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Abstract: A diode-end-pumped self-mode-locked Tm,Ho:LuLiF, (LLF) laser is demonstrated for the
first time, to the best of our knowledge. At the incident pump power of 3.4 W, the stable self-mode-
locked operation of the Tm,Ho:LLF laser was realized without any additional devices in the resonator.
Further increasing the incident pump power to 6.8 W, the maximum average output power of 1.07 W
was achieved at 2068 nm with a pulse width of 746 ps and a repetition frequency of 468 MHz. The
experimental results indicate that the Tm,Ho:LLF crystal is promising to generate the high-power
self-mode-locked solid-state laser at 2 um waveband. The self-mode-locked Tm,Ho:LLF laser has
potential applications in optical communication, remote sensing, material process, and nonlinear
frequency conversion.
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1. Introduction

Ultrafast laser sources emitting around 2 pm spectral region attract intense attention
due to their promising applications in various fields, such as optical communication,
remote sensing, laser surgery, material process, and nonlinear frequency conversion [1-10].
Moreover, such laser sources with high power and picosecond pulses can be used for
improving the resolution in the laser range and reducing the damage densities in pumping
optical parametric oscillators for the generation of frequency combs in the mid-IR spectral
region. Especially, ultrafast 2 um laser sources extend existing ultrafast laser material
processing technology into the mid-IR region. The ultrafast 2 um laser sources make the
possibility of expanding high-precision material processing techniques to materials that
are opaque in the visible and near-infrared spectral ranges but optically transparent in the
2 um region. In the medical field, the picosecond-level pulse duration is short enough to
drive tissue ablation faster than the thermal and acoustic energy transfer processes that
cause damage to the surrounding tissue, but long enough to avoid tissue ionization and
the risks of creating toxic free radicals and fragmenting constituent proteins. Therefore,
high-power picosecond 2 um pulse lasers are of interest for minimally invasive surgery
and better than conventional medical lasers with a pulse duration longer than nanoseconds.
Typically, a solid-state laser around 2 um is achieved using singly thulium (Tm3*)- or
holmium (Ho**)-doped and Tm?3*, Ho" co-doped bulk materials [11-13]. Compared
with the Tm3*-doped laser, the Ho>"-doped laser features the merits of natural emission
slightly above 2 pum based on the electronic transition 51’ —5I® independent of the host
material, which can not only avoid detrimental water vapor absorption/dispersion in the
atmosphere but also realize nonlinear frequency conversion of the nonlinear crystals such
as ZnGeP; [14] and orientation-patterned GaAs [15], which have high absorption losses
at wavelengths shorter than 2 um. However, the narrow-structured gain profiles of Ho>*-
doped laser gain materials limit the generation of ultrafast lasers in singly Ho>*-doped
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mode-locked lasers. In addition, in terms of pump sources, Ho*>*-doped lasers commonly
require the use of Tm>*-doped solid-state or fiber lasers as the pump sources, making the
overall structure more complex. Meanwhile, another approach adopting InP-based laser
diodes with emissions around 1.9 um for Ho>* pumping has not yet reached the level of
technological maturity. The problems of singly Tm**- or Ho®**-doped lasers can be resolved
by co-doping with Tm3* and Ho®* ions. Tm3*, Ho®*" co-doped materials can not only
combine their stimulated emissions and support ultrabroad spectra in the mode-locked
regime [9,16] but also make it possible to use the widely commercial AlGaAs-based laser
diodes emitting near 0.8 pm as the pump sources. Consequently, the 2 pm ultrafast pulse
lasers based on Tm®*, Ho®* co-doped laser crystals have been widely investigated in the
past few years.

