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Fig. 3 Schematic diagram of fiber ring cavity filter device with dispersion compensation™

X F 1 pm P K, 37 B %E Ekspla 2% #]
Bartulevicius 2" 1) i W WO £F 6 i b 22 € e i
T 2020 A4 H R FHAA PO LT 27 1% of 52 30 3 52 00 R 11
fEHE QR 4 Bs BB R OGN TE 28 B OGRS Ol
P A8 CAOMD) 4 5% . INT 35 11 46 A ik ol 26 OUT2
Ui G B A h, & N IRTE 5, 3 i b 5 A
(N+DAF Rk bk ofr et . AOML T4 il ok o £
DAL = k50 IOk o R 2l B SR AR RLB RO 2T 1 1
Tt RAE o 7 PR TP A AR RE R T £ Tk ol e AL 2% 1Y O
ARANTE 5 Ca) JIT 735 22 30 ol 345 3 38 25 KT8, 2%
JEMRANE 5 (b) iR 522 b TR, 64 A Pk o i
(CFBG) A] #Mz% A i v 14 £ B, ik 5 45 A ik o b SR AH
A7 2% Aok oh 5B P 08 Bk i A5 LA 5 40 A . X R I
JGETHR B 1 2R B TR T GHz ik e i) 7 8 18] B, A

Pl 4 A UG EF 3R R 2

Fig. 4 Schematic of active fiber loop
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Table 1 Research progresses of 1 pm band GHz
repetition rate lasers™® ¥ 12 105U
Year Wavelength /  Pulse Output  Repetition Ref.

nm width  power /W rate /GHz No.
2010 1050 180 fs 20 1.3 [44]
2011 1050 130 fs 5 1.6 [45]
2012 1040 890 fs 110 1.3 [46]
2014 1050 300fs 72 1.6 [47]
2018 1030 800 fs—2ps 20 1—18 [48]
2018 1030 / 100 1.76 [49]
2019 1030 480 fs 100 0.87 [50]
2020 1057 473 fs 108 1.2 [51]
2020 1057 868 fs 130 1.2 [42]
2020 1030 310 fs 100 3.52 [30]
2020 1030 233 fs 97 1.08 [36]
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Table 2 Properties of common nonlinear optical crystals™* "
Crystal LBO BBO CLBO KABO KBBF RBBF
Lattice structure orthorhombic system  trigonal system tetragonal system trigonal system  trigonal system  trigonal system
Space group Pna2, R3C / P321 R32 R32
Point group mm?2 / / / / /
Lattice constant / a=38.4473 a=12. :532 a=10.494 a=8.53 a=4.427 a=4.4341
10— b=17.3788 b=12.532 b=10.494 b=8.53 b=4.427 b=4.4341
¢c=15.1395 ¢c=38.939 c=38.409 ¢=20. 356 c=19.758
Unit numbers in cell =2 =6 z=4 / / /
Melting point /°C 834 1095 844.5 1109 1030 1030
Mohs hardness 6 4 4 5.5—6.5 2.66 2.66
Mass density /(gecm *) 2.47 3.85 2.45 2.47 2.41 2.40
Hygroscopicity low low high low low low
Wavelength range /nm 160—2600 189—3500 180—2750 180—3600 155—3660 160—3550
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Table 3 Research progress of 258 nm and 266 nm nanosecond DUV lasers™"**

Year Fundamental Fundamental Output Output Pulse Repetition Ref.

