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Abstract: In this work, we present a detailed experimental study of pulse formation
mechanism in an EDFL, hybridly mode-locked by use of a CVD monolayer graphene onto
a D-shaped optical fiber and nonlinear polarization rotation (NPR), under a large intracavity
dispersion influence (up to 100 times) ranging from 12.3 to 1382 m cavity lengths. Analyzing
the spectral evolution, temporal and soliton behaviors of the pulse, our results revealed the
presence of four laser operating regimes with non-soliton and soliton formation from short
to ultralong cavity lengths, all related to graphene/NPR nonlinearities, dispersion and soliton
propagation influences.

Index Terms: CVD monolayer graphene, Mode-locked Erbium doped fiber laser, D-shaped
optical fiber, short-long-ultralong cavities.

1. Introduction

Mode-locked fiber laser has been one of the efficient technologies for many optical applications,
such as communication for optical frequency comb generator and wavelength converter, chemical,
physical, and biological procedures, due to their ultrashort pulse generation capacity [1]-[3].
Especially in optical communications, mode-locked Erbium-doped fiber laser (EDFL) based on
physical [3] or artificial [4] saturable absorber (SA) has been mostly used as an excellent alternative
for generating ultrashort pulses on compact, low-cost fiber system at 1550 nm. In the first class, a
nanomaterial is incorporated as SA into the laser cavity to achieve the passive mode-locking con-
dition, depending on only the nonlinear optical response of the nanomaterial. In the past decades,
two types of these saturable absorbers have been widely used for ultrashort pulses generation
through passive mode-locked lasers: semiconductor saturable absorber mirrors (SESAM) [3] and
single-wall carbon nanotubes (SWCNT) [5], [6]. Despite the good properties of these materials,
some disadvantages such as infrared narrow-spectrum operation, low damage threshold, expen-
sive fabrication (for SESAM), high nonsaturable losses and their diameter selectivity (for SWCNTSs)
have been some of the most significant challenges for low-loss mode-locked fiber laser systems in
the infrared broadband fiber spectrum.
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Graphene is a two-dimensional carbon allotrope nanomaterial consisting of one atom thickness
with many important electronic and optical properties [7]. In fact, graphene has been proposed
as a promising material for researchers and industry in nanomaterials, nano-electronics, opto-
electronics, and photonics areas [8]. Properties such as ultrafast carrier dynamics, broadband
absorption, high transparency, and nonlinear optical effects make graphene an ideal polarizer and
saturable absorber for broadband optical fiber lasers [8]-[12]. For passive mode-locking, graphene
has been widely incorporated as SA into several EDFL configurations by means of well-known light
interaction mechanisms (optical fiber tip, taper fiber, D-shaped optical fiber), resulting in remarkable
lasers performances with sub-picosecond pulse generation [13]-[24]. In the same platform, new
2D-nanomaterials as topological insulators [25], transition metal dichalcogenides [26]-[28], black
phosphorus [29], [30] and other layered materials [31] have also been studied and used for the
same propose.

The second class for ultrashort pulse generation in mode-locked fibers lasers is artificial SA,
which includes nonlinear polarization rotation (NPR) [4], [32], nonlinear optical loop mirror (NOLM)
[4], [33], and nonlinear amplifying loop mirror (NALM) [4], [34] as optical Kerr effect based
mode-locking techniques. Among them, NPR has been the most used as effective mechanism
for these applications due to the practical implementation and robust automation for high power
and automatic pulse generation in fiber lasers [35]. In the same line, NPR has also been widely
implemented for assist hybrid mode-locking. Such hybrid mechanism can provide better laser
mode-locking performances (shorter pulses, broader bandwidths) followed by high stability and
high pulse energy by the combination of artificial [36] and physical [37]-[39] saturable absorbers.
In literature, few passively hybrid mode-locked fiber lasers have been most reported incorporating
nanomaterials SA [40]-[45].

By using such mechanisms, mode-locked EDFLs have been widely demonstrated and studied at
different ranges of cavity lengths, also extended for ultralong range for sensor [46], data transmis-
sion [47], and high-energy pulse lasers applications [48], [49], and for investigating the dynamics
of pulse generation and propagation as a function of cavity/dispersion parameters. Agrawal et al.
[50] and Dulling et al. [51] were the first groups to experimentally and theoretically determine the
pulse propagation behavior in general mode-locked fiber lasers. In the latter, pulses of 100-500
fs were generated and parabolically adjusted in terms of dispersion parameters in a short-length
figure eight (F8) EDFL using NALM mechanism [51].

