®51% %5 7H/2024 F£ 4 B/HREH,

R IE XX

B0 A W% 192~300 nm ¥

X
i B2 A

\

23 v V] T AR Rk e

R, T, B9, 28, FLE, HXE

|4
S5 FBF BT R B2 R AR L S M SR, A A 350002

FEE IR T IR v I B Lk T R 0 S5 A /TR R R S K e O AR TR T O 192~300 nm. %K
e R AT 3 1Y) K S A B SO AR O SO IR i e O A T 2 GRS AR U AL A SRR M kR L o A
W BEHEATIR R 3 A3 7 4 T 192~210 nm . 210~250 nm . 250~300 nm B IR 28 4h /£ AN e A G R — R 7 o
192~300 nm A4 3% 25 1 8 18 A8 S bk i o [ IREIR 2545 1 8388 3 BBl oA 375~500 nm By 58 40/ 1T WOl itk B 0 B0

TG AT AR AR VRS RE AN O SRR 1) AR E 4

IR A PR BT, AR OL AR AR R A T A AR PRl R 4R

i, Tors S A RN TR, A T 5 MOL A% Y TR P RS T
KEWR OBOLE; ARLMEROLE; WREINIOE; RO AT

RESES 04371 XERFRERS A

1 51 7

EVIWANS N T8 RS G ek di A #5Y R =)
(i) #1258 [] 43 B 38 AE SR A0 SRR AR T & R PO S |
TR 43 RO BN W R A O e A A AR b R O
BT o 7E S A IR R AP I B S B I K i 2 T
VAV AT DAY Gk 2O 48 10 38 F Y B, LA 2 AS [F) 4
AR Y N W R . H AT, BB B A KA /IR
FHNE BOHOE I 2 RS FIEOLER T HAR R
WG R R R K, R 5 A5 88 4 bk o, B g B i R
FE R ILA P o S BR T HOGHE 25 0 B is & 1 e
25 A A B 25 A T 0 Tk 1 S 300 nm LA R
(S PAVAAS LA & TRV LI N E | 5 P oy % S A )
i A VAR RN AR ) X AT L BT AT A8 B O HE
A7 00 22 1 i 02 M 1T AR A5 28 A0 /TR 55 b K Ot
) — 2% F MR s s T XR AN 2
9 23 A1 0T HE G4 A R R, AT S B UK Y R LA
W 38 E R R — A S8 T R R SO IR it 2
G AT Bk RN, BRAS I UGB I A R E H R
I EE T 98 4 1S 45 A BT B9 ot A%, gk = A (T
sapphire) (48 Yb ELFHOLR Y B H R E T S =
AL B AT R OB AR L i S iR AR (OPO) 50k
SR (OPA)'" . Ti: sapphire #06 fh ik B A
600~ 1100 nm [P 8 58 28 Y663k, FHBIRL Ti: sapphire #
A8 A Sy B0 U AT A A s R A 2 AR AR I K AT
W5 AN /TR 5 A R T K e O i e B AR O K
FLAE 1991 4F , Nebel 25" FH 8145 19 Ti: sapphire #O6 AE

