(x,y,z)rp(x,y,z)dv]1 28

PEARSIN T MG WO A R M E S .
FERE A OG SRz /N THADG R, #5230 2.6 IR IIHE O BTt AT = H
IF, FEOREE I, Al AR

Silp
CoSoSi/ lsat +1

4%‘7‘5‘12'333 29 'Tt\)\ 26 EF' ’ E?ﬁ‘?ﬂiﬁ"ﬂ?ﬁﬁ?ﬁ COSO/Ie = 2P 9 P = Pout/T %ﬂ—:\‘
A ThE, AT A4S
Pout = ﬂs[Pin — Pth] 2.10

= (1—coSoSi/ lsat)Sirp 2.9

Horh i A R m:%mwm 211

lope = (J] sxy.2)r(x,y.2)dv )?
| I st y.2m(x,y.2)dv

R UL AR

2.12
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ALK MEOETOR S th 2050 DO 7 A ROBT 7

EBLAEBOE AL O I UT AL, HIERERST on(2) = ane s oo 9
JOREPE AT o HCET A & AOOE A0S S ' 5 20 A1 mT LA e 5 ey 45 R i i
180, 81, FRICRMJEHIIEHE RS W] L ik -

2
0 (2) = po’ {1{2‘“) } 2.13
ZR

BEAL wpe NEICHIBEBERGT, 2009 0 Moo bR, zr RImAIKEL,

_ Nzps’

= 2.14
AsM
Horh Ao RIS, M2 OWRTE IR 71540, R0t S TEMoo 12

UL FE S .
BAFE 213, 2.14 fRNFIHFE 2.12 /1, #HATRIEIZE, H&TUERIT
k5 2R G IR A A B AGBE AN ) (82

Zo,opt = _In(2) 2.15
(04
o, opt = Ca 2.16
nin(2)

Zo,opt IR IGHE AR S A T I BRAEEALE,  copo, o JYEREERIZRIIDE R AL
Ko HEHC=nbw, RALLIDICL G4 AR IER IR (o NEOEHE
PR/, O WOCIIZI KA

R AT AT SR R EE S Ry 7SR Re okl , F2E
il 5 55 2R e ORIV AT R R

2.2.2 B=ENEt
AT ENIRS REMRERWME 2.1 Bz, Hi Xtal 5 Nd:YVO, g1k,
M1—M3 HNMHEE, OC A 10%i%E i K14 H 8%, SESAM Ay a] v A1k K AK 2 5

%% (semiconductor satuarable absorber mirror),
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%2 & AR EAEOL EMTBOR KT T

M1
A a
. ._<"‘- M2
LD _,—I
Ms‘——' | SEsAM
K 2.1 IR e ai iR = B LD: AR R E; Xtal: Nd:YVO, fifk; M1-3: [YTiH
B, OC: #Hi%%; SESAM: TR ISR Iz 4%

Fig. 2.1 Layout of picosecond oscillator. LD: laser diode; Xtal: Nd:YVQO, crystal; M1-3:
concave mirrors; OC: output coupler; SESAM: semiconductor satuarable absorber mirror

G o A 2RO 9 808 nm ) LD, A& B4R RN 200 um, HE LR
NA 5 0.22. #R4EJ7HE 2.15 F1 2.16 A LATHEAS R, SR RE RGN
192 pm, AR SR FR A A A R P P S AR T 250 0.8 mm A SRR R
Ko 12 MA@ RER R b, S E SRR 1 mm £
Ao IR B A T AL E AR A RO, SRR R A OR

HEINTE MR IR T2 12 W A A5, ARAE TR Ji, diiAk i R B2 h 180
mm £ f . SERARRHRE G H R LG, ] ABCD FERE 50T DA S N6
B AR 2.2 fs

1400
—~ 1200

—_— Béanf‘l radius dis'ftribution

M3

M

—

o

o

o
T

800
600
400
200

Beam radius (um

0 SES.AMl L 1 .:: i¥talli . L L
0 500 1000 1500 2000 2500
Position (mm)

K 2.2 BRbR G o I A e BEAR 2 A

Fig. 2.2 Cavity mode distribution of the picosecond oscillator
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ALK MEOETOR S th 2050 DO 7 A ROBT 7

1E SR AL OB BB 4524 180 um, 7E SESAM AMEBE12 N 77 pm. 7553
612 Wi, 4% 30%IFEEE R, IR A RES I 3.6 WL SEIG kSR
f¥) SESAM [rI1 1 B B 5 By 70 wdiem?, BA5IAE N 3 milem?. k3% #s B S 4%
N 73 MHz, i 50E 5T 2 10%, I m) DLiT 515 31 SESAM Ab 1) e &% FE R 2.65
md/icm?, £ LLBKZ) SESAM MR (#£ SESAM L[ )EBEfE &% 5 Bk T MAE
BEEN= , skl

2.2.3 SLUGZER

Pr 7 v i tH TH R B a0 2 b AR B =6 TR AR i 26 4~ B s - S236
i, 76 15 W IZE TR S T, 1] LU 6 W IR R D306 T3 91, S e i 32 %y 40%.

7
- —=— Picosecond oscillator output
6 .
_ «
S 5|
| -
O 4r
= I
8 3t
=]
2 L
Q.
5 «
O 1t ././
0 --./ 1 L 1 L 1 L 1 1

0 2 4 6 8 10 12 14 16
Pump power (W)
2.3 JFDA % S th 0 B BT e Sl

Fig. 2.3 Output power of the picosecond oscillator

fii il Spiricon M*-200s Ml &4 R M2 (K7, W FEPR. LA,
ey RGP M2 BRLFAE x ATy 5 [ B 23 9900 1.042 A1 1.032, 3T AT AR IR .
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1
iy /

,4,5{'

2.4 JEAbIRY; A K MP IR T i 2R AR BER AR (2 B fRdE D

Fig. 2.4 M? measurement result and beam profile (inset) of the picosecond oscillator

