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Abstract

We report a dispersion-controlled Yb-doped fiber chirped pulse amplification (CPA) system
incorporating a tunable chirped fiber Bragg grating (CFBG) stretcher and a single-grating
transmission compressor for dynamic compensation of power-dependent nonlinear ef-
fect. During the pulse amplification, the CFBG introduces adjustable third-order disper-
sion (TOD). By tuning the initial TOD provided by CFBG from —0.1965 ps® at 2.37 W to
—0.1791 ps® at 9.65 W, residual TOD is efficiently compensated with the power-dependent
nonlinear effect. As a result, by optimizing the dispersion balance at each output power,
nearly constant femtosecond pulses with a duration of 250 fs are obtained over the entire
power range, confirming effective control of nonlinear and dispersive effects in the amplifi-
cation. The high-quality 1030 nm pulses enable efficient second-harmonic generation (SHG)
in a type-I BBO crystal, producing 3.56 W femtosecond output at around 515 nm with a
pulse duration of 190 fs, close to the Fourier transform limit. These results demonstrate a
robust approach to generating high-power and temporal coherent ultrafast pulses suitable
for precision micromachining and two-photon polymerization.

Keywords: chirped pulse amplification; Yb-doped fiber; femtosecond laser; optical
harmonic generation

1. Introduction

Femtosecond laser sources have become indispensable tools in ultrafast science and
technology because their extremely short pulse durations combine high peak power with
fine temporal resolution, enabling applications such as laser direct writing, biomedical imag-
ing, precision micromachining, and optical frequency comb generation [1]. Among these
applications, Yb-based femtosecond systems operating near 1030 nm have unlocked new
opportunities for high-repetition-rate, high-flux nonlinear spectroscopy and imaging [2].
Meanwhile, the frequency-doubled counterpart at 515 nm is particularly well-suited for
two-photon polymerization (TPP) owing to its enhanced absorption cross-section in pho-
toresists, enabling sub-micrometer structuring and high-precision surface patterning [3].

Although various approaches have been explored for power and energy scaling
of femtosecond fiber oscillators, the most effective strategy remains the chirped pulse
amplification (CPA) scheme, in which low energy seed pulses are temporally stretched,
amplified, and subsequently recompressed. As the output power of the fiber CPA system
increases, nonlinear effects including self-phase modulation (SPM) [4], self-steepening [5],
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and stimulated Raman scattering [6] become significant and distort both the temporal
and spectral characteristics of the pulse. SPM stands as the dominant Kerr nonlinearity
in ultrashort pulse propagation, causing significant spectral broadening and undesirable
phase distortions, which can either degrade or partially compensate dispersion-induced
distortions depending on its magnitude and sign of residual higher-order phase. At the
same time, incomplete compensation of group delay dispersion (GDD) and third-order
dispersion (TOD) accumulated in the stretcher, amplifier, and compressor can result in
residual chirp and prevents the pulse from being fully compressed [7]. In high-power
CPA systems, the interplay between nonlinear phase accumulation and residual high-order
dispersion becomes the dominant factor that limits the achievable pulse duration and pulse
quality [8,9].

Recent studies have shown that the pulse compressibility of high-energy femtosecond
fiber CPA systems is primarily governed by the interplay between accumulated nonlinear
phase and third-order dispersion (TOD). Lv et al. (2016) reported that a mismatched TOD
and nonlinear phase at different energies lead to pulse broadening, whereas partial self-
compensation between them enables shorter pulses at moderate nonlinear phase levels [10].
Song et al. (2017) further demonstrated that introducing negative TOD pre-compensation,
combined with controlled SPM, allows the generation of high-energy pulses that compress
close to the transform limit of 280 fs at a single pulse output of 10.4 pJ [9]. Wei et al.
(2020) also used mismatched negative TOD to counteract nonlinear phase in an Er-doped
CPA system, achieving sub 400 fs pulses in an all-fiber configuration [11]. More recently,
Wang et al. (2023) employed cascaded CFBGs to finely tune higher-order dispersion,
enabling sub-picosecond compression even at several hundred watts of average power [12].
Overall, these studies confirm that effective pulse compression at high power requires
precise balancing of TOD and nonlinear effect, and that GDD compensation alone is
insufficient, highlighting the need for flexible, tunable dispersion management approaches.
Moreover, the stability and compressibility of the fundamental pulse directly affect the
quality of second-harmonic pulses, making dispersion-optimized amplification crucial for
efficient and high-quality SHG at 515 nm.

