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Abstract: Developing new saturable absorbers for use in the mid-infrared region has practical significance for short-pulsed lasers
and related scientific and industrial applications. The performance of gold nanorods (GNRs) as saturable absorbers at novel
mid-infrared wavelengths needs to be evaluated even though these benefit from ultrafast nonlinear responses and broadband
saturable absorption. Passive Q-switching of an LD-pumped 2.3 pym Tm:YLF laser using GNRs was successfully realized in this
study. Pulses with an 843 ns pulse width and a 6.67 kHz repetition rate were achieved using this Q-switched laser. Results showed

that GNRs provide promising passive Q-switches for 2.3 um Tm-doped lasers.
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1 Introduction

The output wavelengths of thulium lasers can
cover a wide range from the near- to mid-infrared
regions because of the abundant energy level structure
of Tm* (Allain et al., 1989; Huang et al., 2017a;
Wang H et al., 2017). The most popular laser transi-
tion, 3F4—>3H6, around 2 um has been studied exten-
sively and widely applied across many fields. Re-
cently, however, another transition, 3H4—>3H5, has
been shown to exhibit increasing potential for de-
veloping 2.3 pm thulium lasers (Guillemot et al.,
2019, 2020; Morova et al., 2020; Muti et al., 2020).
As the lower-level 3H5 lies far away from the ground

¥ Corresponding author
" Project supported by the National Natural Science Foundation of
China (Nos. 61875077 and 61911530131) and the Natural Science
Foundation of the Jiangsu Higher Education Institutions of China (No.
18KJAS510001)

ORCID: Fu-yan WU, https://orcid.org/0000-0003-2755-1518;
Hai-tao HUANG, https://orcid.org/0000-0002-2721-221X
© Zhejiang University and Springer-Verlag GmbH Germany, part of
Springer Nature 2020

CLC number: TN248.1

state “H (with energy greater than 8000 cm '), a
2.3 wm laser transition can be characterized as a
four-level scheme. In contrast, a 2 um laser transition
faces the reabsorption effects induced by thermally
populated ground level 3He. Thus, from an application
perspective, a 2.3 pum laser is located within the strong
absorption zone of CHy, CO, and N,O according to
the HITRAN database. Biological tissue has a much
weaker absorption in the 2.3 um region than in the
2 um region due to weak water absorption. This
means that a 2.3 um thulium laser using the *Hs—Hs
transition has important potential applications in
medical diagnosis and gas detection (McAleavey
et al., 1997; Olesberg et al., 2005; Chao et al., 2013).

Note that 2.3 pm thulium lasers were initially
focused on Yb and Tm co-doped materials (Diening
et al., 1998). Thus, given about 976 nm laser diode
(LD) pumping, the *Hy level of Tm®* can be populated
via a multistep energy transfer from Yb>" to Tm®".
This population process involves complex energy
transfers and back transfer of Tm—Yb (Braud et al.,
2000); however, Tm®" single-doped materials can
support a more efficient population mechanism
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(Sudesh and Piper, 2000). Upper-level Hy4 can be
populated by direct transition of *H¢—>Hj with about
800 nm pumping. The laser performance of the
3 H4—>3H5 transition in Tm:YLF lasers has been ex-
tensively studied; indeed, given a 780 nm Ti:sapphire
laser for pumping, 200 mW continuous wave (CW)
output power at 2.3 um has been achieved (Pinto et al.,
1994). One reason for choosing a 780 nm pumping
wavelength is that it corresponds to the maximum
peak of a m-polarized absorption spectrum of Tm:YLF.
Research has also shown that a microsecond
Q-switched 2309 nm Tm:YLF laser using Cr*":ZnSe
can be realized, generating a 1.2 ps pulse width and
27 mW average output power (Canbaz et al., 2017a).
Similarly, mode locking of a 2.3 um Tm:YLF laser
based on Kerr-lens and SESAM is realized with
Ti:sapphire laser pumping (Canbaz et al., 2017a,
2017b; Soulard et al., 2017). Limitations of low
output power and complex structure of a Ti:sapphire
laser mean that a cost-effective, higher-output 2.3 um
Tm-doped laser should be explored. Commercially
available AlGaAs LDs at 0.8 um can easily be used to
pump 2.3 pm Tm-doped lasers (Yorulmaz and Sen-
naroglu, 2018). We have recently developed an LD
end-pumped Q-switched Tm:YLF laser using a
ReSe;-based saturable absorber (SA), outputting op-
timal pulse parameters of 486 mW, 716 ns, and
5.0 kHz (Wang SQ et al., 2019a). The 2.3 and 1.9 pm
dual-wavelength Cr*":ZnSe-based Q-switching oper-
ation of a Tm:YLF laser was also achieved via
785 nm LD pumping (Huang et al., 2019).

