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While the performance of mode-locked fiber lasers has been improved significantly, the limited gain bandwidth
restricts them from generating ultrashort pulses approaching a few cycles or even shorter. Here we present a novel
method to achieve few-cycle pulses (∼5 cycles) with an ultrabroad spectrum (∼400 nm at −20 dB) from a
Mamyshev oscillator configuration by inserting a highly nonlinear photonic crystal fiber and a dispersion delay
line into the cavity. A dramatic intracavity spectral broadening can be stabilized by the unique nonlinear processes
of a self-similar evolution as a nonlinear attractor in the gain fiber and a “perfect” saturable absorber action of the
Mamyshev oscillator. To the best of our knowledge, this is the shortest pulse width and broadest spectrum directly
generated from a fiber laser. © 2019 Chinese Laser Press
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1. INTRODUCTION

Ultrashort pulses with high peak power have enabled numerous
applications in various fields including nonlinear microscopy
[1], materials processing [2], sensing [3], femtochemistry [4],
frequency comb [5,6], etc. Particularly, optical pulses of tem-
poral durations reaching few cycles or a single cycle of the car-
rier frequency with spectra broader than an octave spanning
have been essential for a variety of cutting-edge applications
such as attosecond science [7,8], high-harmonic generation
[9], and coherent X-ray generation [10]. Currently, solid-state
lasers have been the forefront of few-cycle pulse generation
owing to their broad gain bandwidths (BWs) [11–13]. Even
though the performance of fiber lasers has been comparable
to solid-state lasers in terms of pulse energies and peak powers,
generating few-cycle or single-cycle pulses is still challenging for
fiber lasers because of their limited gain BW.

One general method to obtain few-cycle pulses from fiber
lasers is using nonlinear pulse compression outside the cavity
[14–16]. Another attractive method to generate a single-cycle
pulse from a fiber device is by coherently combining two super-
continuum spectra from highly nonlinear photonic crystal
fibers (PCF) [17]. However, these devices are extremely com-
plex with stability issues. On the other hand, ultrashort pulses
with broad spectra generated directly from mode-locked fiber
lasers have advantages. Pulses generated directly from a laser are
more stable with less noise since the temporal phase on a pulse
is reshaped for each round trip. Furthermore, pulses can be

conveniently compressed externally for even shorter pulse du-
rations. Therefore, it is strongly desirable to generate broad
spectra beyond the gain BW from a simple fiber oscillator.

In order to generate a broad spectrum directly from a fiber
oscillator, a proper fiber laser design is crucial to permit a sub-
stantial intracavity spectral broadening without losing the
mode-locked operation. It turns out that a recently discovered
fiber laser operation facilitates such a broad mode-locked spec-
trum. In 2010, a self-similar pulse evolution was demonstrated
in mode-locked fiber lasers [18–20]. Self-similar pulses are lin-
early chirped parabolic pulses as asymptotic solutions of a nor-
mal group velocity dispersion (GVD) fiber amplifier [21].
Remarkably, a self-similar pulse is a strong nonlinear attractor
of the gain fiber. Even though a strong perturbation such as a
substantial accumulation of nonlinear phase is introduced, the
perturbed pulse conveniently returns to a self-similar parabolic
pulse by strong filtering followed by a normal GVD fiber am-
plifier [22]. As a consequence, an enormous intracavity spectral
broadening can be stabilized as a mode-locked operation by
strong spectral filtering and self-similar amplification. By
inserting a highly nonlinear PCF after the self-similar pulse
is established in the gain fiber, a very broad spectrum
(∼200 nm BW), which is much larger than the gain BW,
has been demonstrated [23]. Pulses from the laser are highly
chirped but could be dechirped externally to ∼20 fs. Since
then, there has not been much improvement in the pulse
duration from fiber lasers.
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In Ref. [23], a chirped parabolic pulse was coupled into
PCF; therefore, the broadened spectral BW was limited.
Recently performed simulations proved that a huge spectral
broadening can occur by dechirping these chirped parabolic
pulses before they enter PCF with the help of an intracavity
dispersion delay line (DDL) [24]. These simulations yielded
broad spectra only when an ideal saturable absorber with
∼100% modulation depth was used. However, such broad
spectra have not been observed in experiments. One conjecture
for this discrepancy is the nonideal saturable absorber in lasers.
The subsequent experiments and numerical studies suggested
that the saturable absorber in fiber lasers must be improved to
stabilize substantial spectral broadening.