4, T SESAM B R # E RGN BI{E, KT SESAM K
SEIBAT o N T R IR) R, FRATPRFIR 7 5 10 f HH B0 20% 0% H =R, AEAH RN
B IR T, EADIRE R EOVERE 12, AREEK SESAM LIl i fE i
W, TR B REORIIEIIR 5 ai B 1ty L AV ik vt

S8 G B RK o 7 A0 2.5 Fra, AT LR B v o i AR E OB
fk it 51

Kl 2.5 SRV IR o i ) OB PP 1) CF IETRA 18153 330 9 20 ns/# A1 100 s/ R 1) RUZED

Fig. 2.5 Mode-locking sequence of the picosecond oscillator (left: 20 ns/div; right: 100 ns/div)

o P 95 58 5 AR S5 Am tH ik K 98, A3 200 R BB IS5 2R . B A
KM w58 35.6 ps, (£ sech? ALk BEAT LG, 79 B4 HH Fik ol 1 ik B Ay

23 ps.
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R K EOETBOR B 208N RO AR R E T

| —— Experiment result
| —— Sech? fit
0.8r

1.0

0.6 23 ps x 1.54

04

0.2F

Normalized intensity (a.u.)

00 " L " 1 . L z
-100 -50 0 50 100
Time delay (ps)

2.6 A5 FH iR E 1 AF OGSO B A5 38 1) R DA 3 e i 4 1) ko 5 2
Fig. 2.6 Self-correlation measurement of the picosecond oscillator’ s output pulses

23 BFHEEDEERASS
T T B A SR I LI 3% 8 8 20 B e e L3
O (LR B T O 95 XL, A A S A0
AR5 B AR B TR L. B S 4 e )
B, AR A s T
2.3.1 BFHEEDEERARE
TR R BRI, BT T EROCR, bR T R

TFP FR
HW
-
PC 30 W 808 ni
k

._.,_@_.

6 W 200 kHz

2.7 B TH2E PO PR A TBOR 52496 206 B B B TRPEIRARAR F1 s FRIVEHLEE et A%
HW: fr: PCisi /R & GM: Nd:YVO, Ak
Fig 2.7 Experiment layout of hundreds-of-kilohertz picosecond regenerative amplifierTFP:
thin-film polarizer; FR: Faraday rotator; HW: half-wave plate; PC: Pockels cell; GM:
Nd:YVO,
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KRG A ki 2 e B R4, Fid— R TFP BEANFA . W
IR LRSI AR DU 5 22— RRACR, Foh-1 Bk 22 2808 1) F KPR iR A2 A [
RS, T 5 205 vt B S S P U S R S IR R AS A BB B AR, ¢ TFP
S HENTRA R o 78 di i P9 — SR B PRI (0] 138 5 /R S AR I, i v 2R
BT A, HRRERPRER N T B BIRCR o ARl e R
& WK B RIRES AL, R BRI, XA S I T b Ik b B A A
P, ATRUROAE R IREL (RO L0 o FERRF Bk R B — e R RS, K
SR BRI RS, O v R & AR DY 2 — B BRSCR . Bk A R
2o RS ImARAS R B IR R AR, B AR TRP B
FELI NG RSG5, 16 TFP AL, it B Tk 22 B2 A kol e 5l o

S0 AT 935 5 /R B AR AR BBO di A, iR IR B mE s, mis
BIE SR . BT BBO di A ORI Rr AL, 75 20K B e — A ik &=,
Uk 2.8 iz 2 Gooch & Housego A &A= ) BBO ¥ i /K o S2I6 Fh i FH 3
VER G R A AR 3.5 mm, KRR DY 32— HLE R 2.3 KV

0 c )

I 2.8 Gooch & Housego 4=/ #) BBO 1 7. /R £
Fig 2.8 BBO Pockels cell produced by Gooch & Housego

2.3.2 BT KR BERASLEL

SR P I SO R R A R A i O SR, R K
808 nm, IHN3I0OW, 4l 1:2 MG R R ER kT,

AT AR AT S, AT, S AR RN, W
IREINEES, (HH TAREIES: OGRS ORI HBOCTI R 5 R , MEEH L
R . SEI b AT 24 OB Th AR B SO TR MR e i R B R
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Bl —e— WAERMBELHE a

A

i th DI (W)

N
T

0 5 10 15 20 25 30
FIMTFE (W)
1 2.0 T2 Ity HOEE S T 2 B ST (A e 2

Fig. 2.9 CW output power of the regenerative amplifier

1113 & FA T BERE TR I Lh 50y 25 W, i fR2E i AR £E 230 kHz B Q IR
&, DGR ZARE AR AN TR IR R Ml N K ST DL, HoRiEAs
WoRnE 2.10 ZE B . ATLE R Q e RUART, RIS EEE D
WES, BETHSRER T — IR TRIEIRG &4 K BAD ke A A,
PR S /R TT9E, AT AR B A AR E B RIS (A 2.10 AP )
A S R ) T8 A S B e KR T Y, T LS 3] 6 W 230 kHz Ffik
vt o

K 2.10 FRAEJE TAEAEW Q IRFS (o R (0 Sk ) FIVE N AL Bh -1 J5 7R I8 O Ch
B S £ 524D
Fig. 2.10 Pulse building-up profile on an oscilloscope when the regenerative amplifier was
working at Q-switching mode (left) and with seeding in (right)
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I 7 £ T AR 0 T N R A TSI A, A
SR 2 MO P o 7ER R0 S, S B M0 7 A1 S At o
Al 2.1

7

L e TR (W) {140

6L —o—-lj}"l"ﬂﬁjt Kﬁl‘]’ﬁi (ns) : o~
-/ .

