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D-shaped fibers for femtosecond pulse generationt
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We demonstrate nonlinear optical modulation by combining mesoporous carbon nanospheres (MCNs) and
D-shaped fibers (DFs). The MCNs are prepared by the silica-assisted strategy and the DFs are fabricated
through a precision wheel polishing method. When the MCNs are deposited onto the DF as the
saturable absorbers (SAs), the SAs possess broadband linear absorption and nonlinear saturable
absorption properties. As the DF-MCNs SA is integrated into the laser cavities, ultrafast lasers at 1.56 and
2 pm were realized with minimal pulse duration down to a few hundreds of femtoseconds. Compared
with the film and microfiber-based MCNs-SAs, the DF-MCNs SAs exhibit greater robustness and stronger
evanescent field, and are more effective at generating femtosecond pulses. Our results verify that DF-
MCNs as a kind of cost-effective and easily-prepared SA would be of great importance for stable and
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1. Introduction

Femtosecond fiber lasers exhibit many desirable advantages of
extremely short temporal resolution,' and high peak intensity,*
which make them receive much attention in the research fields
of fundamental research,®* optical communication,” medi-
cine,*” and remote gas sensing.®° For the passive mode-locking
technique, a nonlinear optical element, called a saturable
absorber (SA), is mainly used to induce the generation of
a femtosecond pulse. Over the past decades, carbon-based
materials such as carbon nanotubes (CNTs) and graphene
have been demonstrated for high-performance nonlinear SAs
due to their outstanding physical and chemical properties.***¢
Compared with conventional laser mode-locking materials and
devices, carbon-based materials have notable advantages such
as (i) ultrashort recovery time, (ii) a wide operating bandwidth,
(iii) a high thermal damage threshold, (iv) a simple preparation
process, and (v) an extremely miniaturized footprint.
Mesoporous carbon nanospheres (MCNs), a new family of
carbon-based materials, have shown many potential applica-
tions in a wide range of research fields due to the unique char-
acteristics, such as good electrical conductivity, chemical
inertness, high surface area, large porosity, and good
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high-power femtosecond fiber lasers.

biocompatibility.*”->* Although MCNs have been widely studied
and applied in many areas, few groups investigated and reported
their nonlinear optical properties. Recently, our group demon-
strated the nonlinear saturable absorption properties of MCNs
and the application for the broadband pulsed lasers genera-
tion.>* Compared with usual SAs, MCNs show good dispersity
and stability in aqueous solutions, which have advantages for
fabricating the MCNs-SAs and stable mode-locked operation.**
However, in our previous work, the fabricated SA films were
placed between two fiber connectors to form fiber-compatible
SAs, and then integrated into the cavities. In spite of their
simple fabrication, the optical absorption was weak due to the
limited nonlinear interaction length. Furthermore, the absorp-
tion coefficients of MCNs were higher than those of graphene
and CNTs, so the damage induced by photothermal effect or
direct physical contact could potentially restrict the performance
of the fiber laser, particularly at high power. We also used the
MCNs deposited onto the microfiber as the SA with evanescent
field, but the microfiber is not robust enough for the long-term
operation, and the microfiber will be easy to introduce large
loss and strong nonlinearity for the small core size.”>” In order
to overcome these drawbacks, an alternative method combining
a D-shaped fiber (DF) and MCNs as the SAs has been proposed,
which could improve the stability of femtosecond lasers for
a longer nonlinear interaction length between the guided light
and SAs and further enhance the damage threshold due to the
weak evanescent wave interacting with SAs.

In this paper, we demonstrate an MCNs-SA based on DF fibers
for the operation of femtosecond fiber lasers. The MCNs are
synthesized by a “silica-assisted” method with an average size of
400 nm and then deposited onto the DF to form the SAs. The SAs
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show broadband linear and nonlinear absorption from visible to
mid-infrared region. As the SAs are integrated into the Er**-, and
Tm>"-doped fiber laser cavities, mode-locked operations could be
observed with the central wavelengths of 1559 and 1941.5 nm,
respectively. Our experimental results verify that deposition of
MCNs onto DFs as SAs are promising broadband nonlinear
candidates for the femtosecond pulses generation.

