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Abstract Ho:Sc, SiO; (Ho:SSO) crystal as a new saturable absorber was firstly exploited in the
passively Q-switched operation of Tm:YAIO; (Tm:YAP) laser. Under end pumping of 793 nm la-
ser diode, Ho: SSO passively Q-switched Tm: YAP laser can generate robust microsecond pulse
output at 1. 88 pm wavelength. The 130 mW of average output power and 5. 2 pJ of pulse energy
were obtained with the pulse duration of 1. 87 ps and repetition rate of 25 kHz. Further by incor-
porating an acousto-optic (AQO) modulator, Ho:SSO-based hybrid Q-switched Tm:YAP laser was
designed to compress pulse duration at hundreds of nanoseconds. The minimum pulse duration of
213 ns was achieved with the maximum pulse energy of 34 pJ at 4 kHz repetition rate. This work

suggests an important application potential of Ho:SSO crystal as saturable absorber at 1. 9 pum re-

gion.
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0 Introduction

Solid-state lasers at 1.9 pm eye-safe band have wide applications for laser ranging,remote sensing and
space communication in atmosphere environment™'?'. Tm-doped materials are the most widely used gain
media to produce 1. 9 pm lasing,which can be efficiently pumped by commercial laser diodes (LLDs)™"', Re-
cently,a lot of Tm-doped materials were developed, such as Tm: YAP, Tm: YLF, Tm: LSO and Tm:
YAG'" In particular, Tm: YAP can perform efficient operation at 1. 9 pm region with linear polarization

Lo Passively Q-switched operation can provide a simple way to

output owing to its natural birefringence
obtain pulse output. Compared with actively Q-switching methods, passively Q-switching with saturable
absorbers has advantages of compactness,simplicity and reliability"'*'*). Several kinds of materials,such as
graphene-like two-dimensional (2D) nanomaterials, semiconductor saturable absorption mirrors (SESAMs)

[16-20] Il'l

and Ho-doped crystals, have been used as the saturable absorbers for 1. 9 pm pulse generation
2017,Lan et al reported the diode-pumped continuous-wave laser operation of an a-cut Tm:Ca¥YAIO, crys-
tal in a two-mirror configuration at 1850 nm, by use of a MoS, saturable absorber deposited directly onto
the surface of output coupler. The MoS, passively Q-switched laser generated a maximum output power of

490 mW with a narrowest pulse width of 0. 48 ps™", In 2020, Sharbirin presented a MoWS, saturable absorber
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for passively Q-switched thulium-doped fiber laser operating at 1860 nm and 1930 nm. The MoWS, thin
film was prepared as passive Q-switching element. The MoWS, passively Q-switched laser can operate at
1930 pm with a repetition rate of 66. 3 kHz and pulse width of 2. 1 ps. Further by employing a holmium-{il-
ter,the lasing wavelength shifted to 1860 nm while retaining maximum repetition rate of 48. 9 kHz and nar-
rowest pulse width of 2.3 pus'®'. Specifically,the graphene saturable absorbers have low damage threshold
and unstable chemical properties so that they are hardly applied to high power operation"'”'. The SESAMs
are expensive and complex in preparation,but have fast relaxation time of intraband thermalization and in-
terband transition which are preferable for ultrafast mode locking operation"'®. The Ho-doped crystals,in-
cluding Ho:CaF,, Ho: YVO, and Ho: YLF, were early used as saturable absorbers for 1. 9 um pulse la-
ser?#2] They have high damage threshold and stability,and are suitable for the generation of high power
short pulse output at sub-microsecond duration which is desirable in the lidar systems. Very recently,a new
kind of holmium doped silicate crystal, Ho: Sc, SiO; (Ho: SSO) , was successfully prepared and showed in-
frared broadband absorption at 1.9 pm,high thermal conductivity and large energy splitting due to strong

£25:26) The Ho: SSO crystal has negative refractive coefficient in thermally induced index

crystalline field
change, which is helpful to limit thermal lens effect, crystallographic sites distortion and birefringence
effects. Ho: SSO crystal has been suggested as a promising gain medium to produce 2. 1 pm laser out-
put?*2 However,the new Ho:SSO crystal as nonlinear saturable absorber has not been reported for pas-
sively Q-switched Tm-doped laser yet.

