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Abstract: Experimental and numerical study has been performed for three techniques of mode-
locking in all-fiber Holmium laser. We have compared the fundamental repetition rate pulsed
generation for mode-locking based on: nonlinear polarization evolution, polymer-free single-
walled carbon nanotubes, and hybrid mode-locking. Experimental and numerical simulation
results demonstrated the shortest pulse duration and maximum spectrum width for mode-locking
based on the nonlinear polarization evolution: 1.3 ps, 4.2nm and 1.3 ps, 4.1 nm, respectively. The
self-starting mode in this case can vary depending on external conditions in the experiment. In
Ho-doped fiber laser with polymer-free single-walled carbon nanotubes mode-locking, the small
modulation depth of saturable absorption leads to a long time period of stationary single-pulse
lasing development (about 10* cavity roundtrips in simulation, and ~5 s in the experiment).
Both experimental and numerical studies have indicated that a Ho-doped fiber laser with hybrid
mode-locking provides optimal generation, enabling self-starting and a relatively fast transition
to stable single-pulse lasing (less than 1.5 x 10% cavity roundtrips in simulation, and ~3 s in
experiment). This study presents the first employment of polymer-free single-walled carbon
nanotubes for hybrid mode-locking in a Ho-doped fiber laser.

© 2024 Optica Publishing Group under the terms of the Optica Open Access Publishing Agreement

1. Introduction

Ultrafast laser sources in 2-um spectral range have been extensively researched throughout
the years [1]. They are very promising for applications in material processing, laser surgery,
biodiagnostics, molecular spectroscopy, mid-IR frequency combs, etc. [2—4]. They also can be
used as the seed sources for nonlinear frequency conversion to produce a radiation above 2 um
and for mid-IR supercontinuum generation [5,6]. Furthermore, advances in material science have
enabled remarkable progress in the generation of ultrashort pulses in the mid-IR range up to 3.5
um [7,8].

Optical fiber is a promising active medium that allows designing compact and stable laser
sources of ultrashort pulses with a good beam quality. The variety of commercially available fiber
optic components makes it possible to build all-fiber systems that require minimal maintenance
compared to solid-state lasers. One of the main methods of ultrashort pulse generation in fiber
lasers is passive mode-locking, implemented while using artificial or material saturable absorbers
(SA), which have been actively investigated over the years [9-11]. All these advantages in recent
decades have contributed to significant progress in the development of the 2-um ultrashort pulsed
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fiber lasers based on thulium- (Tm?*) and holmium-doped (Ho**) silica fibers [12]. To date,
many publications have been devoted to the study of Tm-doped mode-locked fiber lasers. In
these lasers pulse repetition rate ranging from tens of MHz to several GHz and pulse duration
up to several fs have been achieved [13,14]. However, the longer wavelengths of Ho-doped
fiber lasers (up to 2.2 pm [15]) could be more optimal for some applications. For example, for
sub-surface modification of silicon, effects on some biological tissues, for efficient operation in
the atmospheric transmission window beyond 2.1 um, and to achieve more efficient generation at
longer wavelengths due to soliton self-shifting [5,16—19].

Various cavity schemes were considered for mode-locked Ho-doped fiber lasers to generate
solitons, noise-like pulses, and dissipative solitons that turn into burst-like emission [20-23].
All these schemes were based on different saturable absorption mechanisms. These were
carbon nanotubes [24], graphene [25], metallic carbon nanotubes [26], black phosphorus [27],
semiconductor saturable absorption mirror (SESAM) [28], nonlinear polarization evolution
(NPE) [29,30], nonlinear loop mirror [31], and hybrid mode-locking [32]. These studies on
passively mode-locked Ho-doped fiber lasers were aimed on generation of ultrashort pulses with
relatively low repetition-rate up to 100 MHz and energies in the range of 0.4-3 nJ. These output
characteristics are not sufficient for such applications as material processing, material removal,
and advanced communication systems. To improve efficiency in these applications, it is necessary
to increase the pulse repetition rate or to generate pulse bursts [33—35].