From these works, few studies of EDFLs with similar approaches have been reported in the
literature. From an active ultralong EDFL, picosecond pulses were generated at GHz high repetition
rate by using an electro-optical modulator, showing remarkable results of the soliton effect in
anomalous dispersion laser regime [52]-[54]. Based on passive NPR mode-locking mechanism,
the study was experimentally and theoretically demonstrated for a long-ultralong EDFL cavity [55].
However, they obtained a particular relation for long-nanosecond pulses with respect of laser
cavity. Subsequently, an EDFL based on a single walled carbon nanotubes (SWCNT) SA was
demonstrated by Rosa et al., covering from short (8 m) to ultra-long (3500 m) lengths [56]. In this
work, H. Rosa et al. showed a linear tendency of pulse generation as a function of cavity length
from short to long EDFL cavities, and an approximate parabolic behavior soliton pulse from long to
ultralong EDFL cavities, very similar to those reported by [50] and [51].

Exploring the nonlinear optical properties of carbon-based materials, several soliton and non-
soliton [57]-[60] mode locked EDFLs have been reported using graphene SA [11]-[24]. In one
of these works, the pulse behavior was theoretically and experimentally studied in a short-length
EDFL based on both graphene nanosheets and NPR, used separately, which also showed its
parabolic tendency [61]. In the same line, Zapata et al has reported the best mode-locking
performance of 150 fs [19] obtained from an EDFL based on hybrid mode-locking mechanism
between CVD monolayer graphene onto D-shaped fiber and NPR, focusing the same study on
short [19], long and ultra-long cavities [62]. The ultrashort pulse generation with graphene onto
D-shaped optical fiber has been an efficient manner to improve the light-graphene interaction
through the control of the polarization extinction ratio [11], [19], allowing the easy integration in
optical fiber-based devices. As graphene plays the most crucial role in the cavity pulse formation

Vol. 13, No. 2, April 2021 1500114



IEEE Photonics Journal Study of Pulse Formation in an EDFL

Fig. 1. (a) lllustration of a D-shaped optical fiber with 13 mm of graphene on the side-polished surface.
(b) Optical microscopy image of the side-polished of D-shaped optical fiber with (right) and without (left)
the graphene/PMMA film.

and the laser gain/loss balance due to its high polarization-dependent loss (PDL) [63] and fast-
saturable absorber properties [9] respectively, the material onto D-shaped fiber also contributes
to the pulse dynamics and induces the NPR effect inside the laser, resulting in the emergence
of hybrid mode-locking mechanism [11], [19]. Because the NPR effect is directly related to the
nonlinear phase, accumulated dispersion, fiber length, fiber nonlinearity, and pulse peak power
parameters and it is more instable due to environmental fluctuations such as temperature and fiber
curvature, the graphene saturable absorption also compensates such issues by stabilizing the laser
mode-locking. As a result, the same parabolic behavior as a function of cavity length was observed
in both cases in these works.

For the first time, we present an experimental study of pulse formation and propagation in a
short, long and ultralong mode-locked EDFL hybridly mode-locked by chemical vapor deposition
(CVD) monolayer graphene onto D-shaped optical fiber and NPR mechanisms. We found that the
laser mode-locking was highly dependent on managed cavity accumulated dispersion, as expected,
which resulted in pulse generation from 160 fs to 3.45 ps with spectrum bandwidth from 33 to
1.67 nm, respectively, at accumulated dispersion range from +0.061 to +23 ps/nm. According to
pulse spectrum evolution, peak power and soliton parameters behaviors as a function of laser cavity
length, we identified four operation regimes as divided by (I) short-length stretched to soliton (12.3—
14.7 m), (I) soliton short-length (14.7—28.8 m), (lll) soliton short-long-length (28.8—209 m) and
(IV) soliton long-ultralong length cavities (209-1382 m), all related to graphene/NPR nonlinearity,
dispersion, and soliton propagation influences. In contrast to previous reported works [55], [56],
[61], [62] we investigated in detail the dynamics of pulse formation in a managed dispersive EDFL
severely operating at fundamental repetition rate (single pulse regime) in all cavity lengths, showing
for the first time, its non-soliton and soliton pulse parameters under a large dispersion variation
influence.

