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Laser: multi-longitudinal mode narrow linewidth fiber laser; M1: collimating lens; M2: condensing lens; M3, M4: concave mirrors with
ROC of 50 mm; GTI: Gires~Tournois interferometer mirrors with — 1 350 fs’ per bounce; OC: output coupler with transmittance of 1.6%
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Fig.2 Experimental setup of the GHz=Yb:CYA laser

G MBS E ES , i M2 B FER AR POR Yb: CY A AL, DI M1 558 M3 A M4 1 il 5
£ (Radius of Curvature, ROC) K 50 mm, Hop — A28/ — 4P & L TR 8k, Gires—Tournois T #5445
(Gires—Tournois-Interferometer, GTT) Al 1 #5 Fi e F i 5. % Yb:CYA FIAK/N R 3 mm X 3 mm X 3 mm,
Wradr U E B AR 8 at. Yo o BEOLIE AGE AR, D 1 b PG SR B R OR R AR E Y IR L
i o R B B AR A T, A PR KOG AR AT Y A . R v e TR B R R TR U] TR 5 ) ) B R R A
AR B AR, il o A BBOIR A B 20 E 9 240 M3 2 OC 28 80.5 mm, M4 £ GTI } 61 mm,
GTIZ OC 24 88 mm, M3 % M4 7 50.5 mm £1] 60.5 mm 2 [f] J8 35 , 38 P s (4 4K B 29 em, 76 ML G & 15
B 6F SRR R 1 GHzo OGRS 4 KR 1T W A St D32 (Fm) ) |, 28 b A7 400 e JS 94759 V1T 4 M4,
BBORE A 35 30

Yb:CYA fi P& % B 6 5 950~1 100 nm, 415 i A A €8 BIORM 22 A8 4 B, DR A9 16 3% 1 20 TG 3k [ I e
I, IR 2t TG V5 4858 1) DG 1 S A WK o 325 O 1k, DR 22 AR B R sl B TR R O T R A
KAY R B 4 8L (Group Velocity Dispersion, GVD) {8 Bl N TAE . B389 WM 6 IR ¥ 75 Y2k B B X
HEAT I N AT O Ak e i, H e A RV R A 25 () BB AN [ i 0638 il 2 e T, 1l =2 28 3 AN ) iR DG R ) L
FE 23 0] 1A 50, DT A2 AN [R]  3i B0 04 o o 38 A0 B, JEC T 48 18 1% €2 i o el 90 2 4 B0 b R LA B e 5 [R] Y
] BRI e o AR SR F B R 5 B8 R R Ak A WA R B R G T el T R A TR A Al O AR AL A
F Mok 2. i, AR E S N M GTIEE M4 FE T GTIEE (3 B Layertec #2 4i) 41 &
S . M4 FE 1 040 nm BT % B S % KT 99.9 %0 I 42 Ak Bk i 8 — 550 [s°£50 " 1 . GTI
7E 1 000 ~1 160 nm (143 Bt 52 55 KT 99.9 %6 FF4R A2y 2 — 800 fs* iy i (i . OC g Jo 58 2 42 S B L 1E
B TE NI B O 00 S5 G EN Yb: CYA f R e (0 BoRME2 55 2% 08, BT BT RO 4R JEE7E 1 045 nm [ 3T
) BA R 1 IR 4 3R {4 B R (Group Delay Dispersion, GDD) —1 350 fs”, M3 5 & 44 16 37 5 36 DL K il 1A JEE 3 454
B E Yb: CYA S RTE 1 pm BT 32 HE~85 £s*/mm (4 44 4} IE FHE B2 (0

2 SCIGEER

T S ERRR E BB, B e 7E 3% 2 % (Continuous Wave , CW) ST 04 0O 2 36, 3R 9% 7 76 3 S 30k
B RS TR BRI R ) O PN AR S 5 1) [ I A SRR A T BE M4 97 DA SR EOEETE 7 X
FIOE D ARG RE B9 DX, 24 10 P AL 8 ) 5 1 R AR 280 38 B 7 A e R O B R Y 2% I B AT s
A5 A YA ) AR IR, 52 BT it R LB BOLIE R 58 . UIE, — 4> 5w B B R 81 2 A Sl ] 5 — A

