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We report a simple and compact all-fiber laser system that is capable of generating widely tunable femtosecond
pulses from 1.6 to 2.32 μm. The pulses are produced by utilizing the soliton self-frequency shift in a highly non-
linear fiber pumped by an Er-doped mode-locked fiber laser. Two stages of single-clad Tm:fiber amplifiers are
used to amplify the pulses to a higher pulse energy of 10.9 nJ with pulse width of 94 fs, and corresponding to peak
power of 105 kW at around 1.93 μm. Running a few hours, the all-fiber laser system exhibits exceptional stability
with a signal-to-noise ratio as high as 70 dB.
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Over the past decade, there has been a growing interest
in tunable ultrashort optical pulses that are useful for a
number of commercial and scientific applications, includ-
ing ultrafast spectroscopy, material processing, nonlinear
optics, and defense security. In most of the cases so far, the
pulses have been realized using solid state lasers or dye
lasers with many free space optical elements. However,
in the systems using those lasers, it is necessary to control
the optical elements with very high precision through
complicated adjustments in order to get the stable oper-
ation and tune the wavelength of the laser pulse, and the
whole system is rather large and not easy to control, thus
the overall system cost is rather high. Meanwhile, the tun-
ing range remains limited by the bandwidth of the gain
medium.
Recently, ultrafast fiber laser technology has progressed

remarkably and the performance is comparable to stan-
dard solid-state lasers[1,2]. The tunable ultrashort pulses
can be produced by utilizing the soliton self-frequency
shift[3] (SSFS) in silica fibers based on compact fiber lasers
with excellent beams and pulse quality, wide tunable
range, high stability and turn-key operation. With SSFS,
several groups have succeeded in the demonstration
of a wavelength tunable laser system for short pulse gen-
eration[4–12]. Examples of those tunable ultrashort pulses
source were realized by using the diameter reduced type
of polarization maintaining fiber and passively mode-
locked Er-doped fiber laser for generating tunable optical
pulses from 1.56 to 2.03 μm[7]. Furthermore, shifting
of the wavelength from 1.58 to 2.07 μm was achieved
for 100 fs optical pulses in a 1-m-long high nonlinear
fiber (HNLF)[8]. In addition, pulses from a femtosecond
Er:fiber oscillator and a diode-pumped Er-doped fiber
preamplifier at 1.6 μm are converted in silica fiber up
to 2 μm and are amplified in Tm-doped silica fiber
to generate two-color ultrashort pulses with a tunable

wavelength up to 2.3 μm[10]. Apart from that, people
can also obtain short wavelength tunable pulses called
dispersion waves (DWs) based on this method. In 2010,
Andrianov et al. got a pulse with a duration as short as
85 fs and an averaged power of 200 mW based on nonlin-
ear wavelength conversion of 1.56 μm ultrashort Er:fiber
laser pulses to the 1 μm range in a short span of dispersion-
shifted silica fiber[13].

At present, the wavelength tunable ultrashort pulse
sources are usually used to seed high-power amplifiers
or optical parametric amplifiers, etc.[14–19]. For instance,
such schemes were utilized by Coluccelli et al. for seeding
single-clad Tm-Ho:fiber amplifier to generate high-power
sub-100-fs pulses around 1.9 μm with complicated spatial
structures[16]. In addition, Imeshev et al. have reported the
generation of tunable femtosecond optical pulses at
around 2 μm by large mode area (LMA) double-clad
Tm-doped fiber without an external pulse compressor[17].
Although they obtained an 108 fs pulse with 230 kW peak
power, the method of pumping was complex, accompanied
with instability, and the use of cladding-pumped LMA
fiber raised the cost.

Here, we report a simple and compact all-fiber laser sys-
tem that generates tunable femtosecond optical pulses
from 1.6 to 2.32 μm with an Er-doped mode-locked fiber
laser based on telecom components and a silica-based
highly nonlinear fiber. In the meantime, the use of a
single-clad Tm-doped fiber amplifier allows the produc-
tion of high-power femtosecond pulses around 1.93 μm
without an external pulse compressor. We obtain pulse
trains at a repetition frequency of 32.9 MHz with an aver-
age power of 360 mW, pulse energy of 10.9 nJ, duration of
94 fs, and corresponding peak power of 105 kW.

