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Fig. 1 Schematic of experimental setup of 976 nm pump laser
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Fig. 3 Power output characteristics of 976 nm laser. (a) Output power versus pump power; (b) stability test of output power
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Abstract

Objective 2.8 pum pulsed laser sources are ideally suited for medical applications, since the absorption of water in
this wavelength range is quite strong (~10' cm '). As human tissue contains a large amount of water, the laser
penetration depth of mid-IR light is only in the order of a few or a few tens of micrometers, which allows for highly
precise cutting of biological tissue. At present, pulsed lasers with a high peak power are mainly obtained by active
mode locking and passive mode locking. However, 2.8 pm mode-locked lasers are not only limited by the active and
passive modulation devices, but also face the system stability problems associated with the mode-locking technology.
Based on semiconductor saturable absorber mirrors and new two-dimensional material saturable absorbers such as
graphene, black phosphorus and transition metal dichalcogenides, the generation of a 2.8 pm mid-infrared fiber
passive mode-locked pulsed laser has been realized. However, these saturable absorbers are faced with problems such
as easy damage to devices and long-term performance degradation due to deliquescent and oxidation. In addition, the
“artificial saturable absorber” material based on the nonlinear polarization rotation evolution (NPE) effect is also
used to realize the generation of mode-locked pulses in the 2.8 pm band. For NPE passive mode-locked fiber lasers,
environmental factors such as external temperature and strain have a serious impact on the start and operation of
mode-locking. Changes in the environment can easily change the polarization state and cause the system to lose lock.
In this article, we report a 2.8 pm mid-infrared synchronously pumped mode-locked fiber laser. This method does
not require any active and passive modulation devices to be inserted into the resonator, and does not cause damages
to the modulation devices. Therefore, fiber lasers based on the synchronous pump mode locking technology have high
system stability and are expected to achieve an entirely monolithic mid-infrared mode-locked pulsed fiber laser.

Methods A 976 nm single mode pulsed laser with a high peak power is used as the pump source. When the
repetition rate of the pump light is an integer multiple of the fundamental frequency of the resonator, the pump pulse
generates a strong cross-phase modulation (XPM) in the fiber core to periodically modulate the signal laser phase, so
that it generates sidebands and realizes mode-locking. Therefore, in this article, a 976 nm high-power single-mode
pulsed fiber laser with adjustable repetition rate and pulse width is designed as the pump source, and its average
output power is greater than 3 W(Fig .1). Furthermore, a ring-cavity 2.8 pum synchronously pumped mode-locked
fiber laser is designed (Fig. 2). The optical fiber part of the experimental setup includes a 22 m long passive fiber
and an 8.5 m long active fiber. These two types of fibers are spliced by using a fiber fusion splicer. There are two
reasons for the fusion splicing passive optical fiber in front of an active optical fiber. On the one hand, it is to
increase the working distance of 2.8 pm signal light and pump light cross-phase modulation, and to avoid premature
absorption of 976 nm pump light by Er®" ions in the active fiber. On the other hand, it is to reduce the repetition rate
of the laser pulse and increase the peak power of the pump light. Under this experimental structure, when the output
power of the 976 nm pulsed laser meets certain requirements and the repetition rate matches the cavity length, a
2.8 pm mode-locked pulse laser can be achieved.

Results and Discussions When the average power of the 976 nm pump pulse is 1.55 W, the output power of the
2.8 pm laser is 2.5 mW and the 2.8 pm mode-locked pulse can be observed. In the process of continuing to increase
the pump power to 2.5 W, the spectrum and time envelope of the signal light do not change significantly and the
maximum output power of the 2.8 pm laser is 15 mW. When the pump power is 1.6 W, the corresponding output
characteristics of the pump pulse laser (Fig. 5) and those of the 2.8 pum pulse laser (Fig. 6) are shown in the text.
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The full width at half maximum (FWHM) of pulse duration is 3.1 ns (close to the 200 MHz detector limit pulse
width). The center wavelength is 2784.7 nm and the 3 dB spectral width is 0.4 nm. During the 2-hour long-term
test, there is no loss of lock and the mode-locking can realize self-starting. In order to verify the principle of mode-
locking, two experiments are carried out. The first is to place the 2. 8 pm intra-cavity isolator in the opposite
direction. At this time, the 976 nm pump light and the 2.8 pm signal light are transmitted in opposite directions
(Fig. 6), and there is almost no XPM. In this case, mode locking is not implemented (Fig. 7), which verifies that
the generation of a synchronous pump mode-locked pulse in this paper is not based on gain modulation. The second is
for forward pumping. When an only 8.5 m double-clad active fiber is used in the 2.8 pm ring cavity and other
structures are the same, the 2.8 pm mode-locked pulse cannot be obtained, which further proves the role of XPM
in it.

Conclusions We have proposed and implemented a 2.8 pm synchronously mode-locked pulsed fiber laser pumped
by a 976 nm single-mode pulsed laser. The 2.8 pm pulsed laser repetition rate is 6.534 MHz, the center wavelength
is 2784.7 nm, the 3 dB spectral width is 0.4 nm, and the maximum output power is 15 mW. Due to the low output
power, it is difficult to detect the actual pulse duration through the autocorrelator, but the oscilloscope shows
3.1 ns, which is close to the detection limit pulse width of the photodetector. Next, we will further optimize and
improve the quality of the 976 nm pump light, use a fluoride fiber with a thinner core to improve the effect of cross-
phase modulation, and select an active fiber with a relatively high doping concentration to increase the output power
and achieve ultra-short mid-infrared mode-locked pulse. In short, based on the synchronous pump mode locking
technology, there is no need to introduce any active and passive modulation devices in the resonator, and the system
has a simple structure, good stability, and easy to achieve entirely monolithic fiber lasers. It provides a solution for
realizing stable and reliable mode-locked pulse lasers in the mid-infrared regime.

Key words lasers; mid-infrared laser; synchronously pumped mode locking; cross-phase modulation
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