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The active/passive Q-switching operation of a 2 μm a-cut Tm,Ho:YAP laser was experimentally demonstrated
with an acousto-optical Q–switch∕MoS2 saturable absorber mirror. The active Q-switch laser was operated for
the first time, to the best of our knowledge, with an average output power of 12.3 W and a maximum pulse energy
of 10.3 mJ. The passive Q-switch laser was also the first acquired with an average output power of 3.3 W and per
pulse energy of 23.31 μJ, and the beam quality factors ofM 2

x � 1.06 andM 2
y � 1.06 were measured at the average

output power of 2 W. © 2018 Chinese Laser Press

OCIS codes: (140.3540) Lasers, Q-switched; (140.3580) Lasers, solid-state.
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1. INTRODUCTION

Solid-state lasers with ultra-short pulses operating in the 2 μm
wavelength range have been attractive due to their high peak
power and pulse energy. Also, they have strong absorption
in water and human tissues, and they are in the eye-safe
band. So, 2 μm solid-state lasers with ultra-short pulses will
be especially promising for applications in medical diag-
nostics, material processing, surgery, ranging, and nonlinear
optical frequency conversion [1–7]. Q-switching techniques
are effective methods to achieve ultra-short pulses (nanosec-
ond or microsecond). Among Q-switching techniques, active
Q-switching with an acousto-optical (AO) Q-switch is an
easy and convenient way to achieve nanosecond (ns) pulse
Q-switching operation of a solid-state laser, which can easily
get a stable pulse train and tunable pulse repetition frequency
as required. The energy of per pulse of the active Q-switched
laser can reach millijoule or even joule level. Laser radiation
has been demonstrated in the 2-μm waveband, for instance,
using a Tm,Ho:YLF crystal, a Tm,Ho:GdVO4 crystal, a

Ho:YAG crystal, a Ho:YAP crystal, and a Ho:YLF crystal
[8–12].

Different from active Q-switching with extra motivation,
passive Q-switching (PQS) with a saturable absorber (SA) is
a low-cost and compact way to achieve microsecond (μs) pulse
Q-switching operation in the mid-infrared waveband. Due
to the limit of the SA’s damage threshold, the energy per
pulse of the PQS laser achieves only nano or micro joule
level, which is lower than the active Q-switching. Many SAs,
such as semiconductor saturable absorber mirrors (SESAMs),
carbon nanotubes, graphene, black phosphorus, and topologi-
cal insulators with broadband saturable absorption at 1–3 μm,
have been chosen for PQS operations [13–23]. The high dam-
age threshold, ultrafast recovery time, moderate saturation in-
tensity, and broadband saturable absorption from SA have been
used as benchmarks against which to judge an excellent SA
[24,25]. The SESAMs, as saturated absorbers, were used earlier
in the 2-μm waveband, and they have been confirmed in
Tm,Ho:YAG, and Tm:LuAG lasers etc. [26–29]. However,

614 Vol. 6, No. 6 / June 2018 / Photonics Research Research Article

2327-9125/18/060614-06 Journal © 2018 Chinese Laser Press

https://orcid.org/0000-0001-5973-519X
https://orcid.org/0000-0001-5973-519X
https://orcid.org/0000-0001-5973-519X
https://orcid.org/0000-0002-3668-0912
https://orcid.org/0000-0002-3668-0912
https://orcid.org/0000-0002-3668-0912
mailto:Yingjieyj@163.com
mailto:Yingjieyj@163.com
mailto:ZhiweiLV@hebut.edu.cn
mailto:ZhiweiLV@hebut.edu.cn
mailto:ZhiweiLV@hebut.edu.cn
mailto:LLJ7897@126.com
mailto:LLJ7897@126.com
https://doi.org/10.1364/PRJ.6.000614


SESAMs have the drawbacks of a complex fabrication process
and a narrow operating bandwidth [24]. The graphene as a typ-
ically two-dimensional (2D) material with zero-bandgap has
been adopted to obtain passive Q-switching operation at the
wavelengths of 1, 1.5, and 2 μm [16,28–32], but its weak ab-
sorption efficiency at 2 μm limits its modulation ability for light.
The carbon nanotubes are typical one-dimensional SA materials
that have been widely applied in 1–2 μm fiber lasers [30], but
their performance is poor when used in 2 μm solid-state lasers.
Black phosphorus is an excellent 2Dmaterial owing to its unique
structure and properties that make it a promising material for
various applications, including SAs [17,18]. However, it is easily
oxidized in the presence of oxygen and water, resulting in its poor
stability.