Exploring new types of low-dimensional mate-
rials has practical significance for developing opto-
electronic devices, including photodetectors, batteries,
and short-pulsed lasers (Li PF et al., 2017; Song et al.,
2017; Ge et al., 2018; Guo et al., 2018; Ji et al., 2018;
LiZJetal.,2018; Maetal.,2018; Wuetal., 2018; Xie
et al., 2018, 2019a; Wang SQ et al., 2019b; Zhang et
al., 2019). In this context, gold nanorods (GNRs) have
become popular as nanomaterials because of their
morphology-dependent anisotropic optical properties.
Acting as saturated absorbers, GNRs have a number
of clear comparative advantages. As a result of their
surface plasmon resonance (SPR) effects, GNRs can
introduce a strong electromagnetic field enhancement
in the subwavelength local space, which greatly
promotes interactions with light. The resultant low
saturation strength is beneficial for realizing the

low-threshold passive Q-switching operation. The
saturable absorption effect of GNRs also has a wide-
band response ranging from the visible to mid-
infrared, where the central SPR wavelength can be
tuned by changing the size of GNRs. Plasmonic res-
onance is also polarization-dependent, related to
GNR collective orientation. These nanorods are also
easy to composite with other nanomaterials to realize
the optimization of saturable absorber performance as
well as the development of new functions (Xing et al.,
2017; Xie et al., 2019b, 2020a, 2020b). GNRs have
also been used successfully as SAs in near- to
mid-infrared short-pulsed lasers (Huang et al., 2015;
Luo et al., 2019; Qian et al., 2019). However, because
of their ultrafast nonlinear optical responses and
broadband SPR tunability, the Q-switching perfor-
mance of GNRs SA at 2.3 um remained unstudied.

GNRs were exploited as SA in this study to re-
alize the 2.3 pm passive Q-switching of an LD-
pumped Tm:YLF laser. Q-switched pulses with
843 ns pulse width, 6.67 kHz pulse repetition rate, and
320 mW average output power were obtained from
this GNR-based pulsed laser.

2 Experimental setup

The sketch in Fig. 1 shows the LD end-pumped
2.3 ym Tm:YLF laser used in this analysis. The
fiber-coupled CW LD pumping source had a central
wavelength of 785 nm, while the core diameter and
LD output fiber number aperture were set at 400 um
and 0.22 um, respectively. A 1:1 optical collimator
was used to couple LD radiation into the laser crystal.
The input mirror M1 (plano-concave, 100 mm cur-
vature radius) used for this experiment had antire-
flection coatings between 0.76 pum and 0.81 um on
one surface, while the other had high-reflection
coatings between 2.25 um and 2.38 um as well as
high-transmission coatings between 0.76 pm and
0.81 um. The a-cut, 4 mmx4 mmx8 mm, 1.5 at. %
Tm:YLF was placed in a water-cooling heat sink with
the cooling temperature set at 18 °C. The Tm:YLF
was antireflection-coated between 0.76 um and
0.81 um and between 2.25 pum and 2.38 pm on
light-passing surfaces. The plane output coupler was
partial-reflection coated with 1.5% transmissions
between 2.25 um and 2.38 pum on one surface and
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antireflection-coated between 2.25 um and 2.38 pm
on the other. The physical length of the resonator was
30 mm.