To address these limitations, we develop a Yb-doped fiber CPA system incorporating
a tunable chirped fiber Bragg grating (CFBG) that provides adjustable GDD and TOD,
enabling dynamic compensation of the power-dependent nonlinear phase accumulated in
the amplifier. By carefully optimizing the stretcher amplifier and compressor dispersion
balance and introducing a pre-chirp control, the system maintains nearly constant pulse
duration over a wide range of output powers. At the maximum compressed output of
9.65 W, the pulse duration remains as short as 250 fs, indicating that the interplay between
controllable dispersion and nonlinear phase accumulation is effectively managed across
the operating range. The high-quality 1030 nm pulses further enable efficient second-
harmonic generation in a type-I BBO crystal, yielding 3.56 W of 515 nm femtosecond
pulses with near transform-limited temporal characteristics. These results demonstrate that
precise dispersion control combined with managed nonlinearity allows consistent pulse
compression and efficient frequency doubling, offering a robust platform for high-power
ultrafast applications such as two-photon polymerization and precision microfabrication.

2. Nonlinearity and Dispersion

In high-power fiber CPA systems, the temporal quality of the recompressed pulse
is jointly determined by the accumulated nonlinear phase and the net dispersion of the
stretcher amplifier and compressor chain. Among the nonlinear effects, SPM plays the
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dominant role, imposing an intensity dependent phase shift during propagation through
the gain medium. This nonlinear phase shift is typically expressed as follows [7]:

¢nL = vP(2)Less, 1)

where L, is the effective fiber length, 1 is the fiber’s nonlinear coefficient and P(z) is the
instantaneous pulse peak power at position z. It produces a frequency chirp that becomes
increasingly significant as the pulse energy and peak power grow. The cumulative impact
of SPM is conveniently quantified using the B-integral, representing the total accumulated
nonlinear phase shift experienced by the peak of the pulse along the propagation length; it
is mathematically defined as follows [13]:

L 27 L
B—/O vP(z)dz = )LAeff/O n,P(z)dz, )

where A is the laser wavelength, A, ¢/ is the fiber effective mode area, and n; is the nonlinear
refractive index coefficient. When the B-integral exceeds approximately 77, the nonlinear
phase distortions become strong enough to degrade pulse compressibility, broaden the
pulse duration, and introduce temporal pedestals. Controlling the B-integral is therefore
essential for achieving high-quality compression at elevated output powers [14]:

To limit the growth of the nonlinear phase while maintaining efficient amplification,
common strategies include increasing the mode field, shortening the effective length,
reducing the peak power, and using a large-mode-area (LMA) Yb-doped fiber in the
power amplifier. Its enlarged mode field reduces the nonlinear coefficient v, allowing the
system to operate at high power levels with a manageable B-integral. The tunable CFBG
stretcher provides adjustable GDD and TOD, allowing the initial pulse chirp to be tailored
to different amplification conditions. The stretcher, amplifier fiber, and compressor each
contribute distinct amounts of second- and higher-order dispersion, and the interplay of
these terms determines whether the SPM-induced chirp can be effectively removed during
recompression. The resulting performance forms the basis for the experimental results
presented in the following section.

3. Experimental Setup

The experimental system consists of a dispersion-controlled Yb-doped fiber chirped
pulse amplifier (CPA) and a subsequent second-harmonic generation (SHG) module, de-
signed to produce high-power, high-quality femtosecond pulses at 1030 nm and their
frequency-doubled counterparts at 515 nm. The overall configuration is optimized to
investigate how tunable dispersion pre-compensation enables stable pulse compression
under power-dependent nonlinear phase accumulation. A schematic of the setup is shown
in Figure 1.

