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Tunable dissipative soliton Tm-doped fiber laser
operating from 1700 nm to 1900 nm
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In this Letter, we demonstrate an ultrabroadband
(1700-1900 nm) tunable Tm-doped fiber laser (TDFL) gen-
erating dissipative solitons in the net-normal dispersion
regime. The laser delivers pulses with spectral widths rang-
ing from 10 nm to 23 nm and pulse durations from 8.7 ps
to 18.3 ps. Stretched-free pulse amplification at the gain
edge (1708 nm) and gain peak (1807 nm) is implemented
to demonstrate the range of further power scalability of
the laser signal. The maximum achieved power in a one-
stage Tm-doped amplifier is 140 mW with a compressed
pulse duration of 478 fs. Considering the diverse utility
of this wavelength band, this laser is highly desirable for
applications such as optical sensing, biological imaging, and
industrial machining.
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Benefiting from strong Stark splitting of *F, and *Hg energy
levels of the Tm?* ion, a Tm-doped silica fiber has the broad-
est fluorescence spectrum among rare-earth-doped fibers, which
exceeds 500 nm [1], ranging from 1.6 ym to 2.2 um. This wave-
length band is of great research interest since it fulfils the need for
many practical applications. In the age of information explosion,
there is a strong need to extend the conventional communication
band (~1.5um) to a longer wavelength with the emergence of
low-loss hollow-core photonic fiber [2]. Taking advantage of the
first overtone band (~1725 nm) of the C—H bond, the laser source
in this wavelength region is ideal for methane sensing and poly-
mer welding [3], and in particular this wavelength band appears
retina-safe. In medical surgery, due to water absorption local
minima in this wave band mean preferential targeting of lipid-
rich tissue can be achieved [4]. Three-photon microscopy (3PM)
at this wavelength band, compared with commonly used first
(650-950 nm) and second (1100-1350 nm) biological windows,
has the merits of reduced scattering (thus deeper penetration
depth into tissue), improved signal-to-noise ratio (SNR), and
diminished phototoxicity [5]. A tunable laser source is of par-
ticular interest as it can be used to select the optimal wavelength
and increases the number of accessible fluorophores in 3PM.
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Considerable research effort has been put into the long-
wavelength-band (>1800 nm) operation of Tm-doped fiber
lasers (TDFLs), including ultrafast laser pulse generation [6,7],
wavelength-tunable operation [8], and high repetition rate oper-
ation [9]. For the short-wavelength-band (<1800 nm), despite
its tremendous potential for the above-mentioned applications,
comprehensive investigation was not carried out until recent
years due to the significantly lower gain coefficient and, as a
consequence, strong dependency on low-loss components. Ini-
tial research effort focused on the continuous-wave (CW) regime
of TDFLs and Tm-doped fiber amplifiers (TDFAs), including
single-frequency and wavelength-tunable operation [10-13]. In
these works, to suppress high gain at longer wavelengths, dif-
ferent approaches have been employed, such as incorporating
wavelength-selective components including fiber Bragg grat-
ings (FBGs), tunable filters, and photonic crystal fibers (PCFs),
and deploying absorption characteristics of Tb** and Ho** ions.
With successful suppression of the longer-wavelength gain,
ultrafast operation of TDFLs at the short-wavelength-band was
investigated. In a conventional soliton regime, the wideband
tunable mode-locking operation was realized by introducing
fiber-bending loss, PCF, an acousto-optic tunable filter (AOTF),
and a combination of gratings and slits [14—17]. However, the
conventional soliton regime has the intrinsic drawback that the
output pulse energy is limited by the soliton area theorem and
the soliton pulses are not suitable for further amplification due to
the pronounced background of dispersive waves. In 2021, a dis-
sipative soliton operation was demonstrated, and further chirped
pulse amplification was implemented [18,19]. However, the seed
laser can only operate at one fixed wavelength. In real-life appli-
cations, a laser source with wavelength tunability is essential for
choosing the optimal wavelength. Thus, a wavelength-tunable
dissipative soliton laser source with pure signal power scalability
at this wavelength band is highly desired.

