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We present an ultrafast thulium fiber laser based on non-
linear pulse compression of a gain-switched laser diode
operating at 1.87 um. Seeded by a 40-ps gain-switched laser
diode (GSLD), thulium-doped fiber amplifiers (TDFA) are
used to increase the pulse peak power, and a normal-
dispersion highly nonlinear fiber (HNF) is employed to
generate a positive chirp through self-phase modulation
(SPM). A bandpass filter is introduced to remove the non-
linear chirp components induced by both SPM and gain
switching. A two-stage compression process is employed
to maximize pulse compression and suppress the pulse
pedestal. The process begins with linear compression in a
passive single-mode fiber, resulting in a 1.2-ps pulse dura-
tion, followed by soliton compression in a thulium fiber
amplifier. This method produces pulses with an energy of
4.7 nJ and a near transform-limited compressed pulse width
of 509 fs. The all-fiberized system shows great potential as a
compact, affordable, and robust alternative to mode-locked
lasers for ultrafast applications.
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There is an increasing interest in the wavelength region that lies
within the thulium emission band between 1.8 and 2 um due
to its numerous advantages in various fields such as medicine,
material processing, spectroscopy, and remote sensing [1—4].
Thulium-doped fiber lasers (TDFLs) with ultrashort pulses are
particularly of interest for their potential in mid-infrared gen-
eration and nonlinear optics where they serve as pump sources
for nonlinear crystal-based optical parametric oscillators and
supercontinuum generation in highly nonlinear fibers. In medi-
cal application, ultrafast TDFLs can be used as advanced light
sources for multiphoton deep tissue imaging [1-4]. For the
multiphoton imaging, the pulse requirements typically involve
energies in the range of a few nanojoules and durations around
a few hundred femtoseconds to produce detectable signals
at depths ranging from several millimeters to sub-hundred
micrometers below the surface [1,5].
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Mode-locked fiber lasers have become the preferred method
for generating femtosecond pulses in a compact form. However,
achieving a stable single pulse operation requires precise con-
trol of dispersion, non-linearity, and polarization, making these
systems sensitive to external factors such as temperature fluctu-
ations and mechanical vibrations. These sensitivities affect their
reliability and significantly limit their practical use in many real-
world applications. To address this, polarization-maintaining
fiber solutions have been developed to mitigate these changes
[6-8]. Despite this, the repetition rates, and consequently the
pulse parameters and potential applications, are determined by
the length and detailed design of the mode-locked cavity, and in
order to accommodate different use cases, it is often necessary
to go through the time-consuming process of changing the cav-
ity length and reoptimizing performance or constructing a new
source completely.

In contrast, gain-switched laser diodes (GSLDs) offer a sta-
ble, compact, and readily available alternative to mode-locked
lasers, providing greater operational flexibility in terms of repe-
tition rate, pulse duration, and power. Their output and stability
are electronically controlled, addressing many of the challenges
associated with mode-locked lasers. However, constrained by
the limits of modulation bandwidth and photon lifetime, typical
laser diodes can only produce pulses with a minimum of tens-of-
picosecond duration under gain-switched operation. To achieve
shorter pulse durations, pulse compression is required, but it is
challenging due to the narrow spectral bandwidth output and the
nonlinear chirp associated with gain switching [9]. The nonlin-
ear chirp occurs due to changes in the refractive index induced
by the voltage applied during gain switching, which creates an
up-chirp in the pulse followed by a down-chirp during relaxation
[9]. These chirp changes create a temporal pedestal. To address
this, saturable absorbers are used to clean up the chirp by filtering
out the low-intensity pedestal, as demonstrated in the literature.
For example, Fu et.al, utilized the intensity-dependent nature
of self-phase modulation (SPM), followed by an offset filter to
select the newly generated spectral component that corresponds
to the main pulse peak, forming a Mamyshev regenerator sys-
tem, which results in a pedestal-free output [10]. This approach
is further enhanced by parabolic pulse evolution in the normal-
dispersion regime at 1 um in ytterbium-doped fibers, reducing
the pulse width to 140 fs. However, the parabolic pulse evolution
approach is not always suitable for shaping pulses at wavelengths
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>1.3 um within the anomalous dispersion regime of standard
single-mode silica fibers (SMFs). Other techniques, such as
nonlinear polarization rotation (NPR) or the use of a nonlin-
ear amplifying loop mirror (NALM), have also been employed
[11,12]. For example, Méchin et al., demonstrated a method
that converted 14-ps pulses from a high-modulation-bandwidth
(10 GHz) GSLD at 1.55 um to a pedestal-free up-chirped pulse
using a NALM, which were then linearly compressed to a dura-
tion of 2.5 ps using the anomalous dispersion of a length of SMF
[12].

