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Ultra-narrow-linewidth mode-locked lasers with wide wavelength tunability can be versatile light sources for a
variety of newly emergent applications. However, it is very challenging to achieve the stable mode locking of
substantially long, anomalously dispersive fiber laser cavities employing a narrowband spectral filter at the tele-
com band. Here, we show that a nearly dispersion-insensitive dissipative mode-locking regime can be accessed
through a subtle counterbalance among significantly narrowband spectral filtering, sufficiently deep saturable
absorption, and moderately strong in-fiber Kerr nonlinearity. This achieves ultra-narrow-linewidth (a few
gigahertz) nearly transform-limited self-starting stable dissipative soliton generation at low repetition rates
(a few megahertz) without cavity dispersion management over a broad tuning range of wavelengths covering
the entire telecom C-band. This unique laser may have immediate application as an idealized pump source
for high-efficiency nonlinear frequency conversion and nonclassical light generation in dispersion-engineered
tightly light-confining microphotonic/nanophotonic systems. © 2020 Chinese Laser Press

https://doi.org/10.1364/PRJ.389080

1. INTRODUCTION

Mode-locked lasers emitting a stable optical pulse train are es-
sential as versatile light sources in diverse fields ranging from
fundamental sciences to industrial applications. There is an on-
going trend for mode-locked fiber lasers (MLFLs) to be substi-
tuted for the existing solid-state counterparts, as the former have
several advantages such as freedom from careful alignment and
maintenance, excellent environmental stability and reliability,
and compactness, which permit robust and cost-effective laser
operations [1]. It is accordingly crucial to suitably design the
fiber laser cavity to make it ideal for each specific application.
A rarely studied but potentially important class of fiber lasers
is ultra-narrow-linewidth MLFLs, which are highly attractive
for a variety of newly emerging applications, e.g., nonlinear-
Fourier-spectrum-based optical communications [2], spectrally
encoded photonic quantum information processing [3], gener-
ation and control of multiphoton-entangled optical frequency
combs [4], high-resolution nonlinear microscopy and spectros-
copy [5], reconfigurable nonlinear optical poling of photonic
waveguides [6], and efficient coupling of photons to single mol-
ecules [7]. In particular, there has been rapidly growing interest
in pulsed lasers that can be exploited as pump sources for
high-efficiency nonlinear frequency conversion [8–13] and non-
classical light generation [4,14–17] in microscaled/nanoscaled
dispersion-engineered long-length photonic waveguide systems,
such as microstructured optical fibers [8], optical micro/

nano-fibers [9,10,14–16], and nano-scaled on-chip waveguides
[11–13,17].While these systems can provide compact platforms
for high-quality nonlinear optical imaging and novel types of
photonic quantum information processing, they require more
sophisticated characteristics of pump pulses, in addition to
the ultra-narrow spectral widths (a few gigahertz or below).
The laser wavelength should be tunable over a broad spectral
range for precise control of the pump wavelength within the
phase-matching bandwidth. Moreover, the pump pulse widths
need to be moderately long (a few tens to a few hundred pico-
seconds) to mitigate the dispersion-induced temporal walk-off
effect in the long waveguides, and at the same time have the low
repetition rates (a few megahertz or below) favorable for high
pulse energy generation. However, while such widely tunable
ultra-narrow-linewidth MLFLs are seemingly simple to imple-
ment by constructing a long fiber laser cavity that incorporates
an intracavity tunable narrowband spectral filter, it has long
been regarded as very challenging to achieve self-starting stable
mode locking of such fiber laser cavities, particularly at the
telecom band (∼1550 nm) in the anomalous dispersion regime.
Narrow-linewidth MLFLs employing a narrowband fiber Bragg
grating have been demonstrated almost exclusively in the all-
normal-dispersion regime [18–26]. Furthermore, they have
not fulfilled all the desired pulse properties, suffering from se-
verely limited wavelength tunability [18–20,22–26], relatively
broad pulse spectra [21–26] and large frequency chirps [26], and
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undesirably high repetition rates (tens or hundreds of mega-
hertz) [21–23]. While some experiments on narrow-linewidth
mode locking at the telecom band have been recently reported,
they still exhibit relatively high repetition rates (∼10 MHz)
and insufficient wavelength tuning ranges [27–29], and their
underlying mode-locking mechanism has not been adequately
clarified yet.