wavelength /nm power /W wavelength /nm power width /ns rate No.
2000 532 106 266 20.5 W 80 10 kHz [60]
2000 1064 1.22 266 63 mW 32 12.5 kHz [61]
2001 532 40 266 12 W 70 1 kHz [62]
2002 1064 7 266 2.1 W 22 5 kHz [63]
2002 1064 0.32 266 69 mW 0.97 3.7 kHz [64]
2002 1064 8. 74 266 196 mW 12 18 kHz [65]
2003 1547 3.1 258 800 mW 1 200 kHz [66]
2003 532 200 266 40 W 80 7 kHz [67]
2006 532 120 266 28.4 W 80 10 kHz [68]
2009 1064 81 266 14.8 W 10 100 kHz [69]
2009 1064 52 266 1.9 W 120 7.5 kHz [70]
2009 1031 40 258 14 W 1 5 MHz [71]
2010 1064 14.3 266 374 mW 5 20 kHz [72]
2010 1064 2.4 266 289 mW 59.8 20 kHz [73]
2011 1064 22 266 2.1 W 100 5 kHz [74]
2011 1064 80 266 5.05 W 22.5 65 kHz [75]
2012 1064 150 266 3 W 10 10 kHz [76]
2013 1064 18.8 266 1.82 W 16 30 kHz [77]
2013 1030 22 258 3.2 W 15 30 kHz [78]
2016 1064 24.5 266 3.3 W 1.5 1 MHz [79]
2016 1064 10 266 1.85 W 1.7 20 kHz [80]
2016 1030 3.6 258 1.1 W 2.5 14.5 kHz [81]
2017 1030 35 258 10.5 W 3 10 kHz [82]

SYE DUV OGS AH EE b T bk e 98 32 5 0
B RO i A8 AR T 7 A 8 B 5 BN I L

RIIFR B # DUV BOG I FAT H A IR AE 57 R 2
I T AU, B2 B DUV BOGAS B9 RTS8
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Table 4 Research progress of 258 nm and 266 nm picosecond DUV lasers™* "

Year Fundamental Fundamental Output Output Pulse Repetition Ref.

wavelength /nm power /W wavelength /nm power width /ps rate No.
2000 1064 27.4 266 4.5 W 7 82 MHz [83]
2011 1064 22 266 0.93 W 25 78 MHz [84]
2013 1064 15 266 4.5 W 72 100 kHz [85]
2015 1030 27.4 258 2.74 W 8.4 1 kHz [86]
2015 1064 20 266 2.9 W 20 80 MHz [87]
2016 1030 60 258 6 W 4 100 kHz [88]
2018 1064 34 266 1.6 W 25 80 MHz [89]
2018 1030 10 257 3 mW 1.8 3 GHz [90]
2019 1030 33 258 7.6 W 1.5 77 kHz [91]
2019 1064 260 266 50.1 W 15 1 MHz [92]
2020 1030 270 258 20 W 1.2 10 kHz [93]
2020 1064 / 266 14 W 13 200 kHz [94]
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Fig. 7 Schematic of 3 GHz 257 nm DUV laser™”
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Fig. 9 Schematic diagram of 20 W 258 nm DUV laser™"

%5 258 nm Ml 266 nm KA DUV 306 28 57 i L0708

Table 5 Research progress of 258 nm and 266 nm femtosecond DUV lasers™"**
Year Fundamental Fundamental Output Output Pulse Repetition Ref.
wavelength /nm power /W wavelength /nm power width /fs rate No.
2010 1030 11.5 259 1w 262 100 MHz [95]
2017 1030 40 258 4.6 W 150 796 kHz [96]
2019 1064 4.8 266 616 mW 260 78 MHz [97]
2020 1030 10. 4 258 523 mW 500 11.48 GHz [98]
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Table 6 Research progress of 206 nm and 213 nm DUV lasers " 8. 88 91 09-117]
Year Fundamental Fundamental Output Output Pulse Repetition Ref.
wavelength /nm power /W wavelength /nm power width rate No.
1979 1064 2.5 213 2 mW 80 ns 4 kHz [99]
1995 1064 6 213 400 mW 37 ns 7 kHz [100]
1995 1064 4 213 31 mW 20 ns 20 kHz [101]
1996 1064 10 213 560 mW 1.5 ns 200 Hz [102]
1996 1064 22 213 2.3 W 7 ns 10 Hz [103]
1997 1064 47 213 14 W 3 ns 100 Hz [104]
1997 1064 6.4 213 0.5 W 17.9 ns 7 kHz [105]
1998 1064 2.13 213 100 mW / 1 kHz [106]
1999 1064 4 213 75 mW 7 ns 10 Hz [107]
1999 1064 1 213 115mW / 5 Hz [108]
1999 1064 4 213 280 mW 1.8 ns 20 Hz [108]
2000 1064 27.4 213 1.15 W 7 ps 82 MHz [83]
2002 1064 7 213 540 mW / 5 kHz [63]
2002 1064 0. 32 213 18 mW / 3.7 kHz [64]
2003 1064 7 213 2 W / 5 kHz [109]
2003 1047 15 205 250 mW / 100 MHz [110]
2005 1064 7 213 0.7 W 7 ns 20 Hz [111]
2007 1064 395 213 10.2 W / 10 kHz [112]
2015 1064 / 213 100 mW 15 ns 30 kHz [113]
2016 1030 60 206 0.8 W 4 ps 100 kHz [88]
2019 1064 24 213 0.5 W 40 ps 120 MHz [114]
2019 1030 80 206 1'W 1.5 ps 77 kHz [91]
2020 1030 65 206 2.5 W 1.6 ps 100 kHz [115]
2020 1064 30 213 1.37 W 17 ps 1 MHz [116]
2020 1064 10. 5 213 61 mW 690 ps 5 MHz [117]