2. Sample Fabrication and Characterization
2.1 Graphene Sample Preparation

A typical CVD process was used to synthesize the monolayer graphene films on copper foils [64].
Fig. 1(a) shows the 13 mm monolayer graphene length, which was transferred from the cooper to
the side-polished surface of the D-shaped optical fiber with distance from the core to the polished
surface (h) of 1 um and polishing length of 17 mm by using the wet transfer method, as previously
reported by our group [11], [19]. Fig. 1(b) shows the optical microscopy image of the transferred
graphene/PMMA film on the polished side of the D-shaped optical fiber using a 10X objective lens.

2.2 Raman Spectroscopy Analysis

A Raman confocal microscope-spectrometer was used to characterize the CVD monolayer
graphene sample. Raman spectroscopy measurement was performed with a 532 nm solid-state
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Fig. 2. (a) Raman spectrum of monolayer graphene onto D-shaped optical fiber. (b) Raman mapping
showing the IG/I2D intensity ratio from a 30 x 30 um? coverage area on side-polished surface.
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Fig. 3. (a) Transmitted power as a function of polarization angle in polar coordinates for the sample with
graphene. (b) Interaction between graphene/PMMA and evanescent field. (c) TE and TM absorption
modes in graphene/D-shaped optical fiber. The TE like-mode is stronger absorbed than TM-like mode.

laser with an output power of 3 mW. In Fig. 2(a), it is shown the Raman spectrum of D (1342
cm~"), G (1583 cm~"), and 2D (2663 cm~") characteristic bands from the transferred monolayer
graphene surface [64], [65]. For analyzing the graphene quality along the fiber surface area, we
performed a Raman mapping of the Ig/lop intensity ratio between the G and 2D bands from a 30
um x 30 um coverage area on the polished side of the D-shaped optical fiber. In this mapping, 90%
of monolayer graphene is observed on image analysis. This percentage is identified in Fig. 2(b) by
blue color, where the intensity ratio is 0.25 < Ig/lop < 0.5. The other areas are composed of the
bilayer (yellow color) and multilayer graphene (red to brown tones), which is characteristic of the
CVD graphene growth process [64], [65].

2.3 Polarization Setup and TE/TM Modes Analysis

The polarization extinction ratio of the fabricated sample was characterized by using the setup as
shown in [11]. The 1550 nm laser beam was collimated with a 20X objective lens. The beam
was then vertically polarized through a polarization beam splitter (PBS) and the polarization
direction was controlled by the half-wave plate. The polarized beam was coupled to a 1-meter
length of single-mode fiber (SMF) through another 20X objective lens and an all-fiber polarization
controller was used to minimize the polarization rotation caused by the SMF. After the polarization
controller, the SMF was coupled to the fabricated sample and the output power was measured
by a power meter. In Fig. 3(a) is shown the interaction curve of the light-evanescent field of
D-shaped optical fiber with a core-graphene distance of 1 pm and a graphene length of 13 mm. No
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Fig. 4. Saturation absorption curve of CVD monolayer graphene obtained from Z-scan measurement.

polarization-dependent absorption was observed without graphene. The sample exhibited strong
induced polarization interaction (red filled circles) with a squared cosine function behavior (blue
line curve), and a high insertion loss of ~9 dB. In polar coordinates, we observed the minimum and
maximum power absorption corresponding to the transverse magnetic (TM-like) and transverse
electric (TE-like) modes, respectively, relatives to the graphene plane, which resulted in a high
polarization relative extinction ratio of 98% [11], [63].

The interaction between the light evanescent field and graphene/PMMA film onto D-shaped
optical fiber was observed through the passage of a 532 nm solid-state laser, as shown in Fig. 3(b).
From this, we could identify the beginning of the graphene length via the light evanescent field, in
which the interaction is stronger due to the high absorption of TE-like mode. As PMMA has a
refractive index of 1.49, this significantly improves the light interaction with graphene, allowing the
high absorption of TE-like mode and consequently providing high polarization extinction ratio [11],
[19], [63]. The high TE-like mode absorption is a fundamental feature for a saturable absorption
mechanism in EDFL and fully responsible for the ultrashort pulse generation, which in fact, samples
with polarization extinction ratio greater than 85% resulted in pulse duration shorter than 300
fs, as reported in [11], [63]. For this reason, the polarization extinction ratio is essential for the
mode-locking mechanism.

