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Fig. 1. (color online) WSy saturable absorber material.
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Fig. 2. The Raman spectrum of WSa.
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H, KIBYERRAE 13 °CE A, BiBh BB HOL S2i6 5
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Ms A1 M 585, M 22 24228 100 mm, X
1800—2075 nm ¥ K 4 % K T 99.9%, My Ay Xt
1800—2075 nm ¥ B 11 & 5 F K+ 99.9% (1) ¥ T
RGBS Ms A 1.5% M i A 8. A O i

WSQ M5
M3

= '

I M; Tm,Ho:LLF g

L

3 (MTIE ) Tm, Ho:LLF B a8 sk B &
Fig. 3. (color online) The schematic diagram of exper-

iment of Tm, Ho:LLF passively mode-locking laser.
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Fig. 4. (color online) (a) Change of the average output
power of continuous wave and mode locking with ab-
sorbed pump power; (b) change of crystal absorption

efficiency.
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Fig. 5. Emission spectrum of the mode locking laser

under the absorbed pump power of 2.6 W.

B2 pm PR G H AR B (ET-5000) % %
200 MHz ) #7753 %% (RIGOL, DS4024) 48 I i
QUL Ik b 5. 658 A 4 Hl I 1A 9 1 ms,

20 ps A1 10 ns AR 1018 Q BBk 75, W LLE
HATHEET IATE 1 ms BN Q B4, 20 us J5E.45F
T RETT, 10 ns N Q W48 N B ik, AR AR
79131.6 MHz. AHXS T8 Q Mk £, B Ak i i)
VR E BT 100%, CARE e Siis ;. @
B E F AR AN f = C/(2L) (C AR
LR I (R RE), AT DUB H S 6 o B FH ) s A
il i) 2 A SR % A 3K, SO Rk RE RN
1.19 nJ. 8 Q HL4% I B E AN AE 3—50 kHz Z [A]14F
1k, FF HFE A IS Dh 2 132 i, X PR Q i A1k
B R, XA A T4 D238 il Q Bk S
AR 2 380 1280 s 4 i i K g AT B R T
AR PO R% P BATTHTi N, HE BRI
JE WSy H & #0755 350 (1) Y AR WA BT ] R AR AN 2
DA Bz S 28 KM -F: BN 3 7K ¥ O 5
THE A RN T B BRI Q B0,

1 ms/div

20 ps i div

Zoom 10.00 ns

10 ns/div Freq = 131.6 ns/div

6 IS 1 ms, 20 ps F1 10 ns FIBUBRK T 51
Fig. 6. Mode-locked pulse trains recorded in 1 ms,

20 us, and 1 ns per division (div) time scales.
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bt = (/12 + 12 + 12 (b NS K L THE I
6], ¢, S bRk b IR B ], ¢, D0 FRARI
a5 EFHIRIETE], ¢, ARk b s A m Ak AR
A ik e f0 B8 BE 1281 Sz w0 B fik o T
(B2 2.12 ns, St PRI B FHATIS (A4 35 ps. ] H
to x BW = 0.35—0.40 AJf& 552507 ¢, = 2000 ps,
EA] b A o B S PR ik o b VR IRE ] 4 703 ps, EH
T kb e 25T B T TR 1.25 £, s b
K i 5 B 00N 878 ps. BT IR B TR, R
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Abstract

Using few-layer tungsten disulfide (WS2) doped polyvinyl alcohol as a saturable absorber for the initiation of the
pulse generation, we experimentally demonstrate stable passively Q-switched mode-locked operations of Tm, Ho:LiLuF4
laser at 1895 nm for the first time. The laser is designed with an X-type four-mirror cavity and pumped by a Ti:sapphire
laser operated at 785 nm, and its continuous operation is initiated when the absorbed pump power is 143 mW. When the
absorbed pump power reaches 2.645 W, we obtain a maximum output power of 985 mW and a crystal slope efficiency
of 39.8% by linear fitting. When the saturable absorber WSs is inserted in the cavity, the threshold of the absorbed
pump power is increased to 234 mW. With the increase of the pump power, @Q-switch pulse sequence is first observed.
When the absorbed pump power reaches 1.39 W, the stable operation of the Q-switched mode locked pulse is realized.
A maximum average output power of 156 mW is achieved at an absorbed pump power of 2.6 W, which corresponds to a
25 kHz Q-switched repetition rate and a 300 ps-long pulse envelope. In this case, the modulation depth in Q-switching
envelopes is close to 100%. After the passively Q-switched mode-locked is obtained stably, the mode-locked pulses inside
the Q-switched pulse envelope have a repetition rate of 131.6 MHz, corresponding to a mode locked pulse energy of 1.19
nJ and a cavity length of 1.14 m. According to the definition of the rise time and considering the symmetric shape of
the mode locked pulse, we can assume that the duration of the pulse is approximately 1.25 times more than the rise
time of the pulse. Then the width of the mode locked pulse is estimated to be about 878 ps. These experimental results
show that WS, is a promising broadband saturable absorption material for generating a 2 pm-wavelength mid-infrared
solid-state laser pulse. By increasing the pump power and reducing the loss of WSz material, it is possible to realize a
continuous mode locking operation which has a narrower pulse duration. The mode-locked mid-infrared pulses are very
stable and have a lot of potential applications such as ultrafast molecule spectroscopy, mid-IR pulse generation, laser

radar, atmospheric environment monitoring, etc.

Keywords: Tm, Ho:LLF laser, @Q-switched mode-locking, saturable absorber, WSy
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