120 =

5 L '7:7 | =

. 100 75
4r <H
L 1 -.\T\'
3 . 80 X
./ _ Hm
L L I L 1 I L L I 60
80 120 160 200 240
=B (kHz)

K211 FAISAEAN R B SEET, Bt i s /R &) B8 A L D 2 il 2%
Fig. 2.11 The optimum output power and gate length of Pockels cell’ s HV pulse of the
regenerative amplifier when working at different repetition rate

1

1

it T (W)

L

HERIE, RS HANAE 2 EE AR T AL RS i A2E Mkt P41, (2
T HOO S R T A R . i, AR TARAE 200kHz I, Ha A
5 /R & 58 /2 127 ns, B R TAF EBCN 150 kHz 10 PR EFE 50 /R & 1198 AAE,
YU Ay L Pk P AR AN SE o RIFE A s 6 AR SEAROMIT) 9 75 2 R I i 8, 4 RE S
FEAN R FA T R E AR, Gt A 000 OB G 1 B . O 1 BREE T 5 B R A,
e B AL IR, BRATIFRE 1 8 T 2% B AT BOBOK (1 SR 7

Eﬁ

2.4 BFMHERATRBMASER

2.4.1 BT HZERIITRBARE
FFATITIORT5 30 BATEAT T RAVBOCTEO I 5258, SL48 60 T B s
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ALK MEOETOR S th 2050 DO 7 A ROBT 7

500 kHz

| il
) PC = 1064nm
FR 20mwW 7
4 W 73MHz TEP - 208nm
Nd:YVO, __ t 17 W 808 nm
picosecond 1w —t GM_ ) @_D
el . LD TFP: Thin Film Polarizer
L) 30W 808 nm FR: Faraday Rotator
HW: Half-Wave plate
S (0) |
sW b= PC: Pockels cell

N 20w 508 GM: Gain Medium
. M nm LD: Laser Diode
21W 500kH I - )
Kl 2.12 B TG BP0 CAT EOROR SL 3 2 B R e B TRP s Imdfs Fr s FROEHL R et

2% HWRER s PCE /R & GM: Nd:YVO, divids LD e
Fig 2.12 Experiment layout of hundreds-of-kilohertz picosecond travelling-wave amplifier

SR T ER Y s R AT IR B,k B S se R &R R A2 BBO gk K
AT PR 8 3o 385 o K 5 P 7 2 S L A PR Y« 30 AP R v R RO 3 v K
LA, UORIESS B = 0 EE R ik Fe 514 e o 306 5. 31) 500 kHz 22 5 R bk 2 471 2
2.13 A KR, SER I soR &5, RIWTSEEL “burst” HEA
mE 2.13 A E R (B @Mk 655 5 8% s /R SOF T TRSST TR HF, 35
3 55 kD)

B 2.13 ATPITBONARAIR a it ik Py 91038 B ik ek e 22 B 48951 500 kHz
FIFFFIEDR: Al “burst” BN ARSI H 4 Akt B R

Fig. 2.13 Output pulse trains after pulse picking
e Rk el e 2 080K, SEMm iR . B EUF, AT RAAE L
ZJEMEARZHBOR, IRl . HLbEd, BT8R IR A
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i e PR R RGBSR AN BSOS 7 RN 2 i O (e AR A ORI T S B
RS HIBOR AL, FFAERE— PR B RIEBO L AU T RS, )R OB
BT

2.4.2 BT HZERIITRBMASEWER

FEZGRIBOR T, AT ZAE FH AR 62 200 um FAROGE RS R i it 58
ZRAEHIRIE 400 pm HARKDGE RS H ). = ZERIEG I L KR 2 808
nm, %itiThE )y 30 We

Y315 3 Bt H Bk oh 5 5138 B 31 500 kHz J5, BkeP SIS N 20 mW.
FEF—GIORT, B TEANDIREUR, N 7RI, JATRA 1 BUE )45
o I FORF R G A 101 AORS& e 28 A 2] i 44 71 (3X3X 10 mm, 0.3 % atm).
SIS, EARFMEM IR T, 55— BAE @ H TR i 2k & 2.14 Fis:

1.6
—— il TR (WD
—— i@ H TR (W)
g 1.2+
¥ osh
-]13
+H
= 0.4
OO n 1 A L R L " 1
0 4 8 12 16

- HIRMIETER (W)
Kl 2.14 55— ZOd e, B8 I8N i B S T SR R DR AR

Fig. 2.14 Output power after the 1¥ pass and 2" pass in the first stage of amplification

fE17 W I T, 55—l XAk 560 mW, T2l 25 — i, MR E]
14 W, o] LUE M XCEAMAE/ME S BORH M EZAEH . B2 208k, &
TG AR BRI RO 200 pm 7247, BUNIZRIHDEREANF] T 4R S0 R i
R, kI NIABOEARIR S 5 s s AT 2. IF B — 20Ok i R ZEARIIE
55 TS RE FEORRIT , fi B B R ORAE O GBI D AR s R, TR 0K