One should note that the magnitude of the wavelength
shift is up to 720 nm. Furthermore, we can obtain femto-
second pulses with a peak power of 105 kW based on
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single-clad Tm-doped fiber amplifier in an all-fiber system
without any free space optical components.
The experimental setup of the all-fiber laser system is

shown in Fig. 1. It consists of a passively mode-locked
Er:fiber master oscillator, a diode-pump Er-doped fiber
amplifier, a single-mode fiber (SMF) used as a nonlinear
pulse compressor, a silica-based HNLF for wavelength
conversion, two stages of single-clad Tm-doped fiber
power amplifier, and an ultrahigh numerical aperture
(UHNA) fiber used as dispersion compensation fiber
(DCF) for shortening the output pulses to sub-100-fs.
In the HNLF front end, an in-house built all-fiber

master oscillator passively mode-locked by using nonlinear
polarization rotation (NPR) delivers 490 fs optical pulses
with a 6.9 nm spectral bandwidth centered at 1.56 μm at a
fundamental frequency of 32.9 MHz. The optical pulses
pass through an optical isolator for preventing back reflec-
tions and are then amplified in a 3-m-long customized
Er-doped fiber with a mode field diameter of 5.7 μm
at 1550 nm, an absorption of 16.5 dB/m at 980 nm,
and a normal dispersion of 14.3 ps2∕km at 1.55 μm. Sub-
sequently, the SMF lengths inside a 980/1550 wavelength
division multiplex (WDM) coupler are carefully chosen to
compress the optical pulses. The pulse width after com-
pression exhibits a strong dependence on the output power
due to the use of SMF as a nonlinear pulse compressor.
Figure 2 shows the change of average output power and
pulse width at the output along with the backward pump
power.
Next, the compressed pulses are directly coupled into

HNLF with a core diameter of 2 μm for wavelength con-
version. The HNLF has the zero dispersion wavelength of
1453 nm and its nonlinear coefficient is much higher than
SMF-28 because of a smaller effective mode area. As the
coupling power and pulse width vary, the wavelength of
the generated optical pulses is shifted arbitrarily and
continuously. Figure 3(a) shows the observed optical
spectrum at the output of the 5-m-long HNLF when
the coupling power is about 26 mWwith 90 fs pulse width.
We obtain optical pulses centered at 2.11 μm with a spec-
tral width of 33 nm corresponding to 142 fs pulse width
under the assumption of the sech2 pulse shape. If we
further increase the injected power in the HNLF fiber

the output will turn into a supercontinuum emission.
In order to obtain the longest wavelength optical pulses,
we increase the coupling power up to 45 mW with 7-m-
long HNLF. An example of an optical pulse at 2.32 μm
with 31 nm spectral width that perfectly fits the Cr:ZnSe
amplification bandwidth is presented in Fig. 3(b).

Figure 4 shows the characteristics of the wavelength
shift of the first optical pulse as a function of the fiber
input power in a 7-m-long HNLF. We can see from the
picture that the wavelength of the generated soliton pulse
is shifted continuously toward the long wavelength side as
the fiber input power is increasing. But the wavelength
conversion saturates at 2.32 μm and the speed of the shift
decreases gradually because of the onset of the infrared
absorption edge of the silica glass and a decrease of the

Fig. 1. Optical layout of the experimental setup.

Fig. 2. Average output power and pulse width of the amplified
pulses as a function of pump power.

Fig. 3. Output spectrum measured at the fiber output with dif-
ferent pump power and HNLF length (a) 26 mW, 5 m and
(b) 45 mW, 7 m.
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pulse intensity owing to the increase of the anomalous
dispersion with the decrease of the nonlinear coefficient
along the shifted wavelength. The conversion efficiency
to the optical pulses at 2.32 μm is about 10%. One should
note that higher conversion efficiencies can be expected
when optimum fiber designs are used and even larger
wavelength shifts can be expected when fluoride fiber is
used to overcome the absorption edge of silica.
To verify the tunability and stability of the optical

pulses, two stages of single-clad Tm-doped fiber amplifiers
are used to boost the power level further in the 2 μm
region.
First, the coupling power is optimized to pump the 7-m-

