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Abstract

A monolithic all-fiber high-energy chirped pulse amplification (CPA) system with a managed large
dispersion is demonstrated. To lower the system’s nonlinearity, two temperature-tuning cascaded
chirped fiber Bragg gratings (CFBGs) with a large dispersion of 200 ps/nm are used as the stretcher
to stretch the pulse duration to more than 2 ns in the time domain. The main amplifier, a short-length
silicate glass fiber with a large mode area and a high gain, increases the energy to 293 pJ at 100 kHz.
To compress the large-dispersion chirped pulse into a compact structure, a reflective grating pair
with a high density of 1740 lines/mm is used as the compressor. Owing to the high-order dispersion
pre-compensation by the CFBGs and the large-sized grating with high diffraction efficiency, a
compressed pulse duration of 466 fs with a pulse energy of 250 pJ is obtained, corresponding to a
compression efficiency of more than 85%. The well-preserved beam quality with measured M? value
is better than 1.3. To best of our knowledge, this is the highest pulse energy ever achieved in a
monolithic fiber femtosecond laser system.

Keywords: monolithic fiber femtosecond laser; high peak power; large dispersion; high-order
dispersion compensation

Femtosecond lasers are favorable for a variety of applications, such as drilling of microholes,
micro/nanofabrication, welding of glass [1-3] and scientific research [4,5]. Many amplification
methods have been developed to achieve this target, such as the use of thin disk amplifiers [6,7],
Innoslab laser amplifiers [8,9], traditional bulk crystal amplifiers [10] and fiber amplifiers [11-14]. Out
of all the amplifiers, monolithic all-fiber femtosecond lasers have drawn attention due to their ease of
integration and maintenance, good beam quality, and ease of heat dissipation. However, intense
nonlinear effects, such as self-phase modulation (SPM) and stimulated Raman scattering (SRS), limit
the energy enhancement of fiber lasers because of the high peak power confined in the fiber core.

In order to obtain high pulse energy ultrafast laser output in fiber, sufficient pulse stretching and
the use of low-nonlinearity fibers (short length and large mode area) are vital. All kinds of large-
mode-area fibers are employed in chirped pulse amplification system to achieve high energy output.
A stretched pulse duration of ~600 ps and a flexible photonic crystal fiber (PCF) with a core diameter
of 40 um is used to achieve high energy output in a monolithic setup [15], and a pulse energy of 50
pJ and a pulse duration of 933 fs are obtained. Researchers have presented a new optical fiber
structure termed a chirally coupled core (CCC) fiber to achieve single-mode output where the core
size is larger than 30 um. During the amplification, the pulse is stretched to 450 ps with 1 km
polarization maintained single-mode fiber. A pulse energy of 50 pJ and a pulse duration of 400 fs are
attained with a CCC fiber with a core diameter of 33 um [16]. In recent years, taped fibers have been
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used to achieve high energy output. Even with a core diameter of 56 um, the beam quality can be
conserved in a single mode and can be better than 1.2 due to their multiclad structure and tapered
design along the fiber length. A stretched pulse with a pulse width of about 1 ns was amplified in a
tapered fiber, and a laser output with a repetition frequency of 2 MHz, a pulse energy of 35 uJ and a
pulse width of 266 fs was obtained [17]. Another chirped pulse amplification system used a similar
tapered fiber with a stretched pulse width of about 1.7 ns, resulting in a laser output with a repetition
rate of 504 kHz, a pulse energy of 126.3 uJ, and a pulse width of 401 fs [18]. Among the high-gain
medium (HGM) monolithic fiber amplifiers, by heavily doping and shortening the gain fiber length
to ~20 cm, the accumulation of nonlinearity in chirped pulse amplification (CPA) systems is greatly
reduced. The seed pulse at a wavelength of 1.55 um was stretched to 1.4 ns before amplification and
amplified to 144 pJ at 100 kHz. After compression, a pulse energy of 102 pJ and a pulse duration of
636 fs were obtained in 2013 [19]. In the CPA system with a wavelength of 1.03 um, the seed pulse
was stretched to 1 ns before amplification and amplified to 80 pJ at 400 kHz. After compression, a
pulse energy of 62 ] and a pulse duration of 380 fs were obtained in 2015 [20]. In our previous work,
the energy was increased to 170 pJ, with a pulse duration of 781 fs. However, the pulse duration of
the main amplifier was restricted to approximately 1 ns after spectrum filtering [21]. In the high-
energy fiber laser system, the rod-type PCF plays an important role and has the largest mode area of
all fibers. By using a one-stage flexible PCF and a one-stage rod PCF, a pulse energy of 100 pJ with a
pulse duration of 270 fs and an average power of 100 W was obtained in 2016 [22]. By using a two-
stage rod PCF, a pulse duration of 357 fs, an average power of 175 W, and a pulse energy of 233 pJ
were obtained in 2022 [23], and a pulse energy of 212 pJ and a pulse duration of 460 fs at a repetition
rate of 0.5 MHz were obtained in 2024 [24]. Recently, a laser with an average power of 273 W, a pulse
energy of 273 uJ, and a pulse duration of 264 fs was achieved in a rod-type PCF fiber [25]. Although
the average power and pulse energy of the femtosecond laser achieved with a rod-type PCF are
satisfactory, spatial coupling, the nonbendable long rod structure (~1 m) and the high cost of the PCF
itself pose significant challenges in large-scale applications. A hybrid fiber—single-crystal fiber CPA
system was also developed to increase the pulse energy, and a pulse energy of 540 pJ with a pulse
width of 358 fs at 100 kHz [13] and an amplified pulse energy of 240 pJ at 1 MHz with a compressed
pulse duration of 744 fs were reported [26]. With coherent combination, the femtosecond fiber laser
achieved a recorded pulse energy of 32 mJ and a pulse duration of 158 fs at 20 kHz [27], and a 1 kW,
10 mJ, 120 fs pulse [28] was achieved through 16 parallel ytterbium-doped rod-type amplifiers. Figure
1 summarizes the high-energy fiber femtosecond research results from [15-25] and this work, which
demonstrates that the energy obtained in this work is the highest pulse energy obtained from
monolithic all-fiber femtosecond CPA laser systems and has the highest peak power; additionally,
this energy level is equivalent to that of the rod-type PCF obtained via spatial coupling.
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Figure 1. Pulse energy obtained from fiber femtosecond CPA laser systems.