A current focus of modern laser physics and technology is the GHz repetition rate of ultrashort
pulses [36,37]. Passive harmonic mode-locking (HML) is the less technically challenging and
more convenient method of achieving such repetition rate values [38,39]. It ensures uniform
distribution of multiple ultrashort pulses in the ring fiber cavity under the pump power increasing.
In addition to the study of harmonic mode-locking itself, methods for its control and stabilization
are also actively investigated [40—42]. There are few works on HML for Ho-doped fiber lasers. In
[28], HML with a pulse repetition rate of 290 MHz was demonstrated for a Ho-doped fiber laser
mode-locked by a black phosphorus saturable absorber. Later, Yang et al. demonstrated 570 MHz
HML in an all polarization-maintaining Ho-doped fiber laser based on the SESAM saturable
absorber [43]. However, there has been no comprehensive analysis, including experimental, of
how different mode-locking mechanisms affect high repetition rate pulsed generation. Before
considering this issue, it is relevant to study the stability of lasers with different mode-locking
types. Despite a significant influx of original research and reviews on the topic of ultrafast
mid-infrared (MID-IR) laser systems [1,8,12,44], there has been no comprehensive experimental
and numerical study of the self-start dynamics and estimation of the transition time to stable
pulse generation in Ho-doped fiber lasers as a function of different mode-locking techniques. To
date, only two types of mode-locking techniques have been experimentally compared under the
same conditions in one cavity, based on single walled carbon nanotubes (SWCNT) in polymer
matrix and hybrid mode-locking [45]. Recently, results of the numerical analysis of the hybrid
mode-locking stability in a Ho-doped fiber laser with bulky elements [46] and the influence of
SA parameters on the hybrid mode-locking performance of fiber lasers [47] have been published.

In this paper, we compared the fundamental repetition rate pulsed generation for three mode-
locking techniques in the same cavity of a Ho-doped fiber laser. Experimental and numerical
study of the generation optimum by mode-locking technique with a focus on the self-starting
mode, including time estimation and probability of transition to pulse generation, has been
performed. The obtained results are promising for further investigation of harmonic mode-locking
in Ho-doped fiber lasers, as well as for the development of a stable self-starting and reproducible
laser system to study the interaction of two-micron ultrashort pulsed radiation with biological
tissues or other materials.
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2. Materials and methods

2.1. Experimental setup

We have investigated three different techniques of passive mode-locking in the same ring cavity of
a Ho-doped fiber laser. Figure 1(a) shows the experimental setup of this laser with mode-locking
elements (MLE) corresponding to different mode-locking mechanisms, based on: nonlinear
polarization evolution (NPE) (Fig. 1(b)) as artificial SA, polymer-free single walled carbon
nanotubes (SWCNT) as material SA (Fig. 1(c)), and hybrid mode-locking, which combines the
two previous mechanisms in a single cavity (Fig. 1(d)).

Output Mode-locking elements (MLE):

==

PC1 Polarizer PC 2 B

(b) et >y

Polymer-free
SWCNT PC 2

(),
Coupler
30/70

Polymer-free
SWCNT PC1 Polarizer PC2

(d) A Big— ==

Unabsorbed
pump power

Fig. 1. (a) Experimental setup of the mode-locked Ho-doped fiber laser using different
mode-locking elements (MLE) corresponding to different mode-locking mechanisms: (b)
nonlinear polarization evolution (NPE), (c¢) polymer-free single walled carbon nanotubes
(SWCNT), (d) hybrid mode-locking. HoDF — holmium-doped fiber, WDM — wavelength
division multiplexer, ISO — isolator, PC 1, 2 — polarization controllers.

We have used silica-based optical fiber doped with Ho>* ions to create the basic ring scheme of
fiber laser. The concentration of active ions in the fiber core was 4 x 10!° cm=3, the core diameter
was 11 pm, and the numerical aperture was ~ 0.145. The Ho-doped fiber was also doped with
Al,O3 at a concentration of about 0.8 wt% and GeO; at a low concentration. The group velocity
dispersion of a Ho-doped fiber around a wavelength of 2100 nm was estimated to be 3, = —-0.112
ps?/m. The ring laser cavity includes 2 m of Ho-doped fiber with counter-propagating pumping
realized with continuous-wave (CW) Yb-doped fiber laser at a wavelength of 1130 nm through a
1125/2100 nm wavelength division multiplexer (WDM). The pump wavelength was determined
by the holmium ions absorption spectrum at °Iy —>I¢ transition, which have maximum at a
wavelength of 1150 nm. However, there is a spectral dependence of the Yb-doped fiber laser
efficiency, which decreases at wavelengths above 1130nm [48]. We used a wavelength of
Yb-doped fiber laser not exceeding 1130 nm for most experiments. It ensures sufficiently high
generation efficiency and has a high absorption of holmium ions. The power of Yb-doped fiber
laser was up to 6 W.

In addition to the active Ho-doped fiber, the laser cavity consisted of the fiber components
based on a standard single mode (SM) silica fiber with a core diameter of 9 um. The group
velocity dispersion of the SM fiber around a wavelength of 2100 nm was estimated to be 3, =~ —
0.1 ps?/m [49]. The total cavity length varied from 9.5 to 11 m, depending on the used MLE.
As noted above, the pump radiation was delivered to the cavity through a WDM 1125/2100 nm.
An additional WDM 1125/2100 nm was used to output the unabsorbed pump power from the
Ho-doped fiber laser cavity. Fiber isolator (ISO) operating at wavelengths above 2 pm ensured
one direction of the laser radiation propagation. Insertion losses for ISO did not exceed 20%.
Squeezer-based polarization controllers (PC) were used to adjust the intracavity polarization
state. A fiber coupler with a coupling ratio of 30/70 was used as an output of the laser and
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provided 30% output of laser power. The NPE mode-locking regime was implemented using a
fiber polarizer placed in the laser cavity.

