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1. Introduction

Mid-infrared ultrafast laser sources exhibit a distinctive output
wavelength and extremely narrow pulse duration (picosecond to
femtosecond level), leading to many significant applications!".,
As well-known, the 2-5 pm spectral range in the mid-infrared
region covers numerous absorption peaks of many atoms
and molecules, also referred to as the molecular fingerprint
region'>*), It is worth noting that water molecules tend to exhibit
a significant absorption peak, especially around 3 pm. Therefore,
the 3 pm ultrafast laser has a unique application in laser surgery,
often referred to as the “golden scalpel” for its precision'®’.
Additionally, mid-infrared 3 pm mode-locked lasers can be
employed for optical frequency comb generation!®), serving as
pump sources for mid-infrared supercontinuum light'”). These
mid-infrared light sources find crucial applications in mole-
cular spectroscopy, remote sensing, optical communication,
and other related fields.

In the past, mid-infrared ultrafast laser sources were mainly
produced by the optical parametric oscillator (OPO) and quan-
tum cascade laser'®™'°), which has many problems such as gen-
erally high price, complex construction, and low conversion
efficiency. In recent years, the mode-locked fluoride fiber laser
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To the best of our knowledge, this is the first time that a mid-infrared Er**:CaF,-SrF, laser has achieved continuous-wave
mode-locked operation by a semiconductor saturable absorber mirror. The laser emits a maximum output power of 93 mW
at 2.73 um with a repetition rate of approximately 69 MHz and demonstrates a high signal-to-noise ratio of around 71 dB. In
addition, a MgF, birefringent plate was utilized to enable wavelength tuning of the Er**:CaF,-SrF, laser, resulting in operation
at approximately 2.73 pm, 2.75 um, 279 um, and 2.81 pm. These results demonstrate that Er**:CaF,-SrF, is a promising
alternative for the generation of efficient diode-pumped mode-locked lasers around 2.8 pum.

Keywords: mid-infrared laser; mode-locked laser; tunable wavelength.

has emerged as a simple and economic way to directly generate
ultrashort pulses in the mid-infrared rangel''~**\. Despite the
flexible output, compact structure, and high beam quality of
the mid-infrared fiber laser utilizing soft glass fiber, there remain
several unresolved issues, including poor mechanical strength,
low softening point of glass, and susceptibility to deliques-
cence'®). The stability of the rare-earth-ion-doped mid-
infrared solid-state laser has garnered significant attention from
researchers, as it enables high power laser output and facilitates
ultrafast laser applications''” 1,

Er’" and Ho*" are the commonly used rare-earth ions
employed as the active ions in the 3 pm solid-state laser. In
the latest development, researchers have reported the operations
of solid-state lasers with Q-switched mode-locking at a wave-
length of 3 um. In 2018, our team successfully utilized a semi-
conductor saturable absorber mirror (SESAM) to achieve a
2.7 pm Q-switched mode-locked laser in Er:CaF,-SrF, crystal,
marking a significant result with the pulse duration of the
mode-locked sequence on the order of nanoseconds'??.. In the
same year, Xue et al. reported a stable Q-switched mode-locked
2.7 pm Er:Y,0; ceramic laser by using a SESAM, and the pulse
duration of the mode-locked sequence was less than 1.43 ns!**),
In their study, Yang et al utilized a SESAM to generate
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Q-switched mode-locked pulse laser output in a Ho, Pr:LiLuF,
medium. The mode-locked sequence exhibited a pulse duration
of approximately 640 ps'**!. In 2019, Svejkar and colleagues were
able to achieve passive Q-switched mode-locking in an Er:Y,0,
crystal, resulting in mode-locked sequences with pulse durations
of about 86 ps®’!. To our understanding, there have not been
any reports regarding the operation of a continuous wave
mode-locked (CWML) laser for a diode-pumped mid-infrared
3 pm solid-state laser using Er**-doped or Ho** -doped crystals.
In addition, CaF, and SrF, crystals have a fluorite structure,
which is used in this study and is known for its ease of growth
to a large size, providing convenience for industrialization.

In this study, we have successfully shown the first demonstra-
tion of a passive CWML laser using a compact W-type cavity,
based on the Er**:CaF,-SrF, crystal. The CWML laser reached
a maximum power of 93 mW, while maintaining a repetition
rate of 69.03 MHz and achieving a high signal-to-noise ratio
of approximately 71 dB. Besides, the wavelength-tunable laser
emitting around 2.8 pm was obtained by using a MgF, birefrin-
gent plate (BF).

2. Experiments

In this experiment, a commercial fiber-coupled single-tube laser
diode (LD) emitting a wavelength locked at 976 nm was used as
the pumping source. The LD had a core diameter of approxi-
mately 105 pm and a numerical aperture (NA) of 0.15. A 1:2
compression ratio coupling system was used to inject the pump
laser into the gain medium, and a W-type folded cavity was used
for this experiment in Fig. 1. The laser power and waveform can
be monitored simultaneously with two output beams output
behind the output coupler (OC). The input mirror (IM) is a flat
mirror that has a high-reflection (HR) coating for 2.7-2.95 pm
and an anti-reflection (AR) coating for 970-980 nm. The M2
and M3 folding mirrors are set at an angle with curvature radii
of 200 mm and 100 mm, respectively. Both mirrors were coated
with HR material for wavelengths between 2.7 and 2.95 pm. The
OC has a transmission of 1% at 2.7-2.95 pm and a curvature
radius of 500 mm. The mirror M4, which has an HR coating
for 2.7-2.95 pm, has been configured for continuous wave
(CW) laser operation. Likewise, the SESAM has also been con-
figured for CWML laser operation. The gain medium was an
uncoated Er’*T:CagSro,F, crystal with an Er’t doping
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Fig. 1. Schematic setup of the mode-locked Er:CaF,-SrF, laser at 2.73 pm.
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concentration of 3.0% (atomic fraction). The crystal was care-
fully placed in a copper block that was maintained at a stable
temperature of 12°C through the use of circulating cooling
water. Additionally, both ends of the crystal were expertly pol-
ished, and it had precise dimensions of 3 mm X 3 mm X 10 mm.
It is also important to mention that the laboratory maintains a
humidity level of approximately 12%. The laser mode radius of
the laser crystal in the W-type cavity is about 110 pm, while the
laser mode radius on the SESAM was estimated to be about
35 pm using the ABCD matrix transformation theory.
Additionally, the length of the W-type resonator was measured
to be roughly 2.17 m.