1201008-10



#4835 £ 12 H1/2021 &£ 6 B/ EEH

SER TR LR L A R TR 15 MR 16 . A
BT L, SR 300 WK Ty 58 S B 380 25 7 hy 3 45
JERE BT W FIHG DUV OG5 F 35 o R 0] 1k 5
10 W {H 5 4235, B i m P12 FiIHG DUV
St Y A AT R KHAE kH 2z B9, T MHz 8 &2 40
R E T % 1,37 WLk T kHz & & i %
MOt . mixEF FiIHG 9 GHz DUV 0ok, [
PRAI T I 8 B 5 A T O X — 45 H T AL TS
XFFE AR kHz m %A FIHG BOGH . 6185
K2 Chang 21 78 2003 4E 48— Fh T UC3% I
FEAREEL AR LBO SR FH B CLBO fhk,
A3 T 00 RO A A L Y R
SEHL R TR 7 W 5% 38 3 JE 28 1 4
KA GBI EEIFE N 5 kHz FHIHIE R 2 W Y
213 nm F U I 36 30 2 0 U I B 6O L s R
5 3000, SRMIAE S50 1 A8 v % B, A B ) A

10" g
3 \\\*\
= b
B F * e
et N '
g F Lk
10° ¥
. E * hgua 5 SO
W
3 0w
10° T R R R AR TR ‘.\[:.\.:It. o
10° 10° 10° 10°
Repetition rate /Hz

Kl 15 206 nm Ml 213 nm DUV #0625 0 58 R
G HUH-fE D)
Fig. 15 Current status of DUV lasers at 206 nm and 213 nm

(repetition rate-energy)

target

Average power /W

R

10° /1;)3 | 10° 12)" ‘
Repetition rate /Hz
B 16 206 nm 1 213 nm DUV #0680 58 BUIR
CEL B AR 2 ) %)
Fig. 16 Current status of DUV lasers at 206 nm and

213 nm (repetition rate-average power)

DUV St 2s X CLBO fh iR 1E it £ 5 2 8 AR 1 Ot 2
R A o [H)if CLBO @R A & By W M = 245 5 1
fiff o 3 R R AR 2 F BEE L M RCR BRI, B ATAE S5
o B FIHG W5 40808 IR Tz s i 45

2019 4F,$# 55 HiLASE #0% 0> Turcicova 25"
3B TR CLBO Sk “1+471 07 0= 4E 1 W
9 206 nm DUV 306 2%, 30056 ty F ¥ T R Oy
80 W, & #i % 2 77 kHz, J% £ & 1030 nm ¥
Yb:YAG iy HOGAR AL 8@ i LBO fhiAk (A A7 T
BLf 0=90°.9=12. 8", KN 10 mm,IE i A A0 N7
PEFC) 2B 1030 nm #) 515 nm A5, 15 X R
S it i A8 1030 nm AYFEEDE S 515 nm 1
YRS 43 I s R E A CLBO i 4 (1 28 FH 4 T
fit .0=66.2".¢9=45".6 mm X6 mm X6 mm) i i}
S 7.6 WL K 2575 nm B PO UG . AR
AR P W 25— AN TR, 5 DU Rk — i #
A iE CLBO S (1 2 AH 7 DL L, 0 =75. 4°, o = 45°,
12 mmX12 mmX4 mm), &5 % 1 W A9 206 nm
DUV .

