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A passively @Q-switched mode-locked (QML) Tm:LiLuF, (LLF) laser with a MoS, saturable absorber (SA) is
demonstrated for the first time, to our best knowledge. For the @-switching mode, the maximum average output
power and @-switched pulse energy are 583 mW and 41.5 pJ, respectively. When the absorbed power is greater
than 7.4 W, the passively QML pulse is formed, corresponding to an 83.3-MHz frequency. The
modulation depth in Q-switching envelopes is approximately 50%. Results prove that MoS, is a promising

SA for @-switched and QML solid-state lasers.
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doi: 10.3788/COL201513.081405.

There are many applications for mode-locked lasers at the
eye-safe wavelength of approximately 2 pm; these applica-
tions include molecular spectroscopy, noninvasive medical
diagnostics, and wind lidar™™¥. Gain media-doped Tm or
Tm,Ho are widely used for mode-locked lasers in the wave-
length range of 1.8-2 pm because of the apparent advan-
tage of directly exciting commercial laser diodes at
around 800 nmE2Y, To date, many hosts have been applied
to Tm-based crystals for mode-locking operation, including
Y;ALOLE, YAIOEZ, and YLiF,¥. Compared with other
Tm crystals, Tm:LiLuF, (LLF) has large emission cross
section, long fluorescence lifetime, and low phonon en-
ergy >, Passively Q-switched mode-locked (QML) lasers
with Nd crystals were proven theoretically and experimen-
tally in previous works™ %, However, to our knowledge, no
studies about passively @-switched mode-locking based on
Tm:LLF lasers have been published.

Saturable absorbers (SAs) for passively QML and
mode-locked ~2 pm lasers have various types, such as
semiconductor SA mirrors?, carbon nanotubes?, and
graphene. Transition metal dichalcogenides (TMDCs)
are abundant systems composed of conductors, semi-
conductors, and insulators, such as MoS,, MoSe,, and
WS,. In addition, TMDCs are possibly prepared for 2D
nano-systems because of the weak van der Waals force
between the molecular layers®?. Mode-locked fiber lasers
that use MoS, as SA are widely reported 2, However,
only a few studies on solid-state mode-locked lasers based
on MoS, SA have been published. In 2015, Kong et al.
demonstrated a QML Tm:calcium lithium niobium gal-
lium garnet laser with a MoS, SA mirror. The maximum
average output power and the highest pulse energy
of the @-switched envelope are 62 mW and 0.72 pJ,
respectively 2,
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In this Letter, a passively QML Tm:LLF laser with a
MoS, SA is demonstrated for the first time, to our best
knowledge. For the (@Q-switching mode, the maximum
average output power and @-switched pulse energy were
583 mW and 41.5 pJ, respectively. When the absorbed
power was greater than 7.4 W, QML pulses were achieved,
corresponding to a frequency of 83.3 MHz. The modula-
tion depth in the @Q-switching envelopes was approxi-
mately 50%. To our knowledge, this is the first time that
@-switched mode-locking has been realized for a Tm:LLF
crystal. In addition, the >500 mW average output power
and >40 pJ pulse energy indicate that MoS, is a promising
SA for @Q-switched and QML solid-state lasers.

The liquid-phase exfoliation method was carried out to
produce layered MoS, dispersions?. MoS, powders were
dispersed in an aqueous solution of the surfactant sodium
cholate (SC) (concentration Cgyc = 1.5 mg/mL) with a
concentration of 5 mg/mL. MoS, dispersions were soni-
cated using a point probe (flathead sonic tip) with a power
output of 285 W for 60 min and then centrifuged at
3000 rpm for 90 min. MoS, dispersions were obtained
by collecting the top 3/4 of the centrifuged samples, as
shown in Fig. 1(a). MoS, films were obtained using the
vacuum filtration method?. MoS,-SC dispersions were
diluted by further sonication for 1 h and vacuum filtration
with a membrane (225 nm aperture). The obtained wet
membranes were transferred to the high-reflectivity
(HR) mirror (1850-2050 nm) and then dried at 60°C
for 6 h. The MoS, films on the HR mirror were obtained
after the membranes were removed with acetone, as shown
in Fig. 1(b).