Generating sub-picosecond pulses from a GSLD in the
thulium emission region faces great challenges due to the lack of
high-modulation-bandwidth laser diodes and the anomalous dis-
persion from standard single-mode fibers at those wavelengths.
Previous studies of TDFLs based on GSLDs all focused on long
pulses, ranging from tens to hundreds of picoseconds [13,14].

In this paper, we demonstrate a novel method of nonlinear
pulse compression for a GSLD at 1.87 um. Coherent spectral
broadening followed by linear pulse compression and soliton
evolution is investigated, resulting in an all-fiberized TDFL sys-
tem that effectively compresses pulses from the GSLD, reducing
the 41-ps duration to an output of 509fs. To the best of our
knowledge, this represents the first demonstration of sub-ps
pulse generation for a TDFL based on a GSLD.

Figure 1 presents the schematic of the laser system. A single-
frequency laser diode (EP1854, Eblana Photonics) operating at
a wavelength of 1875nm was used as a seed source. Driven
by an electrical pulse generator (8133A, Agilent), providing
rectangular waveforms with 250 ps pulse width at a repetition
rate of 32 MHz, the seed source was operated as a GSLD to
generate optical pulses in the picosecond regime. The aver-
age power of the GSLD was less than 1 mW; therefore, two
TDFAs were built to increase the power. TDFA1 comprised a
0.9-m-long thulium-doped fiber (TDF) that was core-pumped
at 1565nm with an in-house built erbium-doped fiber laser
through a wave division multiplexer (WDM). The TDF was
in-house fabricated using modified chemical vapor deposi-
tion (MCVD) and solution-doping techniques, which had a
10/100 pm core/cladding diameter, a 0.13 numerical aperture
(NA), and a 0.2wt.% Tm concentration. TDFA2 consisted of
a 1.6-m-long TDF (LMA-TDF-25P/400-M, Coherent) that was
cladding-pumped at 790nm with a laser diode (e03, nLight)
through a pump signal combiner. An isolator was placed
after each of the TDFAs to prevent the unwanted backward-
propagating light from damaging the seed laser. TDFA1 was
configured to provide a high gain with a high optical to signal
noise ratio (OSNR), and TDFA2 was designed to generate high
output power. All the components within the amplifiers were
directly spliced. The components between the amplifiers were
connected through angled fiber patch cords. The pulses after the
isolator were coupled into a 40-m-long HNF (UHNA4, Coher-
ent) with normal dispersion at the laser wavelength to facilitate
coherent spectral broadening. A fiber-packaged wavelength-
tunable spectral bandpass filter (FOTF-020121131, Agiltron)
was employed after the HNF to remove the spectral components
with nonlinear chirps. A selection of SMF (SMF28e, Corning)
with different lengths was used to characterize the linear pulse
compression. TDFA3 was constructed and placed after the linear
pulse compressor for the nonlinear pulse compression investiga-
tion. It comprised a 1.3-m-long in-house fabricated TDF that was
core-pumped at 1560 nm with an erbium-doped fiber amplifier
(Amonics, AEDFA-33-B-FA) through a WDM.
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Fig. 1. Full detailed system schematics; inset functional schemat-
ics. GSLD, gain-switched laser diode; WDM, wave division
multiplexer; TDF(A), thulium-doped fiber (amplifier); ISO, iso-
lator; SPC, signal pump combiner; HNF, highly nonlinear fiber; SF,
spectrum filter; SMF, single-mode fiber.
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Fig. 2. (a) Laser diode output spectrum; (b) the autocorrelation

trace (black) of the laser diode output and Gaussian fit (red); (c) the

second stage amplifier output power against pump input power; (d)

the second stage amplified spectrum.