In the paper, Ho: SSO crystal as a new saturable absorber was firstly exploited in the passively Q-
switched operation of Tm:YAP laser. In experiment,the Ho:SSO saturable absorber performed robust Q-
switching operation,and the end-pumped Tm:YAP laser generated stable microsecond pulse output at 1. 88
um wavelength. Further by incorporating an acousto-optic modulator (AOM) , hybrid Ho: SSO/AOM Q-
switched Tm: YAP laser was designed to compress pulse duration at hundreds of nanoseconds. The Q-
switched laser characteristics were discussed to support the important potential of Ho:SSO crystal as satu-
rable absorber.
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Figure 1 Schematic of experimental setups (a) Ho:SSO passively
Q-switched Tm:YAP laser;(b) Hybrid Q-switched Tm:YAP
laser with Ho:SSO and AO modulator

er. The core diameter of the fiber is 400 pm with a numerical aperture of 0. 22. The pump beam was focused

source with 30W of maximum output pow-

into Tm:YAP crystal by a couple of lenses with high transmission at 780-800 nm. The ¢c-cut Tm:YAP laser
crystal with 3 at. % dopant has the dimension of 3X3X8 mm®. Both end faces of the crystal were anti-re-
{lection coated at both 1.9 pm and 793 nm bands. The crystal was wrapped in indium foil and mounted in a
water-cooled copper heat sink with a constant temperature of 293 K for heat dissipation. A 0.5 at. % doped
Ho:SSO crystal was used as saturable absorber, with the dimension of 5X5X 30 mm?®. The 48% initial

transmission of the Ho:SSO sample was measured by a 1. 9 pum laser source. Note that the long crystal
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length has effect on the laser performance involving the increase of pump threshold and the reduction of la-
ser output efficiency. Ho:SSO crystal was wrapped in indium foil and placed in another water-cooled copper
heat sink with constant temperature of 286 K for heat dissipation. The input plane mirror (M,) was anti-
reflection coated at 780-800 nm (R<C0.5%) on one surface. The other surface was high-reflection coated at
1.9 pm band (R>>99. 8%), meanwhile with high transmission (T>>99. 8%) at 780-800 nm. The output
coupler (M,) is a plan-concave mirror with a curvature radius of 150 mm, which was coated at 1. 9 pm band
with 98% reflectance. Note that in Fig. 1(a),the Ho:SSO saturable absorber was placed in a resonator
with 140 mm cavity length. In Fig. 1(b), the hybrid Q-switched Tm: YAP laser has a shared resonator
with 145 mm cavity length for passively and actively Q-switched operation. The AOM was anti-reflection
coated at 1.9 pm band on both faces and driven at 1-90 kHz radio frequency. The laser output was meas-
ured by a Coherent Field Maxll laser power meter and an InGaAs photo diode. The pulse trains were recor-
ded by a 500 M digital oscilloscope. The spectra were monitored by an infrared monochromator with 0. 1

nm resolution.
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the absorbed pump power of 15. 4 W, the output power of 130 Absorption power/W

mW was obtained experimentally. The slope efficiency was eval- Figure 2 The laser output power versus pump

uated about 5% with linear fitting. The power threshold is a- power in passively Q-switched Tm: YAP laser.
round 12. 6 W, which is higher than the threshold (~1.6 W) of The inset:single pulse profile recorded by
continuous wave operation without Ho:SSO saturable absorber. digital oscilloscope,with 1. 87 ps duration
Note that the output power of continuous wave Tm: YAP laser at maximum output power of 130 mW

was measured to be 4. 9 W under 14 W pump absorption power,with a slope efficiency of 40%. This indi-
cates the notable insertion loss of Ho:SSO crystal, which results from the strong linear absorption limited
by the preparation process of new silicate crystal and long crystal length. Under the maximum output of
130 mW, the pulse duration was measured to be around 1. 87 ps with little temporal fluctuation. Figure 3
shows the typical pulses train in Ho:SSO passively Q-switched operation. Beyond the pump threshold,a
train of output pulses with full depth of modulation was observed constantly, with the repetition rate var-
ying with the pump power. As shown in Fig. 3,the robust Q-switched pulses were recorded by a digital os-

cilloscope under the maximum output of 130 mW. The repetition rate is about 25 kHz and the pulse profiles

are highly symmetric in temporal shape.

'H’|\HH'H\|| i

I
1 --J‘-ax.—\-Ju-—w-J..—\.-Luwu“-udwwwuu‘u-—wuwuuwh—uwu.«'wuuuww-

200 us/div ~ Repetition rate~25 kHz

Figure 3 The temporal profiles of output pulse trains recorded by digital oscilloscope,

with a repetition rate of 25 kHz at maximum output power of 130 mW
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Figure 4 shows the experimental data of the pulse duration and repetition rate versus the pump power,
as well as single pulse energy versus pump power. The results of Fig. 4 (a) indicate that the pulse duration
varies from 6.0 ps down to 1. 87 ps with the pump power increasing from 12. 8 W to 15. 4 W. Meanwhile,
the repetition rate increases from 9. 3 kHz to 25 kHz. Figure 4(b) shows the increase of single pulse ener-
gies with the pump power. The maximum pulse energy of 5. 2 puJ was achieved under the pump power of

15.4 W,
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Figure 4 The experimental data of (a) the pulse duration and repetition rate versus the pump power and
(b) single pulse energy versus pump power
Figure 5 shows the spectra measurement of laser output and beam profile. The results show that the
Ho:SSO passively Q-switched Tm: YAP laser operated at 1. 88 pum with the spectra width of 1. 6 nm.
Compared to the continuous wave Tm: YAP laser without Ho:SSO saturable absorber, the lasing wave-
length of passively Q-switched operation made a notable shift away from the central wavelength of Tm:
YAP gain spectra. This is closely associated with the absorption property of Ho:SSO at 1. 9 pm region"**.