31



ALK MEOETOR S th 2050 DO 7 A ROBT 7

W TAEAS 1 Ja PR SE I . BRI 28 — 2 Adi ] 15 W BJZRIH Zh A, 4% 500 kHz Akt
FRRORE] LW, 1 JE N EE Z AT UK

FEE8 P B AR e A 102 BRl A LU A3 3R A 21 4R P (3x3x 10 mm, 0.3 %
atm) , ZEIHIEHIAE s K/NZ N 400 pm, TG 56 R A2 212 300 pum FOBBER
No FERBUBCRT, HEMEZRE NIRRT 25 W I, R34 HOGBE RAR E
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Fig. 2.15 Temperature distribution comparison between crystals with different shape under
25-W pumping with focused beam radius on the crystals of 400 pm
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Fig. 2.17 Self-correlation measurement of the output pulses of picosecond travelling-wave
amplifier
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Fig. 2.18 Experiment layout of 1-kHz picosecond laser amplifier
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Fig. 2.19 The pulse energy extracted by the signal pulse and the extraction efficiency against
the input pulse energy of the signal with differnet beam raidus of the pump laser
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Fig. 2.20 The output pulse energy and extraction efficiency against pump pulse energy with
1.5-mJ signal pulse input
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Fig 2.21 The output pulse energy and extraction efficiency against input pulse energy under
20-mJ pumping energy
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Fig. 2.22 The output pulse energy and extraction efficiency against pump pulse energy with
4-mJ signal input
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Fig. 2.23 The beam profile of the 1-kHz picosecond pulses
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Fig 3.1 Dispersion compensation diagram of chirped mirrors [92]
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Fig. 3.2 Dispersion compensation effect of double-chirped mirrors
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Fig. 3.3 Scheme of chirped pulse amplification [95]
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Fig. 3.5 Experiment layout of sub-10-fs Ti:sapphire oscillator
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Table 3.1 Dispersion analysis of elements inside the cavity of the sub-10-fs Ti:sapphire
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Fig. 3.6 Dispersion curve about the sub-10-fs Ti:sapphire oscillator
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Fig 3.7 Ouput spectrum of the sub-10-fs Ti:sapphire oscillator
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Fig 3.8 Pulse duration measurement of the sub-10-fs Ti:sapphire oscillator
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Fig. 3.9 Experiment of generation of sub-10-fs pulses
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Fig. 3.10 Experiment layout of Ti:sapphfefs}jillator pumped by picosecond green laser
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Fig. 3.12 Pulse duration measurement of the Ti:sapphire oscillator pumped by picosecond
green laser
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Fig. 3.16 Experiment layout of zig-zag Ti:sapphire regenerative amplifier
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Fig. 3.18 Variation of beam radius at Ti:sapphire crystal against thermal lens
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Fig. 3.19 Pulse building-up profile of the Ti:sapphire regenerative amplifier
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Fig. 3.20 Comparison of the output spectrum of different parts of the regenerative amplifier
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Table 3.2 The dispersion analysis of the Ti:sapphire regenerative amplifier
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Fig 3.22 Filamentation into the air induced by compressed femtosecond pulses
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Fig. 3.24 Schematic of the linear regenerative amplifier
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Table 3.3 Thermal lensing effect comparison with Ti:sapphire crystal working at different
temperature
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Fig. 3.30 Output beam profile and M? measurement result of the multi-pass amplifier
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Fig. 3.31 Pulse temporal profile of the intra-cavity pulse sequence and the output pulse
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Fig. 3.32 Pulse temporal contrast ratio measurement of the output pulse (30-ps scale)
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Fig. 3.33 Pulse temporal contrast ratio measurement of the output pulse (250-ps scale)
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Table 3.4 Dispersion analysis of the high-power Ti:sapphire amplifier

g — =
JEgEas  20° 435 1484050 -3713510
A EL - - 79515 53668
JEgids  43.3° 242 -1563565 3660611
SR 0 769

X TBOR K BEAT i, a t DO a0 R BB o 42 ERTHS B RO TE AR AL
I B LR SR, et ROETE AR LA B GV FEl A AR /N T 0.5 rad
wizzler JEFOCIEMMAEE, TR EREL R o Shrr R 58 &A1k
Aids i SHERBOIA 2R, KRRNERR AL S B EE €A

68



%3 E CRRERE A BOL A MTBOR KT T

10 Output spectrum
[ = = - Designed spectral phase 14
' — — —Measured spectral phase
08 _ _ 2 :5\
3 £
& 06F 1l 2
e A S B Jo =
= =
= ) E.
5 04t , o
= 14-2 ©
E 128
02 N s
|\.. 4.4
00 | | | | i
740 760 780 800 820 840 860

Wavelength (nm)

K 3.34 23 FHOK G o6 A ILARRIE L CRESEANRHEIE, AN
BTG e AL, R B 9T A5 B ) &6 B e AR AL
Fig. 3.34 Output spectrum and spectral phase of the amplified pulses after the main amplifier
] wizzler WIEATH], 465 KK e 27.1 fs, Xf LA kI AE Th 2
X E]0.92 TW.

10 Output pulse duration

08

0.6

Intensity (a.u.)

02

0.0 T : -
100 -80 -60 40 -20 0 20 40 60 80 100

Time (fs)

P 3.35 BRSO 2 TIOR8 bk (4 ik o 98 P
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Fig. 5.4 Single filamentation signal generation
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Fig. 5.5 Tunable wavelength output of the signal during the 1% stage of the OPA
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Fig. 5.6 Comparison of the amplified signal spectrum between NOPA with non-collinear angle
of 2 degree and 4.2 degree
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Fig. 5.7 Output spectrum of amplified signal in different stages
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Fig. 5.8 Instrument for mid-infrared spectrum measurement: monochrometer (left) and
HgCdTe detector (right)
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Fig. 5.9 The response curve of PCI-3TE detector produced by VIGO System
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Fig. 5.11 Comparison between the theoretical calculation and the experimental result of the
output spectrum of mid-infrared laser
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Fig. 5.12 The output wavelength of the mid-infrared laser can be tuned from 2.86 um to 3.6
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Fig. 5.13 Experiment layout of cross-correlation measurement
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Fig. 5.16 Experiment setup of generation of mid-infrared femtosecond laser
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Fig. 5.17 Output power stability of the mid-infrared femtosecond laser
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Fig. 6.1 The intensity evolution of the second harmonics generated in nonlinear crystal

BB FRAT I Z AR 2t REOION S AR, o HE AT R I, 19
EZR

72(2) = r.exp(iG,2) 6.2

U0 S R 3 A2 2 TR A ) BT RIS K G, = Ak, BISEEURIA SR L A, {8 AT LA
TH BRAE AL SR BC I AK X0 = 2 11 e 8 SR T BR 1], B0 F) e 52 RE B YR YR AN iy
ML H B — i, WA 6.1 B B HLTR .

