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A passively Q-switched Ho:LuAG solid-state laser using a graphene saturable absorber pumped by a
continuous-wave diode-pumped Tm:YLF laser was first reported in this letter. Single layer graphene
grown by chemical vapor deposition and transferred onto a thin quartz plate was fabricated as the SA.
For the continuous-wave mode, a maximum output power of 0.87 W at 2100.7 nm was obtained under
the output coupler T=10%, corresponding to the slope efficiency of 30.8% and the optical conversion
efficiency of 18.9%. For the passively Q-switched mode, a stable PQS Ho:LuAG laser under the highest
incident pump power of 4.3 W was obtained, corresponding to the maximum average output power,
the maximum repetition frequency and the minimum pulse width being 0.37 W, 48.8 kHz and 752.2 ns,

PACS: respectively. Our results illustrate that graphene can be used well as a saturable absorber in a Ho-doped

42.55.Rz, 78.67.Wj, 42.60.Gd

solid-state laser at 2 wm wavelength.

© 2015 Elsevier GmbH. All rights reserved.

1. Introduction

2pm Q-switched solid-state lasers operating in the eye-
safe wavelength region have various applications, including
micro-machining and materials processing [1], environmental gas
monitoring [2], optoelectronic countermeasures [3], and coherent
Doppler wind lidars [4,5]. In particular, the 2 um laser plays a piv-
otal role in achieving the long- wave infrared output as it’s efficient
pump source of optical parametric oscillators (OPOs) and optical
parametric amplifiers (OPAs) [6]. In recent years, the applications
of holmium-doped 2 pm lasers in these areas are very significant
with the development of 1.9 wm laser pump sources. Due to the
low inherent quantum defect between the pump laser and output
laser, the resonant pumped holmium- doped laser has many advan-
tages, including a high quantum efficiency and minimal heating,
etc. What’s more, because of the larger emission cross section and
long upper lifetime, holmium-doped solid-state lasers are very suit-
able for generating nanosecond pulse and high peak power laser
output with Q-switching operation. Passively Q- switched (PQS)
lasers, which have the advantages of small size of the system, sim-
ple design and low cost, are very useful in a lot of areas. However,
in the results of the limitation of saturable absorbers (SAs) at 2 um
wavelength, most of recent research has been focused on active
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Q- switching holmium-doped lasers with acoustic optical (AO)
modulators [7].

Graphene is a single layer film of carbon atoms, the car-
bon atoms are arranged in a hexagonal honeycomb shape on
a plane. Due to graphene with very thin thickness, broadband
saturable absorption, excellent thermal performance, and low
cost, it has significant potential advantages compared to the
traditional PQS crystals (Cr:YAG, SESAM, Cr:ZnSe, GaAs, etc.)
[8-10]. So far, PQS lasers using graphene as a SA have been
widely reported in the wavelength range of 1.123 um, 1.34 um,
and 1.645pum [11-13]. By virtue of the ultra-broadband sat-
urable absorption, graphene becomes an excellent SA for 2 um
region. However, most of these studies focused on Thulium-
doped lasers [14,15], and holmium-doped lasers have rarely been
reported[16].

In this paper, we demonstrated the performances of a
continuous-wave (CW) and PQS Ho:LuAG solid-state laser using
a graphene as a SA. The graphene grown by a chemical vapor depo-
sition (CVD) process and transferred onto a thin quartz plate was
successfully fabricated as the SA. For the CW mode, a maximum out-
put power of 0.87 W at 2100.7 nm with a slope efficiency of 30.8%
and the optical conversion efficiency of 18.9% was achieved under
the output coupler T=10%. For the PQS mode, a maximum average
output power of 0.37 W with a repetition rare of 48.8 kHz and a
pulse width of 752.2 ns under the highest incident pump power of
4.3 W was obtained under the output coupler T=10%. As far as we
know, this is the first time to obtain PQS Ho:LuAG solid-state lasers
at 2 wm by using a single layer graphene SA.
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Fig. 1. Experiment setup of the PQS Ho:LuAG laser.
2. Experiment setup