long HNLF for generating 1.95 μm optical pulses in order
to match the Tm-doped fiber gain bandwidth. The seed
pulses are then coupled into a 2 m length of single-clad
Tm-doped fiber to filter out the long wavelength element
and amplified up to 10 mW average power at 1.95 μm. The
Tm-doped fiber used in the amplifier has a core/cladding
diameter of 9/125 μm, and a numerical aperture (NA) of
0.16 with an absorption coefficient of 13 dB/m at 1550 nm.
The group velocity dispersion (GVD) of the fiber is domi-
nated by the negative contribution from the host silica
material and has been estimated to be −70 ps2∕km. Next,
the optical pulses are stretched by UHNA fiber to compen-
sate the anomalous dispersion in the SMF and amplifier.
The UHNA has a core/cladding diameter of 2.2/125 μm,
and an NA of 0.35 with a GVD of 90 ps2∕km.
Finally, the 3-m-long main amplifier is made of single-

clad Tm-doped fiber, similar to the previous. An Er-doped
fiber laser with a coupled power of 2.0 W at 1560 nm is
used to pump the amplifier, which resulted in a maximum
output power of 360 mW at around 1931 nm, as shown in
Fig. 5. The slope efficiency with respect to the pump power
is 20.8%, as represented by the red line in Fig. 5.
Before the UHNA fiber, the average power is 10 mW,

the full width at half-maximum (FWHM) pulse width
at the output of the amplifier is measured at 9 ps with
an autocorrelator and the autocorrelation trace with

corresponding spectrum are shown in Fig. 6. The wide
pulse width is due to the chirp accumulated during the
propagation in the silica fiber for the large amount of
anomalous dispersion above 1600 nm. After adding
8-m-long UHNA fiber, we obtained femtosecond optical
pulses with 10.9 nJ pulse energy at 1931 nm. Assuming
a sech2 pulse profile, we estimate a pulse width of 94 fs
with a 10% pedestal content and a time bandwidth prod-
uct of 0.53. Subtracting the pedestal content from the
total pulse energy, we estimate the pulse peak power at
the output of amplifier as 105 kW. An autocorrelation
of the typical compressed output pulses and corresponding
spectrum is shown in Fig. 7. Spectrum reshaping inside the
amplifier is responsible for the nonlinear effect at the

Fig. 4. Characteristics of wavelength shift of soliton pulses in
function of fiber input power (dots with experimental data)
and arbitrarily fit (red curve).

Fig. 5. Average output power as a function of launched 1560 nm
pump power (dots with experimental data) and linear fit (red
curve).

Fig. 6. Autocorrelation trace (left) and spectrum (right) of
uncompressed pulses.

Fig. 7. Autocorrelation trace (left) and spectrum (right) of com-
pressed pulses.
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highest power levels and the center wavelength is shifted
to a shorter wavelength mainly due to the gain bandwidth
of Tm-doped fiber in the short wavelength region. The
autocorrelation of the compressed pulses displays a high
pulse quality despite the high amount of self-phase modu-
lation in the Tm amplifier.
The compressed output pulse train observed in a high-

speed oscilloscope is shown in Fig. 8. The pulses are
equally separated by around 30 ns, corresponding to a
32.9 MHz repetition frequency. No signs of double-pulsing
or pulse breaking are observed.
All the fibers are fusion spliced to make the system

mechanically stable. Running a few hours at maximum
average power, the all-fiber laser system exhibits excep-
tional stability with overall power fluctuations as low
as 0.5%. In order to further verify the stability of the laser
system, we record the RF spectrum with 510 Hz resolution
bandwidth (RBW) and 1 MHz span. The signal-to-noise
ratio (SNR) in the RF spectrum is higher than 70 dB,

which indicates that the all-fiber laser system is in a very
steady state, as shown in Fig. 9.

In conclusion, we demonstrate tunable femtosecond
optical pulses from 1.6 to 2.32 μm based on SSFS in a
silica-based highly nonlinear fiber with an all-fiber
Er-doped laser system. The generated optical pulses can
be used for Tm-doped fiber amplifier seeding to replace
mode-locked Tm-doped fiber laser oscillators, usually
more difficult to realize because of the relatively high
anomalous dispersion of silica fibers in this wavelength
range. In conjunction with the two stages of single-clad
Tm-doped fiber amplifier without an external pulse com-
pressor, we obtain a femtosecond optical pulse at 1.93 μm
with a 32.9 MHz repetition frequency and 360 mW of
output power correspond- ding to 105 kW peak power,
providing an all-fiber laser system with a compact and
versatile structure. Simultaneously, we believe that these
tunable optical pulses may also be a good source of opti-
cally synchronized pump and seed pulses for amplifying
systems based on Cr:ZnSe or Cr:ZnS.
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Fig. 8. Recorded output pulse train.

Fig. 9. RF spectrum of the compressor pulses recorded with
510 Hz RBW.
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