In this paper, we report the first (to our knowledge) exper-
imental demonstration of a widely tunable ultra-narrow-
linewidth MLFL that generates a nearly transform-limited
stable soliton train at the telecom band, which satisfies all the
requirements mentioned earlier. While a substantially long tele-
com single-mode fiber (SMF) delay line (>100 m) is incorpo-
rated to lower the pulse repetition rate down to a fewmegahertz,
the self-starting stable single-pulse state can be accessed even
with the resultant considerably anomalous cavity dispersion.
Compared to all the relevant previous works [27–29], pulse-
breakup-free continuous wavelength tuning is achieved over
a markedly broad range of 34.3 nm (1529.3–1563.6 nm).
This tuning range not only covers almost the entire telecom
C-band but is also finally sufficient, particularly for nonlinear
frequency conversion and nonclassical light generation inmicro-
scaled/nanoscaled photonic waveguide systems. Furthermore,
the critical pulse parameters such as the pulse width and line-
width can be controlled within the range of 100–150 ps and
2–8 GHz, respectively, by simply changing the pump power.
It is revealed from our rigorous numerical modeling, together
with experimental investigations, that the remarkable feature
of ultra-narrow-linewidth soliton generation with a capability
of wide and simple tuning of all pulse parameters, even from
a considerably long fiber cavity, is nearly insensitive to the cavity
dispersion. This enables our demonstration at the telecom band,
where the laser cavity is highly anomalously dispersive, and
any kind of cavity dispersion management is unnecessary for
stable mode locking, while the cavity dispersion has long been
considered an essential physical parameter that governs the sol-
iton formation [30]. Instead, it turns out that the self-starting
soliton generation relies critically on the subtle counterbalance
among three intracavity actions in both the temporal and spec-
tral domains: significantly narrowband filtering and associated
local pulse stretching [31], sufficiently deep saturable absorption
and associated spectral broadening, and appropriately adjusted
Kerr-nonlinearity-induced spectral broadening in the long fiber
cavity. This is in sharp contrast to the case of conventional soliton
mode locking, where dispersion-induced pulse broadening plays
a crucial role and provides balance against the in-fiber Kerr
nonlinearity [30].

2. RESULTS AND DISCUSSION

AnMLFL is constructed in a unidirectional ring cavity configu-
ration, as illustrated schematically in Fig. 1. A 0.7-m-long sec-
tion of erbium-doped fiber (EDF; LIEKKI Er110-4/125) is
used as a gain medium, which is pumped by a 976 nm cw laser
diode through a wavelength-division multiplexer. The passive
mode locking is achieved by incorporating a semiconductor
saturable absorber mirror (SESAM) as a saturable absorber.
A fiber polarization controller is placed in front of the
SESAM to adjust the intracavity polarization state. We employ

an ultra-narrowband tunable bandpass filter (TBF; WL
Photonics) with a fixed bandwidth of 0.11 nm (14 GHz)
and a center wavelength that is continuously variable over
the range of 1500–1600 nm. A strand of telecom SMF
[β2 � �17 ps∕�km · nm� at 1550 nm wavelength] is inserted
as a delay line to reduce the pulse repetition rate to a few mega-
hertz. An attenuator is placed right before the fiber delay line to
properly adjust the optical Kerr effect in the fiber to suppress
Kerr-induced pulse breakup [32,33]. The laser output is ob-
tained via a 50/50 tapping coupler, which is located right after
the EDF, where the pulse energy is maximized, and the laser
linewidth is close to its minimum, as we will discuss later.

We first select an SMF delay line length of 80 m, a SESAM
modulation depth of 25%, and an attenuator loss of −4 dB
(60%). When the pump power exceeds the laser mode-locking
threshold of 265 mW, self-starting stable mode locking is suc-
cessfully achieved at a fundamental repetition rate of 2.02 MHz
(corresponding to the total cavity length of ∼100 m ), as shown
in Figs. 2(a)–2(d). We measure the pulse width to be around
100 ps by using a conventional second-harmonic-generation-
based intensity autocorrelator (Femtochrome Research, FR-
103WS) with a 400 ps scan range, assuming a sech2 pulse shape
[Fig. 2(b)]. As the autocorrelator scan range is not sufficient
to verify the single-pulse laser operation, we monitor the laser
output with a 23-GHz-bandwidth high-speed photodetector
(ALPHALAS UPD-15-IR2-FC) and a 20-GHz-bandwidth
sampling oscilloscope (Agilent 86100A) to check the single-
pulse operation by confirming that there is no parasitic pulse
in the vicinity of the main pulse. At the same time, since the
spectral measurement of ultra-narrow-linewidth optical pulses
with a conventional grating-based optical spectrum analyzer is
limited by its resolution bandwidth (0.05 nm in our case)
[Fig. 2(e)], we observe the optical pulse spectrum by employing
the high-resolution heterodyne technique [29]. Here we use a
frequency-tunable single-mode cw laser light as a local oscillator
(LO) and form a beat note between the laser pulses and the
LO, which is detected with the high-speed photodetector
and then observed with an electrical spectrum analyzer.
Figure 2(f ) displays a typical heterodyne electrical spectrum,
which can be obtained by carefully adjusting the LO frequency

