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ABSTRACT

We investigated 1-pm multimode fiber laser based on carbon nanotubes,
where multiple typical pulse states were observed, including Q-switched,

Q-switched mode-locked, and spatiotemporal mode-locked pulses. Partic- Pump
ularly, stable spatiotemporal mode-locking was realized with a low thresh- inn——— | ?F —
old, where the pulse duration was 37 ps and the wavelength was centred at ! MM | ) Combiner
1060.5 nm. Moreover, both the high signal to noise and long-term operation | |
stability proved the reliability of the mode-locked laser. Furthermore, the : m ! ‘PI—ISO PC I
evolution of the spatiotemporal mode-locked pulses in the cavity was also | e
simulated and discussed. This work exhibits the flexible outputs of | - ;L‘U‘u_ E OocC 5o

\ — y

spatiotemporal phenomena in multimode lasers based on nanomaterials, "—--------
providing more possibilities for the development of high-dimensional

nonlinear dynamics.

Keywords spatiotemporal mode-locking, multimode fiber, saturable

absorber, ultrafast laser

1 Introduction

Spatiotemporal mode-locked ultrafast lasers have
attracted extensive attention in recent years, in which
both the transverse and longitudinal modes are locked,
conducive to the generation of high-energy pulses [1, 2].
Multimode fibers (MMFs) have also gradually become
important platforms for spatiotemporal mode-locking
owing to the larger mode field area [3]. In 2017, Wright
et al. [1] first achieved spatiotemporal pulses mode-
locked by mnonlinear polarization rotation based on
graded-index MMFs (GIMFs) with small modal disper-
sion. Subsequently, step-index MMFs were also proved
to be used for generating spatiotemporal mode-locking,
where the larger modal dispersion can be counteracted
through intracavity spatial filter or saturable absorber
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(SA) [4, 5]. These results provided more possibilities for
the study of spatiotemporal dynamics [6-9]. Moreover,
all-fiber lasers are meaningful for the applications of
spatiotemporal mode-locking in various fields due to the
advantages of high environmental stability, compact
design, alignment-free operation, and high beam quality
[10-12]. In order to realize the all-fiber structure, the
select of suitable saturable absorber is of great signifi-
cance. At present, nonlinear polarization rotation,
nonlinear amplifying loop mirror, nonlinear multimode
interference, and Mamyshev regenerators have been
applied to achieve ultrafast pulses in all-fiber MMF
lasers [13-16]. Furthermore, nanomaterials are also
promising candidates for intracavity saturable absorption
devices, which possess broadband operation, tunable
modulation depth, as well as easy fabrication and inte-
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Fig. 1 Setup of the spatiotemporal mode-locked laser at
1 wm. YDF: Ytterbium-doped fiber; PI-ISO: Polarization-
insensitive isolator; OC: Output coupler; SA: Saturable
absorber; PC: Polarization controller.

gration [17-22]. The excellent performance of nanomate-
rials provides more freedom in studying spatiotemporal
mode-locking dynamics.

Herein, we constructed an all-fiber Yb-doped fiber
laser (YDFL) based on carbon nanotubes (CNTs)-SA to
investigate multiple spatiotemporal phenomena. The
spatiotemporal Q-switching, Q-switched mode-locking,
and mode-locking were all observed by adjusting the
polarization state and pump power carefully, which
benefited from various effects in the MMF laser. In
order to analyze the spatiotemporal mode-locking in
detail, the propagation of pulses in this cavity was also
simulated, where the evolution of pulses
roundtrips and different positions were discussed.