The graphene TE-like mode absorption was confirmed by using the same polarization setup. The
sample output beam was re-coupled, collimated with a 20X objective lens, and then passed through
a polarizer. By adjusting the horizontal and vertical polarization of the polarizer, the output power
was measured as a function of the polarization rotation angle of the half-wave plate, determining
precisely which modes (TE or TM) exhibited higher absorption with respect of graphene plane.
Such results are depicted in Fig. 3(c). As expected, the output horizontal polarization is strongly
absorbed compared to vertical polarization, which is in good agreement with our reported works
[11], [63].

2.4 Saturable Absorption Measurement

The nonlinear optical properties of the CVD monolayer graphene were investigated using an open
aperture Z-scan system with a 1550 nm-femtosecond laser, 150 fs pulse duration and 90 MHz
repetition rate. Fig. 4 shows the saturation curve.

From the curve, we could extract values of ~1.9%, 0.3% and 400 MW/cm? of non-saturable
absorption, modulation depth, and saturation intensity, respectively, which are in good agreement
with some previous reports using monolayer graphene as saturable absorber [11], [15], [18]. The
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Fig. 5. EDFL setup with graphene SA onto D-shaped optical fiber.

monolayer graphene as a saturable absorber has been considered one of the most important ma-
terials for ultrashort pulse generation using passive mode-locking because of its ultrafast relaxation
time (~100 fs), low-intensity saturation, high modulation depth, and low non-saturable absorption
properties [7]-[9]. In addition, because of the strong light absorption of the TE parallel component
and the longer length of graphene in the D-shaped fiber, there is an increase in the number of
electronic transitions at low intensities, which consequently occupies a greater number of electronic
states in the material and facilitates the Pauli blocking effect [12]. Therefore, the graphene becomes
more efficient as a saturable absorber in the cavity per round trip, resulting in the shorter pulses
formation and laser stability improvement [11].

3. Mode-locking Results
3.1 EDFL Setup

The experimental setup is a cavity EDFL with a variable total length from 12.3 to 1382 m, as
depicted in Fig. 5. It consists of 2-m length Erbium-doped fiber (—33.8 dB/m absorption coefficient
@ 1530 nm and —57 ps/nm/km dispersion coefficient @ 1550 nm), a 980 nm semiconductor
pump laser coupled in co-propagating configuration through a 980/1550 nm WDM, a polarization
controller, a 50-dB optical isolator and an output coupler of 15.3%. Incorporating the graphene/D-
shaped optical fiber SA sample into the EDFL cavity and changing the cavity length, the accu-
mulated dispersion values were between +0.061 and +23 ps/nm. The spectral and temporal
mode-locked pulses were evaluated by using an optical spectrum analyzer and detected by a
12.5 GHz photodetector connected to a 1 GHz sampling oscilloscope. The pulse duration and the
output power were measured by using an autocorrelator and a power meter, respectively.

3.2 Output Pulse Duration and Bandwidth As a Function of Cavity Length

In this section, we show the EDFL mode-locking results as a function of cavity length from 12.3 m
to 1.38 km, corresponding to the anomalous intracavity-accumulated dispersion range of +0.061
to +23 ps/nm, and highlighted four main regions of the laser: | (white area), Il (green area), Il
(yellow area) and IV (blue area). All non-self-starting mode-locking regimes were activated by using
high pumping power from 80-210 mW and then reduced to 30—60 mW for obtaining the lasers
fundamental repetition rate operation (single pulse). The pulse duration (black filled spheres) and
bandwidth (red open circles) measurements are shown in Fig. 6(a).
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Fig. 6. (a) EDFL output pulse duration (black filled spheres) and bandwidth (red open spheres) as
a function of the cavity length/accumulated dispersion showing, as expected, an increase of the pulse
duration and a narrowing of its corresponding bandwidth. The blue and purple lines represent the linear
tendencies of the region Il and Ill. In (b), (c), (d), (e) and (f), we show the spectrum (fitted by Gaussian
and Sech?) and the pulse durations (inset) of 160 fs for a stretched short cavity (12.3 m), 250 fs for
soliton short cavity (16.1 m), 730 fs for soliton short-long cavity and 3.90 ps for soliton long-ultralong
cavity (459 m) with their respective fundamental repetition rates.
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For the shortest-managed dispersion EDFL of 12.3 m cavity length (+0.061 ps/nm), we mea-
sured the broadest bandwidth of 33 nm centered at 1560 nm, showing intrinsic stretching laser
behavior [4], [57]-[60], as well-fitted by Gaussian spectral profile, as shown in Fig. 6(b). As result,
the corresponding autocorrelation trace was 160 fs (inset - Fig. 6(b)). The mode-locking pulse
train was generated at the cavity fundamental repetition rate of 16.3 MHz with measured average
output power and calculated intracavity peak power of 0.363 mW and 782 W, respectively. The
time-bandwidth product (TBP) of this pulse was 0.642, which is far from the transform-limited value
of 0.441 for gaussian pulses. From this point to 14.7 m short lengths (region 1), corresponding to
the small dispersion regime (4+0.061 to +0.102 ps/nm), stretched-like pulses from 160 to 235 fs
and bandwidth from 33 to 15.6 nm were generated, respectively.