1014006-3



P/ R 4

J7 1) AR 52 e e 28 B 9 AT — AT 1) AR E BB ik o i o

TS 1.6 %6 4 A G B S AT, Yk B AR AR R AT DR AR SOk AR P 1 050 nm BHE R 1.4 W
1 B KB s D)2 BOG AR FR X BB 3 mm DA b B % M4 1] & PR BE AT /DN T PR Y S A%, e A S BARE , AR5
RS, B A R RO O RS S IR BT IR L OGRS 1 ko R R R E Y .

K F T B 79 (Menlo systems ) 35 fii§ Y6 L —#% % ( Avalanche Photon Diode , APD ) 32 i 845 Ji5 A8 ik ol 55 5.
3(a) 2 B 2 BRI 7 I 2% (RTM3004, Rohde &. Schwarz) i ) £5 (4 ik ol FE 1), 75 9% #8415 56 0 1 GHz, A
I al LR AR w8 T 0 fa e B E e BiBOR S, e 2 %A Qa4 B, R ADEI% L (AQ6370C,
YOKOGAW A ) il 5 81 455 fik o (19 5% 3% , 3% 35 BBl 4 1 037 nm 2= 1 066 nm , i B w2 B 00 0 21 14 56 3% 58 7
7.1 nm, WE(E R 1 051.3 nm, WA 3(b) o Sy T i — 25 560 UF SRR 2 i e M, R F 4 313 100 kHz 14 45
WAL (E4402B , Agilent Inc) it I 45 (4 % 1 5638 0533 45 5 W 5] 3(c) , R M 1.03 GHz, {5 M L R 50 dB, H
AIEFE R HIAR X R KIM iz 78 & . R KLMBET 6 — 4 /MR (LP-3A, dtatFl
JEHL) IR T 7R R B AR I AR T R b i T R AR E MR kL W 3(d) L 7E 40 min )R ELBITE 0.004 %
PATF o & 3(e) rh Ba o ff £ S 45 31 1 S 780 ok 5 I o 11 A DG 2, bl 34 58 2 1 AH G (pulseCheck , APE ) i 3
[ 254 AR DG BIE R v T S B s O 200, B DA RS IR M S Bk iz B o AR sech® $UL A 45 L L RE NS Ik i RR St
6] 24 4y 207 fs Y fik it o

= LOf
< 1.0}
E‘ 0.8 e Measured
§ 06 — Sech? fit
g L
2 041 0.8
2
=02
E ~
z 0= : . A - 5061
. 1030 1040 1050 1060 1070 S 1.53x207 fs
(a) Beam profile at the maximum Wavelength/nm >
1. [z
average power of 1.7 W (b) Mode-locked spectra 5
= 04t
-20 2.00 -
-30 1.75
£ 40 1501 AVE = 1.62360 W 02t
3 5 2 1.25] RMS =1.62366 W
: ©1.00} STD=0.01377
g —60 20.751 RMSE =0.00359%
i 0 L
= -70 0.50r — Raw data . . 5
-90 ok . . . . Delay/fs
1.028 1.029 1.030 1.031 1.032 1.033 0 500 1000 1500 2000 2500
Frequency/GHz Time/s (e) Measured intensity autocorrelation trace
() RF spectrum at the fundamental beat note with the fitted sech? trace. The measured
with the resolution bandwidth of 100 kHz (d) Power jitter RMS in 40 min pulse duration is 207 fs

M3 EHlL6MHBaemFANHEER
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GHz Watt-scale All Solid State Kerr Lens Mode-locked Yb:CYA
Femtosecond Laser (Invited)

MA Junyi"’, ZHAO Guodong'’, SHAO Xiaodong', HAN Hainian"*, WEI Zhiyi"’
(1 Key Laboratory of Photophysics, Institute of Physics, Chinese Academy of Sciences, Beijing 100190, China)
(2 University of Chinese Academy of Sciences, Beijing 100049, China)
(3 Songshan Lake Materials Laboratory, Dongguan, Guangdong 523808, China)