The Yb-doped fiber CPA system provides dispersion-controlled amplification of fem-
tosecond pulses. The front end consists of a Yb-doped fiber oscillator, a fiber preamplifier,
a pulse picker, and a tunable CFBG (TPSR-T, TeraXion, Quebec, QC, Canada). The tunable
CFBG selected directly follows from the need for tunable dispersion, providing adjustable
GDD and TOD through controlling the mechanical strain and thermal tuning, modifying
the effective grating period and refractive index distribution along the fiber. This tunability
allowing the pre-chirp to be precisely controlled to counteract power-dependent nonlinear
phase shifts accumulated during amplification, while maintaing low insert losses. Tunable
CFBG provides a GDD of 13.6 ps? with a tuning range of 0.56 ps? and a TOD of —0.18 ps?
with a tuning range of 0.036 ps®. After stretching, the pulse duration increases to approxi-
mately 500 ps, with a central wavelength of 1034 nm and a spectral bandwidth of 12.5 nm,
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as shown in Figure 2. The repetition rate of the system is 1 MHz, and the average output
power of the front end is 41 mW. The CFBG effectively provides a required pre-chirp and
dispersion control for the subsequent amplification and compression stages, and it can be
recompressed to a pulse width of 249 fs, as shown in Figure 2c.

CFBG [
= YDF M2

ISO Combiner Collimator M4

Seed —CO— (=3 /

3 Ew

The transmission
grating compressor

L1 HWP2 M5

Figure 1. Schematic diagram of the experimental setup. CFBG: chirped fiber Bragg grating; ISO:
isolator; LD: laser diode; YDF: Yb-doped fiber; HWP: half-wave plate; M1, M4, M5: 45° angle of
incidence mirrors; M2: mirror pair for pulse compressor optical path horizontal folding; M3: mirror
pair for pulse compressor optical path vertical folding; DFG: diffraction grating; DM: dichroic mirror.
Different colored beams are used to distinguish the fundamental beam, different dispersion path
inside the grating compressor, and the second-harmonic beam.
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Figure 2. Output characteristics of the broadened pulse. (a) pulse duration of broadened pulse,
(b) Spectrum of broadened pulse, (c) recompressed seed pulse duration.

Taking advantage of the high average power handling capabilities of large mode area
fiber, we employ LMA Yb-doped double cladding fiber (PLMA-YDCEF-25/250, Coherent,
Bloomfield, CT, USA) with a 25 pm core diameter as the gain medium of the power
amplifier, and a length of 1.8 m is chosen as a compromise between gain efficiency and
nonlinear phase suppression. The amplifier is forward pumped by a multimode diode
laser at 976 nm with maximum output power of 25 W. The gain fiber is coiled to 10 cm
diameter to suppress high order modes, and a high-refractive-index coating adhesive is
applied to absorb residual pump light at the fiber ends. The output power of the amplifier
increases linearly with the increase of the pump power, and no power roll off is observed,
as shown in Figure 3a. The estimated slope efficiency is 53.4% and maximum output power
is 12.32 W, which is primarily limited by the available pump power while maintained
excellent beam quality throughout operation.

After amplification, the pulses are directed into a specially designed and optimally
adjusted compact single-grating transmission compressor including a large aperture diffrac-
tion grating, mirrors M1-M3 for folding the optical path, and M4 for guiding the beam
through the compressor, as shown in Figure 1. The grating (Wasatch Photonics, Logan, UT,
USA) has a groove density of 1700 lines/mm, and operates near the Littrow angle of 61.1°
for vertical polarization, where diffraction efficiency is maximum. HWP1 is used to opti-
mizing the input polarization to the required vertical state, achieving a diffraction efficiency
above 95% per pass. The advantage of a single-grating transmission compressor is that
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when the amount of dispersion needs to be adjusted, this can be achieved by moving the
mirror M2 responsible for horizontal beam reflection or by slightly tilting the grating [15].
The compressor provides large negative GDD and large positive TOD to manage the cavity
dispersion. The pulse experiences four passes through the grating before being reflected
by mirror M4 and exiting the compressor. The compressed pulse average power reaches
9.65 W, corresponding to a compression efficiency of 78%, as shown in Figure 3b. The total
optical loss of the system is dominated by the single transmission grating compressor, while
the losses from lens and mirrors are negligible for high-reflection and high-transmittance
coating; the experimental result is close to the theoretical value of 81%. The root mean
square (RMS) power fluctuation of the compressed pulses is measured at the maximum
output power over 30 min with a sampling interval of 1 s. As shown in Figure 3c, RMS
fluctuation is 0.18%.
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Figure 3. The amplification and compression performance versus the pump power. (a) Variation
of 1030nm amplification power, inset: beam profile, (b) compressed pulse power with diode pump
power, (c) power stability of the compressed pulse.