To achieve a mode-locking (ML) regime while using a material SA, we utilized polymer-free
SWCNTs fixed between two angle-polished optical connectors (FC/APC) [50]. The SWCNTs
were synthesized by the aerosol (floating catalyst) chemical vapor deposition technique [51]
and were grown on the surface of iron-based catalyst particles via the Boudouard reaction. The
catalyst was suspended (in the aerosol phase) in the CO atmosphere. The synthesis parameters
were adjusted to achieve a mean diameter corresponding to the maximum of the optical transition
around 1700-1900nm [52]. The thickness of SWCNT film was controlled by the collection time
and was about 40 nm for this experiment corresponding to slightly more than 70% transmittance
in the operating spectral range of 2050-2100 nm (Fig. 2(a)). The material was collected on a
nitrocellulose filter from which SWCNT films can be transferred to the end of the FC/APC
connector by a simple dry transfer technique [53]. The using this type of absorber is promising
because it shows higher stability compared to composite SWCNT samples [54]. To realize hybrid
mode-locking, we combined artificial (NPE) and material (SWCNT) saturable absorbers in a
single laser cavity.
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Fig. 2. (a) Transmission spectrum of the polymer-free SWCNT film; (b) Nonlinear
transmission of the SWCNT thin film sample under the excitation of 1.6 ps pulses at 2080nm.
Circles — experimental data, red dashed curve — approximation.

The nonlinear optical transmittance of SWCNT was measured using the conventional two-arm
energy-dependent transmission technique [55]. A homemade Ho-doped fiber laser generating
1.6 ps pulsed radiation with a repetition rate of about 19 MHz at a center wavelength of 2080nm
was used as the test laser source. The use of a variable optical attenuator allowed us to vary the
laser radiation energy from O up to 130 pJ delivered to both arms (reference and test) formed by a
50/50 fiber coupler. The test arm contained SWCNT film sample fixed between two FC/APC
connectors. We determined the nonlinear saturable absorption of the sample by comparing the
pulse energy values at the outputs of the reference and test arms. Figure 2(b) shows the measured
nonlinear transmission of SWCNT film sample. The experimental data were approximated using
a simple formula as in [14,55]. The obtained values of modulation depths and non-saturable
losses for SWCNT sample are ~1% and 27.5%, respectively.

An isolator was added at the laser output to prevent back reflection from entering the cavity. The
laser radiation characteristics were measured after the isolator using the following equipment: an
optical spectrum analyzer (Yokogawa AQ6375B, up to 2400 nm, resolution 0.1 nm), oscilloscope
Tektronix MSO 64 (4 GHz) coupled with the photodetector EOT-5000 (12.5 GHz), radio
frequency (RF) spectrum analyzer with 26.5 GHz bandwidth (Keysight 9020B), and scanning
autocorrelator (Avesta AA-10DD-30ps).
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2.2. Numerical model

To better interpret the experimental results, we have performed numerical simulations of the
Ho-doped fiber laser with different types of mode-locking (ML) shown in Fig. 1 with some
minor simplifications (for example, we simulated only one PC instead of the PC pair pointed in
the Fig. 1(b,d)). The used numerical model is similar to the one described in [46,56,57]. The
applied numerical model, uses some steady-state stationary values of the system parameters - gain
coefficient and gain saturation energy of the active fiber, saturable losses and saturation power of
the saturable absorber. This model is not applicable to describing the non-stationary laser turn-on
(self-start) process accompanied by a gradual increase in pump power. Therefore, we do not
directly link the experimental dynamics of the transient processes observed during laser self-start
with the dynamics of the model describing the mode-locking process in a system with stationary
parameters. The goal of the numerical simulation was to find a range of stationary parameters that
would ensure successful mode locking with pulse characteristics close to the experimental ones.
In the general case, light propagation in fiber elements has been described by a two-component
nonlinear Schrodinger equation that takes into account the effects of birefringence, four-waves
mixing, and spectrally limited amplification:

dA, AB 0A,  Br0*Ac . s 2 5 i .. 8Ac g 0°A,

5. Mt Ty g T M A Ay = S e (1Y

Ay,  AB 0A, B, %A, s 2. 5 i .., 8A, g 0°A,

6_Z+l7Ay_6W_l?W_l |A}| +§|Ax| Ay—gj/AyAx = T‘f‘ﬁ o2 (1b)
8

where A;— are the amplitudes of polarization components, 43=2n/Lg — difference of propagation
constants due to birefringence in the fiber, Lg — birefringence length, 6=48/2w( — difference
of the group velocities of polarization components, 8, — group velocity dispersion, y — Kerr
nonlinearity coefficient of the fiber. To simplify the numerical simulation, the values of the Kerr
nonlinearity coefficient for HoODF and SMF were chosen to be the same. In the passive SMF the
gain g is equal to zero but in the active fiber the saturated gain is averaged over the simulation
window and is expressed as:

