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Abstract—In this paper, we fabricate a pair of fiber Bragg grat-
ings (FBGs) in large mode area double cladding fiber (LMA-DCF,
core/inner cladding diameter: 20/400 pm) by visible (515 nm)
femtosecond laser and phase mask for the first time to the best
of our knowledge. Then this pair of FBGs are utilized to construct
a high power fiber oscillator operated near 1080 nm. The maximum
output laser power is more than 3.2 kW with a slope efficiency of
~77.9%, and the beam quality factor M? is about 1.28. The FBGs
are simply fixed on water-cooling plate without any special package,
and the temperature of the FBGs is about 40 °C at the maximum
output power. Our research work confirms the reliability of visible
femtosecond laser in fabrication of FBGs intended to be applied in
high power fiber oscillators.

Index Terms—Fiber Bragg grating, femtosecond laser, oscillator.

1. INTRODUCTION

ECENTLY, high power all-fiber oscillators have been

largely applied in industry, material processing and na-
tional defense area for their compact structure, resistance to
back-propagating light and simple operation [1]. After the first
report of kW-level all-fiber oscillator by Alfalight company in
2012 [2], the output power of oscillator increased step-by-step.
In 2016, Fujikura company realized a 2 kW all-fiber oscillator
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using their home-made DCFs with an effective core area of
400 pm? [3]. In 2018, national university of defense technology
and Fujikura company successively reported single mode 5
kW-level all-fiber oscillators [4], [5]. In 2020, the maximum
output power scaled up to 8 kW [6]. By suppressing limited
factors like stimulated Raman scattering (SRS) effect [7], [8] and
transverse mode instability (TMI) effect [9], [10], the maximum
output power is believed to grow up continuously in the future.

Fiber Bragg gratings (FBGs) [11] are indispensable devices in
oscillators, which play the role of cavity mirror and realize power
output. Ultraviolet exposure [12] is the most common method
to fabricate FBGs applied in oscillators. Using this method, the
fiber to be inscribed should be hydrogen loaded in advance
and thermal annealing is unavoidable after grating inscription
[13], [14]. These processes are often time-consuming, moreover
thermal annealing may deteriorate the quality of FBGs and
cannot eliminate all the hydrogen in the fiber, which results in a
heating of FBGs if applied in fiber oscillators. Femtosecond
laser is another solution for the fabrication of FBGs. Fem-
tosecond laser direct writing technique has been proved to be
effective for FBGs inscription [15]-[18], however, the FBGs by
this method are often with high insertion loss, which prevents
them from applying in high power laser systems [19], [20].
Femtosecond laser together with phase mask can also fabricate
FBGs with high quality just like ultraviolet exposure method
[21], [22]. Contrary to ultraviolet exposure method, photosen-
sitivity of the fiber to be inscribed is not necessary anymore,
thus, hydrogen loading and thermal annealing are avoided [23].
Inscription of FBGs with femtosecond laser and phase mask is
time-saving and can prevent addition heat load in the condition
of fiber oscillators. The relevant research works were carried
out by Krimer et al. from Friedrich-Schiller-Universitit Jena. A
1.9 kW oscillator was realized by inscribed a high reflector (HR)
in ytterbium doped fibers (YDFs) in 2019 [24], and the next year,
they inscribed HR and low reflector (LR) in LMA-DCFs with
core and inner cladding diameter of 20 m and 400 pm, and then
this pair of FBGs played the role of cavity mirrors in a 5 kW
oscillator [25]. For most of FBGs inscription using femtosecond
laser and phase mask, the wavelength of femtosecond laser is
800 nm (invisible), which makes the inscription not so conve-
nient especially for FBGs with alonger length. Besides, the pulse
energy threshold is often high [25] for a relatively lower single
phonon energy when using 800 nm femtosecond laser. Thus,
FBGs inscription with visible femtosecond laser and phase mask
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may simplify the fabrication process and provide a lower pulse
energy.

