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We report an all-fiber, all-polarization maintaining (PM) source of widely tunable (1800–2000 nm) ultrashort
pulses based on the amplification of coherent self-frequency-shifted solitons generated in a highly nonlinear fiber
pumped with an Er-doped fiber laser. The system delivers sub-100 fs pulses with energies up to 8.6 nJ and is built
entirely from PM optical fibers, without any free-space optics. The all-fiber alignment-free design significantly
increases the suitability of such a source for field deployments. © 2018 Chinese Laser Press
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1. INTRODUCTION

Widely tunable and ultrashort-pulsed laser sources operating
in the 1.8–2.0-μm spectral band are in demand for many ap-
plications in various fields of industry and science. Compact
and efficient lasers in this spectral region can be used, e.g., for
supercontinuum generation in nonlinear fibers [1], as pumps
for mid-infrared parametric oscillators [2], or as sources in
surgery or dermatology [3]. Most commonly, ultrashort pulses
in this spectral region are generated from mode-locked fiber
lasers based on Tm- or Ho-doped gain fibers, utilizing vari-
ous mode-locking techniques, e.g., nonlinear polarization
evolution (NPE) [4,5], semiconductor saturable absorber mir-
rors (SESAM) [6], graphene [7], and carbon nanotube satu-
rable absorbers [8].

Alternatively, broadband and ultrashort pulses in the 1.8–
2.0 μm region can be obtained via nonlinear frequency conver-
sion in highly nonlinear fibers (HNLFs). In principle, a
near-infrared pump (e.g., from a mode-locked erbium-doped
fiber laser, EDFL) launched to a dispersion-engineered
HNLF might be converted toward longer wavelengths due
to Raman-induced soliton self-frequency shift (SSFS). The
concept of using compact 1.56-μm EDFLs and shifting their
output radiation via SSFS toward the 2-μm band utilizing long
sections of conventional single-mode fibers was presented by

Nishizawa and Goto [9]. Nowadays, usually photonic crystal
fibers (PCFs) [10,11], suspended-core fibers [12], or
GeO2-doped silica fibers [13] are used as nonlinear media
for SSFS. The usage of fluoride fibers allows for generation
of solitons shifted up to 4.3 μm [14]. Recently, we have re-
ported generation of sub-100-fs pulses tunable from 1700 to
2100 nm via SFSS in a microstructured HNLF pumped by
a compact EDFL [15]. The main advantage of this approach
over classical Tm- or Ho-doped fiber lasers is that the output
radiation is easily tunable over a very broad spectral range, un-
reachable for fiber lasers based on rare-earth-doped gain fibers.
Untypical wavelengths like 1650–1800 nm, interesting for deep
bio-imaging applications [16], can be easily obtained just by ad-
justing the pump power launched into the nonlinear fiber [15],
without the necessity of building complex short-wavelength
Tm-doped lasers [17]. The pulses obtained via SSFS are usually
closely transform-limited [18,19] and might maintain their co-
herence [20], and they also have a broad and smooth spectral
envelope [15,19,20]. The SSFS output power can be further
scaled by external amplification using the chirped pulse ampli-
fication (CPA) technique. The usage of an SSFS-based seed
source for the CPA instead of a fixed-wavelength Tm- or
Ho-doped laser makes the entire source much more flexible,
thanks to the broad tuning capabilities. However, the most
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powerful CPA sources at 2 μm always utilize bulk pulse com-
pressors based on diffraction gratings [21–24]. The output
power of the SSFS-seeded setups can be scaled without a bulk
compressor by using the concept of high-dispersion amplifiers.
In Ref. [25], 108-fs pulses at 1980 nm with an energy of 31 nJ
were achieved. However, the setup utilized free space optics to
couple the signal and pump light into a non-polarization-
maintaining large-mode-area (LMA) Tm-doped fiber. Real-
world applications, especially field-deployable systems (e.g., for
environmental monitoring, sensing, range finding) require
compact and robust sources without any moving parts, char-
acterized with stable output parameters maintained over long
periods of time without any maintenance. Only all-fiber and
polarization maintaining (PM) sources can meet these require-
ments. Recently, Sun et al. reported a compact Tm-doped all-
fiber laser, which delivers 65-fs-short pulses with 3.2 nJ energy
at 1980 nm wavelength [26]. However, the system was based
on an NPE-based oscillator, which requires polarization align-
ment to initiate and optimize the mode locking. Moreover,
the setup was based on standard, non-PM fibers. In this case,
the output polarization state is undetermined and may vary
over time. The laser operated at a fixed wavelength without
any tuning capabilities. In Ref. [27], an all-fiber setup deliver-
ing 94-fs pulses with 10.9 nJ energy at 1.93 μm was demon-
strated. In Ref. [28], 125-fs pulses at 2 μm with energy of 5 nJ
were obtained. However, both setups were based on non-PM
fibers and components, and the coherence of the solitons was
not investigated.