In this Letter, we present an ultrabroadband tunable TDFL
followed by a stretched-free fiber-based amplifier. The laser oper-
ates in a dissipative soliton regime through intracavity dispersion
management and is mode-locked by hybrid mode-locking tech-
niques of nonlinear polarization rotation (NPR) and frequency
shifting feedback (FSF). The intracavity laser tuning in the wave-
length range of 1700-1900 nm is realized by an AOTF. The laser
emits directly ultrafast pulses within the whole tuning range with
spectral widths from 10 nm to 23 nm and pulse durations from
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Fig. 1. (a) Experimental setup. WDM: wavelength division multi-
plexer; TDF: Tm-doped fiber; DCF: dispersion compensation fiber;
M4: quarter wave plate; A/2: half wave plate; AOTF: acousto-optic
tunable filter; ISO: isolator; GP: grating pair; RM: roof mirror.
(b) Wavelength tunability of the Tm-doped dissipative soliton laser
with gray line showing amplified spontaneous emission (ASE); (c)
spectral widths and pulse durations, (d) pump powers and output
powers of seed laser at different wavelengths in the mode-locking
operation regime; (e) RF spectra with 10 Hz resolution bandwidth
in a 500 Hz span and (the inset) with 10 kHz resolution bandwidth
in a 500 MHz span; the red line is the baseline; (f) A typical pulse
train.

8.7 ps to 18.3 ps. The further possible power scalability range
is demonstrated by signal amplification in a single-stage TDFA
at the gain edge (1708 nm) and gain peak (1807 nm). Maxi-
mum output powers after the amplifier are 31.5 mW (gain edge)
and 141 mW (gain peak) with corresponding compressed pulse
durations of 523 fs and 478 fs, respectively.

The experimental setup is shown in Fig. 1(a). It comprises a
seed laser, one amplifier stage, and a pulse compressor. Two self-
made master oscillator power amplifiers (MOPAs) at 1.55 um
with maximum output powers of 2.2 W and 2.7 W serve as
pump sources for a seed laser and an amplifier, respectively.
Wideband wavelength division multiplexers (WDMs) with a
signal transmission band of 1700-2100 nm combine a pump
and a signal channel. An intracavity polarization-independent
isolator (ISO) ensures unidirectional operation. Two quarter
waveplates (QWPs) and one half wave plate (HWP) are placed
near the AOTF to control polarization evolution in the cavity.
The AOTF (AOTF8, AA Opto-Electronic) provides a spectral
filtering effect with a Gaussian-like transmission profile and
bandwidths from 11 nm at a wavelength of 1700 nm, to 13.7 nm
at a wavelength of 1900 nm [20]. After the AOTF, first-order
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linearly polarized diffracted light is coupled back into the cavity;
therefore, the AOTF also works as a polarizer, which in coop-
eration with the QWPs and HWP enables mode-locking based
on NPR. Apart from that, the AOTF applies a frequency shift to
incident light which adds a supplementary mechanism for stabi-
lizing mode-locked laser pulses [21]. The amount of frequency
shift depends on the frequency applied by the AOTF driver.
For the AOTF in this experiment, the driving frequency varies
from 35.9 MHz to 40 MHz, corresponding to a center wave-
length of diffracted light from 1892 nm to 1708 nm. 80% power
is extracted from the cavity through an output coupler while a
75-cm Tm-doped fiber (OFS, TmDF200) provides gain and a
7.1-m UHNAA4 fiber is used for dispersion compensation. The
other fiber in the cavity is SMF28. The whole cavity contains
11.5 m fiber and a 43 cm free space section generating pulses
with a fundamental repetition rate at ~17 MHz. The total net
cavity dispersion is varied along the tuning range and estimated
as 0.42 ps® at 1734 nm [22]. We estimate the overall cavity loss
is ~88% without taking the gain fiber absorption into account,
where 40% losses are introduced by the free space part. A single
amplification stage is constructed by two Tm-doped fibers with
a total length of ~75 cm to demonstrate the possibility for power
scalability of the tunable laser in a stretched-free configuration.
The amplified signal power is limited by the availability of the
pump source.

Figure 1(b) illustrates spectra obtained from the tunable dis-
sipative soliton TDFL with the wideband spontaneous emission
presented as a gray line. The spectral widths vary from 10 nm to
23 nm, as shown in Fig. 1(b). Several parameters affect spectral
widths at different wavelengths. The transmission bandwidth
of the AOTF changes from 11 nm to 13.7 nm within the tun-
able wavelength range. Rotation angles of the QWPs and HWP
need to be set at different values to let the laser operate at the
mode-locking regime at different wavelengths. This changes the
saturation intensity and modulation depth of the NPR-induced
saturable absorption effect [23], leading to variation in laser
performance. Varying net cavity dispersions within the broad
tuning range can also impact the spectral widths, as well as the
spectral profile [24]. Additionally, the spectral profiles are also
shaped by the gain profile.