In this letter, we inscribed a pair of FBGs using 515 nm
femtosecond laser phase mask scanning technique, and then a
near single mode 3.2 kW fiber oscillator is constructed with
this pair of FBGs. The pulse energy is 255 pJ, which is much
lower than other research works [25]. The FBGs is simply fixed
on water-cooling plate without special package, and when the
output power reaches its maximum, the temperature of FBGs
is around 40 °C. The slope efficiency of the oscillator is 77.9%
and the intensity of Raman-Stokes light is 33 dB below the laser
intensity at the operation of 3231 W. Our research works testify
the reliability of visible femtosecond laser in high power fiber
laser used FBGs inscription

II. INSCRIPTION SYSTEM AND SPECTRUM CHARACTERISTICS

Fig. 1(a) demonstrates the schematic of femtosecond laser
phase mask scanning system. The wavelength of femtosecond
laser is 515 nm, the repetition rate is 1 kHz, and the pulse energy
is 255 pJ. For the reason that the femtosecond laser is visible,
the alignment process before grating inscription is simplified.
We can assess the alignment through diffraction pattern, and no
extra device is necessary in this process. Moreover, a shorter
wavelength decides a smaller diffraction limit, and energy den-
sity can thus increase. A lower pulse energy can be utilized
to inscribe FBG comparing with what described in ref [25].
After reflecting by two reflectors, the femtosecond laser passes
through a galvanometer, a cylindrical lens, and a phase mask
in turns before it finally reaches the fiber to be inscribed (In
our experiment, the LMA-DCFs are with a core/inner cladding
diameter of 20/400 pm.). Due to the beam diameter is only 3 mm,
the beam should be moved along the fiber axis when we inscribe
a FBG in centimeter scale, thus a reflector, the galvanometer
and the cylindrical lens are set on an electrical moving stage.
The phase mask and the fiber to be inscribed keep relatively
static. What described in ref [25] was translating fiber and phase
mask. The stability requirement and hardware implementation
difficulty can be decreased in our inscription system. The focal
length of cylindrical lens is 25 mm.

There exist three coupling processes in FBGs with core/inner
cladding diameter of 20/400 pm: the self-coupling of LPgy;
mode, the self-coupling of LP;; mode, and the mutual cou-
pling between LPj; mode and LP;; mode. As the size of
the focus of femtosecond laser is much smaller than the core
diameter, the galvanometer should scan vertically to the fiber
axis to expand the refractive index modulation area. In this
way, the coupling coefficient of fundamental mode increases
and the cross coupling between fundamental mode and LP;;
mode decreases because of a relative uniform refractive index
profile in the core region, which can elevate the threshold of
transverse mode instability (TMI) [23], [24]. The chirp rate of
phase mask is 0.5 nm/cm and the central pitch of phase mask is
1487.6 nm. The second order FBGs with resonant wavelength
near 1080 nm can be inscribed through this phase mask. Mode
field adaptors (MFAs) are used during spectrum measurement
to avoid intermodal interference.
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Fig. 1. (a) Schematic of femtosecond laser phase scanning system. Transmis-
sion and reflection spectrum of (b) HR-FBG and (c) LR-FBG.

Fig. 1(b) and (c) illustrate the transmission and reflection
spectra of HR-FBG and LR-FBG. The length of HR-FBG is
4 cm, the bandwidth is 1.6 nm, and the reflection is higher than
99%. During HR-FBG inscription, the electrical moving stage
translates in the direction of fiber axis and the galvanometer
sweeps in the meaning time. The inscription of LR-FBG is
much simple. We only run the galvanometer and keep the
electrical moving stage still. The length of LR-FBG is only 3
mm (beam size of femtosecond laser), the bandwidth is 0.3 nm
and the reflection is about 10%. Laser damage is not observed
in experiment, and the insertion loss of FBGs is less than 0.03
dB. Hydrogen loading and thermal annealing are not necessary
in fabrication process, and the yield of FBG also improves
comparing with UV exposure method. The thermal stability
is tested by setting FBGs in a heating furnace (85 °C) for 72
hours, and the spectrum before and after thermal test presents
little difference.
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Fig. 2. Schematic of high power fiber oscillator.

III. ALL-FIBER HIGH POWER OSCILLATOR

The architecture of high power fiber oscillator is shown in
Fig. 2. Bidirectional-pumped scheme is carried out. In order
to absorb as much pump power as possible, we use ~17 m
YDFs (Nufern YDF 20/400, absorption efficiency: ~1.26 dB/m
@976 nm). The YDFs are coiled in circles on water-cooling
plate, and the diameter of inner circles is ~8.5 cm and that
of outer circles is ~10.5 cm. The pumping source is 976 nm
laser diodes (LDs), and the maximum power is ~850 W. The
pump power is injected into the oscillator through two (6 + 1)
x 1 signal/pump combiners, which consist of one signal port
and six pump ports. The pump port is with core/inner cladding
of 220/242 pm and the signal port is with core/inner cladding
20/400 pm (NA: 0.065/0.46). Two pump ports of co-pumping
combiner and four pump ports of counter-pumping combiner are
employed. HR-FBG and LR-FBG are spliced with the signal port
of co-pumping and counter-pumping combiners respectively,
thus two FBGs, which are simply fixed on water-cooling plate
without any special package, mainly endure the signal power. To
eliminate facet reflection, we splice quartz block head (QBH) on
the pigtailed fiber of two FBGs. A cladding light stripper (CLS)
is applied to dump the residual pump.

