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We demonstrate a stable conventional soliton in a Tm-doped hybrid mode-locked fiber laser by employing a
homemade all-fiber Lyot filter (AFLF) and a single-wall carbon nanotube. The AFLF, designed by sandwiching
a piece of polarization-maintained fiber (PMF) with two 45° tilted fiber gratings inscribed by a UV laser in PMF
with a phase-mask scanning technique, shows large filter depth of ~9 dB and small insertion loss of ~0.8 dB. By
optimizing the free spectral range of the AFLF, the Kelly sidebands of a conventional soliton centered at
1966.4 nm can be dramatically suppressed without impairing the main shape of the soliton spectrum. It gives
the pulse duration of 1.18 ps and bandwidth of 3.8 nm. By adjusting the temperature of the PMF of the AFLF
from 7°C to 60°C, wavelength tunable soliton pulses ranging from 1971.62 nm to 1952.63 nm are also obtained.
The generated soliton pulses can be precisely tuned between 1971.62 nm and 1952.63 nm by controlling the

temperature of the AFLF.
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1. INTRODUCTION

The 2 pm optical soliton generated from mode-locked fiber
lasers has attracted wide attention because of its wide appli-
cations, such as mid-IR supercontinuum generation and re-
mote sensing. Various nanomaterials such as a semiconductor
saturable absorption mirror, a single-wall carbon nanotube
(SWCNT), graphene, a topological insulator, and black phos-
phorus can be used as a “slow” saturable absorber (SA) to ini-
tiate and stabilize mode-locked fiber lasers [1-5]. However,
their slow response leads to a long pulse tail for the mode-
locked pulse and thus enlarges the pulse duration [6-8]. In
comparison, artificial fast SAs formed by nonlinear polarization
evolution (NPE), a nonlinear amplifying loop mirror, or a non-
linear optical loop mirror have the advantages of a large modu-
lation depth and the instantaneous response of a Kerr medium
(~10 fs for silica glass) [9], and permit a broad running band-
width and thus narrower pulse duration. Nonetheless, lasers

mode locked by the fast SA have difficulty in self-starting a
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single pulse due to the demand of the high nonlinearity effect
[10,11], and they are sensitive to environmental vibrations.
Alternatively, a hybrid mode-locked mechanism that incorpo-
rates both “slow” and “fast” SAs permits generating self-starting
ultrashort pulses with narrower pulse duration [11]. Exploiting
this mechanism, the slow SA facilitates pulse initiation and
stabilizes the laser operation, while the fast SA acts as the pulse
shaper to ensure pulse quality in the steady state regardless of
the slow SA characteristics [1,12].

On the other hand, because of the lack of a normal
dispersion fiber component, a conventional soliton operating
in the anomalous dispersion regime is the universal soliton re-
gime at this wavelength band [13]. The formation of this sol-
iton regime is accompanied by sharp spectral Kelly sidebands,
which are caused by resonant enhancement between the disper-
sive and soliton waves [14]. The Kelly sidebands are distributed
symmetrically around the pulse’s spectral center peak, and
their space is decided by the total dispersion value of the fiber
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cavity [10,15]. Kelly sidebands can cause interaction of adja-
cent soliton pulses because of their large temporal width com-
pared with the pulse width [16]. Such an interaction leads to
pulse timing jitter, which not only reduces the stability of the
mode-locked fiber laser but also generates excess bit errors over
long-distance propagation [17]. The strong Kelly sidebands
with energy comparable to the pulse itself also imply a possible
limitation on soliton amplification efficiency [18]. Due to these
disadvantages of the Kelly sidebands, several methods have
been proposed to suppress Kelly sidebands. By shortening
the cavity length, the wavelengths of Kelly sidebands have been
moved out of the erbium gain region [19]. Two polarizers
separated by approximately a half roundtrip have been used
to filter the dispersive wave [20]. The Kelly sidebands can also
be prevented by designing the laser cavity so that its length is
longer than the soliton period of the pulses [21]. A simpler and
common method is the use of a band-pass filter with an appro-
priate bandwidth. Although some typical filters such as the
Fabry—Perot filter and birefringent plate filter have been used
to suppress the Kelly sidebands in the 1.5 pm band [22,23],
their complicated space structure and large insertion loss limit
practical applications. In order to effectively suppress the
Kelly sidebands in a mode-locked oscillator, a filter designed
with adjustable bandwidth and large filter depth is desirable.
Especially for a mode-locked fiber laser, the flexible cavity
dispersion allows a large range of wavelength separation be-
tween a Kelly sideband and soliton spectral peak, indicating
that the free spectral range (FSR) of the filter should be
easily adjusted according to the practical case. There is a
series of types of all-fiber filters, such as a fiber birefringence
induced comb filter [24-26], fiber taper [26,27], chirped fiber
Bragg grating [28], and all-fiber Lyot filter (AFLF) [29,30].
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Among them, the AFLF, composed of a piece of polarization-
maintained fiber (PMF) sandwiched between two PMF-based
45° tilted fiber gratings (45°-TFGs), is a suitable candidate pos-
sessing the advantages of controllable FSR and large filtering
depth. In addition, the AFLF exhibits thermal tuning ability
for the operation wavelength and high polarization extinction
ratio [29,31]. The former advantage allows precise wavelength
tunability by controlling the temperature of the AFLF, while
the latter advantage facilitates the NPE mode locking without
an additional polarizer. Inspired by these advantages, the AFLF
has been intensively studied and used at 1-1.5 pm [31,32],
improving the flexibility and performance of mode-locked
fiber lasers. However, due to the difficulty of the PMF-based
45°-TFG fabrication technique in the 2 pm band, an AFLF has
never been reported in this spectral region.