A K I AT, AK O — AN E . 6 R AT S R i
o, A ST AR 5 AT LA B — R A S G H, BFREER G, AT LLAMEE E 18
Ak o fHZZ, XTREABOCT S, JCHEXN T RO 2 UGB~ A S, M

99



ALK MEOETOR S th 2050 DO 7 A ROBT 7

B R B R B A PR E Ak () » ASREAE FH 80— F S AR A 8 AR 8 B I A 7 2
SRR A BEAT AR AL UG AC o BRI, 75 B AR AL 0 51 NI, S {8 37 AR e
IR R — A0 HUE, XS Ak () BEATAME o

6.3 @mixigit

X T HEAR AL VC B AR 1 3 M, o R 2 B P BT 5 P ) 2 RS BRI K e T
ARCRLNE R B[ 114, 115], o trdrdetbd st VAR TR, A
THEARAL VL RC A ARG AL 1 A R T 56

SI 56 A A5 FH 11045 S5 A0 5 1 IR OBk ) B B A e R 4L B A (MigO-doped  Chirped
Periodical Poled Lithuim Niobate, MgO:CPPLN) Hi2= & iz i i 45 1) i = BH e Al
il 2% o T e AR FEAT WA WK S SRR AL 5 ) 5 AL R AT AL I AR 8, W] DAAS BIRZ A5 R 0] B
H Bk R AT, W E Eh RS R, o i A MBI ARSR “Afarmt R %07
FAE o T LU B2 WA K 5] 39 45 K 0E W2 FRIRIRE s SR, BT MEs 5% IV ™ AR
A A AR AL R .

0.05 T . . 4.0
O e L
—Akl Ak2
0.04 —Ak3 Ak4 4 3.8 g
—AkS Ak6
[ —— Ak ——Ak8 ] g_
ﬁ 0.03 F Ak9 {136
N& - N
Fy =
5 0.02F |/B1| 13.4:2
& | K
0.01} {30

O.OOHl' LR T S P M- R TN N 30
010203040506 070809101112
-1
%% (um™)
P 6.2 MgO:CPPLN £ F A R 2k 1 R A0
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Table 6.1 Phase mis-matching condition and the reciprocal vector which could compensate
the corresponding phase mis-matching

T =R R A AL R BT (ELEPS
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39HG Ak2 =k, -k, -k, Bl
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5N HG AK5 =k, —k, —k;, Ak6=K, —k,—k, B2, B3
- AK7 =k, —k —k,, Ak8=Kk,—k, —K,, 82 B3
Ak9 =k, — 3k, B4
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Fig. 6.4 The MgO:CPPLN crystal used in our experiment
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Fig. 6.5 Output spectrum when the fundamental laser was focused into the MgO:LNO crystal
which doesn’ t have the chirped periodic poled structure

ROt SRR RIBEAT 1 W A AL T MgO:CPPLN, A LAWLEE 51 B 55 1
FOGIOE A, eI R s B s

103



ALK MEOETOR S th 2050 DO 7 A ROBT 7

K1 6.6 FLLAN RFMEOELE MgO:CPPLN A= A8 R IO ) S50 /E
Fig. 6.6 Experiment setup of white-light laser generation in MgO:CPPLN
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Fig. 6.7 The output ultra-broadband spectrum when mid-infrared femtosecond laser was
focused into MgO:CPPLN crystal (linear distribution)
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Fig. 6.8 The output ultra-broadband spectrum when mid-infrared femtosecond laser was
focused into MgO:CPPLN crystal (log distribution)
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7.1 BlF

RBE I EOR F B R RGOy . B T BOCHIRFIELF . AT RS T
FE S, B0 IR TR R R AE T o {8 e DR SO s k47 V)
FL R ITILAE ORI ML RIARID, Ho& i Dh R BOGE 1 Tk ylds A
2 158 B )3 TS T BOR B B Ay €00 3 LR, RIBOGTE RS & ioin T
M2 TR, JFARAEROL NI 1Ak 8 Sk Ay . JCHREE WG AT HIn AU
EORTER, 45 DB HOC R Aok 7 — MRS

AT T BAE A A PEO LT BT T . BAREEE: SREA
TR % B AHOCIR G % « BORD S GO 8 A0 B BOCAT SO &3 J7 I R 7T
BT AP WOCTBORES  FF R T A58 A2 532 nm B APER6 AN 355 nm F #0458 SN0
MWt se. Beit IR 1 R BOCE ISR RENL, X8R SEIT e B OL om 15k
BN B AV WO SR 1) OPCPA SEBR T4 1 JEAiti .

7.2 HREAHAKRFRNREUMAR

PR A OGRS E R T A OGO S A IR S A T S BT
JBCR ST A ke PR O 1 52 38 2 A% A SR WA (R 3516 ], 48 AR TBOK T ik Rt
2 i 8 — AN 50 nm, BRI FA T IR 7 s O i HE OGS B B2 R AE 80 nm A2
A, i RS SR /N T 20 fs (R ik b AR RET

R A WOCIR i 3K F AW 1) 7 AMEE s 9 (B, SEBR S R E B A
Fofis A Te AR I B BRI N R R
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R TLBREAHOCHRG 23 1E A e G Br (800 nm Ab)

Table 7.1 Dispersion analysis of Ti:sapphire oscillator

_ —HraEr
KEXHE ME BEEG(mm) ,
(fs°/mm)
e D e ] 4 58
i H YA AT L 2 36
BRI Eaka ~1.7m 0.0213
M R 5 -440 fs?
MEEE -20 fs?

fE 4 W HIZRHIIZET, WA RG asaeigfit 1 W REZO0. RPN
MBI B, (13 IR% as TARFERRIX A% . e @ s B 5 A WO IR % 1
e, FTASEEL s /RIER B, IRz dsaeigt it 420 mW i 2 By %), EE
BN 85 MHz.. Hir Hh ik Fe S A E B8 4 R B s

Y

"H‘.‘.‘LJ

|
1 lll\‘l'

1 v'.‘\vwf\'w‘h‘\H\'\\vw\’wh‘\vh‘\‘\ vy 1‘\\'!\'\1\\" VWYYV VRV VYAY r\\ww\ vv\‘\\v“\'wv‘v‘\ VY|

(@ 50.0mv @

K 7.1 BRFABOGIR Y s O i ikt e 51
Fig. 7.1 Output pulse sequence of the Ti:sapphire oscillator
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Fig. 7.2 Output spectrum of the Ti:sapphire oscillator
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Fig. 7.3 Pulse duration measurement result of the Ti:sapphire oscillator
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Fig. 7.4 The inside (left) and outside (right) structure of the Ti:sapphire oscillator