The relationship between the output power and the pump
power is shown in Fig. 3(a). The output power goes up linearly
with the pump power, and the slope efficiency is 77.9%. During
experiment, the counter-pumping power is injected into the
oscillator firstly. When the counter-pumping reached its highest
power 3060 W, the output power is 2368 W. Then we inject
1110 W co-pumping power, the output power reaches 3231 W.
No obvious evidence of output power or efficiency decline is ob-
served in Fig. 3(a). Fig. 3(b) demonstrates the temporal domain
signal and corresponding frequency domain spectrum (the inset)
at the operation of 3231 W. No drastic fluctuation is observed
in the temporal domain signal and no characteristics frequency
occurs in the frequency domain spectrum, which indicates that
TMI effect does not occur at the output power of 3231 W. As
femtosecond laser inscription can generate defects such as color
centers in the glass matrix, which absorb the signal light. The
temperature of FBG goes up in high power laser environment.
What has to be pointed out is that the temperature of HR-FBG
and LR-FBG are 40 °C and 42 °C respectively. The temperature
shift is only about 20 °C. Thus, the maximum output power is
only limited by pump power. Cause there still exist pump ports
unoccupied, the output power can be further scaling.

The laser spectra at different output power are depicted in
Fig. 4. The oscillator operates at ~1079.5 nm, which is larger
than the resonant wavelength of LR-FBG in Fig. 1(b) for the
heat induced resonant wavelength shift during laser output.
Obviously, the laser spectra broaden drastically with the output
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power scaling. At the operation of 1053 W, the full width at half-
maximum (FWHM) bandwidth of the laser is ~2.1 nm. When
the output power reaches 3231 W, the FWHM bandwidth is
~5.5 nm. The broadening of laser spectra is contributed by
the fiber nonlinear effects like self-phase modulation (SPM).
Besides, when the output power increases to 2820 W, Raman-
Stokes light occurs near 1135 nm. The intensity of Raman-
Stokes light grows up smoothly with the output power, and it
is around 33 dB below the laser intensity at the operation of
3231W.

The beam quality of the oscillator at different operation power
is illustrated in Fig. 5. The M? factor fluctuates around 1.30 in
the power scaling. The insets in Fig. 5 indicate the beam profile
at the output power of 1053 W, 2002 W and 3231 W. It is obvious
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that the oscillator works at near single mode output state even
when the output reaches 3231 W. Cause 20/400 LMA-DCFs can
support two core modes (LPy; and LP11), LP11 mode does not
oscillate in the laser cavity. By improving the state of splicing
points in the oscillator, the beam quality can be further refined.

IV. CONCLUSION

In conclusion, we fabricate a pair of FBGs with resonant
wavelengths near 1080 nm using visible femtosecond laser
phase mask scanning technique for the first time. The usage
of visible femtosecond laser simplifies the alignment process
before grating inscription, and the pulse energy can be decreased
for a smaller diffraction limit. A 3.2 kW near single mode output
fiber oscillator is then realized by using this pair of FBGs as
cavity mirrors. The slope efficiency is 77.9% and no evidence of
TMI effect occurs during power scaling process. The intensity
of Raman-Stokes light is 33 dB below the laser intensity at
the operation of 3231 W. The FBGs pair is simply fixed on a
water-cooling plate without special package, and the tempera-
ture of FBGs is around 40 °C at the maximum output power. The
output power can be further scaling by increasing pump power.
This work demonstrates the reliability of visible femtosecond
laser in high power oscillator used FBGs fabrication. Comparing
with the conventional UV exposure method, femtosecond laser
inscribed FBG possesses better temperature characteristics, and
can avoid cumbersome process like hydrogen loading and ther-
mal annealing during fabrication. In the future, femtosecond
laser inscribed FBG will gradually substitute the UV engraving
FBG, and the output power will thus increase. Moreover, the
inscription of FBG in rear-earth doped fiber becomes possible
using femtosecond laser, and monolithic high power fiber lasers
without splicing points will be realized.
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