versus

2 Experimental section

The setup of the all-fiber multimode ring laser is shown
in Fig. 1. The gain medium is 1.8-m YDF (Liekki
YB1200-10/125DC), which is pumped by a 980-nm laser
through a combiner. The ring cavity also includes a
polarization insensitive isolator for ensuring unidirectional
light propagation, a polarization controller for adjusting
polarization state, a SA device for generating ultrafast
pulses, and an 80/20 coupler for output pulses. Apart
from the customized combiner, all the tail fibers of the
passive components are GIMFs (50/125 pm), which
have parabolic refractive index distributions and relatively
small modal dispersion compared to step-index MMFs.
Based on the setup of the laser, the excitation of high-
order transverse modes or the spatial filtering will occur
at the splice of fibers with different core diameters. In
addition, the structure of GIMFs-YDF-GIMFs will also
introduce a multimode interference filter, which has
influence on the spectrum characteristics of pulses
[23-25]. Therefore, diverse spatiotemporal phenomena
were further observed and analyzed under the combination
of multiple effects.

In this experiment, the SA device based on nanomaterials
was integrated by sandwich structure, where CNTs were
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Fig. 2 Optical properties of carbon nanotubes. (a) Linear
transmittance curve of CNTs. (b) Nonlinear transmittance
curve of CNTs at 1 um. «a,: Modulation depth; I,:: Saturable
intensity.

sandwiched between two fiber ferrules and then assembled
by a fiber adapter. Figure 2(a) shows the linear trans-
mittance of CNTs, which was tested by ultraviolet-
visible-near-infrared  spectrophotometer ~ (UV-3600).
Figure 2(b) illustrates the nonlinear transmittance of
CNTs in 1-pym band, which was measured with a 1-um
mode-locked laser as light source. The repetition rate
and pulse width of the mode-locked laser source are
40 MHz and 9.4 ps at the central wavelength of 1060 nm.
The mode-locked laser connected with a 50/50 optical
coupler through a variable optical attenuator, where the
power coupled into SA was controlled by adjusting the
attenuator. One port of the output was directly monitored
as the reference side, while another port was monitored
as the test side after passing through SA. The nonlinear
transmittance was the ratio of the test and reference
sides. The trend of transmittance as a function of the
input light intensity is fitted by the formula T'= 1 — o,/
(1 + I/Lat) — ans [26], where T is transmittance, a, is
saturable absorption (i.e., modulation depth), Iis incident
light intensity, I,, is saturable intensity, and «,,s is non-
saturable absorption. Asshown in Fig. 2(b), the modulation
depth and saturable intensity of CNTs-based SA are
~3.6% and 0.05 MW/cm? respectively, exhibiting
promising abilities for generating pulses.

3 Results and discussion

The continuous wave appeared when the pump power
was gradually increased to 720 mW with an appropriate
adjustment of PC. Then the Q-switched pulses centered
at 1037.6 nm was realized firstly at the pump power of
730 mW. The spectrum and the multimode irregular
beam profile are shown in Fig. 3(a). Figure 3(b) is the
temporal waveform of the Q-switched pulses, where the
pulse interval is 77.3 ps. The duration of the single pulse
profile is 9.4 ps as shown in Fig. 3(c). The 12.9-kHz
radio frequency (RF) spectrum with a 26-dB signal-to-
noise ratio (SNR) is also shown in Fig. 3(d). In addition,
the output power of the pulses was 1.6 mW, corresponding
to 127.2-nJ pulse energy.
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Fig. 3 Q-switched results. (a) Spectrum. Inset: Beam
profile. (b) Temporal waveform. (c) Pulse profile. (d) RF
spectrum.

The Q-switched mode-locking was also obtained by
tuning the PC. Figure 4(a) shows the spectrum centered
at 1036.2 nm, and the inset is the beam profile with
multi-transverse modes. The envelope of the Q-switched
pulses in time domain is exhibited in Fig. 4(b), where
the pulse interval is 105 ps. The detailed mode-locked
pulses with 55-ns spacing can be seen from Fig. 4(c)
when the span of Q-switched envelope was stretched.
Figure 4(d) is the RF spectrum with multiple peaks, in
which the central frequency peak is 18.1 MHz and the
interval of different peaks is 9.5 kHz, corresponding to
the pulse intervals of mode-locked and Q-switched trains,
respectively. The Q-switched mode-locking is a typical
state in laser, while the stable mode-locking will be realized
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Fig. 4 Q-switched mode-locked results. (a) Spectrum
(Inset: Beam profile). (b) Temporal waveform. (¢) Zoomed
view of the temporal waveform. (d) RF spectrum.

when the polarization state is tuned or the pulse energy
in the cavity increases [27, 28].