Here, a conventional soliton with suppressed Kelly side-
bands is demonstrated in a Tm-doped mode-locked fiber laser
by using a homemade AFLF. Hybrid mode locking combining
NPE and SWCNT is employed to improve the performance of
the conventional soliton. The AFLF shows a large filtering
depth of ~9 dB and small insertion loss of ~0.8 dB. The FSR
of the AFLF is optimized to effectively filter out the Kelly side-
bands without impairing the main shape of the soliton spec-
trum. The soliton can also be precisely tuned by controlling
the temperature of the AFLF.

2. PREPARATION OF THE AFLF

A. Numerical Model

Figure 1(a) shows the configuration of our homemade AFLF. It
consists of a section of PMF cavity at an angle of 45° between
the same two 45°-TFGs inscribed in PMF with respect to their
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(a) Configuration of our AFLF consisting of two 45°-TFGs segmented by a PMF cavity and corresponding polarization state and phase

delay evolutions as the light passes through each portion (inset); (b) theoretically calculated and (c) experimentally measured transmission spectra
using PMFs with different lengths of 20 ¢cm, 30 cm, 40 cm, 50 c¢m, and 60 cm; and (d) experimentally measured and theoretically calculated

bandwidths of the AFLF as a function of the PMF length.
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fast or slow axes. Note that the fast or slow axes of the two
45°-TFGs are in parallel in the structure. Specifically, the lin-
early polarized beam along the fast or slow axis of the first
45°-TFG will be divided into two vertical linearly polarized
beams with equal amplitudes at the start of the PMF. Then the
two beams experience different phase delays when propagating
in the PMF and then will be combined again when going into
the second 45°-TFG, resulting in interference with maximum
visibility. According to the structure of the AFLF, the transfer
matrix can be expressed by Jones matrices:
[ sin? 3 cos [} sin /}]
~ Lsin P cos cos? f3
[ A cos? a+sinfa (e72? - 1) cos a sin a

(e - 1)cos asina e 2% sin> a + cos’> a

o L) L

where matrix []] is for incident light, matrix [8 % is for the first

. SiAY 2 2 -iAp_ f .
o A cos? atsina (e 1) cos a sin
45°-TFG, matrix [(e’iA”’—l)cosasina C s g e ] 18 for the

PMF, and matrix [SmSi/;‘ZCO/fS p COSC(/)’S Sinh] s for the second
45°-TFG. The fast axis of the first 45°-TFG is set as the x axis;
therefore, a and f§ are the angles between the x axis and the fast
axes of the PMF and the second 45°-TFG, respectively. Ag is
the phase difference induced by the PMF. According to Eq. (1),

the normalized transmission spectrum of the AFLF is
T = cos*(2a + f) + cos?(Ap/2) sin 2a sin 2(a + ), (2)
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where Lpy; and Az are the length and birefringence of the
PMEF, respectively. It is observed that the maximum or mini-
mum transmission is obtained when Ag = 2mm or 2m + 1)
(m=0, 1, 2, 3). Therefore, the maximum and minimum
transmission can be expressed as