1 -1
8(2) = go| 1+ = [5"" (1AL, 01> + Az, 0)Pat| )
8

where go is a small signal gain factor and E, is the gain saturation energy determined by the
pump power, Ty, is the width of the simulation window. The gain spectral filtering is centered
at 19p=2070nm and employed in parabolic approximation with the full width at half maximum
(FWHM) gain line bandwidth €,.

The PC is placed so that it divides the length of passive SM fiber in a ratio of 1:3. PC transforms
the light to an elliptical polarization state. The transformation is described by the transfer matrix:

cos 6 — sin 0 exp(—iA¢)
, 3)
sin 8 exp iA¢ cos 6

where 6 — the PC rotation angle, A¢ — the phase difference between the components contributed
by the PC. A polarizer returns the light to a linear polarization state A, = A, cos ¢ + A, sin ¢,
where ¢ — orientation angle of the polarizer. Thus, in configurations that include a polarizer, light
propagation in the section between polarizer and PC is described by a standard one-component
nonlinear Schrodinger equation.
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This work focuses on the three mode-locking types based on the NPE, SWCNT, and hybrid,
which combines the previous two. In the case of material SA mode-locking based on SWCNT its
action is described by a transfer function:

Al, = A1 — s — a, 4)

where @, = ay0exp(—(|AL] + |Ay|2) /Py) is the SWCNT saturated losses, ay is the modulation
depth, P; is the saturation peak power, and @ is the non-saturable losses. The same sample of
polymer-free SWCNTSs was used in the schemes with hybrid mode-locking and material SA. The
effect of modulation is important in mode-locked fiber lasers, as well as recovery time of SA
[58,59]. Typically, NPE based on the Kerr effect has a response time of a few femtoseconds and
SWCNT has a response time of several hundred femtoseconds and more.

Table 1 presents parameter values used in the numerical simulation. Since the length of SM
fiber varied (7.5-9 m) depending on the used MLEs, an approximate average SM fiber length
of 8 m was considered in the numerical simulation. All the linear losses experienced by the
signal inside the cavity are taken into account as the local losses in the output coupler with power
transmission coefficient equal to 1/2.

Table 1. Values of parameters used in the numerical simulation.

Ho-doped fiber
_ _ _ _ Q,
Bres?m™)  y W Im™)  gom)  E(THz) E,(p)  lo(m)

-0.11 0.0011 2 2.66 180 2
SMF SWCNT
Ba(ps?m™) Yy (W'm™) sy (m) s ao Py (W)
-0.1 0.0011 8 0.28 0.01 70
General parameters
Lp (m) 0 (rad) A¢p (rad) ¢ (rad)  Tyin (PS)
0.5 0.3 Z.m) 2.45 404.8

3. Experimental results
3.1.  NPE mode-locking

Figure 1(a) shows the scheme of Ho-doped fiber laser, which employs the MLE such as nonlinear
polarization evolution (Fig. 1(b)) based on the nonlinear optical Kerr effect in fibers. To achieve
nonlinear polarization evolution, we added an optical polarizer to the cavity of Ho-doped fiber
laser. Polarizer with polarization controllers allow tuning the transmission state to minimize losses
of the higher intensity components and maximize absorption of the lowest ones. This approach
refers to an artificial saturable absorber that possesses a fast relaxation time of approximately 5
fs. Although this effect is considered spectrally independent, the lower effective nonlinearity of
silica fibers in the 2 um spectral range affects the nonlinear response and contributes to a higher
mode-locking threshold, in contrast to material SAs [12].

The total laser cavity length was ~10.2 m and consisted of a 2 m long active Ho-doped fiber
and ~8.2 m long of standard single-mode fiber. The net cavity dispersion of laser cavity was
estimated to be about —1.08 ps?. The radiation output from the cavity was carried out through the
30% output of the fiber coupler. The laser generation threshold was at a pump power of 0.73 W,
and the mode-locking threshold was at a pump power of 0.82 W.