By slightly increasing the cavity length from the previous region, we entered in the soliton
formation zone, as divided into short (region Il), short to long (region Ill) and long to ultralong
(region 1V) cavity lengths. In the short-long length cavities (16.1-209 m), we measured soliton-like
pulses with duration from 250 fs to 3.03 ps (11.6 to 2.1 nm bandwidth), assuming sech? profile, and
output power from 0.200 to 0.03 mW. The respective intracavity peak powers were 70-370 W, all
values near the minimum theoretical value of peak power required to the soliton formation, given
by PSOLITON = 3-11*|DAVER,AGE|/(V*AT (2), where DAVERAGE’ Y and At are average diSperSion,
nonlinear coefficient and pulse duration, thus confirming the soliton formation in these regions [50].
In Fig. 6(c) and 6(d) are shown the corresponding spectrum and pulse results obtained for 16.1
and 28.8 m cavity lengths in region Il and Ill, respectively.

Interestingly, both regions Il and 11l showed different behaviors, but with linear tendencies of pulse
broadening as a function of cavity length that defined their respective borders. The ratio between
the initial and final parameters of the cavity length (LixrTiaL, Lrinan) and its accumulated disper-
sion (Dinrrian, Drivar) in the region Il was Lrinar/Lintrian ~ 2 and Demvar/Dintriarn ~ 3, thus
explaining the sharp tendency (At = 0.142+1.88«LcaviTy; Pearson’s coefficient ~0.99) of the
curve (blue line) mainly because of the dispersion influence. On the other hand, these parameters
were similar in the region Il (Lginar/Lintrian ~ 7; Drinarn/Dintriar ~ 10), however, because of
soliton and dispersion influences, the pulse is strongly affected, presenting a smooth tendency (At
= 1.7940.738xLcaviTy; Pearson’s coefficient ~ 0.99) (purple line). These experimental curves
are in good agreement with those shown in literature for short and long cavities [55], [56], [61], [62].

From 209 to 1382 m cavity lengths (region 1V), corresponding to a large dispersion regime (3.41
to 23 ps/nm), the pulse continued to broaden until its saturation at the most extended cavity, as
resulted from the significant dispersion influence in this mode-locking regime. For this region, we
used an Erbium-doped fiber amplifier (EDFA) to increase the low output power and measured
the pulse duration in the autocorrelator with minimum temporal distortion (10-20% for 5-10 dB
amplification). For the 459 m long-ultralong EDFL cavity, the laser generated a narrow bandwidth
of 1.16 nm (inset - Fig. 6(e)) at a fundamental repetition rate of 438 kHz and output power of
0.027 mW. By linearly amplifying the output power, the measured pulse duration was 3.34 ps and
corrected to 3.91 ps (Fig. 6(e)), considering the EDFA calibration. Based on these values, the
soliton and intracavity peak powers were calculated to be 4 and 88 W, respectively.

For all laser cavities, we also analyzed the quality of the pulse through the time-bandwidth
product (TBP) calculation and directly determined the respective chirp value relative to the gaus-
sian/soliton pulse transformed limit (PTL) for each region. From the calculations, we obtained
values of 0.452-0.643 (1.02-1.45 times) for stretched short lasers (region 1), 0.357-0.422 (1.13-1.34
times) for soliton short lasers (region Il), 0.436-0.493 (1.38-1.57 times) for soliton short-long lasers
(region 1ll) and 0.557-0.706 (1.77-2.24 times) for soliton long-ultralong lasers (region 1V).