Fig. 1. Schematic diagram of the widely tunable ultra-narrow-
linewidth passively mode-locked erbium fiber laser. LD, laser diode;
WDM, wavelength division multiplexer; EDF, erbium-doped fiber;
TBF, tunable bandpass filter; SESAM, semiconductor saturable
absorber mirror; PC, polarization controller.
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at 15–20 GHz away from the center frequency of the laser
pulses. Since the LO linewidth (200 kHz) is much smaller than
that of the laser pulses, the electrical spectrum of the beat note
represents the optical spectrum of the laser pulses. The mea-
sured laser linewidth is typically on the order of several giga-
hertz and can be reduced to 2.6 GHz, which is smaller than
previously reported values for all-fiber MLFLs operating in
the telecom band [27,28,34]. The resulting time–bandwidth
product (TBP) is as low as 0.37, which is very close to the
transform-limited value of 0.315 for sech2 pulses. Although
we do not actively stabilize the relative frequency of the LO
to the center frequency of laser pulses, the beat note electrical
spectrum is sufficiently stable to precisely determine the laser
linewidth. We note that the linewidth of the laser pulses is
too narrow and their repetition rate is too low to accurately
measure the optical pulse spectrum with a scanning Fabry–
Perot interferometer [34].

We can access this highly stable self-starting ultra-narrow-
linewidth single-pulse state over a range of pump powers.
Furthermore, the pulse parameters can be widely tuned by ad-
justing the pump power, as summarized in Figs. 2(g)–2(j). As
the pump power rises, the pulse width is shortened, while the
laser linewidth is broadened. The resulting TBP decreases as the
pump power falls, while the output pulse energy typically lies at
the sub-nanojoule level. These pump power dependences can
be understood from the self-phase-modulation (SPM)-induced
frequency chirp at the fiber delay line and the spectral filtering

at the TBF. Beyond the pump power range for the single-pulse
state, a multi-pulse state emerges due to the multi-pulsing
instability. In this regime, a single high-energy pulse becomes
unstable, as the SPM is too highly accumulated in the fiber
delay line, which gives rise to the pulse breakup at the TBF
[32,33]. While the operating pump power range of ∼10 mW
(265–275 mW) that we achieve may be insufficient for some
applications, we anticipate that the use of a low-nonlinearity
fiber delay line [25] could broaden the operating range of
pump power.

We theoretically analyze and design the laser system to op-
timize the laser performance and explore the mechanism under-
lying soliton formation in the cavity in detail. We employ the
lumped cavity model that treats each element in the laser cavity
separately, rather than the distributed model based on the
Haus master equation [35], for more rigorous study of the
action of individual intracavity components on the propagating
optical pulse. For each fiber segment, we solve the nonlinear
Schrödinger equation,

∂A�z, t�
∂z

� −
α

2
A − i

β2
2

∂2A
∂t2

� iγjAj2A, (1)

using the conventional split-step Fourier method [36]. Here,
A�z, t� is the slowly varying complex field amplitude, α is
the attenuation coefficient, β2 is the second-order dispersion,
and γ is the effective nonlinear coefficient. Most of the

Fig. 2. Characterization of the laser output. (a) Oscilloscope trace, (b) intensity autocorrelation. Note that the width of the autocorrelation trace is
larger than the actual pulse width by a factor of 1.54 for sech2-shaped pulses. Although the autocorrelation trace is slightly asymmetric due to a minor
imperfection in our intensity autocorrelator that appears around the�200 ps bound of the scan range, such asymmetry does not hinder the reliable
determination of the pulse width. (c) Electrical spectrum over a narrower frequency span (40 MHz), (d) electrical spectrum over a wider frequency
span (6 GHz), (e) optical spectrum measured with a grating-based optical spectrum analyzer with a resolution bandwidth of 0.05 nm, (f ) high-
resolution optical spectrum obtained from the electrical spectrum of the beat note (peaking at 17.5 GHz in this case) that is formed by a continuous-
wave local oscillator and the laser output. In (a)–(f ), the pump power is fixed at 265.2 mW. (g)–(j) Pump power dependence of the laser output
parameters: (g) pulse width, (h) linewidth, (i) time–bandwidth product (TBP), (j) pulse energy. The pulse width is determined from the intensity
autocorrelation signal in (b), assuming a sech2 pulse shape. The linewidth is determined from the electrical spectrum of the beat note in (f ). Each
error bar represents the standard deviation of 20 repeated measurements. The laser center wavelength is fixed at 1550 nm for all measurements.
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cavity is anomalously dispersive (β2 � −21.7 ps2∕km, γ �
1.3 km∕W, and α � 0.2 dB∕km), except for the EDF
(β2 � �2.85 ps2∕km and γ � 2.9 km∕W). The EDF gain
is expressed as the following saturated gain model [32]:

g�Ω� � g0
1� P

PS
� Ω2

Δ2
g

, (2)

where g0, PS , and Δg are the small-signal gain coefficient, sat-
uration power, and gain bandwidth, respectively, of the EDF.Ω
is the optical frequency, and the average input power (P) is
given as the product of the input pulse energy and the pulse
repetition rate. The transmission spectrum of the intracavity
bandpass filter is set as a Gaussian function with 1.3 dB inser-
tion loss. The SESAM is modeled by the following rate equa-
tion for the power-dependent loss (q) [33]:

∂q�t�
∂t

� −
q − q0
τ

−
jA�t�j2
ES

q: (3)

The parameters of SESAM can be experimentally quantified
regardless of cavity birefringence, in contrast to the nonlinear
polarization rotation. Here, we use the experimentally deter-
mined values for the modulation depth, relaxation time,
and saturation energy as q0 � 0.25, τ � 12 ps, and ES �
30 μJ∕cm2, respectively, together with a non-saturable loss
of 0.17. We calculate the instantaneous power-dependent loss
(q) at every temporal position on the pulse.

We numerically obtain the steady-state single-pulse solution
at properly adjusted cavity parameters by iteratively applying
Eqs. (1)–(3) with the use of a very weak pulse having 1 fW
peak power as an initial seed. Figures 3(a) and 3(b) display typ-
ical profiles of the output laser pulse solutions in the temporal
and the spectral domain, respectively, from which we determine
four fundamental pulse parameters—the pulse width, line-
width, TBP, and pulse energy. We then examine the gain
dependence of each pulse parameter over a range of small-signal
gain coefficient (g0) values, as shown in Figs. 3(c)–3(f ). It is
revealed that these pulse parameters are widely tunable without
pulse breakup. We obtain a stable single-pulse state above a
certain gain threshold (g0 � 11.7 dB in this case). As the gain
coefficient rises, the pulse width decreases and the linewidth
increases monotonically. In addition, the pulse gets more
chirped at higher gain coefficients due to the SPM, yielding
larger values of TBP. When the small-signal gain coefficient
increases beyond a certain upper limit (g0 � 13.2 dB in this
case), multi-pulsing instability hinders the laser from oscillating
in the stable single-pulse state, and the laser enters the multi-
pulse regime. In this case, a single high-energy pulse becomes
unstable as the nonlinear phase modulation is too highly accu-
mulated in the delay line, which gives rise to the pulse breakup
at the bandpass filter [32,33]. All these numerical results agree
well with our experimental observation in Figs. 2(g)–2(j) and
show a similar tendency to the previously reported cases in the
all-normal dispersion regime [18,20,24].

The stable mode locking of such an anomalously dispersive
long fiber laser cavity is sharply contrary to several previous re-
ports [37–39]. We thus numerically investigate the pulse evo-
lution inside the cavity to determine the mechanism of the
stable pulse generation, as summarized in Figs. 4(a)–4(d). In

the temporal domain [Fig. 4(a)], the pulse width increases
at the TBF, and this local pulse stretching is counterbalanced
by the saturable absorption at the SESAM. It can be further
seen that except at the TBF and the SESAM, the pulse width
is nearly unchanged, the dispersion-induced pulse broadening
being negligible, particularly at the long fiber delay line, due to
the ultra-narrow linewidth of the laser pulses. As a result, the
pulse width does not vary significantly during the cavity round
trip, its relative change being less than 5% in our case for the
entire working range of the small-signal gain coefficient. These
results reveal that our MLFL is designed to operate in the
dispersion-insensitive chirpless regime in which the spectral fil-
tering at the TBF accompanies temporal pulse stretching rather
than the conventional pulse-shortening action that is generally
accompanied by much larger temporal breathing of pulses dur-
ing the cavity round trip [40–42]. On the other hand, the line-
width [Fig. 4(b)] and the resulting TBP [Fig. 4(c)] increase
monotonically as the pulse travels along the fiber delay line