The geometry of the Ho:LuAG laser resonance pumped by
Tm:YLF was shown in Fig. 1. The pump source was a Tm:YLF laser
at 1907.6 nm with the maximum output power of 10 W and the M?
factor of 2.4. The pump beam was focused into the gain medium by a
100 mm focal length lens to a spot radius of 0.16 mm (1/e? intensity)
measured inthe air at the position of gain crystal. AHo:LuAG crystal,
with size of ®5 mm x 30 mm and 0.5 at.% Ho3* concentration, was
used as the gain medium. Both ends of the crystal coated at 1.91 pm
(R<0.5%)and 2.1 wm (R <0.3%) anti-reflection (AR) film. The crystal
was wrapped with indium foil and mounted with a water-cooled
copper heat sink maintaining at a temperature of 17 °C. The length
of the Ho:LuAG laser resonator was 70 mm, using L-shaped con-
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Fig. 2. Typical transmission spectrum of graphene SA.

figuration. The laser cavity was formed by a flat mirror (M1) and
a 45° dichroic mirror (M2) with high transmission (T>99.8%) at
1.91 pm and high reflectivity (R>99.8%) at 2.1 um, and a plane-
concave output coupler (M3). M3 was the output coupler, which
had a transmission of 2% or 10% at 2.1 wm with a curvature radius of
100 mm. The beam radius of the Ho:LuAG laser inside the resonator
was calculated. In the middle of the Ho:LuAG crystal, the radius of
the oscillating mode was about 188.5 pum, and the radius of the
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oscillating mode on the graphene SA was about 250 wm. For PQS
operation, we chose the graphene SA produced by CVD for our
experiment. End of the graphene SA coated at 2.1 pm (R<0.3%)
AR film. The transmission spectrum of graphene SA was measured
with a JASCO V-570 type ultraviolet/visible/near-IR spectropho-
tometer with a resolution of 0.4 nm. Typical transmission spectra
of graphene SA is shown in Fig. 2. As shown in Fig. 1, the graphene
SA had high transmission (T>96%) in the long- wavelength region
(1950-2200 nm), so it can be used well as the SAin most 2 wm solid-
state lasers with low insert loss. The dimension of the graphene
SA was 7 x 7mm? in cross section. The thickness of the graphene
was single layer [17-19]. The laser pulse was recorded by a Lecroy
digital oscilloscope (Wavesurfer 64 Xs, 2.5 G-samples/s, 600 MHz
bandwidth) with an InGaAs detector. The average output power
was measured by a power meter (COHERENT PM30 and PM2).
The spectra were measured with a Spectrum Analyzer (BRISTOL
INSTRUMENTS 721).

3. Experiment results and discussion

Fig. 3(a) shows the change of the output power of CW Ho:LuAG
with the incident pump power for different output couplers with
the T=2% and T=10%. Straight lines were the results of a linear
fit, and the calculated slope efficiencies were given in Fig. 3(a). As
shown in Fig. 3(a), the best result was obtained when the output
coupler the T=10% was used. A highest output power of 0.87 W
was obtained at the incident pump power of 4.6 W, corresponding
to the slope efficiency of 30.8%. When the output coupler is changed
to T=2%, the maximum output powers of 0.86 W are obtained with
the slope efficiency of 27.2%. The output characteristic of the PQS
Ho:LuAG was investigated by inserting the graphene SA into the
cavity. The average output power as a function of incident pump
power with three different output couplers mentioned above was
shown in Fig. 3(b). As can be observed from Fig. 3(b), the average
output power increased linearly with the incident pump power, and
the best result was obtained from the T=10%. Under the incident
pump power of 4.3 W, the highest average output power of 0.37 W
with a slope efficiency of 15.8% was obtained. For the output cou-
plers of the T=2%, the highest average output powers of 0.07 W are
obtained with the slope efficiency of 5.6%, corresponding to the inci-
dent pump power of 2.8 W. If increase in the incident power pump,
we found that bad point on the face of graphene, and unstable pulse
train by the oscilloscope observation. The damage threshold of the
saturable absorber was approximately 18.7 W/mm?. Moreover, a
Glan prism was used to detect output laser polarization state, and
then vertically polarized output light was found.