PATFEZRMER) e s LN 7k f g R e 28, s MBS A Ot IR G 4%
Rt D, ISR 1 RO RITE NS, HET ORE IR % o i H D) R A8 52 - LA
PR3 i NI AT S BB P B XA B, — BRG] DA 122 AR B Js 13t
et L, ] PR Ol PR R HE S IE A — B AR B R, iR A
WA B e KB BB

TR MBI S R LA 5
K 7.5 SREABOLIRG S0 TR 4Ty

Fig. 7.5 Details of the Ti:sapphire oscillator
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Fig. 7.6 Mechanical design layout of the picosecond oscillator
ARG A AE 12 W MR T, fith 5 W I RBP4 . BT — Ak i
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Fig. 7.7 Output power stability of the picosecond oscillator
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Fig. 7.8 The home-made picosecond oscillator

7.4 EWFEAHIFENMR

TEBAVHE I = ThE e PO R G A 5Lk b, BATRRE T A0k,
it BN E AR 72.6 MHz. D)% 6 W, Y%K 532 nm. ZE06E AT TR
R EAWOLIRG A, BT U 3R S BRI A, C& b
TR TSR B AN £ S AR (116

AT R ZOC O & =AM IR A BORBAESG 5y R
FATFHIRAEE 2 T 2.2 TR IRG A 45H, 76 15 W IMEHIIE Rt 5 W
(IR DB 51 T JE B0 SR B Nd:Y VO, S bt AT — sk, DA LA
BOREN 14 W 1 J5 SREE R AR, Refg ™2 7 W I AP Sttt . FRATTXS
GAERIRAT T — R8T, TP T FIVE 44 5 (1) solidworks B4 R B FTR «
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Fig. 7.9 Solidworks design layout of the picosecond green laser
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Fig. 7.10 The fundamental and the second-order harmonics output power of the picosecond
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Fig. 7.11 Output power stability of the fundamental and the second-order harmonics output of
the picosecond green laser
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Fig. 7.12 Output beam profile and M? measurement result of the picosecond green laser
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Fig. 7.13 The inside and outside structure of the picosecond green laser
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i FZBOE 8T R 1 B BOC IR R A SOtk G 42 HIBE 7T, seitdn st
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Fig. 7.14 Experiment setup of the Ti:sapphire oscillator pumped by the picosecond green laser
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Table 7.2 Output parameters of the picosecond laser amplifier

fabn ZHUH
P> 1064 nm
B K D 10W
B 1 S e 100-500 kHz
Ik 5 < 50 ps

*T[1% 532 nm/355 nm 1%
x4 “purst” R

FATRHA MOPA 1175 580 BV OGREAT IO, FLA5# B R B s . Bk
1 RBATEE B I IRG 4% B 2 R i, (] ROGIToR B R 5% i
HH P ik e 7 41 346 43 381 B A% Dy 100-500 kHz ikt 41, A s 0P 13547 T
Ky BB 32— IR, HTEAFFIIIRRAL, ARETE SRR 1 RE
B, TR CE I 850 R A SR BEAT TBOK s AR 4 A1 5 B AN SR =4
TR HEBR 6 B S AR B, S2HF 532 nm 8% 355 nm [KIBOLHIH -

K 7.15 BRPHOCTBOER KNS S8 hlg: 1. B IRG % 2. JEHRER; 3,
B—HRGEBOR; 4. B GURK: 5. BEGURCK: 64 A RIS

Fig. 7.15 Mechanical design layout of the picosecond laser amplifier
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7.5.2 Hih4ER

Je D IR 5 2 OB I B AN 72.6 MHz, ThEN 5 WL ikt 5 51k
LR 500 kHz i, RKeFFRAIIThE A 25 mW. a4 — S XGE R, E5
—RH 15 W HIZRIH IR T, RAEOGHIICRE] 1.1W,

bR, T TR, BRATRE S — R O R R, A
I — % L [ 42 o) 3 1) FL A o DRI 58 — I 2R et D e 5 3 — 4 — 3,
2 15 W bG8 58 ok B 2.6 W 1 5 Kot N S8 = 080K,
B 2 RO ThZ B A 55 = JO il e Th R th 4 an T AR . 75 29 W 58
HIhEN, Hi 10.4 W 1) 1064 nm AP, EEHIER N 500 kHz.

10— The 3rd stage amplifier ./-

8+
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K 7.16 55 = ZUROR i Th 23R B R D A 1A £
Fig. 7.16 The output power of the third stage of amplification
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K 7.17 BAb OGS

Fig. 7.17 The home-made picosecond laser amplifier

7.5.3 {Z55/~=4 532 nm RFRVEE
FEAGATS A3, 308 FART Feb (s A0 it A AR S o PR T T 88 e f 40t A2 40 35 47 18
AR AT T X EL, I R R FTR.

R 1.3 fEHE AR S HON E
Table 7.3 Parameters of nonlinear crystal for SHG

5 5 T L
ATRN des™* (pm/V)
(nm) (GW/cm?)
KDP 177-1700 5 0.26
BBO 185-2600 13.5 2.0
KTP 350-4500 4.6 3.59 (xy plane)
LBO 160-2600 19 0.83 (xy plane)

*R 26 AE A 1064 nm. ~1 ns IO
**1064 nm 5454 532 nm FI414 R

KDP A 8RN E R BN, Ho 5w, e A i i A B R A
HAR 52 DA REMEIR K (400 mm X400 mm) , &K D425 EO6 1 5 450
BBO /Al BIE R, ARCFLRNE RBABEOK,  (E R A 4 8] 7 B N ™
B, AEGHTREMIANEY: KTP SEIA AR REURK, (H2H50 1
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R EUR, HAIDERN, ANEH TR0 LBO At mEiR &,
FE BN G5, R AR R BN i, (R 1 K o K B T DA o R AR
A T R 25 v PR )5 A0t 1

B LBO A IR S ECA f AL UL R A 7y . b, R
FEAE UE P — M 75— I AP AR AT #5812 7 28 DRAIE RIS 78 15 Tl 3 5
FOCNSHIITETE T, @RI RE ORI (— ORI N £0.17C)
TRUE RS R e P BT RATSB P B R A 10 W, Aeéh
R AR SRR IR BE AR AR, DRI S AL FRATTASE FH A BEARAZ DL BC ) 77 5K, X e A 48
KA

s rh, EFAREE Y 200 mm B BRREEEADE R AR 3 mm 1) LBO
e, IO SR AT A A R Th . 7E 105 W KEEATE NG,
i th 532 nm EAPBOGHI T E N 5.5 W, EAE N 52.8%. Bl H = HIEIH %
7Rk, i R ATROR I Th 2 5 BB R0 1 55 e 8 n R BIFTR .