2. Experimental section

2.1. Synthesis of the MCNs

The MCNs used in our work were prepared by a facile and general
“silica-assisted” strategy as described previously.>#*® The process
uses phenolic resols as a polymer precursor, tetraethylorthosili-
cate (TEOS) as an inorganic precursor, and hexadecyl trimethy-
lammonium chloride (CTAC) as a template. Firstly, a 10 mL
amount of 25 wt% ammonia aqueous solution (NH,OH) was
mixed with 4-8 mL of the solution containing absolute ethanol
(EtOH), 1.04 g of the 25 wt% CTAC solution and 19 mL deionized
water (H,O) in a breaker, then kept vigorous stirring for 30 min.
Subsequently, resorcinol (0.2 g) was injected into reaction solu-
tion under continually stirring for 30 min. Then 0.36 mL TEOS
and 0.28 mL formaldehyde solution were introduced into the
above-mentioned solution and stirred for 24 h at 30 °C. The
centrifugation was adopted to recover the solid product, which
was then air-dried at 80 °C overnight. Calcination was carried out
in a tubular furnace at 200, 350, 500, 600 °C for 2 h and at 800 °C
for 5 h under N, flow. The heating rate was 1 °C min~" below
600 °C and 5 °C min~" above 600 °C. The carbon/silica nano-
composite was carbonized by etching of the silica, resulting in
the formation of MCNs finally. The spherical diameters of MCNs
were controlled by simply varying the ethanol concentration.

2.2. Characterization of MCNs

It was obvious that a large number of MCNs were synthesized
successfully (Fig. S1t). Transmission electron microscopy
(TEM) was used to characterize the synthesized MCNs at
different scales (500 nm and 50 nm), as shown in Fig. 1a and b.
The monodispersed MCNs with an average particle size of
400 nm as the ethanol/water volume ratio was 1:2.75. The
remarkable mesoporous structure was also observed. In order
to further explore the properties of the MCNs, the linear
absorption was measured by using the spectrophotometer (UV-
3600 Shimadzu). As depicted in the Fig. 1c, it was apparent that
MCNs exhibited a stronger absorption than the solid carbon
nanospheres (SCNs) ranging from 400 to 3400 nm. Therefore,
unique mesoporous structure and high surface area of MCNs
are likely responsible to their high absorption. Moreover, the
prepared MCNs using “silica-assisted” strategy can be dispersed
in water by sonification to form stable colloidal suspensions,
which have remained stable over 10 days without sign of
agglomeration as shown in the inset of Fig. 1c and S2.f Fig. 1d
showed the Raman spectrum of the MCNs. The sp® and sp*
hybrid method of the MCNs were assigned by the two obvious
peaks at 1340 and 1590 cm ', which revealed that MCNs
possessed an amorphous nature.
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2.3. Optical properties of DF-MCNs SA

The DF used in our work was fabricated by getting rid of a part of
the cladding from a single-mode fiber using a precision wheel
polishing method.* Meanwhile, the effective refractive index was
reduced, resulting in mode broadening at the D-shaped region.
When the nonlinear optical materials were deposited onto the DF,
the propagating light can interact with them without being
blocked in the fiber. So strong evanescent field between the light
and nonlinear optical materials could be introduced to realize the
femtosecond pulse generation. The schematic diagram of the
MCNs-SA based on a DF was shown in Fig. 2a. Firstly, 1 mg MCNs
was mixed with 4 mL deionized water, and then kept sonification
for 30 min. A small amount of the solution was dropped onto the
flat surface of the prepared DF. Finally, the consequent formation
of the MCNs layer was deposited onto the polished region. The
distance between the flat side and the fiber core was measured to
be ~6 um, as shown in Fig. 2b. To verify the effect of the DF coated
with MCNs, we measured its absorption spectrum using a super-
continuum light source (NKT Photonics Superk COMPACT) with
a bare DF as the reference sample. Interestingly, the SA showed
broadband linear absorption covering from 600 to 2400 nm in the
Fig. 2c. The nonlinear saturable absorption properties of the SA
were also characterized. The broadband absorption of the DF-
MCNs SA was not only caused by the strong absorption of the
MCNs, but also effected by the DF. With the increasing of the
wavelength, the effective refractive index was reduced and the
mode area would be increased at the D-shaped region. Meanwhile,
stronger evanescent field between the light and nonlinear optical
materials could be introduced. So the absorbance of DF-MCNs SA
at 1.5 pm become much lower than that at 2.0 pum. We investigated
the evolution of transmission ratio as the increase of the pump
peak density, which then was fitted using the following equation:*

(&5
n=_9%_
o) = g s

The measured data and well fitted line were shown in the
Fig. 2d using a home-made pulsed fiber laser at 2000 nm. The
modulation depth ag and saturable intensity Is were determined
to be 1.92% and 15.1 MW cm™ 2, respectively. Using the same
method, the saturable absorption properties were also
measured at 1560 nm (modulation depth of 6.91%, saturable
power density of 13.6 MW c¢cm™?) as shown in Fig. 2e. The above-
mentioned results showed that MCNs deposited onto DFs could
be used as SAs for constructing broadband femtosecond fiber
lasers at 1.56 and 2 pm.