Fig. 3. Numerical modeling of mode-locked laser pulses.
(a) Temporal pulse profiles and (b) pulse spectra at three different
small-signal gain coefficients (11.7 dB for red, 12.5 dB for green,
and 13.2 dB for blue); (c)–(f ) calculated pulse parameters, (c) pulse
width, (d) linewidth, (e) time–bandwidth product (TBP), and (f ) pulse
energy over a range of small-signal gain coefficient values. The three
vertical arrows in (c) indicate the small-signal gain coefficients that
correspond to the curves of respective colors in (a) and (b). The laser
wavelength is fixed at 1550 nm for all calculations.
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due to the SPM-induced frequency chirp. The linewidth also
increases at the SESAM via the pulse-narrowing action and
then decreases back at the TBF, which indicates that the SPM-
induced spectral broadening at the fiber delay line and the
pulse-shaping-induced spectral broadening at the SESAM are
compensated by the spectral filtering at the TBF in the spectral
domain. In addition, the pulse energy is maximized while the
linewidth is nearly minimized immediately after the EDF, as
shown in Figs. 4(b) and 4(d), and therefore it is reasonable
to place a tapping coupler there to obtain the laser output.
Furthermore, the placement order of the attenuator, fiber delay
line, TBF, and EDF in Fig. 1 turns out to be very appropriate
for the robust generation of the transform-limited single-soliton
state against the SPM-induced pulse breakup. We note that
direct experimental verification of the intracavity evolution
of the pulse width is hindered because of the considerable
uncertainty of several picoseconds in the pulse width measure-
ment, as can be seen in Fig. 2(g), which is impacted signifi-
cantly by the pulse timing jitter [43] that we will discuss in
detail later.

In strong contrast to conventional soliton mode locking
achieved via the balance between the nonlinearity and dispersion
[40–42], ourMLFL operates in the nearly dispersion-insensitive
chirpless regime, where stable soliton formation relies on the
subtle counterbalance among the actions of the TBF, SESAM,
and in-fiber Kerr nonlinearity in both the temporal and spectral
domains. We search for the criteria for the formation of such
stable dissipative solitons in the long fiber laser cavity, in terms
of the characteristics of the intracavity spectral filter and satu-
rable absorber. Figure 4(e) displays the theoretically predicted
pulse widths for a range of filter bandwidths and varying modu-
lation depth of the saturable absorber. It is revealed that the
filter bandwidth should be narrow enough to counteract the
Kerr-induced SPM in the long fiber delay line. Our numerical
calculation indicates that the filter bandwidth should be as
narrow as ∼0.24 nm (30 GHz) or less, which is even lower

than those of typical commercially available dense-wavelength-
division-multiplexing bandpass filters with a bandwidth of
0.4 nm (50 GHz) or 0.8 nm (100 GHz), to obtain a stable
single-pulse state for an 80-m-long SMF delay line. In our ex-
periments, we replace the intracavity TBF by another having a
broader bandwidth of 0.4 nm, 0.8 nm, or higher, but we observe
that the use of any alternative TBF does not yield stable mode
locking. Furthermore, the modulation depth of a saturable
absorber should be large enough to counterbalance the local
pulse stretching at such a narrowband TBF. The use of a
broader filter bandwidth yields a shorter pulse width, as shown
in Fig. 4(e), which in turn requires a higher-modulation-depth
saturable absorber for stable mode locking. Figure 4(e) suggests
that a modulation depth of ∼10% or higher is required in
our case.

Next, we experimentally investigate the delay line depend-
ence of the pulse parameters. In our experiments, the self-
starting stable mode locking is readily achieved when the fiber
delay line is sufficiently long (> ∼ 40 m) to make the total cav-
ity length greater than ∼60 m (corresponding to a pulse rep-
etition rate of 3.3 MHz). When the delay line length is less than
∼40 m, self-starting mode locking does not occur, and instead
we observe that the single-pulse state can be produced only by
increasing the pump power to reach the multi-pulsing regime
and then reducing it back to the single-pulse regime [26]. In
this case, although a single-pulse solution exists, it is very dif-
ficult for the initial noisy background to progress directly into
the single-pulse state due to the insufficient amount of nonlin-
ear spectral broadening in the short delay line against the spec-
tral filtering at the TBF. Thus, we need to increase the pump
power to produce sufficient nonlinear spectral broadening,
where the stable solution is a multi-pulse state rather than a
single-pulse one, and then make use of the typical hysteresis
behavior with respect to the direction of pump power scanning
[26] to access a single-pulse state. As shown in Figs. 5(a)–5(d),
the pump power threshold for the self-starting mode locking