Fig. 4 shows the laser spectra recorded at the incident pump
power of 2.6 W. For the CW operation, as can be found from
Fig. 4(a), there were two different centric wavelength of 2100.7 nm
and 2130.9 nm for two different output couplers mentioned above
with the spectral width of 1.1 nm and 1.7 nm. The laser centric
wavelength was depended on the transmittance of output cou-
pler, and shortened when increasing the transmittance. For the
PQS operation, the output centric wavelength shifted to the shorter
wavelength of 2124.8 nm with the spectral width of 1.0 nm when
the above output coupler with 2% transmission was used as shown
in Fig. 4(b). The output centric wavelength was still 2100.7 nm with
the spectral width of 1.3 nm for the output coupler with trans-
mittance of 10%, as same in CW mode. The shift of the central
wavelength resulted from the varied resonator loss with the trans-
mission of output coupler and the changing emission cross-section
at the different position of emission peak. For the T= 2% output cou-
pler, the inversion population density was very high when the laser
pulse began to build as a result of the intracavity losses increased
greatly when inserting the graphene SA into the cavity, which

Fig. 6. Output coupler of T=10%, Pulse profile with duration of 752.2 ns, the inset
shows pulse train with a repetition frequency of 48.8 kHz.

Fig. 7. Output coupler of T=10%, far field beam profile and the result of M?> mea-
surement.

resulted in the output central wavelength under the PQS operation
blue-shifting relative to the CW operation. When the transmission
of the output coupler is equal to 10%, the Ho:LuAG crystal has the
strongest emission cross-section at 2097 nm and is larger than the
value at 2077 nm and 2025 nm [20]. So, the output wavelength at
the PQS operation and CW operation stained same. Addition, the
central wavelength is unchanged with the increase of the incident
pump power.

Fig. 5(a) showed the pulse width as a function of the incident
pump power. From fig. 5(a), the pulse width decreased from 2.8 s
to 1.43 ps,and 2.6 s to 752.2 ns for different output couplers of the
T=2% and T=10%, respectively. It can be seen that the pulse width
almost decreased as the incident pump power increased. With the
increase of the incident pump power, the inversion population of
the gain increased, when the graphene SA is saturable, the pho-
ton in the resonator increased sharply to result in the shorter pulse
width. Fig. 5(b) shows the pulse repetition frequency versus the
incident pump power for different output couplers. For the two out-
put couplers of the T=2% and T=10%, the pulse repetition increased
with the incident pump power increasing, which were shifted from
15.2 kHz to 38 kHz, and 26 kHz to 48.8 kHz, respectively. It can be
seen that the repetition frequency increased as the incident pump
power increased. With the increase of the incident pump power,
the inversion population of the gain medium increased to generate
larger gain to result in the shorter bleaching time for graphene SA
which increased the pulse repletion rate. Through the above analy-
sis, it was found that the pulse width and pulse repetition frequency
of the Ho:LuAG laser could be effectively controlled by changing the
output coupler and the incident pump power.

The output pulse train and a single pulse of the Ho:LuAG laser
for the T=10%, the maximum incident pump power of 4.3 W were
shown in Fig. 6. As can be seen from the Fig. 6, the shortest pulse
width and pulse repetition frequency were 752.2 ns and 48.8 kHz.
The transverse output beam profile is measured by using 90/10
knife-edge technique. The M? factor was calculated to be 1.1. It can
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be seen from Fig. 7 that the output beam was close to fundamental
transverse electromagnetic mode (TEMgy).

4. Conclusion

In this paper, we demonstrated a resonant pumped CW and PQS
Ho:LuAG laser. The influence of different output couplers on laser
performances was investigated. A maximum CW output power of
0.87W at 2100.7 nm was achieved when the output coupler was
T=10%, corresponding to a slope efficiency of 30.8% and the optical
conversion efficiency of 18.9%. With a graphene SA inserted into the
cavity, the central wavelength was 2100.7 nm for the 10% transmis-
sion output coupler, as same in CW mode. For the 2% transmission
output coupler, the central wavelength shifted from 2130.9 nm to
2124.8 nm. Furthermore, a maximum average output of 0.37 W, and
the highest pulse repetition frequency of 48.8 kHz, and a minimum
pulse width of 752.2 ns were obtained by used the output coupler
of T=10%.
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