Here we demonstrate a compact laser source that delivers
ultrashort, coherent pulses in the 1800–2000 nm spectral range,
amplified up to 8.6 nJ energy (corresponding to nearly 400 mW
of average power), with unprecedented simplicity, built en-
tirely from PM optical fibers. To the best of our knowledge, we
report the highest pulse energies obtained from a sub-100-fs
all-PM fiber laser setup operating in the 2-μm spectral range,
which outperforms the previous reports on all-fiber systems
(e.g., Refs. [26,28] with 3.2 nJ and 5 nJ pulse energy, respec-
tively). In contrast to other similar setups with comparable per-
formance [21,22], our system does not contain any free-space
optics (i.e., bulk compressors) and is fully alignment-free, offer-
ing robust and turn-key operation.

2. EXPERIMENTAL SETUP

The experimental setup of the all-fiber laser source is depicted
in Fig. 1. The system is seeded by a compact, all-PM Er-doped
fiber oscillator mode-locked with a graphene saturable absorber.
The seed is afterward amplified up to 120 mW of average
power, and delivers 27-fs-short pulses at 45 MHz repetition
rate (details on the Er-fiber laser and amplifier can be found
in Ref. [29]). The output of the seed source is directly spliced
to a 2.3-m segment of an in-house-made PM-HNLF, which

converts the near-infrared input pulses via the SSFS effect to-
ward longer wavelengths (up to approx. 2100 nm). The pulse
duration after the PM-HNLF is nearly transform-limited
regardless of the soliton wavelength. The frequency-shifted
solitons are afterward stretched to approx. 6 ps in an in-
house-made PM dispersion-compensating fiber (PM-DCF,
8 m long). The stretched pulses are then amplified in a
Tm-doped fiber amplifier (PM-TDF, Nufern PM-TSF-5/125)
bi-directionally pumped by a 1565 nm fiber laser based on
an erbium/ytterbium-doped fiber (delivering up to 3.5 W of
power). Finally, the amplified pulses are compressed in an
anomalous-dispersion fiber with a 15-μm core diameter
(Nufern PLMA-GSF-15/130). Thanks to the relatively large
core size of the compressing fiber (in comparison to a stan-
dard PM-1550 fiber), it is possible to achieve higher pulse
energies and scale the output power without significant pulse
degradation.

Both PM-HNLF and PM-DCF were manufactured in the
Laboratory of Optical Fiber Technology, Maria Curie-
Sklodowska University, Lublin, Poland. The PM-HNLF has
an elliptical-shaped, germanium-doped core (minor and major
axes of 2.53 and 3.9 μm, respectively), surrounded by few rings
of microstructured holes with averaged distance between the
nearest neighboring holes of 3 μm and averaged diameter of
the air holes in the first ring equal to 1 μm. An image of the
fiber cross-section taken by a scanning electron microscope
(SEM) is depicted in Fig. 2(c). The GeO2 doping level in the
core equals 18 mol. %. The fiber has a dispersion coefficient of
approx. 26 ps∕�nm·km� at 1560 nm wavelength and a high
phase modal birefringence at the level of 5 × 10−4, comparable
to panda-type polarization maintaining fibers. The deployment
of high pressure during fiber drawing process resulted in lattice
squeezing and consequently high modal birefringence. It
should be noted that similar fiber structure with all-normal

Fig. 1. Experimental setup of the all-fiber tunable laser.