2020 4F, Hi B IR Toll K2 Willenberg 26 7
206 nm PRSI T mik 2.5 WO R, R
BWE 17 FiR BM0E 8 Yb: YAG BOR A 2L
HIMAE R 100 kHz FH % 65 W ) 1030 nm
NIR J¢. i3 LBO @& BBO fiA#5%] 5.1 W Y
257.5 nm PUYIEE, MATE 5 mm KB BBO
W AT, RARE VP H IR EE 2.5 WM
206 nm DUV S, % 3O6#8 i 5 R vk 4o &1 18 i
78 o ] UL YRR B B Dk i B B A 2 ps o I HUAH AV DR AT
i1 e BN R T L A U)K ™ R T R, X
A A2 08 o 100 kHz B9 iz #0 Bk sh7E 206 nm
T Ak B 8 A5 2] 9 B e i i Dy 3

A 2= G2 (1030 nm)
A A &
v v DM
Nl < DM PM k
— 01
SHG (LBO)<=
— 1030um 7 >
515nm D I =
—257.5nm &N i ~_ 7/ DM

G1(515nm) FHG (BBO) »/2  SFG (BBO)

— 206nm

Bl 17 2.5 W 206 nm DUV #0t &8 m & 1510
Fig. 17 Schematic diagram of 2.5 W 206 nm DUV

laser™!”

1201008-11



#4835 £ 12 H1/2021 &£ 6 B/ EEH

&
o

T

@ 1) - (© 11 5
E 1.5 1F J i
& 2
<]

z 1.0 - - F qL 1os E
= g
2 0.5 S F 8 E

0.0 i 1 L 1 0.0

-10-5 0 510 -4-20 2 4 200 205 210
At(4w, lw) (ps) @-offset (mrad) A (nm)

K18 F#Hahady 2 W HE.2.5 W 206 nm DUV #0062
FIVE B AR ET L (@) o B Lo S 3R A0 AR 56
G5 () Hi D3 5 R A O-offset X &R

(o) i Gy A3t %
Fig. 18 Characterization of 2. 5 W 206 nm DUV laser sum-
frequency generation output at 2 W average

[115]

power . (a) Cross-correlation signal of 4w and

lw beams; (b) output power versus crystal angle
O-offset; (c¢) spectrum of output laser
S MHz T 5 0% 1 FiHG SOG G I8, 3 2605
FUIR FE 045 SR 8 PRI LN 25 B k2% Kohler %7
T 2000 AFA4RIE BIEE A AMATAE 213 nm Ab AT H 2
ik 82 MHz #y 2 # DUV fikh,5.6 W 9 532 nm
TR S5 4WH 355 nm = KB T 8 mm K A9