The beam profile measurement as shown by the inserts indicates good quality of fundamental transverse

mode TEMOO in the operation.

Further by incorporating an AOM, hybrid Ho: SSO/AOM 50
Q-switched Tm: YAP laser was designed to compress pulse du- 5 401 Laser wavelength: 1886 nm
ration at hundreds of nanoseconds’**. Note that the introduc- %
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nm and keep stable inherently by the absorption property of
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plemented with the scheme of Fig. 1(b). The experimental data Figure 5 The spectra measurement of laser output

of average output power,pulse energy and pulse width are sum- centered at 1886 nm, The insets:two and three
marized in Fig. 6. As shown in Fig. 6(a),the slope efficiencies dimensional profile of output laser beam

of average output power were linearly fitted to be 2.0 %,2.2%,2. 4% at various AOM frequencies of 4
kHz,5 kHz and 6 kHz,respectively. The pump thresholds in the hybrid Q-switched operation were around
16.8 W. The maximum output power of 140 mW was obtained under the pump power of 19.1 W, with the
pulse duration of 213 ns. In Fig. 6(b),single pulse energies were plotted as a function of pump power at
various AOM frequencies. The maximum pulse energy of 34 ;1] was obtained at the AOM frequencies of 4
kHz. Note that the increase of AOM frequency from 4 kHz to 6 kHz resulted in the reduction of output
pulse energy. Meanwhile, the pulse durations were measured with the variation of pump power at different

AOM frequencies,as shown in Fig. 6(c). The results suggest that a low modulation frequency is helpful to

suppress pulse duration. The minimum pulse width of 213 ns was achieved at 4 kHz repetition rate. This in-
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dicates that with the help of an AOM, Ho:SSO-based hybrid Q-switched laser can produce short pulses at
hundreds of nanoseconds. Additionally, the lasing spectra were monitored in experiment, which kept the

same wavelength at 1. 88 um as that shown in Fig. 5.
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Figure 6 (a) The output laser power;(b) single pulse energy;(c) the pulse duration versus pump power
at various AOM frequencies in hybrid Q-switched Tm:YAP laser. The inset:single pulse profile
recorded by oscilloscope at maximum output

It is worth pointing out that under the hybrid Q-switching operation, the active Q-switching can re-
strict high repetition rate of Ho:SSO passive Q-switching and its dependence on pump power. This is help-
ful to improve pulse energy. Meanwhile, the fast acoustic-optic response of AOM element can restrict the
Q-switching duration, which is helpful to suppress the pulse width. In the active Q-switching experiment
without Ho:SSO saturable absorber, the reduction of cavity absorption losses resulted in the decrease of
pump threshold and the increase of pulse energy. The threshold of pump absorption power was measured to
be 3.6 W,which is much lower than that of hybrid Ho:SSO/AOM Q-switching operation about 16. 8 W.
But the pulse duration was not shortened notably. The lasing wavelength did not keep stable at 1886 nm
any more,and made a notable shift towards long wavelength with poor wavelength stability due to the lack
of Ho: SSO absorption stabilization regime™®”. Thereby this indicates that Ho: SSO crystal has positive
effect on improving the Q-switching wavelength stability;and it cooperates with active Q-switching to nar-

row the pulse width,showing the advantages of hybrid Q-switching schemes™’.
3 Conclusions

In conclusion,we have presented that Ho:SSO crystal can be used as saturable absorber to perform
passively Q-switching operation in Tm: YAP laser at 1. 9 pm region. Under end pumping of 793 nm laser
diode, Ho: SSO passively Q-switched Tm: YAP laser generated robust pulse output at 1. 88 pm wave-
length. The maximum output power and pulse energy were obtained about 130 mW and 5. 2 pJ,respective-
ly,with the pulse duration of 1. 87 ps and repetition rate of 25 kHz. Furthermore, hybrid Ho:SSO/AOM
Q-switched Tm: YAP laser was designed to compress pulse duration. The minimum pulse width of 213 ns
was achieved with the pulse energy of 34 pJ at 4 kHz repetition rate. This work shows an important appli-

cation potential of Ho:SSO crystal as saturable absorber.
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