To date, 2 pm ultrafast pulse lasers based on Tm3*, Ho®* co-doped materials have
been realized by using actively and passively mode-locked methods [17-27]. In comparison
with the actively mode-locked method, the passively mode-locked method of solid-state
lasers possesses the advantages of compactness, low cost, reliability, and simplicity in
operation. As a result, a considerable number of Tm3*, Ho** co-doped passively mode-
locked lasers have been demonstrated using quantum wells [18], single-walled carbon
nanotubes (SWCNT) [19-21], Cr:ZnS [22], graphene [23], and semiconductor saturable
absorption mirror (SESAM) [9,10,24-27] as the saturable absorbers (SAs). Nevertheless, the
low damage threshold (quantum wells, SWCNT, graphene) and difficulty in manufacturing
processes (SESAM) limit the application prospects of Tm3*, Ho®* co-doped passively
mode-locked lasers. The technique of self-mode-locking (SML), which is based on the Kerr-
lens effect in the gain medium and no additional modulation elements in the resonator,
provides another approach to achieve ultrafast pulse lasers. Since the first SML laser
was realized [28], SML has become a common ultrafast pulse generation technique in the
near-infrared (IR) spectra region owing to the merits of low losses and high efficiency.
As a consequence, the early research on SML mainly focused on Yb>*- and Nd**-doped
solid-state lasers at 1 um waveband [29-36]. However, the realization of SML operation
in mid-IR solid-state lasers is more challenging because the Kerr-lens effect is weaker
in the mid-IR wavelength range than in the near-IR wavelength range [7], resulting in
no reports on mid-IR SML until the first Kerr-lens SML Tm3*:Sc, O3 laser at 2.1 pm was
demonstrated in 2017 [37]. Therefore, up to now, only a few works have been reported
on SML solid-state lasers at 2 um waveband. In 2017, Tokurakawa et al. reported on
the first Kerr-lens SML Tm?3*:Sc,05 laser at 2.1 um by exploiting a standard Z-shaped
cavity and an Er:Yb fiber master oscillator power amplifier at 1611 nm as an in-band pump
source. The maximum average output power was 1 W with a pulse repetition frequency
of 95 MHz [37]. In 2019, by adopting a Tm**-doped fiber laser, an SML Ho:YAG laser
at 2128.36 nm was achieved. The maximum average output power was 4.27 W with a
pulse repetition frequency of 656.6 MHz and a pulse width of 471.6 ps [38]. Subsequently,
several SML lasers were successfully realized using other Tm>*-doped and Ho**-doped
laser crystals [39—41]. According to the advantages of Tm**, Ho** co-doped in mode-locked
lasers mentioned above, Tm3*, Ho** co-doped laser gain media have been investigated
in realizing SML lasers. For example, the SML Tm?®*, Ho?* co-doped laser composed of a
Tm,Ho:CALGO crystal pumped by a Ti:sapphire laser [42], which delivered mode-locked
pulses at 2038 nm with a maximum average output power of 423 mW. It is worth noting
that the above research about Tm3*, Ho>* co-doped SML solid-state lasers near 2 pm mainly
focuses on Tm3*, Ho®* co-doped oxide materials. However, there is no report on 2 pm SML
solid-state lasers based on Tm3*, Ho3* co-doped fluoride materials so far.

Among the Tm3*, Ho’* co-doped materials, Tm,Ho:LuLiF, (LLF) is a kind of excellent
laser crystal for generating 2 um lasers, benefited by high birefringence, a long upper
state lifetime, a large emission cross-section, and favorable thermo-optical and thermos-
mechanical properties [43]. Its thermal conductivity (a-axis), linear expansion coefficient
(a-axis), and thermal coefficient of refractive index dn/dT (m-polarization) are 5 Wm~1K~!,
13.6 x 107® K71, and —6 x 107° K71, respectively [44]. In the past years, the continu-
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ous wave (CW), Q-switched, and passive mode-locking of Tm,Ho:LLF lasers have been
realized [22,26,45]. In 2017, Zhang et al. reported on a diode-end-pumped passively Q-
switched mode-locking Tm,Ho:LLF laser using a Cr:ZnS saturable absorber. The maximum
average output power was 145 mW, and the width of the mode-locked pulse was estimated
to be less than 682 ps with a 250 MHz repetition frequency within a Q-switched pulse
envelope of about 700 ns [22]. Significantly, the implementation of the passively mode-
locked Tm,Ho:LLF laser indicates that the Tm,Ho:LLF crystal is a promising candidate for
realizing mode-locked lasers in the 2 um spectra region. Nevertheless, to the best of our
knowledge, the SML Tm,Ho:LLF laser has not been reported to date.

In this paper, an SML Tm,Ho:LLF laser at 2068 nm is demonstrated for the first time,
to the best of our knowledge. The threshold pump power of the SML Tm,Ho:LLF laser
was as low as 3.4 W, and the maximum average output power of 1.07 W was achieved at
the incident pump power of 7.8 W. The pulse repetition frequency and pulse width were
468 MHz and 746 ps, respectively.

2. Experimental Setup

A schematic diagram of the diode-end-pumped SML Tm,Ho:LLF laser is shown in
Figure 1. A Tm,Ho:LLF crystal cut along the a-axis with the dimensions of 4 mm x 4 mm
x 2.5 mm and the dopant concentrations of 5 at.% Tm3* and 0.5 at.% Ho>" was used as
the laser gain medium. Both end surfaces of the crystal were coated with antireflection at
792 nm and 2 um. The laser crystal was wrapped with indium foil and tightly mounted
into a brass sink heat, which was maintained at the cooling temperature of 10 °C with
a thermoelectric cooler. The pump source was a fiber-coupled laser diode (LD) with a
central wavelength of 792 nm and a maximum output power of 50 W. The diameter and
numerical aperture of the fiber core were 400 pm and 0.22, respectively. The pump beam
was focused into the Tm,Ho:LLF laser crystal with a 1:1 coupling optics system yielding
a pump spot radius of 200 um in the laser gain medium. A simple plane-concave cavity
configuration consisting of the input plat mirror M1 and output coupler M2 was utilized for
achieving the SML Tm,Ho:LLF laser in the experiment, and the optical length of the cavity
was approximately 320 mm. The incident facet of the input plat mirror M1 was coated with
antireflection at 792 nm, and the other facet was coated with high transmittance at 792 nm
and high reflection around 2 pm. A plane concave mirror M2 with a 300 mm curvature
radius was chosen as the output coupler with 94% reflection around 2 pym.