In 2017, a unique fiber laser cavity called Mamyshev oscil-
lator was demonstrated [25]. A Mamyshev oscillator exhibits a
transmission–intensity curve that jumps from zero to maxi-
mum like a step function at a certain intensity, which is referred
to as a “perfect” saturable absorber [26]. This oscillator has suc-
cessfully demonstrated its potential for high pulse energies
(50 nJ) and short pulse (40 fs) durations [25]. Lately, the same
oscillator with a large-core PCF design has achieved a
remarkable performance of 1 μJ pulse energy and 40 fs pulse
duration [27]. Owing to its unique “perfect” saturable absorb-
ing action, the Mamyshev oscillator appears to be a good can-
didate to stabilize a massive intracavity spectrum broadening.

Here, we present the generation of few-cycle pulses directly
from a mode-locked Mamyshev fiber oscillator. To enhance the
intracavity spectral BW, a DDL followed by a highly nonlinear
PCF was inserted in the cavity. A very broad mode-locked spec-
trum (∼400 nm at −20 dB) with 5-cycle pulse duration (17 fs)
is generated. It is noteworthy that this broad spectrum can be
mode-locked owing to the nonlinear processes of a “perfect”
saturable absorber and the self-similar evolution.

2. EXPERIMENTS

The experimental setup of the Mamyshev oscillator is schemati-
cally illustrated in Fig. 1. The oscillator consists of two arms.
In each arm, a pump combiner couples a 976 nm pump into
a 3.1 m Yb-doped double cladding gain fiber (Nufern, SM-
YDF-5/130-VIII), which is followed by a 0.7 m single-mode
fiber (SMF). Including SMFs before gain fibers, the total fiber
cavity length is 9 m, which corresponds to the total cavity GVD
of 0.146 ps2. Two free space isolators ensure a unidirectional
laser operation. Two 600 lines/mm gratings with collimators

serve as narrow 4 nm BW Gaussian spectral filters centered
at ∼1040 nm and ∼1050 nm wavelength while the center
wavelength of the laser is at ∼1045 nm. Two half-wave plates
(HWPs) after the isolators adjust the polarization to maximize
diffraction efficiency of the diffraction grating.

The first arm is used to ensure self-similar operation in the
gain fiber. However, an anomalous DDL in the form of a
1000 lines/mm grating pair is inserted in the second arm to
compress the self-similar pulse established in the gain fiber.
The compressed pulse is coupled into 45 cm of an all-normal
dispersion (ANDi) PCF with a small positive GVD and a very
small mode field diameter (MFD) of 3 μm. In the second arm,
two quarter-wave plates (QWPs), an HWP, and a polarization
beam splitter (PBS) serve as a nonlinear polarization evolution
(NPE)-based artificial saturable absorber to start mode-locking.
Once the laser is mode-locked by adjusting waveplates, the laser
is initially self-starting. After the mode-locking is initiated, the
separation between filters can be tuned to obtain the broadest
spectrum without losing mode-locking. As the spectral filters
are adjusted to be apart, the cavity is not self-starting anymore.

To confirm the mode-locking mechanism, numerical sim-
ulations have been performed for the laser cavity described by
cubic complex Ginzburg–Landau equation as
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where U � U �z, t� is the pulse envelope function; z is the
propagation distance; t is the time; and β2, β3, and β4 are the
second-order (GVD), third-order, and fourth-order dispersion
parameters, respectively. γ is the nonlinearity coefficient given
by γ � n2ω0∕cAeff, where n2 is the Kerr coefficient, ω0 is the
central angular frequency, c is the velocity of light in vacuum,
Aeff is the effective mode area, and hR is responsible for the
self-frequency shift induced by intrapulse Raman scattering.
The gain saturation is given by g�E� � g0

1�E∕ESat
, where E is

the pulse energy given by E � R TR∕2
−T R∕2 jA�z, t�j2dt, T R is the

cavity round trip time, ESat is the saturation energy, and g0
is the small signal gain. We use the following parameters for
our simulations, which match the experimental conditions:
γ � 3.71 W−1 · km−1 for SMF, γ � 4.83 W−1 · km−1 for YDF
and γ � 19.85 W−1 · km−1 for PCF, β2 � 22.2 fs2∕mm,
β3 � 63.8 fs3∕mm for SMF, β2 � 24 fs2∕mm, β3 �
59 fs3∕mm for YDF, β2 � 3.7 fs2∕mm, β3 � −6.84 fs3∕mm,
and β4 � 160 fs4∕mm for PCF; the output coupler has a
80:20 coupling ratio.