Recently, owing to their characteristics of large modulation
depth, high nonlinear effects, and broadband saturable absorp-
tion, a new type of 2D material, transition metal dichalcoge-
nides [19,20,31–33], have attracted extensive attention.
Because of the hexagonal structure of molybdenum atoms
sandwiched between two layers of the chalcogen atoms,
MoS2 is an inspiring 2D material representing this class of
transition metal dichalcogenides [24,32,33]. The property of
thickness dependent electronic band structure largely compen-
sates the weakness of gapless grapheme, which allows it to have
some new optical properties and be used in next generation
switching and optoelectronic devices [34,35]. To date, few-
layer MoS2 types as SAs have been used in multi-band fiber
and solid-state lasers. Zhang et al. successfully demonstrated
an ytterbium-doped fiber laser with a new type of MoS2 as
an SA in 2014, and the SA was first designed as a
MoS2-taper-fiber device used as a Q-switching SA and a
polarization-sensitive optical modulating component [36]. In
the same year, Zhang et al. proved a MoS2 mode-locked laser
with a pulse duration of 800 ps and a 3-dB spectral bandwidth
of 2.7 nm, and the central wavelength of the laser was
1054.3 nm [37]. Tang et al. confirmed a passively Q-switched
Nd:YVO4 laser operating at 1064 nm with a few-layerWS2-SA
in 2017, and a pulse duration of 2.3 μs and a single pulse en-
ergy of 145 nJ were acquired [31]. Xia et al. demonstrated a
passively Q-switched Er:YAG laser at 1.6 μm with a YAG-
based MoS2 SA in 2017, and an average output power of
1.08 W with a pulse duration of 1.138 μs and a repetition rate
of 46.6 kHz were obtained [38]. Ge et al. demonstrated a com-
pact Q-switched 2 μm Tm:GdVO4 laser with a MoS2 SA in
2015, and 2.08 μJ per pulse energy was achieved at a central
wavelength of 1902 nm [20]. However, a 2 μm solid-state laser
with an SA being made of MoS2 in passive Q-switching oper-
ations has never been reported with both high beam quality and
high average output power.

In this work, we demonstrate the active/passive Q-switching
operation of an a-cut Tm,Ho:YAP laser. An active Q-switching
operation of a Tm,Ho:YAP laser with an AO Q-switch was
pumped by two 794.1 nm laser diodes to generate emissions
at 2119.3 nm, and 12.3-W average output power and
10.3 mJ per pulse energy were acquired with 34.2% optical–
optical conversion efficiency for the first time. A 3.03 W aver-
age output power and 23.31 μJ pulse energy were obtained for
the first time from the passive Q-switching operation of a
Tm,Ho:YAP laser with an SA mirror of MoS2, and the beam

quality factors ofM 2
x � 1.06 andM 2

y � 1.06 were acquired at
the average output power of 2 W.

2. EXPERIMENT SETUP

A schematic of the experimental setup is illustrated in Fig. 1:
the 5I7 → 5I8 laser transition of Ho3� in a Tm,Ho:YAlO3

(Tm,Ho:YAP) crystal was used to achieve a 2 μm wavelength
range laser emission. A Tm,Ho:YAP crystal was used in a res-
onator cavity with a 155-mm physical cavity length. The beam
radii in the three mirrors (input, dichroic, and output mirrors)
were calculated to be 460, 390, and 320 μm, respectively, by
using the ABCD matrix. The beam radii in the laser crystal was
calculated to be 420 μm by the ABCD matrix without consid-
ering the thermal lens effect, which well matched the pump
beam radius of 428 μm. A laser configuration with both ends
pumped was used to reduce the thermal loading of the Tm,Ho:
YAP crystal. The laser crystals used here were grown at Laser &
Optoelectronic Functional Material R&D Center, Shanghai
Institute of Optics and Fine Mechanics, China, by the
Czochralski technique, the growth direction being along the
crystalline c axis for YAlO3 (Pbnm notation), and the laser crys-
tals sample with 5 at. % thulium �1.0 × 1021 ions∕cm3� and
0.3 at. % holmium �0.6 × 1020 ions∕cm3� was cut along its
a axis, and the resulting crystal measured to be 4 mm × 4 mm ×
8 mm. The end faces of the crystal were coated at both 790–
800 nm and 1.9–2.2 μm with a reflectivity of less than 0.5%.
One Dewar flask, which was filled with liquid nitrogen, was
designed to cool the laser crystal to a temperature of 77 K.

Two laser diodes (LD1 and LD2, nLight Corp. NL-PPS50-
10030 and NL-PPS50-10031) with the central output wave-
lengths of 794.1 nm and 794.0 nm, corresponding to the
output powers of 20 W and 20.1 W, were used as the pump
source for the Tm,Ho:YAP laser. The temperature of the LD
was selected at 298.15 K in the experiment. The output power
of each LD was coupled by a fiber with a 400-μm core diameter
and a numerical aperture of 0.22, and the central output wave-
lengths of LD were acquired by adjusting the temperature of
the LD.