The compressed femtosecond pulses from the CPA system serve as the incident
fundamental beam for the SHG stage. The frequency doubling is implemented using
a type-I phase-matched beta-barium borate (BBO) crystal, chosen for its high nonlinear
coefficient and wide transparency window [16]. The crystal has a thickness of 1 mm and
a cutting angle of 8§ = 23.4°, optimized for type-I (o + o — e) phase matching at the
1030 nm fundamental wavelength. HWP2 is used to adjust the incident fundamental
beam polarization relative to the optical axis of the BBO crystal, thereby enabling efficient
second-harmonic generation. The beam spatial profile characteristics are measured by a
CCD spectrometer (SP620, Ophir Spiricon, Jerusalem, Israel), and its spectral properties
are measured using an optical spectrum analyzer (AQ6373, Yokogawa, Tokyo, Japan)
with a resolution of 0.05 nm. The corresponding pulse duration is deduced from the
measured autocorrelation trace by an autocorrelator (PulseCheck, APE, Berlin, Germany)
with sech? fitting.

4. Results and Discussion

The total dispersion in the CPA system arises from three main components: the CFBG
stretcher, the Yb-doped fiber amplifier and intracavity passive fiber, and the transmission
grating compressor. The initial values of GDD and TOD of the stretcher are 13.56 ps? and
—0.1791 ps?, respectively. The 4.5 m long fiber in the CPA system introduced a GDD of
about 0.0989 ps? and TOD of about 0.189 x 10~ ps?3, respectively. In order to compensate
the accumulated GDD and TOD introduced at the pre-stage, we theoretically calculated the
incident angle of 60.6°, which is slightly apart from Littrow angle, together with an optical
length of 27 cm between two grating passes, which provides a total amount of —13.73 ps?
GDD and 0.1759 ps® TOD [17]. In the experiment we fine-tuned the grating angle and M3
around theoretical values until the residual chirp was minimized. The interplay between
these dispersive elements determines the net cavity dispersion of the system.
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Figure 4 compares the temporal profiles of the compressed pulses under two different
dispersion control strategies. The traces on Figure 4a are obtained by first optimizing
the CFBG and grating separation at low power and then increasing the amplifier out-
put without further dispersion adjustment. Under this condition, the pulse achieves a
good autocorrelation waveform at 2.37 W and the pulse gradually broadens and develops
temporal wings as the power increases. At the highest output of 9.65 W, the temporal wave-
form becomes significantly distorted with multiple satellite structures. This progressive
degradation arises from the increasing nonlinear phase accumulation in the gain fiber.
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Figure 4. Autocorrelation traces of compressed pulse curves at different power levels (a) without
and (b) with the fine-tuning of the dispersion of CFBG; the solid line measures autocorrelation trace,
while the dashed line measures the sech2 fitting.

In contrast, Figure 4b shows the temporal traces obtained with a dynamic compensa-
tion strategy, where the CFBG is retuned at each power level to introduce an appropriate
amount of additional negative TOD. In the experiment, the CFBG-provided TOD is ad-
justed from —0.1965 ps® at an output power of 2.37 W to —0.1791 ps® at an output power
of 9.65 W. This adjustment effectively compensates the increasing nonlinear phase accu-
mulation during amplification. Consequently, the pulses at the full operating power range
compress to durations close to the minimum achievable value (250 fs), and the satellite
structures observed in the fixed dispersion case are largely suppressed. By fine-tuning
the pre-chirp of the CFBG, the total dispersion of the CPA chain is optimized to balance
the nonlinear phase shift accumulated in the gain fiber. Under these conditions, appro-
priate dispersion pre-compensation effectively mitigates spectral distortion and temporal
broadening induced by SPM, enabling stable pulse compression at high power levels.