Figure 3 shows the pulsed radiation characteristics measured at a pump power of 0.85 W. The
average output power was 6 mW, and the unabsorbed pump power was 7.2 mW. As can be seen in
Fig. 3(a), the central emission wavelength is 2069 nm, and the spectrum width at half-maximum
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is 4.2 nm. Figure 3(b) displays the map of time-dependent spectral stability measurements for 1
hour. Based on these data, Fig. 3(a) contains two spectra at the start (1 min) and the end (62
min) of the measurements to demonstrate spectral detuning. The optical spectrum has a typical
shape with sidebands determined by periodic spectral interference between the soliton wave
and a co-propagating dispersive wave. Figure 3(c) shows the radio frequency (RF) spectrum
at the fundamental repetition rate of 20.4 MHz with a signal-to-noise ratio of about 65 dB. The
repetition rate corresponds to the laser cavity length. The autocorrelation trace of the laser pulse
with a theoretical sech? fitting is shown in Fig. 3(d). The measured pulse duration of 1.3 ps
corresponds to a time-bandwidth product of 0.382, indicating a slight chirping of the pulse. The
laser pulse energy was estimated to be 0.3 nJ, and the peak power ~231 W.
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Fig. 3. Radiation characteristics of the mode-locked Ho-doped fiber laser utilized NPE
effect: (a) optical spectra, (b) map of time-dependent spectral stability for 62 minutes, (c)
RF spectrum (3 MHz span, 50 Hz resolution bandwidth), (d) pulse autocorrelation function.

3.2.  Polymer-free SWCNT mode-locking

Figure 1(a) shows the scheme of the Ho-doped fiber laser, which employs the MLE shown
in Fig. 1(c). The polymer-free single-walled carbon nanotubes described above were used as
material SA to achieve the mode-locking regime. In contrast to the NPE effect, the SWCNT
saturable absorber has a longer relaxation time of about 1 ps [11]. The properties of SWCNT
as SA are affected by several parameters, including diameter, chirality, length, and orientation.
These parameters are predetermined by the synthesis method and post-processing stage [60].
The degree of SWCNT orientation determines their polarization sensitivity. For operations at
wavelengths above 1.9 um, the diameter of SWCNT must be increased to match the bandgap. An
increase in diameter leads to more defects and higher losses, which limits the maximum operating
wavelength. Alternative fabrication methods of SWCNT, such as the aerosol (floating catalyst)
chemical vapor deposition method, allow extending the operating spectral range of SWCNTs
while maintaining their defect-free quality [51].

The investigated Ho-doped fiber laser cavities utilized the same sample of polymer-free
SWCNT fixed between FC/APC optical connectors. Optical connectors with SWCNT were
placed in the laser cavity between the coupler, which outputs a part of radiation, and the isolator
to reduce the power density passing through SWCNT. In this laser scheme, we have used only
one polarization controller to adjust the polarization state. It was placed after optical connectors
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with the SWCNT along the radiation propagation path. The total laser cavity length was ~9.5 m
and consisted of a 2 m long active Ho-doped fiber and ~7.5 m long of standard single-mode fiber.
The net cavity dispersion of the laser cavity was estimated to be about —1 ps. The radiation
output from the cavity was carried out through the 30% output of the fiber coupler. The laser
generation threshold was at a pump power of 0.7 W, and the mode-locking threshold was at a
pump power of 0.8 W.

Figure 4 shows the pulsed radiation characteristics measured at a pump power of 0.85 W. The
average output power was 6.5 mW, and the unabsorbed pump power was 7 mW. As can be seen in
Fig. 4(a), the central emission wavelength is 2076 nm, and the spectrum width at half-maximum
is 3.5 nm. Figure 4(b) displays the map of time-dependent spectral stability measurements for 1
hour. Based on these data, Fig. 4(a) contains two spectra at the start (1 min) and the end (62
min) of the measurements to demonstrate spectral detuning. The optical spectrum has a typical
shape with Kelly sidebands. As can be seen, there are additional Kelly sidebands, detuned
from the main ones. It can be assumed that the absence of a polarization state selector results
in the presence of two solitons with orthogonal polarization state that are superimposed on
each other. Figure 4(c) shows the RF-spectrum at the fundamental repetition rate of 21.8 MHz
with a signal-to-noise ratio of about 67 dB. The repetition rate corresponds to the laser cavity
length. The autocorrelation trace of the laser pulse with a theoretical sech? fitting is shown in
Fig. 4(d). The measured pulse duration of 1.4 ps corresponds to a time-bandwidth product of
0.341, indicating a slight chirping of the pulse. The laser pulse energy was estimated to be 0.3 nJ,
and the peak power =214 W.
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Fig. 4. Radiation characteristics of the mode-locked Ho-doped fiber laser utilized polymer-
free SWCNT: (a) optical spectra, (b) map of time-dependent spectral stability for 62 minutes,
(c) RF spectrum (3 MHz span, 50 Hz resolution bandwidth), (d) pulse autocorrelation
function.