Laser diode
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Fig. 1 Sketch of the LD-pumped Tm:YLF laser used in
this analysis

3 Experimental results and discussion

At the point where the absorbed LD pump power
attained 1.2 W, the Tm:YLF laser started to oscillate.
The longer upper-level lifetime of 1.5 at. % Tm:YLF
(0.86 ms) enabled the *H,4—Hs; transition to achieve a
low oscillation threshold. An optical spectrum ana-
lyzer (AQ6375, Yokogawa, Japan) was then used to
record the laser spectrum (Fig. 2). Multiple wave-
lengths around 2306 nm were observed in the CW
laser operation, which should be induced by the
broadband fluorescence spectrum of *H,— H; transi-
tion in Tm:YLF. Variations in output power with
absorbed LD pump power in the CW operation are
shown in Fig. 3; when a maximum available absorbed
LD pump power of 7.2 W was reached, 1.15 W output
power was obtained.

GNRs were exploited as SA because of their
significant Q-switching performance when used in a
2 um thulium laser (Huang et al., 2016, 2017b). The
average aspect ratio of GNRs (XFNANO) was 15;
Fig. 4 presents the absorption spectrum measured
using a spectrophotometer (Lambda 950, Perki-
nElmer, USA). Because of water absorption around
2 um, the absorption spectrum of GNRs was meas-
ured with a non-solution-based sample (dry state).
Absorption induced by the SPR of GNRs can be ex-
tended to the 2.3 pum region; thus, to minimize addi-
tional insertion loss, a GNR-based saturable output
coupler (SOC) was also fabricated. The GNR-
solution was drop-casted on the surface using 1.5%
transmission coatings of the output coupler, and a

room temperature slow-drying procedure was fol-
lowed. The small-signal transmission of SOC at
2300 nm was measured to be about 0.8% while
Q-switched pulses were captured with an oscilloscope
(DPO7104C, Tektronix, USA) and a photodetector
(Det10D, Thorlabs, USA).
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Fig. 2 Lasing spectrum of the LD-pumped Tm:YLF laser
alongside the fluorescence spectrum
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Fig. 4 Absorption spectrum of GNRs used in this
experiment
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The oscillation threshold for the GNR
Q-switched laser was then raised to 3.5 W. A maxi-
mum average output power of 320 mW was achieved
in this case, corresponding to an 8.6% slope efficiency.
The ratio of the maximum output power in the passive
Q-switching and continuous-wave case was 27.8%,
and further spectral measurements showed that there
was no difference in the output spectrum between
Q-switching and the CW operation. The polarization
states of the output laser beam in CW and passive
Q-switching were measured as n-polarized.

The data presented in Fig. 5 showed the de-
pendence of pulse characteristics (pulse repetition
rate and pulse width) on absorbed LD pump power. A
2.25 ps pulse width and a 1.1 kHz pulse repetition rate
were obtained slightly above the lasing threshold.
Indeed, when the absorbed LD pump power was
raised to 7.2 W, the pulse repetition rate was raised to
6.67 kHz, and the pulse width was narrowed to 843 ns.
The data in Fig. 6 revealed the pulse shape with a
minimum pulse width of 843 ns; in comparison with
the 1.2 ps pulse width obtained in the Q-switched
Tm:YLF/Cr:ZnSe laser (Canbaz et al., 2017a), the
GNR Q-switched pulse achieved here was greatly
reduced to the nanosecond region. It is clear that LD-
pumped nanosecond 2.3 um laser sources will have
applications in pumping mid-infrared optical para-
metric oscillators.

4 Conclusions

The absorption spectrum of GNRs was extended
to the 2.3 pm region using nanorods with a large
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Fig. 6 Shape of the 843 ns pulse

aspect ratio. Passive Q-switching of an LD-pumped
23 um Tm:YLF laser using GNRs as SA was
demonstrated in this experiment. Nanosecond passive
Q-switching operation using GNRs as SA was real-
ized, generating pulses with optimal pulse parameters
of 320 mW, 843 ns, and 6.67 kHz. The results of this
analysis showed that GNRs provide promising pas-
sive Q-switches for 2.3 um thulium lasers. In light of
their broadband and smooth nonlinear absorption
characteristics, GNR-based SAs have considerable
potential in simultaneously generating multi-
wavelength pulses from thulium lasers.
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