3. Results and discussion

3.1. Femtosecond pulses generation at 2 pm

Femtosecond fiber lasers operating around 2 pm have attracted
huge interest due to the significant applications ranging from
medicine and molecular spectroscopy, to molecular spectros-
copy and mid-infrared sources.**** Therefore, we firstly inte-
grated the DF-MCNs SA into a Tm>"-doped fiber laser (TDFL)
cavity to verify whether the mode-locked laser operation or not,
as shown in Fig. 3a. The laser cavity consisted of a 1570 nm Er**-

This journal is © The Royal Society of Chemistry 2019
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Fig.1 (aand b) TEM images of the synthesized MCNs at different scales (500 nm and 50 nm). (c) The absorption spectra of the MCNs and SCNs.
Inset: the photograph of an aqueous solution of MCNs after 10 days. (d) The Raman spectrum of the MCN's.
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Fig.2 (a) Schematic of the MCNs-SA based on a DF. (b) Cross-sectional structure of the DF. (c) The absorption spectrum of the DF-MCNs SA. (d
and e) The optical nonlinear transmission data of the DF-MCNs SA at 2000 nm and 1560 nm, respectively.
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doped fiber laser (EDFL) as the pump source. A 1550/2000 nm
wavelength-division multiplexing (WDM) coupler was used to
launch the pump light into the cavity. The gain medium was the
single mode Tm-doped silica fiber (Nufern, SM-TSF-5/125) with
the length of 20 cm and the dispersion parameter of —12 ps>
km ™ at 1.9 pm. To avoid any harmful feedbacks and guarantee
the unidirectional laser propagation, an isolator (ISO) was
added in the cavity. The intra-cavity polarization was adjusted
by a polarization controller (PC). The 10 dB WDM coupler was
adopted to output 10% of the laser and the rest continued
propagating in the cavity. All fiber pigtails of the components we
used in the experiment were made of single mode fibers (Coring
SMF-28¢) with a dispersion of —67 ps> km™ " at 1.9 um. The total
length of the ring cavity was ~7.8 m, corresponding to a repe-
tition rate of 25.5 MHz. The total dispersion in the cavity was
calculated to be —0.47 ps®. The output lasers were analyzed by
using an optical spectrum analyzer (YOKOGAWA, AQ6375),
a digital oscilloscope (Tektronix, DPO70604C) and an auto-
correlator (Alinar-lab, HAC-200).

View Article Online

Paper

If the MCNs were not deposited onto the DF, the laser was
insensitive to the polarization state and always worked in the
continuous wave regime with increase of the pump power. As
the DF-MCNs SA was inserted into the cavity, mode-locked
operation was observed with increase of the pump power to
1.3 W due to the evanescent field interaction. Fig. 3b shows the
measured spectrum of the mode-locked TDFL at a pump power
of 2.1 W. The central wavelength was located at ~1941.5 nm and
the spectral width at half-maximum was about 5.71 nm. Obvi-
ously, Kelly bands induced by the interference of dispersion
waves were also observed, which were the typical feature of the
solitary laser operation. As shown in the Fig. 3c, the fiber laser
delivered the pulse train with the time interval ~39.2 ns
between two adjacent pulses, which matched with a repetition
rate of ~25.5 MHz, and the length of the laser cavity (~7.8 m).
Fig. 3d shows femtosecond pulses with the duration of 556 fs
after amplification. The corresponding spectral width at half-
maximum was about 8.5 nm as shown in the inset of Fig. 3d.
The time-bandwidth product was 0.376, which was higher than
the value of 0.315, indicating pulses were slightly chirped. In
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(a) Experimental configuration of the TDFL. (b) The emission spectrum of the mode-locked pulse. (c) Measured pulse train of the output

pulses. (d) Autocorrelation trace of a single pulse. (e) Radio frequency spectrum for signal-to-noise measurement.
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Fig. 4 (a) The emission spectrum of the mode-locked pulse. (b) Measured pulse train of the output pulses. (c) Autocorrelation trace of a single

pulse. (d) Radio frequency spectrum for signal-to-noise measurement.

addition, the output power as a function of the pump power was
measured and shown in the Fig. S3a.T As the increase of pump
power from 1.3 to 2.1 W, the output power increases linearly
from 4.13 to 38.9 mW, and the resulting conversion efficiency is
about 4.15%. The maximum output power (38.9 mW) was
limited by the maximum pump power (~2.1 W) of the 1570 nm
fiber laser. In the future, we will further investigate the damage
threshold of DF-MCNs SA in the TDFL.