Abstract: Great emphasis has been placed on the development of GHz femtosecond lasers for the Yb-
doped All-Solid-State Laser( ASSL) that has important application values in many fields such as precision
measurement. Compared to general femtosecond oscillators with repetition frequencies in the tens to
hundreds of megahertz, GHz femtosecond pulse has been demonstrated to have larger spacing between
adjacent longitudinal modes and higher single longitudinal mode power. This GHz repetition frequency
femtosecond oscillator is realized by passive mode-locking techniques, including Semiconductor Saturable
Absorption Mirror (SESAM) and Kerr Lens Mode-locking (KLM). The latter has the following
advantages: simplicity, very fast response, self-starting and self-sustaining. Ytterbium-doped gadolinium
calcium chlorate (Yb: CaYAIO,, referred to as Yb: CYA) crystal has the advantages of easy growth,
broad and flat gain curve, high specific heat capacity, good thermal conductivity, etc. It is an excellent
dielectric crystal for generating femtosecond ultrashort pulses.

Femtosecond laser pulses based on Yb: CYA crystals were first reported in 2011. In 2018, MA Jie et
al. of Jiangsu Normal University reported that the shortest pulse width of Yb: CYA oscillators was 21 fs
with the help of two SF10 prisms, while the highest output and peak power achieved by Yb: CYA crystals
was experimentally realized by TIAN Wenlong et al. from Xidian University. The Yb: CYA optical
frequency comb debuted in 2016, demonstrating the first Kerr lens mode-locked solid-state optical
frequency comb in the 1 pm band. In 2019, the author's research group achieved for the first time that a
watt—scale solid—state Yb: CYA femtosecond laser frequency comb is fully locked to the carrier envelope
phase shift frequency and repetition frequency, with a pulse width of 54 fs and an average power of 1.5 W.
The free-running carrier—envelope offset (f..,) was observed with a signal-to—noise ratio of 40 dB at 100
kHz resolution bandwidth, and the residual phase jitter of the fceo after locking was only 370 mrad. When
the duration is 3 hours and the counting gate time is 1 s, the standard deviation of £,
drift is only 0.8 mHz.

In this paper, an all-solid-state Kerr lens mode-locked GHz femtosecond oscillator based on Yb:

long—term frequency

CYA crystal is introduced. A 980 nm fiber laser with a power of 8 W is used as the pump source, and the
cavity type is a four—mirror ring cavity structure. In our experience the ring cavity has the advantages of
stable mode locking, relatively insensitive to optical feedback, reducing the dispersion in the cavity and
high repetition frequency compared with the linear cavity configuration. The transmission of the output
coupler is 1.6%. The 3 mm Yb: CYA crystal is wrapped with indium foil and mounted in a copper block
that is cooled by using a water cooler with temperature feedback to maintain a constant 13°C temperature,
and the sample is antireflection—coated for both the pump and laser wavelengths from 970 nm to 1 200 nm.
The initiation of the mode locking is observed by a fast oscilloscope, and the oscillator is capable of
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generating GHz femtosecond pulses with a center wavelength of 1 051 nm and an average output power of
1.7 W with a pulse duration of 207 fs. The Radio Frequency (RF) spectra measurement shows that the
fundamental frequency of the signal is about 1.02 GHz with a Resolution Bandwidth (RBW ) of 100 kHz,
spanning 5 MHz. The Signal-to-noise Ratios (SNR) is 50 dB, suggesting that the unidirectional KLM
runs stably.

To the best of our knowledge, this is the first time that an oscillator based on Yb: CYA crystal has
achieved GHz repetition frequency watt-level femtosecond pulse output, which lays a solid foundation for
further realization of high repetition frequency femtosecond optical frequency combs based on this oscillator.
Key words: Yb: CYA; GHz repetition rate; All solid state femtosecond oscillator; Kerr lens mode
locking; Optical frequency comb
OCIS Codes: 140.7090; 140.3580; 140.3615; 140.4050; 140.7090
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