DOI: 10.3788/CJL231524

SRy BTG R A R B R 81 (BBO) . = 8l #g 22 (LBO)
B N T N U N 7 = = -1 i)
205~213 nm , 260~280 nm [Y A] & 18 45 &1 58 Bik o i
. {H32 BBO & FH A7 VC e i B i, 3 K %A ik
) 200 nm LR, H WA V838 B BRI BT %A 52 4
Ao HJE, 2058 A AR BBO FHIG i AH ks 61
iR 9142 4 (BBSAG) ff (R 76 AU 2% 14 F S+ 5 I <
(49 A 57 D FC (%) R P 44 8 R Ok o T 0 ) K A A 5]
T 200 nm PLFUTL 4528 T 0 RS AR R 2R M A A
FAC T % R # (KBBF) 19 v J , Ti: sapphire 3% #% 19
FAT AT LA U K i — 2P R 2 160 nm LR A LA
AN B S 5y — Fh R E A I K R O X2
K G S i Ik 3 4% 506 S 88 BRS84S AR L i
) 0 5 U 3 3 Al S P A AH A7 DT BE A A R 1 R 2%
T 34 75 A0 53 & S8 i BR A, S 5 AT B R [ fR B Y
i3 LAY B . R OPO/OPA JeJa SE 8L T 2
% 300~970 nm. 250~355 nm. 189~240 nm. 385~
400 nm B 9% B 1% 2 ] R A RO L B
B B O A A L R S Y B AR TE L (H JC Tk i
200 nm LR 2 300 nm [ 28 A5 /B 4R AR P BE i
REfE 70 TR S A0 I BE IS M BOL 38 K 2 HBEfE — 1
A5 I U B L P O R ol R T A R T
JC : 7E 200~300 nm & AN Br N i 22 7] i . Meguro
AT T T — b 198~300 nm % £ 1] I 98 7 0%
Sy W E S A — G R A B 1064 nm
O 8 HEAT AU, DL S2 B 198~234 nm I B Y R i, 8%
MRGE KR

Wi BHEE: 2023-12-13; EEHH: 2024-01-19; RABH: 2024-02-07; WMEBHEZBH: 2024-02-20

EE&TB: MK AAFEEE (62275247, 11327804)
BEMEE: ‘wxlin@fjirsm.ac.cn

0701013-1


https://dx.doi.org/10.3788/CJL231524
mailto:E-mail:wxlin@fjirsm.ac.cn
mailto:E-mail:wxlin@fjirsm.ac.cn

®E 5145 £ 7H/2024 £ 4 B/HRE#N

FHIE I8 3L

AR SCHRAE T — B T ARG BT 5 A/
TR R HIMER J ik vh BB 2% L JRE Y B 192~300 nm, H.
S T ) W mT I o Ot A% R H PR AR A Bl
PG RAE R AT G 38 3 AR B TR AR/ RN AR G R L
R AR 2 1 di A ff B2, R 22 B A/ RIS, 43 = A D B
A3 B P54 T 192~210 nm ., 210~250 nm ., 250~300 nm
B TR 28 A0 /2 A O B 4 A B — B D B T 192~
300 nm A9 3% £ 7T 3858 Je bk b Ot o A SCIE AR A 4
TR BOCE BT 7 % W R SRR 4 OR DL R S 8

45
2 BOCHRGBT

O 2 8k A B R Ti: sapphire 8 A5 380G 2%
1R A TE , Hof I K #E 690 ~1040 nm i [l N i

gl P ok vh S8 B Ry 120 fs, # O MR N 80 MHz, M
Wb,k B AE AR S R, AT LR R O B B
190~300 nm £ 2 i [ 5 /) A IR b B, B
SRR L, e R B A U R T R 2 T B A AR R e
i K A CR B KR TR, 534, BBSAG db ik
B L 2 A% 450 BB AR A5 9 i 48 A B K S 205 nm, /b F
205 nm [ K 7 LR 2 G0 iy o kA, %
T LR O A 25 B 5 BT AR Y AH AL DT B A
B A T L A = A Bk e A B 1 192~300 nm
B0 K b O OB AR I AR SE A an [K] 1 s,
o SHG 2 — A% # , THG R =545 , FHG Jy DU 4% 45 ,
SFG R S, M N 88 i, D A W e, S o R Bi
B.S. AOLHRYIHEE  B.C. NE R A, PSD K ff B R
M5