3.3 Output Pulse Spectral Evolution

To verify the mode-locking regimes, we analyzed the spectral evolution obtained for all laser
configurations and observed the four mentioned laser regions, as shown in Fig. 7.

At 12.3-14.7 m short lengths (region I), the laser exhibited flat broadband spectra profile,
characteristic of stretched laser mode-locking [4], [57]-[60], as the cavity length slightly increases.
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the bandwidth and changing the profile, we observed a shift in the central wavelength, determining four
different regimes that depend on the cavity length.

From this point, there is a spectral transition from stretched to soliton regimes (region Il) with
the appearance of dip-like and Kelly sidebands formation [66]. Because of the small dispersion,
the regime is dominated by graphene/NPR nonlinearity because of shorter pulses and broader
bandwidths generation but presenting a high chirp level as caused by self-phase modulation (SPM)
frequencies excess within the spectrum.

From 28.8 to 209 m (region IlI), the soliton spectrum profile followed by the emergence of Kelly
sidebands is evident, as well as its narrowing due to soliton propagation influence. Comparable to
the previous region, the pulse duration (bandwidth) enlarges (narrows) proportionally to the cavity
length, which shows a balance between the graphene/NPR nonlinearity and soliton contributions.
As we continually increase the cavity length until 1382 m (region V), soliton behavior is clearly
observed as the dominant phenomenon, characterized by long-to-short wavelength spectrum
shifting. In this range, the mode-locking performances are constant and spectral/temporal limited
by the soliton and large intracavity dispersion effects.

4. Discussions
4.1 Propagation Effect Based on Solitonic Analysis

For analyzing in detail the pulse behavior in the soliton cavities (regions Il, Il and IV), we plotted the
intracavity peak power and fundamental soliton peak power (Fig. 8(a)), the corresponding soliton
order (Fig. 8(b)) and the cavity length/soliton period ratio (Fig. 8(c)), all parameters as a function
of the cavity length/accumulated dispersion. Based on the spectrum evolution and pulse duration
behavior, we also identified different types of solitons in the three cavity regions of the laser.

4.1.1 Short-length Cavities (Region Il): In the region Il (green area), it consists of broadband
soliton lasers (Fig. 7), which generated ultrashort pulses on the femtosecond scale (250-465 fs)
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at tens of MHz repetition rate. In this range, the pulse peak power is mainly determined by the
pulse duration, mostly derived from SPM and graphene/NPR simultaneous combination at a small
dispersion regime. As a result, high peak pulse powers could be easily measured from 140 to 370
W (Fig. 8(a)), values like those obtained by the soliton power calculation, which generated stable
fundamental soliton (N = 1) in all short-length cavities (Fig. 8(b)).

Another important parameter to be considered in the study of soliton is the soliton period, given
by Zsoviton = [0.322«71 (2)xcxAt (2)J/[1 (2)%Daverace] [50]. In Fig. 8(c), because of small
dispersion in this regime, we observed that the cavity length is always longer than the soliton
period (LcaviTy > Zsoriton), varying from 5 (16.1 m) to 1.5 times (28.8 m). Although these can
be significant values in terms of periodic soliton oscillations inside the cavity, this effect is negligible
when examining the fundamental soliton, which maintains its temporal profile regardless of soliton
length.

4.1.2 Short-long Length Cavities (Region Ill): From the 28.8 m cavity, there is a transition from
short to long cavity laser as well as different types of soliton pulses (yellow area). As we increased
the cavity length seven times, the pulse duration quadruplicated, changing from femtosecond
to picosecond range, consequently affecting its peak power, soliton order, and soliton period at
different levels. In the first case, the pulse starts to present higher intracavity power than its soliton
power until reaching its minimum value at 92 m. Despite the large gap between the two powers, the
soliton stands in its fundamental state (N = 1), but without undergoing any periodic oscillation within
the cavities (LcaviTy ~ Zsorrron)- Although there is a transition from fundamental to higher-order
soliton (N > 2) from this point up to 209 m, the pulse changes its spectral/temporal profile through-
out its propagation, but within its soliton period. Therefore, except for this latter length, we can
consider this region the most stable, in terms of soliton parameters, for generation and propagation
of soliton pulses, showing the strong balance between graphene/NPR/SPM nonlinearities and
soliton propagation effects.