3. Results and Discussion

For the laser tuning operation, we selected a V-type resonant
cavity. The pumping source, IM, and the fold mirror M2 are
the same as Fig. 1. There is an additional plane mirror, labeled
as OC, which has a transmission of 3% for wavelengths between
2.7 and 2.95 pm. A MgF, BF was positioned at the Brewster
angle within the cavity, and it had a thickness of 1 mm. At an
incident pump power of 2.5 W, by rotating the MgF, BF, a
wavelength-tunable Er’T:CaF,-SrF, laser was operated discon-
tinuously among 2.73 pm, 2.75 pm, 2.79 pm, and 2.81 pm. The
separated tuning wavelengths were shown in Fig. 2. Xu et al. also
realized the operation of the tunable laser in Er:Y,0; ceramic,
and the obtained tuned spectral lines are also discontinuous!**’.

In Fig. 3, we can see the dependency of the average output
power on the absorbed pump power for both CW and passively
mode-locked operation. The CW laser output characteristics
have been investigated with a plane reflecting mirror (M4)
instead of a SESAM. For the CW laser operation, the maximum
output power was 304 mW, while the slope efficiency was
approximately 11.5%. By precisely adjusting the cavity mirrors
and ensuring the absorbed pump power exceeds 1.92 W, the
SESAM (BATOP GmbH, SAM-2400-1-10ps) enabled the laser
to operate in the CWML mode. The maximum output power of
93 mW in the CWML mode was obtained, while the slope effi-
ciency was approximately 3.6%.
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Fig. 2. Tunable wavelength of Er:CaF,-SrF, laser.
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Fig. 3. For the W-type resonator, average output powers versus absorbed
pump powers for both CW and passively CWML laser operation.
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Fig. 4. Oscilloscope recorded typical CWML pulse trains for various time
scales.

Figure 4 displays the mode-locked pulse sequences captured
at various time scales through the utilization of a Tektronix
DPO4104 digital oscilloscope. The oscilloscope was connected
to a mid-infrared HgCdTe photodetector to obtain the pulse
optical signal. Additionally, the radio frequency (RF) spectra
in Fig. 5 were recorded using a Rohde & Schwarz-FSC spectrum
analyzer with different sweep ranges. Figure 5(a) presents a

Fig. 5. The RF spectra of the CWML laser were recorded for different sweep
ranges.
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Fig. 6. (a) Spectra of the Er:CaF,-SrF, lasers in the CW and CWML regime;
(b) laser beam profile; (C) 3D light intensity distribution recorded for the
CWML laser operation.

signal-to-noise ratio of ~71dB with the sweep range of 67.5-
71 MHz at a resolution bandwidth (RBW) of 1 kHz. Figure 5(b)
presents higher order harmonic signal with the sweep range of
0-500 MHz at an RBW of 30 kHz.

As can be seen from the Fig. 6(a), the laser emission spectra
for CW and CWML mode were recorded by an optical spectrum
analyzer (SOL-MS3504i). The CW laser has a central wave-
length of 2728.0 nm and an FWHM of about 0.58 nm. For
the CWML mode, the central wavelength of 2727.5 nm obtained
an FWHM of approximately 1.72 nm, using the Gaussian fit.
Based on the spectrum and its spectral width, we can make
an estimate of the pulse width. The theoretical pulse width Az
was determined by the following equations:

4

Av=/12

A, (1)

Av X At =0.4412, 2)

where A1 was the linewidth of the CWML laser emission spec-
trum. The minimum pulse width can be calculated to be about
6.4 ps in theory, so the actual pulse duration was on the order of
10 ps. However, due to the CWML laser with two output beams,
the single beam power is too low to measure the actual pulse
duration by the commercial autocorrelation instrument. With
the limitation of SESAM wavelength, we only achieve mode-
locking at 2.73 pm at the short wavelength of the tuning laser.
Long-band mode-locking can be achieved in the near future
with an optimized SESAM. Figures 6(b) and 6(c) display the
laser beam profile and light intensity distribution, respectively,
which were recorded by a detector. The results indicated that the
generated beam had an excellent TEM,, transversal profile.

4. Conclusion

In conclusion, it can be stated that a mid-infrared
Er**:CaF,-SrF, laser has been successfully operated at
2727.5 nm in CWML operation using a SESAM. The maximum
output power reached 93 mW, while the repetition rate was
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69.03 MHz. The CWML laser also has a high signal-to-noise
ratio of approximately 71 dB. Using a MgF, BF, a wave-
length-tunable laser emitting around 2.8 pm was obtained based
on this crystal. These results indicated that Er**:CaF,-SrF, crys-
tal is promising for the generation of ultrashort pulse lasers in
the mid-infrared region.
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