3.3.  Hybrid mode-locking

Figure 1(a) shows the scheme of Ho-doped fiber laser, which employs hybrid mode-locking
(Fig. 1(d)). This approach consists of combining fast and slow saturable absorbers in the laser
cavity. SWCNT, as material SAs, contribute to longer pulse durations, have a lower damage
threshold, and can degrade over time (depending on the SWCNT type). At the same time, they
have a low self-start threshold for generating ultrashort pulses. Artificial SAs such as NPE based
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on the nonlinear optical Kerr effect allow the generation of high-quality ultrashort pulses without
a pedestal. However, they often lack self-starting capabilities and have lower nonlinearity in the
2 um spectral range. Therefore, when both types of SAs are combined in the same laser cavity,
the material SA initiates and stabilizes the pulse formation, while the artificial SA shapes and
cleans the pulse width to shorter durations.

To achieve hybrid mode-locking, SWCNT and a polarizer with a pair of PCs were utilized in
the cavity of a Ho-doped fiber laser. We used the same sample of polymer-free SWCNT fixed
between two FC/APC connectors in all experiments. The total laser cavity length was ~11 m
and consisted of a 2 m long active Ho-doped fiber and ~9 m long of standard single-mode fiber.
The net cavity dispersion of the laser cavity was estimated to be about —1.17 ps®. The radiation
output from the cavity was carried out through the 30% output of the fiber coupler. The laser
generation threshold was at a pump power of 0.8 W, and the mode-locking threshold was at a
pump power of 0.84 W.

Figure 5 shows the pulsed radiation characteristics measured at a pump power of 0.85 W. The
average output power was 4 mW, and the unabsorbed pump power was 8.3 mW. As can be seen in
Fig. 5(a), the central emission wavelength is 2077nm, and the spectrum width at half-maximum
is 3.6 nm. Figure 5(b) displays the map of time-dependent spectral stability measurements for 1
hour. Based on these data, Fig. 5(a) contains two spectra at the start (1 min) and the end (62 min)
of the measurements to demonstrate spectral detuning. The optical spectrum has a typical shape
with Kelly sidebands. Figure 5(c) shows the RF-spectrum at the fundamental repetition rate of
19 MHz with a signal-to-noise ratio of about 64 dB. The repetition rate corresponds to the laser
cavity length. The autocorrelation trace of the laser pulse with a theoretical sech? fitting is shown
in Fig. 5(d). The measured pulse duration of 1.5 ps corresponds to a time-bandwidth product of
0.375. The laser pulse energy was estimated to be 0.21 nJ, and the peak power ~140 W.
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Fig. 5. Radiation characteristics of the mode-locked Ho-doped fiber laser utilized both NPE
effect and polymer-free SWCNT: (a) optical spectra, (b) map of time-dependent spectral
stability for 62 minutes, (c) RF spectrum (3 MHz span, 50 Hz resolution bandwidth), (d)
pulse autocorrelation function.

We experimentally investigated three different mode-locking techniques in a Ho-doped fiber
laser, based on: nonlinear polarization evolution (NPE) as artificial SA, polymer-free single
walled carbon nanotubes (SWCNT) as material SA, and hybrid mode-locking, which combines the
two previous SAs in one cavity. Table 2 summarizes the experimentally obtained laser generation
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characteristics depending on the different ML types at the same pump power of 0.85 W. The pulse
repetition rate differs slightly depending on the used MLE. As can be seen, the shortest pulse
duration and the highest pulse energy were achieved for NPE- and SWCNT-based mode-locking.
Stable self-start of ML regime was observed only for SWCNT and hybrid mode-locking. The
results of time-dependent spectral stability study showed that NPE- or SWCNT- based ML had
more wavelength variations during operation compared with hybrid mode-locking. That is,
combining two types of absorbers, artificial and material, in a cavity allows one to overcome
their shortcomings and improve the generation mode.

Table 2. The experimentally obtained characteristics of laser radiation as a function of different
mode-locking (ML) types used in the Ho-doped fiber laser: nGVD — net group velocity dispersion
of the cavity, \.c — central wavelength, FWHM — optical spectrum bandwidth at half maximum, Frep
— pulse repetition rate, Pp — pump power, Pavg — average output power, t — pulse duration, E —
pulse energy, TBP — time-bandwidth product.