Fig. 2. (a) Measured dispersion and (b) phase modal birefringence
of the PM-HNLF (round points), PM-DCF (squared points) and
standard panda fiber (triangle points); (c) SEM images of the PM-
HNLF end facet.
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dispersion was presented in Ref. [30]. However, in the
employed PM-HNLF, the relative size of the holes is about
3 times higher in comparison with the structure presented
in Ref. [30]; therefore, the chromatic dispersion is anomalous
above 1300 nm. The PM-DCF has also an elliptical core
(major axis 3.14 μm, minor axis 2.7 μm), and GeO2 dopant
concentration of 35 mol. %, resulting in a modal birefringence
of �0.8–1� × 10−4 between 1800 and 2000 nm. The measured
dispersion profiles and modal phase birefringence coefficients
of both fibers are depicted in Fig. 2. The dispersion profiles
[Fig. 2(a)] of both PM-HNLF and PM-DCF were measured
by white-light interferometric technique, employing a dispersion-
balanced Mach–Zehnder interferometer [31] and a 1.1–2.2 μm
supercontinuum source (NKT Photonics SuperK Versa), while
spectral interferograms were registered using optical spectrum ana-
lyzers (Yokogawa AQ6375 and AQ6370B, OSA). Additionally,
for comparison, we present measured birefringence of a single-
mode panda-type fiber. Due to the high modal birefringence
of both fibers, no polarization crosstalk was observed. The mea-
sured polarization extinction ratio (PER) in both fibers was about
20 dB over the entire spectral range of our interest (see Fig. 3).
In order to estimate the nonlinear coefficient (γ �W−1·km−1�) of
both fibers, numerical calculations using full-vectorial finite
element method (COMSOL Multiphysics Software) and actual
geometry of the fibers (based on SEM images) were performed.
The simulations reveal that the nonlinear coefficient of the DCF
decreases from 11.7 W−1·km−1 at 1.55 μm to 5.1 W−1·km−1 at
2 μm, while in case of HNLF the coefficient decreases from 9.8
to 5.7 W−1·km−1 in the spectral range of 1.55–2.0 μm.

3. EXPERIMENTAL RESULTS

The performance of the presented source was characterized
using the following equipment: optical spectrum, Yokogawa
AQ6375 analyzer; pulse duration, APE PulseCheck autocorre-
lator; power, Gentec Maestro power meter with XLP12-3S-VP
detector; beam diameter (M 2 parameter), Thorlabs BP209-IR2
beam profiler.

The used PM-HNLF enables continuous tuning of the out-
put soliton central wavelength up to 2080 nm just by changing
the power of the 1560 nm pump laser. Exemplary optical spec-
tra recorded directly after the PM-HNLF are depicted in Fig. 4.
The average power stored in the shifted soliton varies between
6–11 mW, depending on the central wavelength, and the full
width at half-maximum (FWHM) bandwidth reaches 40 nm.

In contrast to our previous work [15], here the shifted solitons
are generated in a highly birefringent fiber, which ensures their
linear polarization state.

The shifted solitons are highly coherent, which was proven
by measuring the interference between two consecutive pulses
in an unequal-path Michelson interferometer, similar to that
presented in Refs. [32,33]. The measured spectral interference
signals at different soliton wavelengths are plotted in Fig. 5.
The fringe visibility function is defined as V �λ� � �Imax�λ� −
Imin�λ��∕�Imax�λ� � Imin�λ��, where Imax and Imin are the
maximum and minimum intensities in the interferogram,
respectively [34]. The amplitude of the modulation in the
interference signal directly corresponds to the degree of coher-
ence of the generated pulses [32–34]. Here, the visibility is
at the level of 0.9 for solitons between 1800 and 2000 nm.
Similar to previous reports on SSFS in nonlinear fibers, we
observe a slight degradation of the coherence at longer wave-
lengths [20,35]; nonetheless, the visibility at 2075 nm is still
higher than 0.6.

After amplification, the pulses are compressed in a segment
of large-core single-mode fiber. Due to its dispersion slope, it
was necessary to adjust the compressing fiber length at each
wavelength to obtain the shortest possible pulses. After adjust-
ment, we have obtained sub-180-fs pulse duration in the entire
tuning range from 1800 to 2000 nm. For a fixed compression
fiber length, the pulse duration might increase up to 1 ps over
the entire tuning range. Figure 6 shows five exemplary
optical spectra at different wavelengths and corresponding
autocorrelation traces of amplified and compressed pulses.
It can be seen that longer wavelengths require shorter lengths
of the compressing fiber for optimized performance. The short-
est obtained pulse duration was ∼97 fs at 1972 nm input

Fig. 3. Transmission spectra registered for the polarizer and the ana-
lyzer aligned in parallel (black line) and crossed (red line) for both
fibers: (a) PM-HNLF; (b) PM-DCF.

Fig. 4. Exemplary spectra of the frequency shifted solitons recorded
directly at the output of the PM-HNLF, with indicated average power
of the soliton.

Fig. 5. Interference patterns of consecutive soliton pulses, measured
at different wavelengths. Blue line represents the calculated fringe
visibility function. Red and green lines show the upper and lower
envelopes of the interferograms, used for obtaining Imax and Imin,
respectively.
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soliton wavelength, with 357 mW of average output power,
which corresponds to an energy of 7.8 nJ.