Fig. 4. Theoretical analysis of our ultra-narrow-linewidth dissipative soliton fiber laser. (a)–(d) Intracavity evolution of the pulse parameters:
(a) pulse width, (b) linewidth, (c) time–bandwidth product (TBP), (d) pulse energy. F, bandpass filter; EDF, erbium-doped fiber; O, 50/50 output
coupler; S, saturable absorber; A, attenuator. (e) Calculated pulse widths over a varying SESAM modulation depth for five different intracavity
filter bandwidths (0.09, 0.11, 0.13, 0.17, and 0.23 nm). The gray region indicates where the stationary single-pulse solution does not exist.
The small-signal gain coefficient is fixed at g0 � 12.5 dB for all the calculations.
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increases with a shorter delay line because a higher pump power
is required to create the amount of SPM-induced spectral
broadening that is necessary to stabilize the pulsed state against
the narrowband spectral filtering. Hence, a longer fiber cavity
is beneficial for not only reduction of the pulse repetition
rate but also stable self-starting mode locking when an ultra-
narrowband filter is incorporated, which is in sharp contrast
to conventional MLFLs, for which shorter cavity lengths are de-
sirable for stable self-starting operation [44]. Moreover, as the
delay line gets longer, the pulse parameters change more steeply
with the pump power variation, because the amount of in-fiber
SPM becomes more sensitive to the pump power. However,
when the delay line is too long, the laser is more likely to enter
the unstable multi-pulsing regime. We experimentally observe
mode locking even at a repetition rate as low as ∼1.3 MHz
(corresponding to a total cavity length of ∼160 m ), which is
particularly useful for nonlinear optics experiments that demand
more intense pump pulses, although the operating pump
power range becomes very narrow and the mode locking be-
comes somewhat unstable and easily broken by environmental
perturbation.

The variation in delay line length also changes the cavity
dispersion, and one may doubt whether the cavity dispersion
change also has significant influence on the self-starting mode-
locking operation and pulse properties. We thus check the
cavity dispersion dependence of the pulse parameters. Here
we replace the telecom SMF delay line with a non-zero
dispersion-shifted fiber (NZDSF) with a normal dispersion
of −4.0 ps/(km · nm) at a 1550 nm wavelength but a mode
field diameter similar to that of SMF (10.4 μm for SMF

and 9.1 μm for NZDSF) to maintain the amount of Kerr non-
linearity in the delay line. The net cavity dispersion can then be
made weakly anomalous (far below �1 ps∕nm) and even nor-
mal. We observe, however, that all the previously described ex-
perimental observations including the pulse parameters for each
given pump power, the threshold pump powers and required
delay line lengths for self-starting operation, and the multi-
pulsing behaviors beyond the single-pulse regime are almost
the same as in the case where an SMF delay line is used, as
shown in Figs. 5(e)–5(h). These experimental results indicate
that the formation of dissipative solitons in our case is indeed
nearly insensitive to both the magnitude and sign of the cavity
dispersion. The small difference in pulse parameters between
the two types of delay line is attributed to the fact that they
have slightly different Kerr nonlinearities arising from the dif-
ferent mode field diameters, and there exists a splice loss of
∼0.2 dB for each SMF–NZDSF interface that might have
an effect on the laser pulses.

Finally, we examine the laser wavelength tunability by ad-
justing the center wavelength of the intracavity TBF. As shown
in Figs. 6(a)–6(e), the laser wavelength can be tuned over a
wide range of 34.3 nm (1529.3–1563.6 nm) that covers almost
the entire telecom C-band, stable mode locking being main-
tained without pulse breakup, while the pulse parameters vary
gradually with the wavelength tuning mainly due to the spectral
dependence of the EDF gain and SESAM absorption. The
demonstrated wavelength tuning range is much broader than
in the relevant previous works at the telecom band [27–29].
Such a markedly wide pulse-breakup-free wavelength tunability
is also achieved for the case of NZDSF delay line, which