Nd:YVO,
1064nm
~— 532nm
‘\_\\/\-\ l ’LBO
Li \_}‘. LBO M
L2 \"\ 1
DM2, —_—

=l
1064nm pr T

./\’ 213nm
1532"[" M3 [ ] . { \
y Exp"mder —

V;
anab,'e de,

BBO di A& v Fm, 5 B B DR ik 1015 WY
213 nm AU, KHEK Chu %7 2020 4F
JHT T 3% — i 5%, BT #E 2 A E 1 MHz 415 )
WX ThE N 1,37 W 213 nm Z# DUV ki, 3%
— BN BT 213 nm P K Ab 4 [ 2SR PO &
BEFT e A B B S B T R, SR B AN 19 BF
IR FEBOG I B RO %y 50 W, &l ik LBO
fR B S B SHG fl THG, ¥ 3R 48 AT B AIK 532
nm Fl 355 nm (U {E D) 5% i, 6 % BBO MKy
PR PG H) 532 nm Al 355 nm YEHR H AR5k
2.7 mm fl 2.0 mm, HIEBOEFEYRE 30 W
BF,7E 213 nm PR AR R MEH 1 MHz, )
%R 1.37 W B9 . 24 LL 800 mW (1 -F- 4 4y th
I OGRS AT 100 h 1Y 3% 2238 47 IR i), R
0852 2] BBO iy 44 3% 11 5 P 350 A7 BH 08 433K, 102 213
nm JF DUV kb #6378 800 mW 1) 1) fii
Ty Ah AT 3k 2 19 B 4K 75 iy, 31X — 25 3L 1 B 3 2o R AIG
532 nm,355 nm 1 213 nm EOLWIEE IR, /4
RESfR R BBO fH R P EB TPA B4 51 B i 4
1 Ko B AR B i

I : vertical polarization
& : horizontal polarization

'i'mnm

N

DP

K19 1.37 W 213 nm DUV $O6a R ERM
Fig. 19 Schematic diagram of 1.37 W 213 nm DUV laser™"

H AT, 75 200 nm Ze A7 B B, GHz 5 A0 AR (1)
KPR ANAE 2019 AFEH A R st K2 H K
(Yoshioka)""™ 41 BA B 38 , b i1 7E 208. 8 nm Ab 3k
PMEEWEN 1.1 GHz i) DUV 0t 525 2% B
& 20 FTR . 52 098] i1 GHz BEAOG i
FiHG 313 GHz TLRIE I 10 45 AN % 52 56 5k H
i B 8 1% L FE SO ORI, AE DUV G i
il of F-P O f 8 A0 R N 74 MHz $2 5 3
1.1 GHz, JK 5 835.5 nm . E¥ £ K 3 Wik
MTEE R 10 ps EHE MR N 74 MHz IR 4 1E N
FHOLG i BiBO ik #17 SHG, BBO ik i# 17
FHG, 7 208. 8 nm A5 ZF- 4% 1.8 mW iy

DUV Y. bt & E 4R Ky 74 MHz, F-P & i 4>
M 224228 1000 mm 1Y M5 21 AR, 38 5 1 L P
MR (PZT) I8 3 s K, (45 4 1 O 3 &2 40 R 48 &
15 53538 1.1 GHz, 4 F-P i A S FEH RN
1.8 mW I, 4545 1. 1 GHz ko i F 2 58
0. 035 mW , H A JURAHIE A RORAL N 1906, X
iSRRG EE W AR E GHz, 2
F-P i B 5 A X B AIK, S FE B LL 74 MHz (1)

SRR AT 8 R R ) A R 3 — [ A EORG 4N R
Y F-P . BT A 8 GHz 5 &2 00 5 5L 0
7‘6%% GHz 55 80 3 UG B i 48 (H A {5 Kok

R 25 K 2 PR

1201008-12



#4835 £ 12 H1/2021 &£ 6 B/ EEH

@ (©) ©
10 ps Ti:Sapphire Hemispherical / fo1 \ f \
Mode-locked frep =74 MHz, electron analyzer i
laser 3W @ 835.5 nm £.1/15
rep
15t SHG (BIBO) -
BTG
2" SHG (BBO) time time
.| 1.8 mW @ 208.8 nm
e o e e e e
| 48 15 Xfey
2750 mm F-P cavity i
/ Polycrystalline Au | | |

PZT APD in cryostat at 8 K
freq. freq.
Servo
A ™)
/

K20 1.1 GHz 208.8 nm DUV #0485 & 1801
Fig. 20 Schematic diagram of 1.1 GHz 208. 8 nm DUV laser™'™

3.3 193 nm REMNHAEARHRE

B 25 2 A ENY DUV OE B 20 R i
YRS A0 T-48 DUV BO6n T Tk i 2438, DL &
R A RO L T BB I Ol T R B A A
IRARARASCES 00 B, K J Y R T i 5 34 T
LR T80 DUV BOE 6 R B 8k 2 40380 14 FF 5% #4405
193 nm 9 DUV 3% AT 38 3 564k S (AR #E 3 180
A A SO 28 P AR AR AR AR . ArE HES TOL
i H AT i, 2 e — BB BLHEAE 193 nm it P
R 100 W i DUV BO6R EER R 2
LR R OMEANLE . R, T OB R B
KT B AR B IR 4 ArE SR 1T R
TS B | ST B8 A I FH 2 — 4 32 S R
5 HESrFIOCA A EE L 38 2 A 4 1 A AR AT B ) 4
7 DUV SO IR EA o T 4 51 5 4% 8 254
B A SO0 AT G SN R B S