The maximum average output power of 395 mW (8.6 nJ
pulse energy with 100 fs duration) was obtained at 1910 nm
soliton wavelength and 3.5 W of pumping power. In general,
the output power is greater than 100 mW in the entire tuning
range. A graph showing the maximum achievable output power
and pulse energy at different seed wavelengths is depicted
in Fig. 7.

It is worth emphasizing that despite a relatively large core
diameter of 15 μm, the compression fiber was truly single-
mode over the entire tuning range and delivered a clean,
TEM00 Gaussian beam. In order to confirm the geometrical
properties of the output beam, we have measured its profile
after passing through a lens with 50 mm focal length. The re-
sults are depicted in Fig. 8. The presented measurement was
performed at 1950 nm wavelength and maximum output
power; nevertheless, the beam remains single-mode over the
entire tuning range. The calculated mean M 2 parameter is
equal to 1.01, which confirms the excellent beam quality.

The polarization of the output beam was truly linear with
PER value of 24 dB at ∼1.9 μm wavelength.

Additionally, we have characterized the performance of the
amplifier with a standard PM single-mode fiber (i.e., PM1550-
XP, Nufern) used as compressor. In the experiment, the re-
maining part of the setup was unchanged (i.e., seed, stretcher,
amplifier), and only the 15/130-μm compressing fiber was
replaced with the PM1550-XP. The performance of the sys-
tem is summarized in Fig. 9. The maximum achievable out-
put power without significant pulse distortion was 230 mW
(obtained at 1.65 W of pumping power), which corresponds to
a pulse energy of 5 nJ, similar to that obtained in Ref. [28] (also
with the use of single-mode fibers). The obtained pulse dura-
tion was 80 fs [see Fig. 9(b)], which is shorter than the shortest
pulse measured with the 15/130-μm compressing fiber (97 fs).
However, the achievable output power and the energy are ap-
proximately 45% lower in comparison to those obtained with
the large-core fiber used as a compressor [see Fig. 9(a)]. Further
increase of the pumping power results in pulse distortion,
i.e., build-up of a pronounced pedestal and side-wings in the
autocorrelation trace, as can be seen in Fig. 9(b) (blue trace).

4. SUMMARY AND CONCLUSIONS

We have demonstrated an all-fiber, all-PM, widely tunable
source of ultrashort pulses characterized by unprecedented
simplicity. The laser system is capable of generating sub-
100-fs pulses with energies up to 8.6 nJ (average power up to
395 mW). Output power higher than 100 mW is maintained
over the entire tuning range from 1800 to 2000 nm. Our study
shows that a simple frequency-shifting scheme applied to an

Fig. 6. (a) Measured optical spectra after amplification for different
input soliton wavelengths, and (b) corresponding autocorrelation
traces, with indicated length of the PM 15/130 compressing fiber.
Dashed line: sech2 fit.

Fig. 7. Average output power (square points, left scale) and pulse
energy (round dots, right scale) after amplification and compression
versus input soliton wavelength.

Fig. 8. Output beam quality measurement, indicating a mean M 2

parameter value of 1.01 at 1950 nm.

Fig. 9. Amplification performance with standard PM single-mode
fiber used as compressor. (a) Obtained maximum average power with
indicated pulse duration at each wavelength; (b) pulse autocorrelation
recorded at output power of 230 mW and 300 mW.
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Er-doped fiber laser can be a promising alternative to Tm- or
Ho-doped fiber lasers. It provides tunable, nearly-transform-
limited and highly coherent pulses suitable for further ampli-
fication. Our setup outperforms previously reported SSFS
experiments in terms of output pulse energy in the sub-
100-fs regime [20,24]. The all-fiber, all-PM, alignment-free
design significantly increases the suitability of such sources
for real-world applications and field deployments.
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Buczyński, “Direct comparison of shot-to-shot noise performance of
all normal dispersion and anomalous dispersion supercontinuum
pumped with sub-picosecond pulse fiber-based laser,” Sci. Rep. 6,
19284 (2016).

34. A. F. J. Runge, C. Aguergaray, N. G. R. Broderick, and M. Erkintalo,
“Coherence and shot-to-shot spectral fluctuations in noise-like
ultrafast fiber lasers,” Opt. Lett. 38, 4327–4330 (2013).

35. T. W. Neely, T. A. Johnson, and S. A. Diddams, “High-power broad-
band laser source tunable from 3.0 μm to 4.4 μm based on a femto-
second Yb:fiber oscillator,” Opt. Lett. 36, 4020–4022 (2011).

372 Vol. 6, No. 5 / May 2018 / Photonics Research Research Article


	XML ID funding

