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Fig. 1 Inscription of FBG. (a) Schematic of femtosecond laser phase mask dynamic writing system; (b) transmission

spectra of high-reflection FBG and low-reflection FBG
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Fig. 2 High power laser experiment. (a) Schematic of oscillator; (b) laser spectra under different output powers (inset:

beam profile at output power of 3231 W); (c) relationship between output power of oscillator and pump power
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Abstract

Objective Due to the characteristics like simple structure and easier operation, high power fiber oscillators have
been largely utilized in national defense industry and industrial processing. The reported highest output power of an
oscillator is more than 8 kW and this value can be further elevated in the future. Fiber Bragg gratings (FBGs) play an
important role in these oscillators because the output power is directly influenced by the quality of FBGs. The most
common method to fabricate FBGs used in oscillators is based on ultraviolet exposure, however, cumbersome
processes like hydrogen-loading and annealing are unavoidable, which complicates the fabrication process. Moreover,
the annealing process may deteriorate the spectrum of an FBG and a small amount of hydrogen may still remain in the
fiber even after annealing, which results in a heat load in the oscillator system. In recent years, the femtosecond
laser machining technique has been drastically improved, which provides a potential for FBGs fabrication. Until now,
the reports about femtosecond laser inscribed FBGs used in high power oscillators are very limited. Only researchers
from Jena University have reported the relevant investigations. For example, the researchers have proposed a
1.9 kW fiber oscillator by inscribing a chirped FBG in the double cladding ytterbium doped fiber with a core/inner-
cladding diameter of 20 pm /400 pm in 2019, and a 5 kW oscillator by inscribing a pair of FBGs in the double cladding
fiber with a core/inner-cladding diameter of 20 pm /400 pm using the phase mask scanning technique. At present,
there is no relevant reports on writing a high power oscillator with FBGs inscribed by a femtosecond laser in China.
The researches on this area need to be urgently carried out to find the best way to write high power oscillators with
FBGs.

Methods The FBGs used in our experiments are fabricated by the femtosecond laser phase mask scanning method
(Fig. 1(a)). The wavelength of the femtosecond laser is 515 nm, the repetition rate is 1 kHz, the pulse energy is
about 250 pJ, and the beam diameter is 3 mm. A cylindrical lens is utilized to compress the beam size vertical to the
fiber axis, and the galvanometer in the inscription system can realize the vibration of beam spot vertically to the fiber
axis. Limited by the scale of beam profile, the focus of the femtosecond laser should be scanned along the fiber axis,
if the length of the FBG is longer than 3 mm. The double cladding fiber with a core/inner-cladding diameter of
20 pm/400 pm is utilized to inscribe the FBGs. The period of FBGs is decided by the phase mask. The pitch of phase
mask is 1487 nm and the chirped rate is 0.5 nm/cm. The reflectivity of a high-reflection FBG is over 99% and that
of a low-reflection FBG is about 10% (Fig. 1(b)). Using this pair of FBGs, we construct an oscillator, and a bi-
direction pump scheme is selected to inject the pump light (Fig. 2(a)). Co-pumping and counter-pumping combiner
is placed in the cavity.

Results and Discussions The maximum output power of the oscillator is 3231 W with a pump power 4170 W, and
the beam quality factor (M?*) is 1.28. The slope efficiency is about 77.9% . When the output power is higher than
2568 W, the Raman-Stokes light becomes obvious, and the intensity of the Raman-Stokes light is 33 dB below the
laser intensity when the output power reaches 3231 W (Fig. 2). The temperature of FBGs is around 40 ‘C at the
operation power of 3231 W. No roll-over of output power or efficiency is observed during the power scaling process.
The maximum output power is only limited by pump power. For the reason that there still exist pump ports in
unoccupied combiners, the output power can be further scaled up in the future.

Conclusions In this paper, we demonstrate a high power fiber oscillator based on a pair of 20 pm /400 pm large
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mode area double cladding fiber Bragg gratings fabricated by a femtosecond laser together with a phase mask. The
reflectivity of the high-reflection FBG is more than 99 %, and that of the low-reflection FBG is about 10 % . The slope
efficiency of the fiber oscillator is 77.9% , and the maximum power output is more than 3.2 kW. To the best of our
knowledge, the kW level class fiber oscillator using FBGs fabricated by a femtosecond laser has never been reported
in our nation before, and our research works fill the vacancy in this field, which is meaningful in fabrication of high
power FBGs.
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