Coupling M1 M2
Lenses

Tm,Ho:LLF

2068 nm laser

Figure 1. Experimental setup of the SML Tm,Ho:LLF laser.

In the experiment, a power meter (Molectron PM10) was used to measure the average
output power of the Tm,Ho:LLF laser. The optical spectrum of the output laser was
analyzed with a spectrum analyzer (Bristol Instruments 721A). The temporal characteristics
of the SML laser were detected with a high-speed InGaAs photodetector (Electro-Optics
Technology, ET-5000) with a bandwidth of 12.5 GHz, and the output signals were recorded
with a digital oscilloscope (Keysight Technologies MSOS804A) with an electrical bandwidth
of 8 GHz and a sampling rate of 20 GSa/s. The output signals of the photodetector were
also analyzed with a ratio frequency spectrum analyzer (Rohde & Schwarz, FSEK30) with a
bandwidth of 40 GHz. For evaluating the beam quality of the output laser, a beam analyzer
(Electrophysics, Micron Viewer 7920A) was applied to record the transverse output beam
profile of the SML Tm,Ho:LLF laser.
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3. Results and Discussion

Initially, the maximum CW operating performance of the Tm,Ho:LLF laser was inves-
tigated. The CW output power with respect to the pump power is shown in Figure 2.
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Figure 2. Output power as a function of incident pump power for the CW Tm,Ho:LLF laser. Insets:
the oscilloscope traces of the CW Tm,Ho:LLF laser with two different time spans of (a) 20 us and
(b) 20 ns.

When the incident pump power was lower than 2 W, the laser resonator was in an
unstable state and the laser did not oscillate. Increasing the pump power to 2 W, the
laser cavity turned to be stable, resulting from the effect of the thermal lens; meanwhile,
the output power jumped from 0 to 0.2 mW. By gradually increasing the pump power,
the output power increased linearly with the pump power. In addition, the laser always
operated in the CW state in the process of changing incident pump power. The real-time
temporal behaviors of the output laser for various pump powers displayed no self-pulsing
or mode-locked pulsing phenomenon, as illustrated in the insets of Figure 2, which verified
the CW operation of the Tm,Ho:LLF laser. The output power reached a maximum of 1.28 W
at the incident pump power of 6.8 W, corresponding to a slope efficiency of 23%.

On the basis of the maximum CW operation of the Tm,Ho:LLF laser, by slightly tilting
the output coupler M2, finely adjusting the pump spot position in the Tm,Ho:LLF crystal,
and carefully regulating the distance between the input mirror M1 and the Tm,Ho:LLF
crystal, the SML operation of the Tm,Ho:LLF laser was successfully realized. Figure 3a
indicates the average output power of the SML Tm,Ho:LLF laser as a function of the
incident pump power. It can be found that the average output power linearly increased
with the incident pump power. In the process of increasing pump power from 2 W to
2.68 W, the Tm,Ho:LLF laser operated in the CW state. Further increasing pump power, the
Tm,Ho:LLF laser went into the unstable SML regime, and the SML pulses were extremely
unstable with weak peak-to-peak stability. Moreover, it should be mentioned that the
Tm,Ho:LLF laser directly switched from the CW mode to the SML state, and the self-
pulsing phenomenon that appeared in the SML Tm:YAG laser was not observed [39].
The Tm,Ho:LLF laser operates slightly above 2 um avoiding the water vapor absorption,
which might result in the absence of self-pulsing for the Tm,Ho:LLF laser in the process of
switching operation states. With the incident pump power scaling up to 3.4 W, the stable
SML operation of the Tm,Ho:LLF laser was realized. Compared with the SML Tm:YAG
laser, the threshold pump power of the SML Tm,Ho:LLF laser was much lower because
there was no need to suppress the self-pulsing. The maximum average output power
was found to be 1.07 W at the incident pump power of 6.8 W, and the corresponding
slope efficiency was 19.6%. In the passively mode-locked Tm,Ho:LLF laser based on the
SESAM, the maximum average output power and slope efficiency were 234 mW and 12.5%,
respectively [26]. In contrast, the SML Tm,Ho:LLF laser had a higher efficiency because
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there are no additional mode-locking devices in the resonator, so the cavity losses were
significantly decreased.
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Figure 3. (a) Average output power as a function of incident pump power for the SML Tm,Ho:LLF
laser. (b) Output spectrum for the SML Tm,Ho:LLF laser.