T o = Max[cosz[f, cos?(2a + 1318
T in = Max[cos? 3, cos®>(2a + f)]. (4)

In order to obtain maximum modulation depth, f should be
equal to 0° or 90°, while @ is equal to 45°. In this case, we take
S = 0° and a = 45° as an example; the relative transmission
spectrum can be simplified as follows:

T = cos’(Ap/2). (5)

Based on Eq. (5), the wavelength corresponding to maximum
and minimum transmission can be expressed as

_ LPMAﬂ _ ZLPMAﬂ

ﬂ;ﬁax - > /Izin - > (6)
m 2m+ 1
and the FSR of the AFLF is calculated to be
22
FSR = . 7
LPMAﬂ ( )

It is well known that the birefringence of PMF is induced by
the tension generated from the high thermal expansion of the
two rods placed around the fiber core. By subjecting the PMF
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to a raised temperature, the interior tension would be released,
thus leading to decreased birefringence.

Because the interior tension of the PMF will be released by
increasing the temperature of the fiber, the spectrum response
of the AFLF can be precisely tuned by controlling its temper-
ature [30]. By differentiating Eq. (6), the wavelength shift of
the mth minimum transmission band of the AFLF induced
by the temperature is expressed as

dm = Lheating/l:x”]in d[‘heating dAn
min Lheaingd?T ~ AndT

) AT, (8)

LPM

where Lpeying is the effective length of the PM fiber under
. dL eatin . . . .
heating, ﬁ is the thermal expansion coefficient, which

ating

is 0.5 x 107° for silica fiber, and AdnAd”T is the thermal optical co-
efficient of birefringence of the PM fiber. In our case, it is evalu-
ated to be 1.3 x 107 by measuring the temperature sensitivity

of a fiber Bragg grating (FBG) made in the same PM fiber.

B. Fabrication

In the fabrication, first, the 45°-TFG centered at ~1950 nm is
UV inscribed into a section of commercial PMF (Thorlabs,
PMF 2000) with a beat length of 5.2 mm using the standard
phase-mask scanning technique. The inscription UV laser is a
244 nm UV source from a continuous-wave frequency doubled
Ar™ laser (Coherent Sabre Fred). The phase mask (Ibsen,
Denmark) has a 25 mm long uniform pitch and 33.7° tilted
angle with respect to the fiber axis. It can produce the internal
titled index fringes at 45° in the fiber core with a polarizing
function response to a broadband light around 1950 nm.
Before the inscription, the PMF is hydrogen loaded at 150 bar
(1 bar = 100 kPa) at 80°C for 48 h to enhance its photosensi-
tivity. After the inscription, the grating samples are subjected to
an annealing treatment at 80°C for 48 h to stabilize the grating
structure. Then splicing a section of the same PMF at an angle
of 45° between two 45°-TFGs with respect to their fast or slow
axes forms an AFLF with the maximum modulation depth.

C. Testing of AFLF Performance

According to Eq. (7), the FSR of the AFLF can be adjusted
flexibly by varying the PMF length. Figures 1(b) and 1(c) show
the theoretically calculated and experimentally measured trans-
mission spectra of five AFLFs using PMF lengths of 20 cm,
30 cm, 40 cm, 50 cm, and 60 cm operated at room temper-
ature. The experimental transmission spectra are obtained by
injecting a homemade Tm-doped fiber amplified spontaneous
emission (ASE) source into the AFLF. It is observed that the
measured transmission spectra exhibit comb-like profiles with
modulation depths of ~9 dB. Figure 1(d) shows the FSR of the
AFLF as a function of the PMF length; it decreases nonlinearly
from 23.3 nm to 8.3 nm for the PMF length from 20 cm to
60 cm, which is consistent with the theoretical result. The
insertion loss of the AFLF is measured to be ~0.8 dB, compa-
rable to commerecial filters, which is caused mainly by the mode
mismatch between the PMF and SMF28e fiber. If the AFLF is
used in a PMF laser, the insertion loss will be reduced signifi-
cantly. Moreover, the AFLF also acts as a polarizer. As a polar-
izer, its insertion loss is smaller than commercial polarizers with
a typical insertion loss of ~1.0 dB. Therefore, for mode-locked
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Fig. 2. Experimental setup of hybrid mode-locked Tm-doped fiber
laser based on an AFLF.

fiber lasers, the AFLF playing as both the filter and the polarizer
is actually favorable to reduce the total insertion loss.