4.1.3 Long-ultralong Length Cavities (Region 1V): By continuously increasing the cavity length
from 209 to 1382 m, we achieved the long to the ultralong regime (blue area), in which the laser
mode-locking performances are determined by soliton and large dispersion effects. Because of the
low repetition rate of these cavities (kHz range) and the pulse broadening, the pulse intracavity
peak power is almost 2 orders of magnitude its soliton power at the long-ultralong range, becoming
very unstable as a higher-order soliton (N > 2). In the same direction, the estimated number of
periodic oscillations within these cavities potentially grows (LcaviTy > Zsorrron) and reaches a
maximum value of 5 at 1382 m cavity, almost the same value than that observed in the shortest
soliton laser cavity (16.1 m). Therefore, the simultaneous combination of these two parameters
directly reflects on soliton instability inside these cavities and, consequently, on difficulty level for
obtaining the laser single pulse regime.
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TABLE 1

Experimental Pulse Formation Studies From All Reported Mode-Locked EDFLs Ranging From Short
to Ultralong Cavity Lengths

Ref. Saturable absorber Laser cavity length range Study and analysis |
Artificial Physical Hybrid Short Long Ultralong Experimental
[51] NALM | e | e X | e | e Atpx D
Atpx L
55 NPR | o | e | e X X
[55] EpxL
Atpx L
56] | ----- CNT | - X X X
(561 AtpxD
[61] NPR Graphene | X | e | e AtpxL
nanosheets
[11] cvD
[19] NPR Graphene X X AtexL
CVvD
[62] NPR Graphene X X X X Atpx L
AtpxL
This . PsoLx L
work NPR Graphene X X X X ZsoLx L
Nsou x L

Table 1 shows the EDFL reported works, considering the (1) saturable absorber type (artificial,
physical or hybrid) used in the laser, (2) cavity length range (short, long or ultralong) and (3)
experimental study/analysis of each work.

All references incorporated different types of saturable absorbers (artificial or physical) as a
unique mechanism for generating the mode-locking regime, which unlike this work, the hybrid
mechanism was carefully analyzed in short, long and ultralong cavities. Also, all cited works
presented only the pulse duration behavior as a function of cavity length/dispersion. By rigorously
measuring the mode-locking regime of all EDFL cavities at the fundamental repetition rate (single
pulse operation), this experiment became more accurate, so that we could expand the same study
and explore important pulse parameters in terms of peak power and soliton propagation. Based
on these approaches, we believe this is the first and unique experimental study of the dynamics of
pulse formation and propagation in an EDFL hybridly mode-locked by CVD monolayer graphene
and NPR mechanisms ranging from short to ultralong cavities.

5. Conclusion

In summary, we presented a detailed experimental study of soliton and non-soliton pulse behavior
at short, long, and ultralong mode-locked EDFL cavities based on CVD monolayer graphene onto
D-shaped optical fiber and nonlinear polarization rotation hybrid mechanism. By changing the
laser cavity length from 12.3 m to 1.38 km, we could obtain pulses from 160 fs to 3.45 ps. The
laser spectra evolution, pulse peak power and temporal width behaviors showed the existence
of four operation regions located at small, medium, and large dispersion ranges: stretched and
soliton short cavities, soliton short-long cavities, and soliton long-ultralong cavities. At soliton short
cavities (14.7-28.8 m), the laser mode-locking performance is mainly attributed to graphene/NPR
nonlinearity and self-phase modulation, generating sub-picosecond pulses, broad bandwidths, and
high pulse peak power; at short-long cavities (28.8—209 m), the laser performance, as well as its
intracavity peak power decreases until a minimum value under both graphene/NPR nonlinearity
and dispersion influences; at long-ultralong cavities (209—1382 m), the pulse dynamics is entirely
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governed by dispersion and soliton propagation effects. Also, we could estimate the fundamental
soliton formation as characterized by the pulse peak power stabilization promoted by SPM and
graphene/NPR for short-to-long length cavities and higher-order soliton formation due to high pulse
peak power instabilities and dispersion parameters for long-to-ultralong length cavities.
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