In this work, we demonstrate a monolithic all-fiber femtosecond laser system with a large
stretch—compression ratio. The pulse is stretched to ~2 ns during the amplification stage with two
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large-dispersion CFBGs to reduce the nonlinearity accumulated in the amplification stage. The main
amplifier is a heavily Yb-doped silicate glass fiber with a large mode area and a high gain within an
only 20 cm length. A maximum pulse energy of 293 ] is obtained at 100 kHz. To compress the
enormous-dispersion chirped pulse into a compact structure, a high-density 1740 lines/mm reflective
grating pair is used. Optimization of high-order dispersion with temperature-tuning CFBGs results
in a compressed pulse duration of 466 fs, a pulse energy of 250 pJ, and a beam quality better than 1.3.
This monolithic all-fiber high-energy laser system has a wide range of applications in industry and
scientific research.

Figure 2 shows the experimental setup for this high-energy monolithic all-fiber femtosecond
laser. The CPA system includes a semiconductor saturable absorber mirror (SESAM) mode-locked
oscillator, a large-dispersion stretcher, a one-stage single-mode fiber amplifier, a two-stage double
cladding fiber amplifier, and a pulse picker. The main amplifier is a high-gain silicate glass fiber
amplifier. After amplification, a large-aperture reflective grating pair with a high density serves as
the compressor.