PR 774 nm R E A BOG AR E i KBBF
& FHG, W] B35 193 nm 4 DUV 06, H#iix

— 7 2 Y i i D R AT A 1. 05 WHPH L SR,
TR A OGS B9 6 TR R R A O0 IR B
H KBBF @ik 2 4% A S ik ik 3> R 5 ok
N F Tk A=z e, BT B4 505 . A NIR 3%
JEH DUV 30t 7 5 2% & 4K mf i, b a7 3145
193 nm [ DUV #0O6, & M 89 M & KA LBO.
BBO #l CLBO ik, Hrf,BBO &% 193 nm 9
DUV BOGA R ISR 33X 23 15 o 7™ T Y i AR 34
RN 5| K it A T A7 2 B 5 AT B i 33 < 2 4 s80R.
MBOCER T E . CLBO &R 4% 32 /K i R 5
WROR R A A AR R IR 193 nm DUV
WO 0 A AN I 22 A R AR B B L) il
FH I 2 B R VEAE

AN X i B B DUV 306 I J& /1 3F 58 4k &
%, NAEFHLE B AR SR i R 3R 7 T
LA 193 nm X — P B OB E G R K 27
kHz ft 2, #5 R B0 w8 35 2 40 R i S 000, 193 nm
WO B TR R AR B4R T = GHz,

£ 7 193 nm DUV ¢ 20 57 gk oo 126152
Table 7 Research progress of 193 nm DUV lasers™ 127132

Year Pump wavelength Pump wavelength Output Pulse Repetition Ref.
(NIR) /nm (DUV) /nm power width rate No.
1994 774 258 0.8 mW 170 fs 1 kHz [125]
2003 1547 221 140 mW 1 ns 200 kHz [66]
2003 2074 213 3 mW 3.5 ns 4 Hz [126]
2003 1064 235.8 200 mW / 10 kHz [127]
2007 708. 6 266 35 mW 15 ns 5 kHz [128]
2011 1107 234.3 11.6 mW / CW [129]
2014 1342 224 240 mW 12.2 ns 10 kHz [130]
2015 1553 221 310 mW 10 ns 6 kHz [131]
2017 1553 221 1.02 W 3 ns 10 kHz [132]

2003 4F, H A J2 i 7)1 HF (Kawai) 251 $758
TTE CLBO f& i@ 3 221 nm 1 1547 nm FI4

TE 193 nm A7 A 140 mW 89 F 3 3h &, ik vh 55 &
F 1 ns FIEOE., F4AE, HAT B3 R KA

1201008-13
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Fig. 21 Schematic diagram of 1 W 193 nm DUV laser™*"
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Abstract

Significance Ultrafast lasers with pulse durations on the orders of picosecond and femtosecond are widely used in
various fields, such as supercontinuum generation, photoelectron microscopy, and material micromachining. The
traditional high-power ultrafast lasers with repetition rates of kHz— MHz exhibit a large heat-affected zone during
material micromachining, leading to unpleasant damage to the materials. The emergence of pulse lasers with ~GHz
repetition rate can effectively solve this problem. Combining the very high repetition rate of ~GHz and novel burst
mode processing technique, the GHz “burst-mode” femtosecond lasers have been used to ablate the target materials
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before the residual heat deposited by previous pulses diffuses away from the processing region, which can not only
improve the ablation efficiency, but also ensure excellent processing quality.