Fig. 5. Dependence of pulse parameters on the delay line length measured over a range of pump power values. (a)–(d) Measured pulse parameters,
(a) pulse width, (b) linewidth, (c) time–bandwidth product (TBP), and (d) pulse energy for six different lengths of standard single-mode fiber (SMF)
delay line (40, 50, 60, 70, 80, and 140 m), which yield net cavity dispersions of 1.1, 1.3, 1.5, 1.7, 1.8, and 2.8 ps/nm, respectively. (e)–(h) Measured
pulse parameters, (e) pulse width, (f ) linewidth, (g) TBP, and (h) pulse energy for six different lengths of non-zero dispersion-shifted fiber (NZDSF)
delay line (40, 50, 60, 70, 80, and 140 m), which yield net cavity dispersions of 0.16, 0.11, 0.065, 0.013, −0.0079, and −0.24 ps∕nm, respectively.
The colored numbers in (a) and (e) indicate the net cavity dispersions in ps/nm. The laser wavelength is fixed at 1550 nm for all measurements.
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exhibits a similar tuning range of 33.4 nm (1529.7–
1563.1 nm), as shown in Figs. 6(f )–6(j), further verifying
the dispersion insensitiveness of dissipative soliton formation.
The pulse width becomes smaller as the laser wavelength is
tuned shorter (i.e., approaching 1530 nm), which can be
understood from the fact that the EDF gain increases at shorter
wavelengths, and the SPM-induced spectral broadening and
the resulting pulse width shortening at the TBF are enhanced.
The laser needs to be pumped harder to self-start at longer laser
wavelengths (i.e., toward 1560 nm), which is mainly because
both the non-saturable absorption and modulation depth of the
SESAM diminish at longer wavelengths beyond ∼1560 nm,
which weakens the pulse shaping function at the SESAM.

While all the experimentally observed dependences of pulse
characteristics on the laser cavity parameters agree well with the
results from numerical analysis, there are some small discrep-
ancies between them. In particular, while the numerical mod-
eling predicts that the pulse width can decrease to 80 ps as the
pump power rises within the experimentally available range, in
actual experiments the pulse width does not reduce below
∼100 ps. This is because the laser enters the multi-pulse regime

or becomes unstable as the pump power is increased above a
certain level (typically ∼300 mW in our case) [26], which is
attributed to the fact that the gain–loss balance that yields sta-
ble single-soliton operation is broken in the high-gain regime
due to the strong nonlinear phase modulation in the fiber
[32,33] and inverse saturable absorption at the SESAM [45].

It is worthwhile to add a further remark on the timing jitter
that can contribute significantly to the uncertainty in the pulse
width measurement [Fig. 2(g)]. It is known that in mode-
locked lasers, the quantum noise introduced by gains and losses
affects the pulse timing. In particular, when a single pulse cir-
culates in the laser cavity, as in our case, the timing jitter pro-
duced by the fundamental quantum noise is proportional to the
square of the pulse width, although it is also inversely propor-
tional to the cavity round-trip time [43], which is beneficial in
our long-length cavity. We measure the timing jitter power
spectrum, as shown in Fig. 7(a), based on the electro-optic
phase detection method [46] that incorporates a Sagnac loop
fiber interferometer [47] and a stable microwave source. The
microwave is phase locked to the laser pulse train by using a
15-kHz-bandwidth phase-locked loop. The timing jitter power

Fig. 6. Characteristics of laser wavelength tuning. (a) Normalized optical output spectra of the laser with an 80-m-long single-mode fiber (SMF)
delay line obtained by a grating-based optical spectrum analyzer (OSA). The laser wavelength can be tuned without pulse breakup over a 34.3 nm
range (1529.3–1563.6 nm) by changing the center wavelength of the intracavity tunable bandpass filter and the pump power. (b)–(e) Pump power
dependence of pulse parameters, (b) pulse width, (c) linewidth, (d) time–bandwidth product (TBP), and (e) pulse energy measured at six different
laser wavelengths. (f ) Normalized optical output spectra of the laser with an 80-m-long non-zero dispersion-shifted fiber (NZDSF) delay line
obtained by a grating-based OSA. The laser wavelength can be tuned without pulse breakup over a 33.4 nm range (1529.7–1563.1 nm).
(g)–(j) Pump power dependence of pulse parameters, (g) pulse width, (h) linewidth, (i) TBP, and (j) pulse energy measured at six different laser
wavelengths. The colored numbers in (b) and (g) indicate the laser wavelengths in nm, which correspond to the colors of the laser spectra in (a) and
(e), respectively. The laser spectra in black in (a) and (f ) are obtained close to the lower and upper bounds of the wavelength tuning range.
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spectrum is then integrated over a frequency range of 15 kHz to
1 MHz to yield a root-mean-square (RMS) timing jitter of
196 fs [Fig. 7(b)]. We also measure the fluctuation of the pulse
repetition rate without the phase locking to the microwave by
using a radio frequency counter with a 1 s gate time, which
corresponds to the absolute timing jitter. The uncertainty of
the repetition rate is measured as ∼6 Hz, which corresponds to
an absolute timing jitter of ∼1.5 ps. These results indicate that
the absolute timing jitter is produced primarily by the low-
frequency environmental perturbations on the laser system
rather than the quantum noise. Such environmental perturba-
tions can directly give rise to the fluctuation in the laser pulse
envelope (i.e., pulse width) as well, which further increases the
uncertainty in the pulse width measurement. Future research
would be necessary to suppress the timing jitter via additional
active pulse stabilization [48] for the experimental verification
of the intracavity pulse evolution [Fig. 4(a)], as well as for ap-
plications to optical precision metrology.