With a set temperature of 23°C, the output spectrum of
the GSLD exhibited a main peak at the central wavelength of
1875 nm with a 3-dB bandwidth of 1 nm, as shown in Fig. 2(a). A
second peak, originating from the side mode oscillation, located
at 1879 nm was observed on the spectrum, however, at a >20 dB
lower intensity than the main peak. The average power from
the GSLD was measured to be 12.3 yW and been increased to
40mW from the TDFAL. The output pulses from the TDFA
1 were measured using an autocorrelator (PulseCheck nx150,
APE), revealing a pulse width of 41 ps with a Gaussian-shaped
assumption, as shown in Fig. 2(b). Figure 2(c) illustrates the
power performance of TDFA2, showing a slope efficiency of
23% and a maximum output power of 2.1 W under a pump
power of 11 W. Notable amplified spontaneous emission (ASE),
at longer wavelengths in particular, was generated in TDFA2
at such a power level due to the cladding-pumped architecture;
nevertheless, the amplified signal still exhibited a signal-to-noise
ratio of over 20 dB and occupied 42.5% of the total power. Fig-
ure 3(b) shows the narrow signal spectrum at high resolution,
revealing there is no significant nonlinear spectral distortion in
the amplifier.
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Fig. 3. (a) Change in the FWHM of the compressed pulse ACF
with SMF fiber length with (red) and without (black) filter at the
input; (b) the HNF input spectrum (red), the HNF output spectrum
(black), and the filter output spectrum (green) offset by 25 dB; (c)
the autocorrelation trace of the compressed broadened spectrum for
150 m of SMF without filter (green) and the minimum compressed
pulse with filter at 125 m (black).

Spectral broadening, primarily driven by SPM, occurred dur-
ing pulse propagation along the HNF, increasing the spectral
bandwidth to 8.1 nm at the 10-dB level. Both the normal group
velocity dispersion of the HNF and the SPM resulted in the
pulses being positively chirped, which provides the opportu-
nity to achieve pulse compression using typical (anomalously
dispersive) SMFs. Before putting the spectral bandpass fil-
ter, 200-m-long SMFs were applied to characterize the linear
pulse compression. It is worth noting that the input power into
the SMF was attenuated to prevent undesired nonlinear effects
within the SMF. Through the cut-back method, pulse compres-
sion with different fiber lengths was characterized, as shown in
Fig. 3(a). Using the SMF with a length of 150m, the pulses
were effectively compressed to a duration of 1.5 ps. The meas-
ured autocorrelation trace of the compressed pulses is shown in
Fig. 3(c), exhibiting a small pedestal that could be attributed to
the nonlinear chirp component in the input pulses that was not
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compensated by the SMF. To reduce the nonlinear chirp com-
ponent in the input pulse, a spectral bandpass filter was placed
before the SMF. The central wavelength of the filter can be
tuned around the laser wavelength, and the transmission band-
width (3dB) was ~3.6nm. By carefully adjusting the central
wavelength of the filter, improved linear pulse compression per-
formance was obtained. The power after the filter was measured
to be 51 mW. With a narrower input spectrum, the pulse width
after the filter was measured to be 23 ps (ACF width), and the
pulses could be effectively compressed through a much shorter
length of SMF, as shown in Fig. 3(a). A minimum compressed
pulse width of 1.2 ps was achieved by using a 125 m length of
SMF. Itis clear to see from Fig. 3(c) that the autocorrelation trace
of the compressed pulse using the filter has a smaller pedestal,
compared to that without using the filter. The main peak of the
autocorrelation trace occupies 29% of the total area as opposed
to 23% without the filter at the minimum compressed pulse dura-
tion. The pulse pedestal suppression was likely limited by the
current filter bandwidth because the filter still transmitted some
parts of the center and edge of the spectrum, which contain the
nonlinear chirp generated from gain switching and SPM [15].
This could be overcome by using a filter with narrower band-
widths or by generating a wider spectrum in the HNF through
increased fiber length or peak power. However, due to the pos-
itive chirps induced by the SPM and the normal dispersion of
the HNF, the pulse temporally broadens, and the peak power
reduces during the propagation. Therefore, the rate of spec-
tral broadening exponentially decreases, making it inefficient
in generating further spectral components. Nonetheless, great
pulse compression performance and good-quality compressed
pulses were successfully achieved by using the linear compres-
sion method, resulting in a significant pulse narrowing for the
GSLD by a factor of 34.