The oscillator is a self-made SESAM mode-locked fiber laser that delivers pulses with a 34 MHz
repetition rate and a power of 6 mW. The center wavelength is approximately 1030 nm, with a
spectral width of 12 nm. A four-port circulator connects two temperature-tuning chirped fiber Bragg
gratings (CFBGs), which are commercially available from Teraxion Co. Ltd., to form the stretcher.
The CFBGs have a reflection band of approximately 12 nm, allowing full use of the oscillator
spectrum. Additionally, the two CFBGs provide an ultralarge dispersion of 112.63 ps? with a
reflectivity of 49% over the operation bandwidth and can stretch the pulse duration to more than 2
ns to reduce the nonlinearity in the cascaded fiber amplifiers. Considering the insertion loss of the
circulator and the CFBG reflectivity, the power after the stretcher is ~1 mW. A core-pumped single-
mode fiber amplifier with a gain fiber (Nufern, PM-YSE-HI-HP) length of 0.6 m is then used to
increase the power to approximately 10 mW. The following stage involves a double cladding (DC)
power amplifier with a 10 um core diameter and a 125 um cladding diameter (Nufern, PLMA-YDE-
10/125-M). A fiber-coupled multimode semiconductor laser with a maximum power of 9 W amplifies
the power to approximately 700 mW. A polarization-maintaining (PM) DC fiber-coupled acousto-
optic modulator (AOM) is subsequently used as the pulse picker to reduce the repetition rate from
34 MHz to 100 kHz, with an average power of ~ 1 mW. Then, another stage 10/125 DC amplifier is
used to increase the power to 160 mW, which can satisfy the power needs of the main amplifier. The
last stage of the monolithic fiber amplifier is a heavily ytterbium-doped silicate glass fiber amplifier
with a mode field diameter of 40 um and a length of only 20 cm. The amplifier module, commercial
available from Advalue Photonics, is conductively cooled, and in order to maintain its high power
stability, the module is placed on a water-cooled plate. The large mode area silicate glass fiber can be
spliced with the 10/125 double-cladding fiber (inner core of 10 um, cladding diameter of 125 pum)
directly, and this will constitute a monolithic all-fiber system. This high-efficiency medium (HEM) is
pumped by a 100 W fiber-coupled laser diode (LD) from BWT Beijing Ltd. with a locked wavelength
of 976 nm through a high-power (2+1) x1 combiner. The main amplifier increases the power to ~30 W
with pumped power close to 60 W. Due to the pump laser’s relatively wide beam divergence, a 5 mm
aperture diaphragm was placed 15 mm from the fiber end face to filter out residual pump light. This
simple pump power management scheme proves highly effective even at elevated pump powers of
154 W, ensuring exceptional output power stability of 0.105%[29]. The amplified laser is collimated
by a planoconvex lens with focal length of 50.8 mm. Then, a half-wave plate is used to change the
linear polarization direction to obtain the optimal diffraction efficiency because of the polarization
dependence of the reflective gratings. The compressor uses a large-aperture reflective grating pair
(commercial available from Plymouth Grating Laboratory) with a groove density of 1740 lines/mm
to compensate for the large dispersion employed in amplification, whose diffraction efficency is more
than 97% . The grating apertures are 110 mm x 110 mm and 210 mm x 110 mm, which is large enough
to fully capture the diffracted spectrum without any loss of spectrum.
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Figure 2. Experimental setup. LD: laser diode; WDM: Wavelength Division Multiplexing; PM: polarization
maintaining; ISO: isolator; AOM: acoustic-optic modulator; HRM:high reflective mirror; HWP: half-wave plate.

To obtain high-energy femtosecond laser output from this monolithic all-fiber setup CPA
system, the homemade linear cavity SESAM mode-locked laser has a wide spectrum of 12 nm (full
width at half maximum, FWHM), which matches the bandwidth of the stretcher reflection band of
~12 nm. To reduce the nonlinearity in the CPA system, the stretcher, which is composed of two large-
dispersion CFBGs and a four-port circulator, provides a large dispersion of 112.63 ps2. To compensate
for the high-order dispersion of the system, which is caused primarily by the high-density grating
pair compressor, the third-order dispersion of -1.89 ps® is pre-engraved into the stretcher of chirped
fiber gratings; additionally, the gratings can offer second-order dispersion and third-order dispersion
tuning capabilities of 4.5 ps?and 0.5 ps® by applying a temperature gradient along the CFBGs, which
can achieve precise dispersion compensation matching with the compressor. After the stretcher, the
mode-locked pulse is stretched and measured by an oscilloscope (LECROY) with a bandwidth of 36
GHz and a sampling frequency of 80 GS/s, which is shown in Figure 3. The pulse width (FWHM) is
greater than 2 ns, and such a large pulse width is more conducive to increasing the pulse energy in
the subsequent amplification process.
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Figure 3. Pulse duration measurement after the stretcher.