At wavelengths longer than 1825 nm, water absorption lines
are very evidently presented on the spectra, inevitably deteriorat-
ing pulse quality. Laboratory relative humidity is around 25%
when the experiment is implemented. A fiber-coupled AOTF
could reduce the length of the free space section and controlled
lab humidity could effectively alleviate this issue. The pulse
duration is measured by second harmonic generation (SHG)-
based autocorrelation. Pulse durations vary from 8.7 ps to 18.3
ps within the tuning range [Fig. 1(c)]. Output powers fall into
the range of 2mW to 5mW [Fig. 1(d)], except for the longest
wavelength operation, which is 12 mW. This is caused by the
increased pump power for mode-locking operation at this wave-
length [Fig. 1(d)] because the AOTF approaches the longest
edge of its working wavelength, and the diffraction efficiency is
decreased. At the shortest wavelength (~1708 nm), the required
pump power for mode-locking operation is also high. This results
from the much lower gain provided by Tm-doped fiber at the
gain edge. The lowest required pump power for dissipative soli-
ton operation is at 1807 nm, which is near the gain peak of
the active fiber. A typical RF spectrum with a resolution band-
width of 10 Hz when the laser operates at 1807 nm is shown in
Fig. 1(e). The fundamental frequency peaks at 17.038 MHz and
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has an SNR of 50dB. The inset of Fig. 1(e) illustrates the RF
spectrum in a span of 500 MHz with 10 kHz resolution band-
width. Together with the pulse train shown in Fig. 1(f), stable
single-pulse operation can be confirmed. Similar laser perfor-
mance has been observed at other wavelengths within the tuning
range.

Stretched-free amplification is implemented at the gain edge
(1708 nm) and gain peak (1807 nm), respectively, to demon-
strate the power scalability of the tunable laser and achievable
power range (Fig. 2). The amplifier stage contains ~60cm
TmDF200 fiber (TDF1) with a mode field diameter of 5 um at
1700 nm and ~15 cm Tm-doped alumina-silicate fiber (TDF2)
fabricated using modified chemical vapor deposition (MCVD)
and solution-doping techniques at Southampton University with
a core diameter of 10 um and NA ~0.13. Using the cut-back
method, the peak absorption coefficient of TDF2 was measured
to be ~122dB/m at 1640 nm. As demonstrated by Elahi et al.
in Ref. [25], a hybrid amplifier with one piece of low-doped
gain fiber followed by high-doped fiber has the overall advan-
tage of low heat generation and low nonlinearity accumulation
compared to a single-gain fiber with low or high doping concen-
tration. We have implemented a similar strategy and used the
second fiber (TDF2) not only with higher absorption but also
with a larger core diameter. TDF2 enables boosting of the output
power, utilizing a residual pump while suppressing parasitic las-
ing at the gain peak. At the gain edge (1708 nm), the maximum
output power of 31.5 mW is obtained at the pump power of 2.7
W, corresponding to a gain coefficient of 19.3 dB [Fig. 2(a)] and
pulse energy of 1.85 nJ. The low efficiency is caused by the
significantly lower gain at this wavelength combined with pump
power transfer to the unwanted ASE. The output power grows
linearly with pump power with no saturation indication; thus,
further power enhancement can be expected with a stronger
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pump source. To suppress further high gain at longer wave-
length, a 1 m dispersion compensation fiber (CYCLE, SM-DCF)
is inserted between the ISO and WDM before the amplification
stage. By tailoring the fiber bend radius, it is possible to intro-
duce the wavelength-resolved induced loss. The SM-DCF is a
single-mode step-index fiber with a core diameter of 5 ym and
NA < 0.34 and is prone to be sensitive to bending loss due to its
small V number [26]. These losses are wavelength-dependent
with the fixed bending radius due to a change of the propa-
gation constant, where longer wavelengths exhibit higher loss
[27]. However, incremental change of the bending radius does
not result in stepwise change of loss dependency and demon-
strates oscillatory features as it is attributed to the coherent
coupling between the core propagating field and the field cou-
pling to the cladding and reflected from the cladding—coating
interface [27]. It means that in the experiment, the fiber first
needs to be coiled to introduce a general wavelength-dependent
loss, and then a fine bending is essential to tailor the loss curve to
suppress unwanted ASE while preserving the laser signal with
minimum loss. In the current experiment, the bending radius of
SM-DCEF is 9.8 cm. It is worth mentioning that pulses coming
from the cavity are strongly chirped, so 1 m of DCF fiber is not
enough to stretch pulses and is used as a wavelength-dependent
loss-induced element. As a result, the gain at a longer wave-
length is effectively suppressed, as shown in Fig. 2(c). After
amplification, the spectrum shows no nonlinearity-caused dis-
tortion and has an SNR (signal to ASE) of more than 10dB.
Using a pair of gratings with 711 lines/mm groove density, the
pulse duration is compressed to 523 fs [see Fig. 2(e)], achiev-
ing a pulse duration compression rate of ~34. A little pedestal
of the autocorrelation trace also confirms negligible nonlin-
earity accumulation during amplification. The 1 m SM-DCF
is removed when doing amplification at the gain peak (1807
nm). The maximum output power from the amplifier is 141 mW
under a pump power of 2.7 W [Fig. 2(b)], corresponding to
a pulse energy of 8.2 nJ. No nonlinearity-caused distortion is
observed from the spectrum [Fig. 2(d)]. The compressed pulse
has a duration of 478 fs, the pulse duration compression rate
is ~28. However, the autocorrelation trace of the compressed
pulse shows a relatively strong pedestal compared with the
one for the gain edge. This results from the higher output
power level, making the pulse accumulate more nonlinear chirp
[Fig. 2(f)]. For further pulse shape improvement, a stretcher is
needed.