We also measure the relative intensity noise (RIN) of the
laser output using a 1-MHz-bandwidth photodetector [48],
as shown in the RIN power spectrum of Fig. 7(c). The pro-
nounced peak around 15 kHz is attributed to the laser relax-
ation oscillation, which normally appears in SESAM-based
MLFLs. The RIN power spectrum is integrated over a fre-
quency range of 1 Hz to 1 MHz to yield an RMS RIN of
0.25% [Fig. 7(d)]. We emphasize that the measured noise level
indicates the sufficiently high stability and practicability of our
laser system, even though it is operated at relatively high pump
powers and low repetition rates (i.e., long fiber cavity lengths)
and possesses intrinsic mechanical instability at the SESAM–
fiber interface.

Finally, while we use a SESAM with a fixed modulation
depth value, further experimental investigation of the influence
of modulation depth might be valuable for validation of our
theoretical prediction in Fig. 4(e). While we show experimen-
tally that nonlinear-polarization-rotation-based passive mode
locking of a long fiber laser cavity cannot be achieved in our
case even with the use of a 0.11-nm-bandwidth TBF, as well
as with a higher-bandwidth one, this observation can hardly be
regarded as firm evidence that validates Fig. 4(e), particularly at
low modulation depths. Such an experimental study could be

carried out by exploiting a saturable absorber with an adjustable
modulation depth, such as an electrically tunable graphene
saturable absorber [49].

3. CONCLUSION

In conclusion, widely tunable ultra-narrow-linewidth nearly
transform-limited dissipative solitons can be generated with
low repetition rates at the telecom band from a suitably de-
signed long-cavity MLFL. Careful selection and combination
of an intracavity spectral filter, a saturable absorber, and a
fiber delay line critically allow us to access a nearly dispersion-
insensitive chirpless dissipative soliton mode-locking regime,
where self-starting stable single-soliton generation can be
achieved even from a highly anomalously dispersive long fiber
laser cavity (>100 m) over a notably wide tuning range of laser
wavelengths (1529.7–1563.1 nm) covering almost the entire
telecom C-band. Our experimental demonstration and rigor-
ous numerical modeling reveal that the subtle counterbalancing
of a significantly narrow filter bandwidth, a sufficiently deep
saturable absorption, and an appropriately strong Kerr nonlin-
earity accumulated in the long fiber cavity, in both the temporal
and spectral domains, is the crucial mechanism in achieving
this dissipative soliton generation without requiring cavity
dispersion management. The unique combination of highly
attractive pulse properties including the widely tunable laser
wavelength (>34 nm), ultra-narrow linewidth on the order
of gigahertz, variable pulse width around ∼100 ps, and low rep-
etition rate at a few megahertz cannot be efficiently attained by
either conventional ultrafast mode-locked soliton fiber lasers or
electro-optically intensity-modulated laser light, and thus our
work may open up exciting new applications. For instance,
a master oscillator power amplifier system that employs our
pulsed laser as an oscillator might find immediate application
as an idealized pump source for highly efficient nonlinear fre-
quency conversion and nonclassical light generation in the
long-length microphotonic/nanophotonic waveguide systems
that have been rapidly attracting attention [8–17]. Compared
to the case of typical nonlinear optical crystals, observation of
high-efficiency nonlinear optical phenomena in micropho-
tonic/nanophotonic long waveguide systems requires a pulsed
pump source with a narrower linewidth and a longer temporal
duration to fully exploit the considerable interaction lengths.
We emphasize that our laser system can function as an idealized
pump source for a tightly light-confining nanophotonic wave-
guide system whose length is on the order of 10 mm or larger
[50,51], and which possesses a narrow phase-matching band-
width (up to 100 pm) and a large group-velocity mismatch
(up to 10 ps/mm). Furthermore, the low repetition rate is more
favorable for efficient amplification of pulse energies, which is
also highly desired for high-quality nonlinear imaging and
spectroscopy [20]. Our study on the control of the properties
of dissipative solitons might also offer new possibilities for
engineering complex pulse-to-pulse interactions in dissipative
multi-soliton systems [52–54].
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Fig. 7. Characteristics of the laser noise. (a) Timing jitter power
spectrum, (b) integrated timing jitter, (c) relative intensity noise
(RIN) power spectrum, (d) integrated RIN. In all measurements,
we fix the pump power as 265.2 mW, the single-mode fiber delay line
length as 80 m, and the laser wavelength as 1550 nm. PSD, power
spectral density.
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