Therefore, the mode-locked operation was obtained
when the pump power was further increased to 750 mW
and PC was further adjusted in an appropriate orienta-
tion. It is also found that the threshold of the mode-
locking in this laser is relatively low compared with
previous results in other MMF lasers. Figure 5 presents
the typical 1-um spatiotemporal mode-locked results
based on CNTs-SA. Figure 5(a) shows the spectrum
centered at 1060.5 nm and beam profile with speckle
pattern of the mode-locked pulses. The narrow spectrum
is mainly caused by the multimode interference effect
[23]. The irregular beam profile indicates the multiple
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Fig. 5 Spatiotemporal mode-locked results. (a) Spectrum (Inset: Beam profile). (b) Temporal waveform. (c) Pulse profile.
(d) RF spectrum. (e) RF spectrum under a larger span. (f) Spectra evolution versus time.
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Fig. 6 Results of spectral filtering and spatial sampling.
(a) Optical (Inset: Beam profiles) and (b) RF spectra of
spectral filtering. (c) Optical and (d) RF spectra of spatial
sampling.

transverse modes of the pulses. In addition, the 55-ns
pulse interval in Fig. 5(b) demonstrates the 18.1-MHz
repetition rate, which is in accord with the mode-locked
frequency in QSML, corresponding to 11-m cavity length.
The 37-ps pulse duration and the autocorrelation trace
of the pulses are shown in Fig. 5(c). Figure 5(d) exhibits
the RF spectrum with a 58-dB signal to noise. The RF
spectrum has no significant fluctuation when the span of
frequency domain is expanded, as shown in Fig. 5(e),
proving the stability of the pulses. Moreover, the spectra
evolution versus time was also recorded in Fig. 5(f)
when the laser worked continuously, where the well-
maintained intensity and center wavelength indicate the
long-term stability of the laser.

In addition, the spatiotemporal characteristics were
also verified by the methods of spectral filtering and
spatial sampling, in which the setup and operation are
similar to that described in Ref. [29]. Figure 6(a) shows
the optical spectra of pulses obtained by spectral filter-
ing, where the inserted different beam profiles prove the
difference of transverse-mode components. The corre-
sponding RF spectra in Fig. 6(b) overlap, indicating the
locking of transverse modes. The optical and RF spectra
of pulses obtained by spatial sampling are shown in
Figs. 6(c) and (d), which were sampled at different posi-
tions of beam profile. The optical spectra under different
transverse-mode components are different, while the
consistent RF spectra further demonstrates the realization
of spatiotemporal mode-locking.

In order to further analyze the spatiotemporal mode-
locking obtained in 1-um laser, the propagation of the
light in the cavity was modeled according to the experi-
mental setup of the MMF laser. The components with

different transmission characteristics were described by
different functions, then the light propagated circularly
in the cavity, where the evolution of the light field can
be simulated and analyzed. The light field in the GIMFs
was simulated by the generalized multimode nonlinear
Schroédinger equation [30, 31]. Given the computation
time, six low-order modes were considered into the prop-
agation in the cavity and the initial signal was defined
as a Gaussian pulse. For the gain fiber, the bandwidth
of gain is 40 nm, go = 4 m !, and E,,, = 0.12 nJ. When
light is transmitted at the splice of fibers with different
core diameters, it will be affected by spatial coupling
and filtering effects. The effect caused by the spatial
filter can be described as A,y (z,t) = M A;,(z,t), in which
M is the coupling coefficient matrix between different
modes. The transmission state of the pulses in the cavity
will change obviously while changing the spatial filter,
indicating the important role of spatial filter in the
process of spatiotemporal mode-locking.