3. RESULTS AND DISCUSSION

To understand the intracavity pulse evolution, we performed
numerical simulations by the standard split-step Fourier
method. The simulation results are summarized in Fig. 2.
Figure 2(a) shows the evolution of the pulse duration and spec-
tral BW (at −20 dB level). In the first arm, pulse duration and
spectral BW do not change much initially in the passive SMF.
However, the duration and the spectral BW start to grow

Fig. 1. Schematic of the Mamyshev fiber oscillator. PBS, polarizing
beam splitter; HWP, half-wave plate; QWP, quarter-wave plate;
ISO, free space isolator; DDL, dispersion delay line (a grating pair);
PCF, photonic crystal fiber.
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monotonically in the gain fiber and second passive SMF to
form a positively chirped pulse. Figure 2(b) shows the evolution
of the misfit parameterM to indicate the pulse shape. The mis-
fit parameter, which shows how much the pulse profile deviates
from a parabola, is defined as M 2 � R �I − I fit�2dt∕

R
I 2dt,

where I fit is the pulse intensity profile, while I is the parabolic
pulse intensity profile. For example, M � 0.14 is for a
Gaussian pulse, while M ≤ 0.06 corresponds to a parabolic
pulse [28]. Figure 2(b) shows that the initial Gaussian pulse
evolves to a parabolic pulse while propagating in the gain fiber,
which is a key signature of the self-similar pulse evolution in
normal GVD gain fibers [18,19]. The broadened self-similar
spectrum is filtered by a sharp spectral filter (4 nm BW at
1050 nm) before the second arm.

In the second arm, the spectrum and the pulse durations
broaden again in the gain fiber by the self-similar evolution,
but the DDL reduces the pulse duration significantly from
4.5 ps to 560 fs [Fig. 2(c)]. Therefore, the pulse peak power
is noticeably enhanced by ∼8 times. While the compressed
pulse is coupled into the PCF, the combination of the high
peak power, small MFD, and small normal GVD induces a
tremendous spectral broadening in the PCF. Over one round
trip, the spectral BW broadens from 10 nm to 413 nm corre-
sponding to a ∼41 spectral breathing ratio. The broadened
spectrum is coupled out of the cavity as an output [Figs. 2(d)
and 2(e)] with 413 nm BW at −20 dB level below the peak.

Figure 2(f ) shows the peak-power-optimized pulse profile
(10 fs) after dechirping by a 300 lines/mm grating pair account-
ing for the GVD and the third-order dispersion (TOD) of the

grating pair. Even though the full width at half-maximum
(FWHM) pulse duration is close to the Fourier transform lim-
ited pulse duration (∼9 fs), a long pedestal is observed due to
uncompensated higher-order dispersion effect. Since the third-
order phase of the pulse and the TOD of the grating pair add
up, it is important to suppress the TOD of the grating pair to
improve the pulse duration. However, the simulations also in-
dicate that the third-order phase of the pulse is so large that
tuning the TOD of the grating pair does not improve the pulse
duration significantly. After the output is coupled out of the
cavity, a sharp spectral filter (4 nm BW at 1040 nm) again cuts
down the spectrum before the pulse returns to the first arm.