The nonlinearities experienced by the laser pulse during amplification directly affect the spectral
and temporal performance and should be minimized [30,31]. Essentially, they can be quantified by
the accumulated nonlinear phase shift in terms of the B integral and can be calculated as follows:

A

L
Aﬂz
= — P
o A [) ng AF(Z)dZ’+

B

PprL
27 Ay PFLPF 1)

where A is the laser wavelength, n: is the nonlinear refractive index coefficient, Par(z) is the pulse
peak power in the active gain fiber, L is the total fiber length of the active fiber, PPF is the pulse peak
power in the passive fiber, which can be assumed to be a constant value, Ler is the length of the
passive fiber for transmitting the laser, and Aeff is the fiber effective mode area. For numerical
calculations, we can assume that this process corresponds to a small signal amplification process in
the active fiber and is constant in the passive fiber. In the fiber CPA system, the highest peak power
is confined in the main amplifier. To compare the B integral in our main amplifier with the similar
pulse energy obtained using a rod PCF with a large mode area reported in reference [23], the related
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calculation parameters and results are listed in Table 1. During amplification, the spectrum narrows
due to the gain narrowing effect. In the main amplifier of an HGM, the spectrum narrows to
approximately 6 nm, resulting in a pulse duration of ~1.2 ns. According to the comparison, the B
integral of the silicate glass fiber amplifier is only 1.38, which is significantly lower than that of the
rod PCF of 4.38, making the silicate glass fiber amplifier more suitable for producing high-energy
femtosecond laser outputs.

Table 1. B integral calculation comparison of a Rod PCF and a silicate glass fiber.

. In&out energy MFD T B
Fiber Type (W) Length(mm) (1um) (ns) (rad)
E‘;f] Rod PCF 33 &333 800 60 1.5 4.38
. Silicate glass 1.6
This work fiber & 293 200 40 1.2 1.38

MFD, mode field diameter; T, pulse duration.

Figure 4 depicts the amplification and compression performance vs. the pump power. The
power output of the amplifier is tested at various pump power levels, and through linear fitting, a
high slope efficiency of 59% is attained. The main amplifier exhibits such high pump energy
absorption capability and amplification efficiency because it is a heavily Yb-doped silicate glass fiber
amplifier. As we know, to enhance the amplifier gain per unit length, it is necessary to increase the
active ion concentration in the fiber through doping. However, higher doping concentrations lead to
a reduction in the optimal fiber length. In silica-based large-mode-area (LMA) fibers, doping
concentrations are constrained by strong ion clustering effects [32]. These effects arise from the close
proximity of ions, which promotes cooperative energy coupling into parasitic transitions that
compete with the desired laser transition. As a result, at high concentrations, ion-ion interactions
reduce the upper laser level lifetime under increasing pump power, further diminishing amplifier
efficiency.Unlike silica fibers, silicate or phosphate glass fibers can mitigate the detrimental effects of
high rare-earth ion concentrations. By employing heavily doped silicate glass fibers, sufficient pump
absorption is achieved while maintaining relatively high slope efficiency and pump-to-signal
conversion efficiency.

Notably, the signal injected into the main amplifier is only 160 mW, whereas the maximum
output power reaches 29.3 W at 100 kHz, corresponding to a high gain of 1.13 dB/cm and a pulse
energy of 293 yJ. By using a large-aperture reflective grating pair with a high groove density of 1740
lines/mm to compress a laser pulse with large dispersion, a maximum compressed power of 250 pJ
is obtained, corresponding to a total compression efficiency of 85.3%. The diffraction efficiency of the
grating is better than 97%, considering the losses of the reflective mirror and the lifting mirror, and
the total efficiency is close to the optimal efficiency. The spectrum of the compressed pulse is also
measured by the optical spectrum analyzer Yokogawa AQ6370D , as shown in Figure 5(b), and it has
a spectrum width of approximately 6 nm (FWHM), which supports a short pulse duration output.
The spectrum has some modulations, which are caused primarily by the nonlinear effect of SPM.
There is no spectrum filtering, indicating that the aperture of the reflective grating is large enough to
receive the entire spectrum. The seeder oscillator spectrum is also measured, as shown in Figure
5(a) ,which has a spectrum width of 12 nm. It should be noted that Yb-doped fibers exhibit a relatively
weaker gain narrowing effect compared to Yb:YAG solid-state laser media, owing to their
significantly broader emission bandwidth, as a result, at the maximum output power, the spectrum
width of 6nm is obtained, as showed in Figure 5 (b). The logarithmic-scale spectrum of the amplified
laser output is presented in the inset of Figure 5(b), demonstrating negligible amplified spontaneous
emission (ASE) components within the measurement sensitivity. Although high-energy Yb-doped
solid-state lasers, such as the Yb:YAG laser, have lower nonlinearity and higher pulse energy output,
they suffer from significant gain narrowing during high-gain amplification, resulting in a narrow