Due to its short wavelength, high resolution, and high photon energy, deep ultraviolet (DUV) lasers are widely
used in chip defect detection and photoelectron spectroscopy experiments. In order to obtain DUV lasers with high
beam quality, high coherence and high repetition rate, near-infrared all-solid-state lasers are usually used as the
fundamental drivers to DUV lasers through the nonlinear optical crystals-based multi-stage frequency conversion
technique. Due to the high peak powers and high wavelength conversion efficiencies of the near-infrared pulsed lasers
with repetition rates of kHz and MHz, it is easy to obtain high-power DUV lasers for lasers with those repetition
rates. At present, the repetition rates of industrial high-power ultraviolet lasers are usually in kHz and MHz range.
There are very few research results on DUV lasers with ~GHz repetition rate, which greatly limits the application
potential of DUV lasers in the above aspects.

In recent years, various methods have been proposed to achieve DUV laser pulses with repetition rates of
~GHz. However, these methods still face a series of challenges. Therefore, it is necessary to summarize recent
development tendency of technology of high repetition rate ultrashort laser pulse generation and frequency

conversion.

Progress There are many methods for producing GHz bursts of laser pulses. Femtosecond pulses at multi-GHz
repetition rates can be obtained directly from the oscillators with harmonic mode-locking technique, semiconductor
saturable absorber mirror and Kerr lens based passive mode-locking techniques. Typical pulse repetition rates of
pulse trains generated by mode-locked fiber oscillators are in the range from tens up to hundreds of MHz. The GHz
pulses can be obtained through repetition rate multiplication techniques. In this study, we briefly illustrate their pros
and cons and review their recent developments. The emergence of multi-stage amplification systems has increased
the average power of ~GHz femtosecond pulses in the near-infrared band to the order of hundreds of watts (Table 1).

There are many methods for producing DUV lasers. For the method of nonlinear crystal frequency conversion,
the research of 266/258 nm DUV nanosecond lasers (Table 3), picosecond lasers (Table 4) and femtosecond lasers
(Table 5), as well as 213/206 nm (Table 6) and 193 nm DUV lasers (Table 7) in the past two decades are
summarized. Nowadays, the average powers of high power 355 nm ultraviolet lasers have reached hundreds of
watts, and the market is relatively mature. Although commercialization of DUV lasers with wavelength below
300 nm is still not mature, the current 266 nm laser developed in the laboratory can achieve an output average power
of 50.1 W, which is about to enter the order of 100 W, and has passed the stability test for more than 5000 hours of
continuous operation.

For high power GHz repetition rate near-infrared femtosecond pulse lasers, the difficulty lies in the generation
of GHz seed. For GHz repetition rate amplifier, it is relatively easy to obtain higher average powers due to low single
pulse energy and low peak power. For GHz repetition rate DUV femtosecond pulse laser source, the difficulty is not
in the generation of the fundamental frequency laser, but in the low peak power of the fundamental frequency laser
and the thin nonlinear medium used, which leads to low nonlinear frequency conversion efficiency, and it is difficult
to obtain GHz femtosecond pulse laser in the DUV band (Fig. 6).

Conclusion and Prospect In recent years, the French company Amplitude has put forward the idea of “GHz
Revolution”, which mainly refers to the development of ultra-short pulse laser sources with pulse repetition rate in
GHz. The emergence of multi-stage amplification systems has increased the average power of GHz femtosecond
pulses in the near-infrared band to the order of hundreds of watts, which successfully solves the problem of the GHz
pulse in industrial processing. Therefore, the development of high-power near-infrared band GHz repetition rate
pulse lasers is relatively mature at present. Coupled with the continuous improvement of nonlinear frequency
conversion technology, DUV laser repetition rate has entered the GHz. Although the industrialization and
commercialization of DUV laser techniques still face some problems, such as easily damaged crystal coating, low
wavelength conversion efficiency of DUV lasers, and long-term unstable operation of high-power DUV lasers, these
problems have been gradually solved in practice. With the further maturity of frequency conversion and power
amplification techniques, perhaps kilowatt-level DUV lasers will appear in the next 5— 10 years, all of which will
certainly make a breakthrough in the secondary laser source based on ultraviolet laser and DUV laser.

Key words lasers; deep ultraviolet laser; GHz; high repetition rate; nonlinear optics
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