The mode-locking is initiated at the pump thresholds of
490 mW and 514 mW for the two pumps by adjusting the
wave plates. Figure 3(a) shows the ejected spectrum at PBS1,
while Fig. 3(b) shows the output spectrum at the PBS2 when
pump 1 and pump 2 reach 780 mW and 1.4 W, respectively.
The average output power is 62 mW, and the pulse energy
is 3.5 nJ at 17.5 MHz repetition rate with 394 nm BW at
−20 dB. The autocorrelation [Fig. 3(c)] shows 17 fs (∼5 cycles)
pulse duration after dechirping by a 300 lines/mm grating pair.
In the autocorrelation signal, noticeable pedestals are observed
owing to uncompensated higher order GVDs by a grating pair.
It is believed that Fourier transform limited pulses [∼9 fs,
Fig. 3(d)] can be obtained with a better phase compensation

Fig. 2. (a) Pulse duration and spectral BW evolution in the laser
cavity. (b) Misfit parameter M in the cavity. (c) Pulse before and after
the DDL. (d) Output spectrum. (e) Output pulse. (f ) Numerically
dechirped pulse by a 300 lines/mm grating pair.

Fig. 3. Experimental results. (a) Output spectrum from the PBS1.
(b) Output spectrum. (c) Dechirped autocorrelation. (d) Calculated
Fourier transform limited pulse profile. (e) Output spectrum stability
over an 8 h window.
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technique such as a multiphoton intrapulse interference phase
scan (MIIPS) [29]. A chirped-mirror-based compression tech-
nique can be another alternative since chirped mirrors can be
designed to compensate higher-order dispersions.

Figure 3(e) shows the spectral measurement recorded for
eight consecutive hours. It can be inferred that the spectrum
is stable even in a decibel scale for hours. However, the laser
did not sustain its stability for more than a day due to the
mechanical drift in the oscillator. For example, as the spectrum
changes, once we tweak the position of the PCF, we can obtain
the same broad spectrum. We strongly believe that this issue
can be resolved by an all-fiber Mamyshev oscillator.

In the experiment, an anomalous DDL and a highly non-
linear ANDi PCF induced a huge spectral broadening. Of
course, this explosive intracavity spectral broadening can dis-
turb stable mode-locked operations. As mentioned in the in-
troduction, there are two main mechanisms to stabilize the
dramatic mode-locked operation. First, there is a strong non-
linear attractor action that is induced by a combination of the
self-similar evolution in the gain fiber and a narrow spectral
filtering. An ultrabroad spectrum is cut by a sharp spectral filter,
but the BW grows again as it reaches the nonlinear attractor of
the parabolic self-similar pulse. The nonlinear attraction action
not only reestablishes a parabolic pulse profile but also cleans
the complex nonlinear phase shift in the spectral broadening
process.

Second is the “perfect” step-like saturable absorbing action
of the Mamyshev regenerator. In fact, numerical simulations
indicate that it is possible to obtain such a broad spectrum
in a simple self-similar fiber laser [24]. However, the simulation
could not generate such a broad spectrum unless almost an
ideal saturable absorber with a very strong modulation depth
(nearly 100%), which is rarely available in reality, is assumed
in simulations. In contrast, it is verified in numerical studies
and experiments that the Mamyshev oscillator can stabilize
such operations, proving that the step-like saturable absorber
is essential.

In the experiment, the pulse energy was limited to 3.5 nJ as
part of the energy was lost in the free space coupling into PCF.
We believe that pulse energy will improve with an all-fiber os-
cillator design. We also numerically investigated the generation
of ultrabroadband high-energy pulses by increasing the pump
power. Unfortunately, the simulation was unable to converge
due to excessive perturbation. It is believed that further scaling
of the energy is possible by employing large-mode-area fibers
in a Mamyshev oscillator [27].

Further numerical studies show that we can generate even an
octave spanning spectrum (632 nm at −20 dB), which is nearly
a single-cycle (5 fs) pulse directly from the Mamyshev oscillator
[Figs. 4(a) and 4(b)]. To obtain the octave spanning, the gain
parameter has been modified to have more self-similar pulse
energy before the PCF. It indicates that it is possible to generate
nearly single-cycle pulses directly from fiber lasers by having a
properly designed gain fiber, which will be a significant break-
through for mode-locked fiber lasers in generating extremely
short pulses.

In conclusion, we demonstrated ultrabroadband, few-cycle
pulses directly from a Mamyshev fiber oscillator. The extreme

spectral broadening in the cavity can be stabilized by the self-
similar evolution and the perfect saturable absorber action of
the Mamyshev oscillator. To the best of our knowledge, this
is the broadest spectrum and shortest pulse (17 fs) directly gen-
erated from a mode-locked fiber laser.
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