controller
mode-locked Ti: troller 1 - 5 Control.lteliﬂZ:
sapphire laser:  |g______ controller 1: eam switching,
M Soli\ll[)Hz, 100 fs, wavelength tuning — > combining, and pointing
690-1040 nm - stabilization
] 1 ] 1 ] o
= Ll
VA RVA A ]
! BBSAG madife BBSAG i
M& 1 2 QD | 2w,  420-500 nm
SN ; A
i —r 2 bt I 4o, 210-250 nm QM
i SHG cell , FHG cell E M
Ll
I----NE ------ I\/} ---  module 3 : §S L\ 2 2
1
! % 30, 230-300 nm R}l M
o e LS S S cna module2 5 :M%ﬁ P T
BBSAG P 1
: i R : .égl Q__ﬂ/PSD
: M » i oD B.C SN /
M : : : DN |
I = 9 (. = : 4o [;
! SHG cell @ BBSAG | 1@y 3w, SFG, FHG cell | 0 199-300 nm
1 o ! [ 192-210 nm : .
: D M M D ™M M 1& .S Z S
i " D 1 | beam pointing __|
!| delay line 1 =/ : delay line 2 ] 9. 375-450 nm stabilization
1 SFG, THG celly L 20,
o e My &M | NN LI S — MY o] )
— laser head

1 192~300 nm % 25 0] J8 3§ IR 550 /L ANBOLAS i 454 7 15
Fig. 1 Schematic of 192-300 nm continuously tunable deep ultraviolet/ultraviolet laser

i 1 7, B Tisapphire &R B 75 far 19 FE
B R IR R w,) o3 — A G AR YT 2% 1% % 3l i
L35 B8 1 o S 5 B A i A LU0 % TR )
LA TS — A O AR AR B (module 1) B, AT
i B3 A (w, + 0, 2w,) FPY A B (20,+
2w,>4w,) 77 210~250 nm B BB EOE . A AR
PO A5 45 15 R H BBSAG di A, 3 Ffr 4 2 — i gt
9 BBO & 7R H WU S &R B0 A 7 0T R Sk R S
BBO S AH T (0 B A E AR R Prml fe . SLm
FE R FH 0 b R 3 800n 46 1 T s o W e AR 0 0 A
591 e BB v 0 P 894 nm A 438 nm F A AR K 1T L HL
B P AR ET B E A — A R B . R R

N 3 A R R B TR B, R A AR AR
JE T % 2 RH N7 %) A 7 DS BE A LA ZR A5 B R A A 2R M AR

250~300 nm i Bt & 5% A 0Ok AR A Bk
(module 2) 74z, module 2 £ & — /&4 8. 5C (SHG
cell, wy+w,=>2w,) Fl— N FH BT (THG cell, 2w,+w,—>
3w,) , HTF R FBOE M =R I . fERWES —
YIRS W A7 RO Z 107, R — A~ 2 3R 26 (delay line 1)
I 2 B B BE B AEIR . 5 module 1284, 38
AT O D R A A AR R R S R A U K 0 R
W o A SR BB — O R U e e D) e B R
] 9 O %, H v — i B D0 4 B — SRR SR b e 5

0701013-2



®E 5145 £ 7H/2024 £ 4 B/HRE#N

Rl AT AT A S
Table 1 Crystal parameters for SHG and SFG

Crystal and type of phase

Size /

Wavelength range Module No. Frequency conversion matching (mm X mm X mm) Crystal angle /(%)
SHG : w,+ w20, BBSAG, Type [ 5.5%X5.5X1 26.3
210-250 nm Module 1
FHG: 20,1+ 2w, 4w, BBSAG, Type [ 5.5X5.5X1 67.55
SHG:w,+w,> 2w, BBSAG, Type [ 5.5X5.5X1 29.2
250-300 nm Module 2
THG: 2w,+ w,~> 3w, BBSAG, Type [ 5.5X5.5X1 444
192-210 nm Module 3 FHG : 3w, + w,>4w, BBSAG, Type | 5.5X5.5X1 64.8
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Abstract

Objective  Ultraviolet and deep ultraviolet ultrafast lasers have important applications in the development of ultraviolet
semiconductor devices, ultrafast spectroscopy, and extreme ultraviolet laser generation owing to their advantages, such as ultrahigh
temporal and spatial resolution. Continuous wavelength tuning in the ultraviolet and deep-ultraviolet ranges can expand the
applicability of such lasers to satisfy the application requirements of different materials and research fields. However, many technical
challenges remain for continuously tunable ultrashort pulse lasers that cover ultraviolet and deep-ultraviolet wavelengths below 200
nm to 300 nm. This study reports the development of a high-repetition-rate continuously tunable ultraviolet/deep ultraviolet ultrashort
pulse laser with a tuning range covering the 192-300 nm wavelength band.