ML type Cavity nGVD hc FWHM Frep Pp Pavg t[ps] E TBP  Self-

length [m] [psz] [nm] [nm] [MHz] W] [mW] [nJ] start

NPE ~10.2 -1.08 2069 42 20.4 0.85 6 1.3 03 0.382 variably
SWCNT ~9.5 -1 2076 35 21.8 085 6.5 1.4 03 0341  Yes
Hybrid ~ 11 -1.17 2077 3.6 19 0.85 4 1.5 021 0375 Yes

4. Numerical simulation results and discussion

We investigated the transition of laser system into the stationary single pulse generation mode
using low-amplitude Gaussian noise as initial conditions. In all considered cases with three
different ML types, the laser system successfully switched to this mode in approximately 500—10%
cavity roundtrips.

When describing the simulation results of a mode-locked laser that utilizes the NPE effect,
it is important to consider the formation of a birefringent Lyot filter in the ring fiber cavity. In
this model, it is formed within a 3/4/5y;r long segment of fiber located between the polarization
controller and the polarizer. And its transmittance is equal [61]:

&)

3 lsyr A
T(2) = (cos 6 cos ¢)* + (sin 6 sin ) + 1/2 sin 26 sin 2¢ cos (A(p o SMF i)

4 Lp A
where the parameter Ay is the birefringence introduced by the polarization controller (possibly
together with other cavity components in this segment), which can be varied by adjustment. A key
feature of the NPE mode-locking is the increasing of pulse transmittance compared to the linear
background. This occurs due to the nonlinear addition to the phase 4p— Ap+Apyy. Figure 6
shows the numerical simulation results of the mode-locked Ho-doped fiber laser utilized the
NPE effect. This figure displays the pulse envelope and spectrum of the stationary single-pulse
generation. The spectral dependences in Fig. 6(b,c) show 2 options of the joint position of the
pulse spectrum and the linear transmission of the Lyot filter (5) in the fiber cavity. These options
correspond to different settings of the parameter 4. As can be seen, the simulation results for
the A4p=n settings closely match the experimental results.

Figure 7 shows the pulse envelope and spectrum of the stationary single-pulse generation of
Ho-doped fiber laser utilized SWCNT saturable absorber. In this case, the central generation
wavelength is close to the position of maximum gain in the Ho-doped fiber, which is fixed in
the model at a wavelength of Ac=2075nm (Fig. 7(b)). The simulation confirms the assumption
that the pulse of a Ho-doped fiber laser with SWCNT saturable absorber is the sum of two
orthogonally polarized solitons that trap each other and propagate as a single vector soliton
unit [62,63]. Figure 7(c) shows the separate spectra of pulsed radiation with two polarization
components.
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Fig. 6. Numerical simulation results of the mode-locked Ho-doped fiber laser utilized the
NPE effect: (a) pulse envelope, (b) and (c) show the possible shift of the spectrum that
occurs when the phase difference between two polarization components is varied, e.g. by

the PC adjusting.
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Fig. 7. Numerical simulation results of the mode-locked Ho-doped fiber laser utilized the
polymer-free SWCNT saturable absorber: (a) pulse envelope, (b) pulsed radiation spectrum
representing the sum of two polarization components, (c) separate spectra of pulsed radiation
with two polarization components.

Finally, the numerical simulation results for Ho-doped fiber laser with hybrid mode-locking
(NPE + SWCNT) are presented (Fig. 8). It is worth noting that there is no fundamental difference
between the results obtained for this case and for Ho-doped fiber laser with NPE mode-locking
only. The central wavelength of the pulsed radiation in the stationary single-pulse generation
mode can also be adjusted by changing the parameter 4¢. The simulation results obtained with
Ap=2.1 are close to the experimental data (Fig. 8(b)). An important difference, however, is
that the introduction of SWCNT causes increased losses in the cavity, resulting in a slight pulse
duration increasing and decrease in a spectral width.