The pumped lasers from the LDs were refocused on both
end faces of the laser crystal by collimation and focus lenses,
and the focal lengths of the collimation and focus lenses were
35 mm (collimation lenses) and 75 mm (focus lenses). A pump
spot (857.1 μm diameter) was placed at the input surface of
the Tm,Ho:YAP crystal. A plane mirror coated with 30%
(5%, 7%, 10%, 20%, 25%, 30%, and 35%) transmittance
at 1.9–2.2 μm was the output coupler (OC) of the laser.

Fig. 1. Schematic of the experimental setup.
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A plano-concave mirror (M2) with a radius of curvature of
300 mm, which was coated at 790–798 nm with high trans-
mission (T > 98.0%) coating on both faces, was coated at 1.9–
2.2 μm with a high-reflectivity (R > 99.5%) material on its
concave face. A flat 45° mirror was used as a dichroic mirror
(M1), which was coated at 790–810 nm with high-transmission
(T > 99.0%) material and 1.9–2.2 μm with high-reflection
(R > 98.0%) material. A fused silica AO Q-switch (QS041-
10M-HI7, Gooch & Housego) was used for the active
Q-switching experiments with a 46 mm length and a 50 W
maximum radio frequency (RF) power; its repetition frequency
could be tuned from 1 kHz to 50 kHz. An SA (MoS2 material)
mirror was adopted for the PQS experiments. The mirror made
from CaF2 crystal was used as the substrate of the SA, and a
MoS2 crystal was chosen as the material of the SA. MoS2
material dissolved in ethyl alcohol was coated onto the surface
of one face at the CaF2 mirror with a spin-coating machine
(KW-4A, Chinese Academy of Sciences).

3. RESULTS AND DISCUSSION

Four kinds of OCs (with transmittances of 20%, 25%, 30%,
and 35%) were chosen in continuous-wave (CW) mode oper-
ation of an a-cut Tm,Ho:YAP laser for optimal transmittance
of OC in passive Q-switch mode operation. In CW mode op-
eration, an AO Q-switch was not inserted in the resonator cav-
ity of the Tm,Ho:YAP laser, and the physical cavity length was
155 mm with a pump power of 40.1 W. The output power of
the laser was as shown in the insert (upper left-hand corner) of
Fig. 2. Under the CW mode operation, the output powers
of 13.9, 14.1, 15.6, and 13.3 W were achieved with 20%,
25%, 30%, and 35% transmittance of the OC. As shown
in Fig. 2, the transmittance of 30% at 1.9–2.2 μm was the
optimal parameter of OC, and stable output power in CW
mode operation was acquired with a pump power of
40.1 W. An optical–optical conversion efficiency of 38.9%
was obtained, corresponding to a slope efficiency of 40%.
So, an OC with the transmittance of 30% at 1.9–2.2 μm
was chosen in active Q-switching mode to acquire the stable
output performance and match the gain and loss of the laser

cavity. When the AO Q-switch was inserted in the 155-mm
physical cavity of the Tm,Ho:YAP laser, a 12.6-W output
power was acquired in CWmode operation with a pump power
of 36.1 W, and an optical–optical conversion efficiency of
34.9%. Compared with the physical cavity without an AO
Q-switch, the output power of the Tm,Ho:YAP laser was
reduced by 0.7 W due to the insert loss of the AO Q-switch.

The active Q-switching operation is shown in Fig. 2: the
average output powers of 12.3, 11.2, 10.8, and 10.3 W were
acquired at the pulse repetition frequencies (PRFs) of 10, 5,
2.5, and 1 kHz, and 10.3 mJ per pulse energy was achieved
at the PRF of 1 kHz, corresponding to a peak power of
166.7 kW. The power fluctuation at the highest output power
was less than 0.3 W within 2 h. The pulse width of the laser in
active Q-switching operation is shown in Fig. 3, and the pulse
widths of 62.25, 67.2, 65.13, and 61.8 ns were acquired at the
PRFs of 10, 5, 2.5, and 1 kHz. The pulse duration at the PRF of
10 kHz was narrower than that of 5 kHz and 2.5 kHz at the
maximum pump power because of using a different detector dur-
ing the measurement. The detector used in the 5 kHz and
2.5 kHz measurements has a longer low-going edge than in
the 10 kHz measurement. With a detector (BWPDI-4) and a
320 MHz bandwidth oscilloscope (Tektronix, DPO 3032B),
the typical Q-switched pulse train was recorded in 200 ns
and 400 ns time scales, as shown in Fig. 4. The peak of similar
pulse width in the 400 ns time scale was sharper than that in the
200 ns time scale due to the triggering width of the oscilloscope.