12 0
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Fig. 7.18 Output power of the second-order harmonics and conversion efficiency against the
pump power used in the third amplifier

7.5.4 FSHFE4E 355 nm FFRVIESE

T LBO SR MiZE 56 A 160 nm ~2600 nm, FRATTEIFEIEE{S FH LBO i
R 3E4T 1064 nm 5 532 nm EOGRIAISR, &7 4 355 nm A O, S2ag T,
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FABIEM 3 mm ) LBO FRBEAT RIS, Rz S A E B ik 2 e, A
e ARTAIEE Y 1 mm Zif . SESaHr, ] 200 mm FIEOER SO EAT R A, KA

e AR 1) TR T BT

A, K% 1064 nm PAEOY R B R, NS I A R A 1) 532 nm
H K FRIE (1064.0(0) + 1064.0(0) — 532.0()) - H R4 i 4 o 45
AT = A 23 (B E B ARSI P B, P2 AR 1) 532 nm B 7E/K PN 5 1064 nm
WOtE BT AT E AT, 23 3 mm B LBO & A, 38 I 7E B FE 58 21 um.

FEAT A it 1 5 TR RIS AR, TR ot s £ BE A4 1064 nm AT 532 nm BOGAE
Fa A P 923 — 2R AHA7 UL AT (1064.0(0) + 532.0(e) — 354.7(e)) . Ml ShiA%t 1064
nm 1 532 nm OGS A S RE BRSO, RETHE, 20T 3 mm R M),
THE B EE RS 28 pmo DRI TKE R A AT A & MR US , AT UM AT
A b A 2 1R E B AN, B rR R B 0%

SLAGH, 7E 500 kHz. 10 WSSO NG T, i R4 R o e Th %
36 W, FEHAA 36%., 1EANIF HE G IR T R AN Th 3 ok
i 2 4 R BT R

12 05

| —=— Fundamental output
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Fig. 7.19 Output power of the third-order harmonics and conversion efficiency against the
repetition rate the amplifier was working at
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S, BATE PR TSN RS, R MOPA [I45H,
FEPIANTBORS, BeMsian th ATy 2.5 W, Sl i 5 A, fH2mr b
B KT 300 mW TR A RO, T AR I SRR

K 7.20 AV EAMBOGIINUR BT S8 0l 10 ARG &% 2. 1B 3,
H—GNCETBOR: 4. BB URK: 5. FEA A
Fig. 7.20 Mechanical design layout of the picosecond ultra-violet laser

7.6 INGG

AT R T 1 B 7 A [ A A RO S B A 5 T BT A A . R AR
5

MR E A BOCIRG AT T — i, A SLHf 3 420 mw, EE
A% 85 MHz. S 1 % KT 50 nm. Fir H Bk b 58 B2 /N T 20 fs (4K 5 A O IR
it TEEKEA IS YIS DhER GO BRI e 5 BRI, Sl PZT Bt
FEgd s ThE R e, 46 I B4 BRI 1 F FR R A B s PR 6, CRIUE R (1 B ASE
Bkt .

X DR AP BOCIRG A AT T RS IOHURTE, 7R 12 W IR IIR T,
favth 5 W Y AP Bk b e g, 0 F e D AR AE 72 /NI AR E M, RMS AR
%M 0.28%; FEIIE IR 240 H EOER MP TN T 1.05. %3RS A AER &
EAE N B RO TBOR 38 (U
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X R RD IR o K i BEAT B BOR S, 33 14 W MBSO, X kAT
s, FRASE] 7 W I RSOGO, AN 72.6 MHz. Il =%t
(¥ R PP AR IO AR e I, 7E 10 /BT P H H Th 3 (1 RMS A% H % 9 0.4%.
A B I SOEEOER MP~1.1. 35 R0 B AP SO RE L C 4 N T 520
BRSO IR 24 T 10 fs fikoh (0SS 7T

BT BAT B B AR e M ARG 2 R TR, SO AN T AP EO IO 3R
FENL. fH FATIBOR I %, SE8L T 100 kHz~500 kHz 554 455 Al 1 (1 57 Ab ok
. 7F 500 kHz B 4 Dh A H) 10 W, W AT 5400 AR 2 5 W I 2 #b 4k
Jef i, SRR H 0 R PSR Ot Bk B B 10 pd. TS SO HEAT T ORI
S, AT RURUT S A P (T LBO dhiAk, HPHGRIRK M, 75
PR TS IURATORO G H I, PRl A T DAAH ELRMEE 25 (B 7E B AN, B A ST e
ORI B R AN P 2 . 7E 500 KHz (I EE AT, FEARIIR N 10 W i, #f
LA HH 3.6 W IS8 AN, MRS 3 48 AMBOR I 6 3 sk 25 51 36% .
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F8E LREMRE

AV X R TREOG IO A1 2L A RAMBOG I A BT T E5E, X1 S i
TAR RGN

1. AR EBOC AMBOITH, TR TSR R4 | THf
25 K RD PR AR TRORAS « TR 22 e AV AT IOOR 280 1 kHz /&1 g & 2 AP IBOGTBOR I A
. HIIRZ2SZIL T 6 W, 72.6 MHz. 23 ps ], JeHii& M*<1.05, HJ5%:
R RPBORTBORFT i T Bt A6 A B AR TBOR I 7 R 92 T 230 kHz. 6 W ¥ B2 A0
Sefr i, TR A SOBUSE, A Bk i B AR AN e SR R R A AT
BRI 7 5280 1 500 kHz 20 W) B Aot dan s, it B8 S A% AT = mT i
BBk RE B BORHET T 3R THRL, FREESRE Rl T 1 kHzy 9 md (i RE &
Bz A Fikd th o 127 THI AR 98 T i B AR O i R AU 08 38 T BEAR R 46