The spectral changes at different output powers are shown in Figure 5, the approximate
B integral can be given by assuming an exponential amplification [13,18], which is marked
in the Figure 5a. With the output power increasing, the optical spectrum narrows, and its
center wavelength shifts slightly toward shorter wavelengths, approaching the emission
peak of the Yb-doped gain medium at 1030 nm. This spectral narrowing and blue shift are
attributed to gain narrowing and nonlinear spectral reshaping within the fiber amplifier.
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At the same time, although the B-integral increases, we do not observe a clear, monotonic
SPM type spectral broadening that would normally be expected for strong self-phase
modulation. Instead, the optical spectra exhibit multiple peaks, which are attributed to
the combined effects of nonlinear spectral modulation induced by SPM, gain shaping of
the Yb-doped fiber, and residual high-order dispersion. The small pedestal observed on
the autocorrelation traces at higher powers arises from residual uncompensated higher-
order dispersion and nonlinear phase modulation, which prevent the pulse from reaching
the Fourier transform limit. Despite these effects, the recompressed pulses maintain
good temporal quality, confirming that the dispersion tuning of the CFBG successfully
compensates for power-dependent nonlinearities in the CPA chain.
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Figure 5. Spectral variations at different output powers. (a) Optical spectra of the compressed pulses
at different output powers, (b) corresponding spectral evolution with increasing power.

The high-quality compressed pulses are used to drive the second-harmonic generation
stage, with pulse durations individually optimized via tuning CFBG for each power level.
The SHG light output power and conversion efficiency are measured as a function of the
incident fundamental power, as shown in Figure 6a. The SHG power increases almost
linearly at low incident power levels but gradually saturates, resulting in a slight decrease
in conversion efficiency. The efficiency reduction may be due to phase mismatch caused by
thermal effects in the BBO crystal at high average power. Despite these effects, the SHG pro-
cess remains stable, demonstrating good power handling capability of the nonlinear stage.
As shown in Figure 6b, the SHG power RMS stability at the highest output is 0.54% over
30 min, demonstrating an excellent stability of the system under peak operating conditions.

The temporal and spectral characteristics of the SHG pulses are shown in Figure 7.
The measured second-harmonic spectra are centered at 517 nm with a full width at half
maximum (FWHM) of approximately 2 nm. The measured pulse width at highest power
output is 190 fs, exhibiting a small pedestal and closing to the Fourier transform limit of
144 fs. Since the SHG intensity is proportional to the square of the fundamental inten-
sity in non-depleted regimes [19], significant uncompensated dispersion would have led
to pronounced temporal broadening. The near transform-limited SHG pulse indicates
that the residual spectral phase of the amplified 1030 nm femtosecond laser output is
relatively small.
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Figure 7. Output characteristics of the SHG pulse. (a) Spectrum of SHG pulse, (b) pulse duration of
SHG pulse.

5. Conclusions

We have demonstrated a high-power Yb-doped fiber CPA system featuring tunable
dispersion control via a CFBG stretcher. By dynamically adjusting GDD and TOD to
match the nonlinear phase accumulated at different amplification powers, the CPA system
achieves stable pulse compression over its full operating range. Importantly, the pulses
maintain a nearly constant duration of 250 fs even at the maximum compressed power
of 9.65 W, confirming that nonlinear distortions can be effectively compensated through
adaptive dispersion management. The high-quality fundamental pulses further enable
efficient SHG in a BBO crystal, yielding 3.56 W of 515 nm femtosecond output with near
Fourier transform-limited temporal characteristics. The results demonstrate that combining
managed nonlinearity with tunable dispersion offers a powerful and flexible strategy for
scaling the performance of ultrafast fiber laser systems.
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