The experimental setup of the passively QML Tm:LLF
laser with MoS, as the SA is illustrated in Fig. 2. A 1 at.%
doping Tm:LLF crystal grown using the Czochralski
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Fig. 1. (a) MoS, dispersion without dilution; (b) MoS, neat film
on HR mirror.
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Fig. 2. Schematic of the experimental setup.
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method had dimensions of 3 mm x 3 mm x 12 mm. The
uncoated crystal, which was polished on both sides, was
supplied by the Shanghai Institute of Optics and Fine
Mechanics. The crystal was wrapped with an indium foil
and placed in water-cooled copper blocks with a temper-
ature of 12°C. The passively QML Tm:LLF laser was
pumped by a 793 nm diode laser, which was fiber-coupled
with a diameter of 400 pm and NA = 0.22. A system of
lens with beam profile ratio of 1:1 was used to focus the
pump beam to the gain medium. The total optical cavity
length was approximately 1803 mm with L; = 410 mm,
Ly =420 mm, L = 800 mm, and L, = 150 mm, where
L; is the length from the back side of the Tm:LLF to
the output couple. Without considering the thermal lens
effect, the laser beam diameter was calculated to be ap-
proximately 360 pm at the left surface of the Tm:LLF
crystal. The transmission of the output couple mirror
was 1% at 1950 nm, and the two output beams were sim-
ilar in power and pulse shape. Furthermore, a band pass
filter was used to filter out the remnant pump laser and
obtain the pure signal.

The average output power versus absorbed power for
the continuous wave (CW) and passively QML Tm:LLF
laser are demonstrated in Fig. 3. The CW output was
obtained using a setup similar to QML but without
MoS,. The powers of pump radiation before and after
focusing through the Tm:LLF crystal were 100 and
29.9 mW, respectively, corresponding to an absorption
of 70.1%. The Q-switched mode-locking operation ap-
peared when the absorbed pump power reached 7.4 W.
The slope efficiency of the QML Tm:LLF laser decreased
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Fig. 3. Average output power versus absorbed power.
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Fig. 4. Pulse width versus absorbed power.

by 11.7%, which contained the loss of MoS,. The maxi-
mum output power was 583 mW, corresponding to an ab-
sorbed power of 22 W. The pulse width is indicated in
Fig. 4. Pulses have a narrow trance along the absorbed
pump power, and approximately 13.97 ps of pulse width
was obtained with the maximum output. The frequency
and the pulse energy of the Q-switched pulse versus the
absorbed power are shown in Fig. 5. With the absorbed
power changing from 7.4 to 22 W, the frequency increased
from 7.9 to 13.9 kHz, and the pulse energy increased from
11.8 to 41.5 pJ.
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Fig. 5. Frequency and average energy of the @Q-switched
envelope versus absorbed power.
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The @-switched pulse train is illustrated in Fig. 6(a).
The slight jitter can be attributed to the intrinsic
nonlinear dynamics of the laser following a deterministic
low-dimensional dynamicsZ2, Moreover, spurious pulses
were not observed between the @Q-switched pulses. When
the absorbed power was greater than 7.4 W and the end-
mirror with MoSy was carefully optimized, the Q-switched
mode-locking operation was established. As shown in
Figs. 6(b)-6(d), the mode-locked pulse train in the
Q-switched envelope is illustrated with different divisions,
including 10 ps/division [Fig. 6(b)], 800 ns/division
[Fig. 6(c)], and 20 ns/division [Fig. 6(d)]. The time
interval between the two mode-locked pulses was approx-
imately 12 ns, indicating a frequency of 83.3 MHz. The
optical roundtrip cavity length was estimated to be
3606 mm, which accurately matched with the optical
length between the two adjacent mode-locked pulses. No
damage on the crystal, cavity mirrors, and MoS, was
observed during our work.

The spectra of CW and QML operations were measured
using a spectrometer (Spectral Production, SM-301-EX)
with a resolution of 15 nm. As shown in Fig. 7, the full-
width half-maximum of the QML laser was 35 nm with
a central wavelength of 1918 nm. Compared with CW op-
eration, the spectrum was slightly broadened and shifted
to a shorter wavelength. The possible reasons for the phe-
nomenon include different thermal effects, a larger nonlin-
ear phase based on the higher peak power? and limited
resolution of the spectroscopy instrument. The CW mode-
locking operation was not realized in our work possibly

Fig. 6. (a) @-switched pulse train; mode-locked pulse train in the
@-switched envelope with different divisions: (b) 10 ps/division;
(c) 800 ns/division; and (d) 20 ns/division.
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Fig. 7. Spectrum of CW and @-switched mode-locking opera-

tion; inset, beam profile of the QML Tm:LLF laser at maximum
output.

because of the large modulation depth of the MoS,2.
The near-field beam profile with the TM, mode is shown
in Fig. 7 (inset).

In conclusion, we report a passively QML Tm:LLF laser
with a MoS, SA. For the @-switching mode, the maximum
average output power and @Q-switched pulse energy are
583 mW and 41.5 pJ, corresponding to a frequency of
14.06 kHz. When the absorbed power is greater than
7.4 W, the Q-switched mode-locking operation is formed
with an 83.3 MHz frequency. The modulation depth in
Q-switching envelopes is approximately 50%. To our
knowledge, this is the first time that @Q-switched mode-
locking is realized for a Tm:LLF crystal, and the average
output power and (-switched pulse energy are both high-
est for @Q-switched Tm lasers with MoS,. Moreover, the
>500 mW average output power and >40 pJ pulse energy
indicate that MoS, is a promising SA for @-switched and
QML solid-state lasers.
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