Figure 7 exhibits the simulated results of the stable
spatiotemporal mode-locking in a multimode all-fiber
laser. The signal light gradually evolved into stable
mode-locked pulses with the increase of the roundtrips,
where different modes are represented by different colors
as shown in Fig. 7(a). During the formation of stable
pulses, the modal walk-off caused by dispersion is
usually compensated by spatial filtering besides Kerr
effect. Specifically, spatial filtering affects the coupling
effect between modes, where the walk-off can be
compensated under proper coupling matrix, and thus
different modes are coupled together for transmission.
Moreover, saturable absorber also plays an important
role in compensating dispersion, which performs satura-
tion absorption on three-dimensional pulses, bringing
different absorption and energy distribution to different
modes. In the simulation, the compensation process of
modal walk-off is also demonstrated from the view of the
time-domain peak position with different modes, as
shown in the upper in Fig. 7(b). The transmission of
pulses with different modes is irregular and the speeds
are different before the 53" roundtrip. The peak positions
of pulses corresponding to different modes have the same
displacement velocity after the 53' roundtrip, which is
shown as the same slopes, indicating the same group
velocity of different modes, namely, the locking of trans-
verse mode. Therefore, it also indicates that the modal
walk-off is compensated under the action of intracavity
effects and the stable pulse is formed. Accordingly, the
energy of different modes also stabilizes, in keeping with
the evolution process of pulse in time domain, as shown
in the below of Fig. 7(b). Figure 7(c) is the evolution of
pulses with different positions in the 300th roundtrip,
which exhibits the effects of different components on the
transmission of pulses. The spectrum of stable
spatiotemporal mode-locked pulse is shown in Fig. 7(d).
Figure 7(e) shows pulse profile of the spatiotemporal
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Fig. 7 Simulated results of the spatiotemporal mode-locking. (a) Evolution of pulses in time domain with different

roundtrips. (b) Evolution of the time-domain peak positions

and the energy of pulses corresponding to different modes.

(c) Evolution of stable pulses with different positions in the 300th roundtrip. MMF: Multimode fiber; SF: Spatial filter; SC:
Spatial coupling; MMIF: Multimode interference filter; YDF: Yb-doped fiber; OC: Output coupler; SA: Saturable absorber.

(d) Spectrum (Inset: Beam profile). (e) Pulse profile.

mode-locked pulse. During the simulation, the generation
of spatiotemporal mode-locked pulses is confirmed from
the energy and time domain of different modes, where
the processes of locking of modes and evolution of pulses
are also more clearly.

In this experiment, the saturable absorption effect of
CNTs was utilized to generate pulses in laser cavity. As
a kind of SA, CNTs have advantages of simple structure,
high environmental stability, ultrafast recovery time,
and broadband operation, which are conducive to realizing
high-performance mode-locking in all-fiber lasers [32-34].
It can also be found that the laser based on CNTs-SA
had a lower mode-locked threshold, where the 1-pum
spatiotemporal pulses were obtained at a low pump
power. Furthermore, the conversion between various
typical pulse states was also observed, providing more
directions for the study of nonlinear dynamics in multimode
lasers.

4 Conclusions

In summary, we demonstrated a spatiotemporal fiber
laser at the wavelength of 1 ym based on CNTs as SA.
Based on the combined action of various effects such as
spatial filtering and saturable absorption, the spatiotem-
poral Q-switching, Q-switched mode-locking, and mode-
locking were realized at a low threshold. The characteristics
of the obtained pulses in the experiment were monitored
and discussed, including pulse width, beam profile,
frequency, and stability. Furthermore, to give insight

into the propagation of spatiotemporal mode-locked
pulses in MMF laser, the numerical simulation was also
performed and detailed process on the evolution of
spatiotemporal pulses was exhibited. Such kind of laser
provides a platform for the combination of nanomaterials
and MMF lasers, which are beneficial for the further
investigation on spatiotemporal dynamics.
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