Methods A commercial tunable Ti : sapphire mode-locked laser with a continuously tunable output wavelength in the range of 690—
1040 nm, a pulse width of 120 fs, and a repetition rate of 80 MHz is used as the fundamental laser. The BBSAG crystal, an improved
BBO crystal, is used as the frequency conversion medium. In theory, a fundamental laser wavelength can be converted into a wide
range of ultraviolet/deep-ultraviolet wavelengths of 190—300 nm through cascaded frequency doubling and sum-frequency mixing.
However, tuning the crystal angle over a wide range can significantly decrease the frequency-doubling efficiency. In addition, owing
to the limitations of the phase-matching conditions of BBSAG crystals, laser wavelengths below 205 nm can be generated only
through multistage sum-frequency mixing. Based on these factors, the laser is divided into three wavelength bands to generate
ultrashort pulse lasers covering a wide range of 192300 nm by optimizing the design of the multilevel frequency-doubling/sum-

frequency mixing and nonlinear crystal angle.

Results and Discussions The laser system consists of three laser modules. In Module 1, a laser in the range of 210-250 nm is
generated by direct frequency doubling (w,+ @,>2w,) and frequency quadrupling (2w, +2w,>4w,) . The 250300 nm wavelength
band is generated using the second frequency-conversion module, which contains a frequency doubling unit (w,+ w,~>2w,) and a sum-
frequency mixing unit (2w,+ w,~>3w,) to obtain the third harmonic of the fundamental laser. A delay line is introduced before the sum
frequency of the fundamental laser and second harmonic to compensate for the group-velocity delay between the fundamental and
second harmonics. Similar to Module 1, the output wavelength is tuned by adjusting the fundamental wavelength and crystal angle.
The third harmonic is generated by directing the beam into different optical paths using a beam switcher, where one path is sent to a
beam combiner and combined with the other two to form one output, and the other path is switched to the third laser frequency-
conversion module to continue sum-frequency mixing to generate a shorter wavelength. The shortest wavelength that a BBSAG
crystal can support for direct frequency doubling is 205 nm, and the phase-matching angle is approximately 90° at a wavelength of
approximately 210 nm. The effective nonlinear absorption (d.y) is close to zero at this phase-matching angle, which results in
inefficient frequency doubling. Therefore, sum-frequency mixing is adopted to generate wavelengths of approximately 210 nm and
lower. The fourth harmonic generation of the wavelength range 192-210 nm (w,+ 3w,>4w,) is achieved through the sum-frequency
mixing of the remaining fundamental laser and the generated third harmonic from Module 2 after the generation of the third harmonic.
Similar to Module 2, a delay line is required to compensate for the group-velocity delay between the fundamental laser and third

harmonic.

Conclusions After the three bands are generated, they are directed to an optical path combiner controlled using an electric mobile
platform. By adjusting the position of the reflector on the platform, the three bands are directed towards a single output, facilitating
subsequent laser applications. After they merge into one path, the beam is introduced into a beam-pointing stabilization system (BPS)
to compensate for the position deviation generated by the beam during the switching, frequency doubling, wavelength tuning, and
beam combination. When the three bands are generated at 192210 nm, 210250 nm, and 250300 nm, respectively, they are
combined into one optical path to output. Finally, a continuous tunable ultrashort pulse laser covering the 192-300 nm wavelength
range is achieved (Figs. 2 and 4). Through the electronic control design of beam switching, crystal-angle adjustment, group-velocity
compensation, and beam-pointing stabilization, the entire tuning process of the laser can be controlled using a program that does not

require complex manual adjustment, which would provide a single laser with high controllability and practicality.
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