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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spectrum width of typically less than 3 nm and pulse widths greater than 700 fs [33,34]. To assess the
pulse evolution during the amplification process, the pulse widths are measured by the oscilloscope,
as shown in Figure 6, With increasing amplification power, the gain narrowing effect becomes
progressively more pronounced. This phenomenon manifests as a continuous spectral narrowing,
while the pulse duration simultaneously decreases due to the chirped nature of the pulses. As

illustrated in Figure 6, the pulse duration decreases from approximately 1.55 ns at an amplified power
of 10 W to about 1.2 ns at maximum output power.
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Figure 4. Output power performance vs. pump power.
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Figure 5. Spectrum of the laser. (a) Spectrum of the seeder oscillator; (b)Spectrum of the compressed laser. Inset:
the spectrum of amplified laser in logarithmic.

To obtain a short pulse duration output, the distance of the grating pair and the input angle of
the grating are carefully adjusted. The autocorrelator produces the shortest pulse duration at a linear
distance of approximately 2.1 m for the grating pair, which results in a second-order dispersion of
112.5 ps2. To achieve the optimal short pulse duration, we use temperature tuning of the CFBGs to
achieve more precise dispersion matching. The third-order dispersion of -1.89 ps? is pre-engraved
into the stretcher of CFBGs, which can compensate for the third-order dispersion of the grating pair.
The optimal distance of 2.1 m results in a third-order dispersion of ~1.5 ps? for the compressor. This
value is estimated using an input angle of 65.4°and a diffraction angle of 61.9°, which differs from the
Littrow angle for beam splitting. The third-order dispersion still has a slight mismatch with the
stretcher. As a result, the compressed pulse duration cannot reach the transform-limited pulse
duration. The compressed pulse duration is measured by the APE pulsecheck autocorrelator, as
shown in Figure 7, the pulse duration is 466 fs with Lorentz fitting in a 15 ps scanning range. Different
pulse fittting of Gaussian, Sech?and Lorentz fitting are used, we find that the Lorentz fitting method
is the closest to the actual pulse shape. To evaluate the energy distribution, we also scan the pulse in
a 150 ps range, and we can observe that the pulse has a small pedestal. For most applications, beam
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quality is crucial. As a monolithic all-fiber CPA system, the silicate glass fiber has a good beam
quality. By carefully adjusting the grating pair, the beam quality after compression is still conserved
in single mode, with a beam quality better than 1.3, which is measured by the beam quality analyzer
of Ophir beam squared SP920, as shown in Figure 8.
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Figure 6. Oscilloscope trace of amplified pulses. (a) Oscilloscope trace of amplified pulse traces at 10 W; (b)
Oscilloscope trace of amplified pulse at maximum power.
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Figure 7. Pulse duration measurement. (a) Autocorrelation curve in the 15 ps scanning range; (b) Autocorrelation

curve in the 150 ps scanning range.

In this work, a monolithic all-fiber high-energy femtosecond fiber laser is demonstrated. By
using the large dispersion of the stretcher, the pulse is stretched to ~2 ns for the subsequent fiber
amplification to reduce the nonlinearity. The main amplifier, a short-length silicate glass fiber with a
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large mode area and a high gain, increases the energy to 293 pJ at 100 kHz, with an amplification gain
of 29.6 dB. To construct a compact compressor, a large-aperture reflective grating pair with a density
of 1740 lines/mm is used as the compressor. Due to the temperature tuning of the stretcher, the
second-order dispersion and high-order dispersion are simultaneously compensated, a short pulse
duration of 466 fs is obtained, corresponding to a peak power of 536 MW, and the beam quality is
better than 1.3. This monolithic all-fiber femtosecond laser will be a useful tool in various scientific
research and industrial applications.
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Figure 8. Beam quality measurement.
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