Furthermore, long term stability is also a key issue for mode-
locked fiber lasers based on the SA. In order to confirm the long
term operation stability of DF-MCNs SA, we measured the
emission spectra and output power of the mode-locked fiber
laser based on DF-MCNs SA every 9 hours for 72 hours in
Fig. S4a and S5a.} It can be seen that neither central wavelength
nor output power varies. The calculated root-mean-square
(RMS) value of the power fluctuation at maximal output power
was 0.65%. These results show that the DF-MCNs SA is suitable
for constructing femtosecond lasers at 2 pm. To further inves-
tigate the signal-to-noise ratio, we also measured the radio
frequency (RF) spectrum of the mode-locked pulses. As shown
in Fig. 3e, its fundamental peak locates at the cavity repetition
rate (25.5 MHz) with a signal-to-noise ratio of 52 dB. The strong
noise suppressing capability is associated with the ultrafast
carrier dynamics of the SA. This further confirms that the
soliton pulses have very high quality in terms of good stability.

3.2. Femtosecond pulses generation at 1.56 pm

In order to test the broadband saturable absorption property of
the fabricated DF-MCNs SA, we have also inserted the SA into

This journal is © The Royal Society of Chemistry 2019

the EDFL cavity (Fig. S5T). Consequently, a stable femtosecond
mode-locked operation is achieved at 1559 nm with a repetition
rate of 28.99 MHz, a pulse duration of 606 fs, and a maximum
output power of 2.5 mW (Fig. 4a—c and S3bt). Once the pump
power exceeded 150 mW, mode-locked EDFL became unstable
and DF-MCNs SA might be damaged due to the photothermal
effect. The calculated time-bandwidth product was 0.515. The
spectrum with two weak Kelly bands shows a typical feature of
soliton mode-locking lasers. We also measured the emission
spectra and output power 9 times at an interval of 9 hours
(Fig. S4b and S5bt). The calculated RMS (~0.46) and RF spec-
trum (Fig. 4d) further verify the mode-locked laser with a good
stability and high signal-to-noise ratio.

4. Conclusions

In our previous work, we have verified that MCNs are promising
carbon-based broadband SAs. However, MCNs-SAs were fabri-
cated by filmy and microfiber-based methods in ref. 24. The
MCNs films could be damaged at high pump power. Microfiber-
based SAs were not robust enough and transmission loss would
be increased rapidly at the tapered region. All of the above-
mentioned restrain the further application of MCNs-SAs for
the femtosecond pulses generation. In this paper, we proposed
the DF-based method to form the MCNs-SAs with the evanes-
cent field. DFs possess more robustness and lower transmission
loss than the microfibers'. The DF could be reused many times
without any harm. The thickness and the overlay length of the
MCNs layer could be controlled flexibly to further optimize the

RSC Adv., 2019, 9, 11621-11626 | 11625
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property of the SAs. Furthermore, the pulse width was reduced
from 1.54 ps to 556 fs at 2 um. Especially, a mode-locked EDFL
with a pulse duration of 606 fs was realized by using the DF-
MCNs SA. Hence, DF-MCNs SAs are preferable choice for
mode-locked lasers with high performance.

In conclusion, we have demonstrated a novel SA based on
MCNs and DFs for femtosecond pulses generation. The MCNs
were prepared by a “silica-assisted” method. The SAs were
fabricated by depositing the MCNs onto the DFs to introduce
strong evanescent field. The DF-MCNs SAs possess excellent
linear absorption and nonlinear saturable absorption proper-
ties covering from 400 to 3400 nm. As the DF-MCNs SA is
inserted into the laser cavities, femtosecond pulses are gener-
ated with the central wavelengths of 1559, and 1941.5 nm. In the
future, we will try to obtain ultrashort pulse (<200 fs) based on
DF-MCNs SA by optimizing the dispersion parameters of the
laser cavity. Our results verify that MCNs based on DFs as the
cost-effective and easily-prepared SAs would be of great impor-
tance for the stable and high-power femtosecond fiber lasers.
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