To investigate pulse evolution in the cavity and illustrate func-
tionality of different intracavity components, the laser cavity is
simulated by numerically solving the generalized Schrodinger
equation through the split-step Fourier method using the second-
order Runge—Kutta Algorithm [28]. In the simulation, £, is
set to —0.066 ps*/m for the SMF28 fiber and Tm-doped fiber
and 0.085 ps*/m for the UHNA4 fiber, resulting in a net dis-
persion of 0.3 ps?; y is set to 0.0023 W~'m™'. An artificial
saturable absorber (SA) with 90% modulation depth and 10%
saturated loss is placed at the position of the AOTF, simulat-
ing the action of NPR. According to the previous study [21],
frequency shifting affects mainly the stabilization of pulses in
the cavity rather than igniting mode-locking. The spectral fil-
ter has a Gaussian profile with an FWHM of 12 nm. After the
spectral filter, 30% power loss is added to model the coupling
loss. Using white noise as the input, the algorithm can converge
to a self-consistent pulse within 100 round trips. The simula-
tion is done at 1800 nm, near the gain peak. Figure 3 depicts
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Fig. 3. Simulation results illustrating intracavity pulse and
spectrum profiles at different components within one round trip.

intracavity pulse and spectrum profiles at different components,
clearly demonstrating their functionalities in pulse propagation.
Gain fiber amplifies pulse peak power 22 times while pulse
duration stays nearly the same (3.9 ps). The spectrum broadens
only slightly (from 11 nm to 13 nm) after the gain fiber. Since
only 10 cm of SMF28 fiber is placed between the gain fiber and
DCEF, its influence on pulse and spectrum is negligible and not
illustrated here. After the DCF, the temporal pulse is stretched
to 11 ps. A spectrum develops a so-called cat-ear structure with
a spectrum width of 21 nm and sharp edges that are the typi-
cal feature of dissipative soliton, a result of the dual action of
normal dispersion and nonlinearity in the DCF. At the posi-
tion of the coupler, the pulse duration is slightly compressed to
10.6 ps due to propagation in the SMF 28 fiber with anoma-
lous dispersion, and the spectral width remains at 21 nm, which
matches very well with the experimental result. After the SA
and spectral filter, the spectrum width is reset to 12 nm, and the
temporal pulse is also shortened to 4.6 ps due to its positive
chirp.

In this Letter, an ultrabroadband tunable ultrafast TDFL oper-
ating between 1700 nm and 1900 nm was demonstrated. The
dissipative soliton operation within the whole tunable range
was realized by intracavity dispersion management. To achieve
state-of-the-art operation with robust laser performance, we have
carefully tailored the laser design with an emphasis on the opti-
mum balance of gain and loss combined with an efficiently and
widely tunable filter. Due to lasing competition between longer
wavelengths with high gain and short wavelengths with low gain,
the tunable filter should provide strong wavelength discrimina-
tion over a broad wavelength range, which has been possible to
realize by the AOTF deflecting only designed wavelengths back
into the cavity. With a single-stage amplifier, the stretched-free
amplification at the gain edge (1708 nm) and gain peak (1807
nm) was performed with a maximum achieved output power of
31.5mW and 141 mW, respectively. The pulse compression was
implemented by a pair of gratings, leading to pulse durations of
523 fs at 1708 nm and 478 fs at 1807 nm. The demonstrated
tunable dissipative soliton laser and power scalability in the
short-wavelength-band of the Tm-doped fiber operational region
can facilitate applications ranging from advanced bioimaging to
material processing.
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