2. TE KRBT A WO R R, A8 A A AR BT A B U7 USRI T 510
mW 58 SRR T, B ke 2 s A R i o] IS 2 8.2 fs K B 45 R s
15 F B AP S WO S AR 5 A BOGIR G 2%, SEIL T A bR 5 20 B B R -
KRB EE R, AR R R A OE 7R 4T, 0914002 (2018). TEEKF A BOL
BORTTIH, #8872 RIS HATBORS, SCI T 2 md. 1 kHz. 36 fs ik i ;
BT 2T P AR TROR 38 5 183 J5 R 74 1 22 3@ JHOK, # ik e &gt — 0 327t
SEIL T 25 mI. 1kHz. 27.1fs fikphdmib &5 8, W DhZE 3] 1 0.92 TW. %K
RAAE AT B FLE T AP 20Ah RSO e~ AL R e

3 MR T TN P BOR A Hd B P S, BIN T T AR A
Frip TR AR B S i R R EAS TH IR R, R RO I A AR 50 k2% 2
WHHT 73R, SRR, S dRL RS S Bae i M 1 58 W02 a1
FEEARTHE . ZHEIRA TP LA RIPHOGIIESLE OPA it fit 1451 .

4y FERET LA CRPBORFE ARSI TT . A A R AR DR R O
KEVENFIMIE, FET IR OPA 7=, SEUl 7 s h 4 /MEo bt . 26
12 m ZEEAEE T, ML 1.8 md /Y 1.1 pm {55 6A1 521 pd (1 2.86 um
RSO Otigm ey 525 nm) o Al H FAE SR 77 0 845 2] b 2040 K Abi
SRk TN 95 fs. BT S B REEKMAE, o LI sh CRE R O
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KM 2.86 um F 3.6 pm FIEIERH . ZE LN KEPEOE RGN T DG
BOB AR B T . AHOCER ©L 4 Kk R AE Applied Physics B 124, 31 (2018).

5. JFJE 744 SR OB IR 1) A S0t e A S BiE IE . AR T TR
UCTC A3 e s 383 TE 45 S A B 1 BE R AL ot s PR A TR w5 L KRR, 465 itk 51 N
T AT S EIR , FTAME AR MR AR T A 7 R o 0 A 3.6 pm
R LMo SRR B A, SEIL T E — S A [ R BB GEE, 7
A2 178 75 400 nm #2400 nm [ B IE L FDGEOG . HELAMNEOE BRI ROE
LEN T 36.7%, i AT WG AT LLAMEO I T # N 16.5 mW.

6. Xt 4 [ A RBOCRAT TR AT, Wil I - T 2 3K R HOL g
4% 400 MW, 85 MHz. 20 fs [ WIDERE A OEIR G #%, 5 W, 72.6 MHz. 23 ps
M DI IR G35, 7 WL 72.6 MHz IR FPEOGEOERS, 10 WL 500 kHz 1) 5
FRAT O 28 (AT 407242 5 W i) 532 nm B Fb4g )6, Fdsir=/E 3.6 W ) 355nm
FERPERANE) ¢ HRT X EEEOR AT T — RS TE, o TF R ROk 3
P AR T #E4

T TRA R, ARSOEARZ A RRTT, AL 5 AT 230 A58 3 -

1 AR S B AP IR v o 3 T () DA A A2 2 AR T o i K S8 3098 (23 ps)
T8 AR IR 3 e i K 98 7 T 75 EEREAT BRABORWE 7T, AN B Ab iR o EL
ekt IHOLIK S D T 8 ps. H T2 KA F e 1R At Th 4 imyik 60 W K ARV IO
AR IR R EAATETIOR A IR T, w] LUIBL 5 822 80— 25 52Tt
D, FFa] LUK BIRGRTBOR B, SE @ RCRBOEEOR . 1E 1 kHz (15 6E
BAPEOCTBON T, JREERT DO 5E T PR Nd:YAG BB 2 J80R, 4 B ad
ket — 58T, R %R RE R DO R GUE N RN T OPCPA
KA

2. £ RBBOCHOT T, AP BB E NS, R
WigE e ERRZ PO, TEMARGRSE, B % H TR 5 ER
VAR Z M, 5 REEH] dazzler EHIETEAR,  HI 551 25 4% (o RONLXT 58 il
JBOR 3], SIS0 e ) ok o L 45 2R
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3. E GO AR SR, R EE B8 AT E SR A P AR AT B
B, i AS EE R TS R TR, DAHZE R IR AIA R

4. fEA[E B RBOCK i AR T, ZEENURRE E BT A
TR A2 1 5 Tt — 2P 955 0, SCLEE R S e s ARE PESE A R ARG B
ISk

BN ORNZIT ) AR -

1. fER LA RO~ 07 1, H A2 T KA OPA it BRI 1 ORI
REWS A ROZRIM R, REMIBR I 1 R ZLAN B0 RER It — D4R T, ik, KR
T X RG5O AT K SE e 98, {1 OPCPA {15 AUSE Il 2 R B (1
ZLAN AV OG-

2. JFRHET 2l RO M S BRI . BT RE A EOL
SRR Q MNP HOLAs, RIMIEHITI R IR 1A= A ot & 1%
Do T4 7S A HOCRIZ R BOL “RE, K CaREH, BT RE
S A [ 25 B HOE DA RESIA B T PLE J . PRI T J 5 T4 [ 25 B AP 0T
R R LA v 22 [ 25 B OE R 106 2 B RORRIBIE 7T, A7 ik — P i T B
g 204N REPBOGRIRK R RE R L TR
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