As can be seen, the numerical simulation and experimental results are very close. Numerical
simulation showed the longest pulse duration (1.6 ps) and the minimum spectrum width at
half maximum (3.7 nm) for hybrid mode-locking due to the increased loss level in this cavity.
However, the experimental results showed the minimum spectrum width (3.5 nm) for SWCNT
mode-locking. Which was insignificantly different from the spectrum width in the case of hybrid
ML (3.6 nm). Experimental and numerical simulation results demonstrated the shortest pulse
duration and maximum spectrum width at half-maximum for NPE mode-locking: 1.3 ps, 4.2nm
and 1.3 ps, 4.1 nm, respectively.
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The self-starting features of Ho-doped fiber laser with different ML techniques were analyzed.
The numerical simulation considered this issue by using a variable birefringence length parameter
Lp. The results showed that mode-locking self-start is independent of the Lp parameter when
material SA based on the polymer-free SWCNT is used. This is due to the absence of polarization
state selector in this cavity configuration. This indicates that the laser is capable of self-starting
despite significant variations in external conditions. However, as previously mentioned, the
small modulation depth of saturable absorption leads to a long period of stationary mode-locking
formation — about 10* cavity roundtrips and more. The experiments also detected this feature.
Figure 9(a) displays one of the best experimental oscilloscope trace of the laser self-start process.
In this case a Ho-doped fiber laser was able to self-start, but with a longer time (about 5 s) of
single-pulse mode formation compared with other ML techniques. During this time transient
processes occur, which may be accompanied by the generation of giant pulses. This can lead to
undesirable damage of the SWCNTs. Therefore, it is important to optimize and appropriately
select the parameters of saturable absorber. Numerical simulations have shown that for NPE
mode-locking the most successful transition to the pulse mode occurs when the Lp parameter
value is within the range of ~ 0.5-4.5 m. The addition of SWCNT to the cavity with NPE extends
this range to ~ 0.1-5 m (this study considers achieving stationary pulse generation in less than
1.5 10° cavity roundtrips a successful realization.). The wide range of possible Ly values
confirm the high probability of mode-locking self-start in Ho-doped fiber laser. Experimental
analysis showed that the self-starting probability of NPE mode-locking can vary depending
on external conditions. Thus, we did not observe self-start at every laser launch. Another
disadvantage of this ML technique is the need to adjust the polarization controllers to correct the
polarization state, which sometimes takes a long time. Combining two saturable absorbers NPE
and SWCNT in the cavity, indeed promoted the repetitive self-start of the Ho-doped fiber laser.
Figure 9(b) displays the experimental oscilloscope trace of the laser self-starting process. As
can be seen, the transition time to stationary single-pulse generation takes slightly more than
3 s, which is 1.5 times faster than for SWCNT ML. Thus, experiment and simulation showed
that this approach provides the fastest transition to the stationary single-pulse generation mode.
This means that the hybrid mode-locking regime is robust to changes in external conditions
and reduces the probability of SWCNT damage during transient processes. The transition time
to stationary single-pulse generation differs between the experiment and simulation. The long
transition time of Ho-doped fiber laser to the stationary single-pulse lasing in the experiment is
related to the warm-up time of the Yb pump laser. The reason for this is that the Yb-doped fiber
laser is pumped by a multimode, unstabilized laser diode.
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Fig. 8. Numerical simulation results of the mode-locked Ho-doped fiber laser utilized both
NPE effect and polymer-free SWCNT saturable absorber: (a) pulse envelope, (b) and (c)
show the possible shift of the spectrum that occurs when the phase difference between two
polarization components is varied, e.g. by the PC adjusting.
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Fig. 9. The experimental oscilloscope traces of the self-start process for Ho-doped fiber
laser with different ML types: (a) based on the polymer-free SWCNT; (b) hybrid ML
(NPE + SWCNT).

Both experimental and numerical studies have indicated that the optimal generation in a Ho-
doped fiber laser, which enables self-starting and fast transition to stable single-pulse generation,
is achieved using hybrid ML.

5. Conclusion

In this work, we have compared the fundamental repetition rate pulsed generation for three
mode-locking techniques in the same cavity of Ho-doped fiber laser based on: nonlinear
polarization evolution as artificial SA, polymer-free SWCNT thin film as a material SA, and
hybrid mode-locking, which combines the two previous mechanisms in the cavity. Experimental
and numerical study of the generation optimum by mode-locking technique within the same cavity
with a focus on the self-starting mode, including time estimation and probability of transition to
pulse generation, has been performed.

In the experiment, the shortest pulse duration and the highest pulse energy were achieved for
NPE- (1.3 ps, 0.3 nJ) and polymer-free SWCNT-based (1.4 ps, 0.3 nJ) mode-locking. Results of
the time-dependent spectral stability study showed that NPE- or SWCNT-based ML had more
wavelength variations during operation compared with hybrid ML. Numerical simulation results
demonstrated the shortest pulse duration and maximum spectrum width for NPE mode-locking:
1.3 ps, 4.1 nm. Experimental analysis showed that the self-starting of NPE mode-locking can
vary depending on external conditions. The lack of a polarization state selector in the Ho-doped
fiber laser with SWCNT-based ML results in the formation of two orthogonally polarized solitons
that mutually trap each other, propagating as a single vector soliton unit. This contributes to the
laser’s ability to self-starting despite the significant changes in external conditions. However,
the small modulation depth of saturable absorption leads to a long time period of stationary
single-pulse lasing development, about 10* cavity roundtrips and more in simulation, and about
5 s in experiment.

Both experimental and numerical studies have indicated that Ho-doped fiber laser with hybrid
mode-locking provides optimal lasing, enabling self-starting and a faster transition to stable
single-pulse generation (less than 1.5 x 103 cavity roundtrips in simulation, and about 3 s in
experiment). This study presents the first using of polymer-free SWCNT for hybrid mode-locking
in a Ho-doped fiber laser.
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