Figure 3b describes the optical spectrum of the SML Tm,Ho:LLF laser with respect to
the incident pump power of 6.8 W. It can be seen from Figure 3b that the central wavelength
of the SLM Tm,Ho:LLF laser was 2068 nm with a spectral bandwidth of 1.2 nm. A Glan
prism was used to measure the polarization of the SML Tm,Ho:LLF laser. It was found that
the output laser was m-polarized along the c-axis of the laser crystal.

The real-time temporal behavior of the SML Tm,Ho:LLF laser recorded at the incident
pump power of 6.8 W for two different time spans of 20 us and 20 ns is shown in Figure 4,
which manifested the stability of the SML Tm,Ho:LLF laser. From Figure 4b, it can be
observed that the time interval of two neighboring pulses is 2.1 ns, which means the pulse
repetition rate of the SML Tm,Ho:LLF laser is approximately 468 MHz, corresponding to
the fundamental repetition rate of the 320 mm optical cavity length. The pulse width at the
maximum output power of 1.07 W was measured to be 746 ps, which is close to the real
value because the MSOS804A digital oscilloscope (with an electrical bandwidth of 8 GHz)
and the ET-5000 high-speed InGaAs PIN photodetector (with a bandwidth of 12.5 GHz) are
able to measure such a pulse with over 125 ps.

2 ps/div

Figure 4. The temporal pulse trains of the SML Tm,Ho:LLF laser with two different time spans of
(a) 20 ps and (b) 20 ns, respectively.

It should be noted that in the previous research on the 2 um Tm3*, Ho** co-doped
mode-locked laser, a Ti:sapphire laser was commonly used as the pump source due to
its good beam quality and high brightness. Compared with the Ti:sapphire laser, the LD
pump source has the advantages of low cost and compactness. However, the intrinsic
weak brightness of LD makes it difficult for the pump mode to match the tightly focused
laser mode, resulting in the challenges of suppressing the Q-switched mode-locking and
obtaining a strong enough Kerr-lens effect for generating ultrafast pulses. As a result,
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the laser pulse duration of an LD-pumped Tm3*, Ho*" co-doped mode-locked laser is
mainly in the range of picosecond [10], corresponding to a narrow mode-locking spectrum.
Consequently, the pulse duration of the LD-pumped SML Tm,Ho:LLF laser achieved in
this research is much longer than other mode-locked Tm3*, Ho®** co-doped lasers pumped
by a Ti:sapphire laser pump source [9,27,42].

To further evaluate the stability of the SML Tm,Ho:LLF laser, the radio-frequency (RF)
spectrum was also measured at the incident pump power of 6.8 W, as shown in Figure 5a.
It can be seen from Figure 5a that the RF spectrum has a signal-noise ratio of ~41 dB,
revealing the relatively high stability of the SML Tm,Ho:LLF laser. Furthermore, there are
not any side peaks near the center peak of 468 MHz, as illustrated in Figure 5a, which
further proves that the Tm,Ho:LLF laser operated in the mode-locking mode instead of the
Q-switched mode-locking state or relaxation oscillation. In addition, the pulse repletion
rate of ~468 MHz is in agreement with the laser cavity length of 320 mm.
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Figure 5. (a) Fundamental ratio frequency spectrum of the SML Tm,Ho:LLF laser with the resolution
bandwidth of 10 kHz. (b) Beam radius of the SML Tm,Ho:LLF laser as a function of distance, and the
inset shows the transverse beam profile.

The transverse output beam profile of the SML Tm,Ho:LLF laser at the incident pump
power of 6.8 W was measured, as shown in the inset in Figure 5b. The output beam was
close to the fundamental transverse electromagnetic mode (TEMy). The beam radii at
different positions along the beam propagation direction were measured using the method
of traveling knife-edge, as shown in Figure 5b, and the fitted beam quality factor for the
SML Tm,Ho:LLF laser was 1.16.

4. Conclusions

We demonstrated a diode-end-pumped SML Tm,Ho:LLF laser at 2068 nm with a
simple two-mirror cavity for the first time, to the best of our knowledge. The threshold
pump power of the stable SML Tm,Ho:LLF laser was as low as 3.4 W, and the maximum
average output power was 1.07 W at the incident pump power of 6.8 W, corresponding
to a slope efficiency of 19.6%. The pulse width and repetition frequency were 746 ps and
468 MHz, respectively. The output laser had a good beam quality with an M? factor of
1.16. The experimental results indicate that the Tm,Ho:LLF crystal is a promising gain
medium for realizing the SML solid-state laser in the 2 pym wavelength range. The SML
Tm,Ho:LLF laser has potential applications in optical communication, remote sensing,
material processing, and nonlinear frequency conversion.
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