The linearly compressed pulse was injected into the final
TDFA to undergo nonlinear amplification and self-compression
for further pulse narrowing. The amplifier showed a 23% slope
efficiency and generated a maximum output power of 200 mW
at 1 W of pump power, as shown in Fig. 4(a). The output spec-
trum of the amplifier broadened with the increase of the output
power, as shown in Fig. 4(b), implying a nonlinear amplifier
scheme. Pulse evolution and soliton formation were expected
to happen within the amplifier, originating from the interplay
between gain, anomalous dispersion, and SPM. The duration of
the solitonic pulse is primarily determined by the fiber param-
eters and the pulse energy [16]. Autocorrelation measurements
for the output pulses revealed pulse self-compression during the
amplification. The pulses narrowed when the output power was
increased up to 150 mW; however, further increase in the output
power resulted in a slightly broader pulse with a higher pedestal
shown on the autocorrelation trace, as presented in Fig. 4(c). At
an output power of 150 mW, self-compressed pulses with high
contrast and a pulse width of 509 fs were obtained. With a 10-
dB bandwidth of 7.4 nm, the pulses exhibited a time—-bandwidth
product of (TBP) 0.321 that is close to the TBP value of 0.315
for a sech’ pulse, confirming the soliton formation. The corre-
sponding pulse energy and peak power are therefore 4.7 nJ and
8.52 kW, respectively.

In conclusion, we have successfully demonstrated a fully fiber-
ized thulium-based laser system, seeded by a GSLD, capable
of generating femtosecond pulses as an alternative to tradi-
tional mode-locked laser sources. The system incorporates a
spectral filter to remove nonlinear chirp, effectively mitigating
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Fig. 4. (a) Final-stage amplifier characterization of signal power
against pump power; (b) the amplified spectrum at different output

power offset by 10dB; (c) the autocorrelation at different output
powers; inset: shorter scan range at 150 mW (black), sech? fit (red).

the temporal pedestal during linear compression. A final-stage
amplifier was added to enhance the pulse intensity while form-
ing a soliton, leading to further pulse compression to a near
transform-limited duration of 509 fs. This represents a compres-
sion factor of approximately 80 from the initial 40-ps seed pulse,
with over a twofold reduction in pulse duration compared to

Vol. 50, No. 11/1 June 2025/ Optics Letters 3639

linear compression alone. The linear compression and spectral
filtering stages are crucial for reducing the generated pedestal,
by gradually controlling the pulse compression. Most notably, a
significant difference between them is observed as a result of the
peak-to-pedestal ratio. Future work should focus on employing
a bandpass filter with a narrower range, coupled with precise
fiber amplifier management, to ensure adiabatic pulse evolu-
tion and improved pedestal suppression. Overall, this system
holds great promise as a compact, robust, and stable alterna-
tive to thulium-based mode-locked lasers for ultrafast pulse
applications, including multiphoton microscopy.
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