Under the PQS operation, the SA mirror with MoS2 was
inserted into the 155-mm physical length cavity of the Tm,
Ho:YAP laser, and it was placed between M1 and the OC.
Low transmittances (5%, 7%, and 10%) of the OC at 1.9–
2.2 μm were used here to counteract likely output loss, which
would otherwise affect the output performance of the laser. The
transmittance of the few-layerMoS2 material at 2119.5 nm was
94.4%, and the modulation depth of MoS2 material for the
laser at 2119.5 nm was 70.6%. Figure 5(a) shows the Raman
spectroscopy on MoS2. The three characteristic peaks of the
sample were 384.4, 408.3, and 417.5 cm−1, respectively.
Also, the absorption spectrum (which was measured by a
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Fig. 2. Output power of the Tm,Ho:YAP laser; the inset is CW
output power without Q-switch under different OCs.
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SolidSpec-3700 DUV UV-VIS-NIR spectrophotometer) of
MoS2 material is shown in Fig. 5, and the absorption intensity
ofMoS2 material from 1900 nm to 2200 nm was stronger than
the absorption intensity of MoS2 material from 1000 nm to
1600 nm.

A laser with the output wavelength of 2119.3 nm at 10 kHz
in Q-switched mode operation was used as the laser source to
measure the nonlinear absorption of the material ofMoS2, and
the data are shown in Fig. 6. From the nonlinear absorption
curve depicted in Fig. 6, the modulation depth, saturation
intensity, and initial transmittance were calculated to be
5.1%, 0.091 MW∕cm2, and 87.8%, respectively.

The output average power and pulse energy of the
Tm,Ho:YAP laser in PQS mode operation are shown in
Fig. 7: output average powers of 550, 688, and 3300 were ac-
quired with 5%, 7%, and 10% transmittance of OC at 1.9–
2.2 μm, corresponding to the pulse energies of 4.23, 6.25, and
23.31 μJ under the pump powers of 20.1, 18.1, and 26.1 W.

The pulse width of the Tm,Ho:YAP laser in PQS operation
is shown in Fig. 8. Under the PQS operation with 5%, 7%, and
10% transmittance of OC at 1.9–2.2 μm, the pulse widths of
2.61, 1.64, and 2.37 μs were obtained at the PRFs of 133.6,
110, and 133.2 kHz. The PRFs in three kinds of OCs were
increased as the pump power increased, and the pulse widths
in three kinds of OCs were reduced. With a detector (Thorlabs,
PDA10PT-EC) and a 1 GHz bandwidth oscilloscope
(Tektronix, DPO4104), the typical Q-switched pulse train
was recorded in 4.0 μs and 100 μs time scales, as shown in
Fig. 9. The pulse train in the 4.0 μs time scale was not clearer
than that in the 100 μs time scale owing to the reason that
3.97 μs pulse width and 87.75 kHz PRF were acquired in
the 4.0 μs time scale and 3.20 μs pulse width and
91.2 kHz PRF were achieved in the 100 μs time scale, and
the energy value of the former was low. Also, the pulse width

Fig. 4. Pulse train in 200 ns and 400 ns time scales.
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of the former was near the triggering width of the oscilloscope,
and the small burrs in the figure were more. So, the figure of the
latter was clear, and pulse width was stable.

A laser wavelength meter (721A IR) with a measurement
range of 1.3–5 μm (Bristol Instruments Inc., USA) was used
to measure the output wavelength of the Tm,Ho:YAP laser
in CW and PQS modes operation, and the output wavelength
of the Tm,Ho:YAP laser is shown in Fig. 10. An output wave-
length of 2119.5 nm was acquired in CWmode operation, and
2000.4 nm was achieved in PQS mode operation. The central
wavelength of PQS was shorter than that of the CW, which was
attributed to the stimulated emission cross section in the PQS
operation becoming a key factor because the energy stored in
the crystal far exceeds the CW operation threshold.

A slit-scanning beam profiler (BP109-IR2) was used to mea-
sure the beam quality of the Tm,Ho:YAP laser (Thorlabs Inc.,
USA), and a two-dimensional laser profile of the output beam
from the Tm,Ho:YAP laser was obtained therewith (Fig. 11).
Also, the beam quality factors of M 2

x � 1.06 and M 2
y � 1.06

were obtained at approximately 2-W average output power

from the PQS Tm,Ho:YAP laser, corresponding to far-field di-
vergence angles of x:0.048° and y:0.044°.

4. CONCLUSION

In conclusion, we have experimentally demonstrated a high-
beam-quality Tm,Ho:YAP laser under active Q-switching
and PQS operations for the first time. In the activeQ-switching
operation, a 12.3 W average output power was achieved with
the highest per pulse energy of 10.3 mJ. In the PQS operation,
the MoS2 material was used as the SA, and a 3.3 W average
output power and per pulse energy of 23.1 μJ were first ac-
quired. Beam quality factors of M 2

x � 1.06 and M 2
y � 1.06

were achieved at the output power of 2 W.
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