3. EXPERIMENTAL SETUP OF MODE-LOCKED
OSCILLATOR

Figure 2 shows the setup of the AFLF-based hybrid mode-
locked fiber laser. A 2.0 m double-clad Tm-doped fiber
(Coractive, DCF-TM-10/128) with an octagonal-shaped inner
cladding with a diameter of 128 pm and a numerical aperture
(NA) of 0.45 serves as the gain fiber. A 793 nm diode laser
(BWT) with a max output power of 6 W is used to pump
the gain fiber through a (2 + 1) x 1 pump combiner (ITF,
Canada). A 10% port of a 10/90 fiber coupler centered at 2 pm
is used to output the laser from the cavity. A polarization-
independent optical isolator with an insertion loss of 0.76 dB
at 2 pm (Advanced Photonics, USA) is adopted to ensure the
unidirectional propagation. The well-prepared AFLF con-
nected between two polarization controllers (PCs) is used to
introduce both the NPE effect and filtering effect. An SWCNT
sandwiched between two optical ferrules is used as a slow SA
to achieve mode-locked self-starting [1]. The measured modu-
lation depth, nonsaturable loss, and saturable peak intensity
of the SWCNT SA are 21.2%, 59.6%, and 2.23 MW /cm?,
respectively. The hybrid mode-locked mechanism that incorpo-
rates both “slow” and “fast” SAs permits generating self-starting
ultrashort pulses with narrower pulse duration [11,12]. The total
fiber laser cavity is ~12.6 m, including 2.0 m of Tm-doped
fiber and 10.6 m of SMF-28e pigtail fiber. The anomalous
dispersion values of the Tm-doped fiber and the SMF-28e
fiber at 1.9 pm are about -84 ps?/km and -80 ps?/km, respec-
tively. The net dispersion in the cavity is thus estimated to be
-1.176 ps?, indicating that the laser is operating in an anoma-
lous dispersion regime. Temporal and spectral profiles of the
output pulses are, respectively, monitored by an InGaAs photo-
detector (EOT ET-5000F, USA) followed by a 500 MHz digital
oscilloscope and an optical spectrum analyzer (Yokogawa
AQ6375) with resolution of 0.05 nm. The pulse duration is
measured by an interference autocorrelator (APE, Germany).

4. EXPERIMENT AND SIMULATION RESULTS

We investigate the AFLF-based mode-locked oscillator by ad-
justing the PC and pump power where the FSR of the AFLF is
20.8 nm. A stable self-starting single-soliton pulse is formed at

the pump power of 1.38 W. A pulse break occurs as the pump
power increases to 1.53 W. Since we focus on the filtering of
the Kelly sidebands, the pulse spectrum evolution is observed in
detail (Visualization 1). Inidally, stable soliton pulses without
Kelly sidebands are generated at the pump of 1.38 W. As the
pump power ramps up, the spectral intensity and full width at
half-maximum (FWHM) gradually increase, and Kelly side-
bands emerge and increase around the center wavelength of
1966.4 nm. The Kelly sidebands reach their highest intensity
at the critical condition of soliton splitting. Figure 3(a) shows
the spectrum in this case (see spectrum_A). The measured
FWHM and center wavelength are 3.8 nm and 1966.4 nm,
respectively. The intensity difference between the peak of
the first-order Kelly sideband at 1960.35/1972.9 nm and
center peak of the soliton is up to 15 dB. Here the AFLF with
an FSR of 20.8 nm is used to suppress the Kelly sidebands.
Although the AFLF with a narrower FSR is more favorable for
suppressing Kelly sidebands, the spectrum width of the soliton
is reduced and thus leads to a change of pulse duration. By
comparing AFLFs with different FSRs of 15.0 nm, 20.8 nm,
and 25.0 nm, we find that, if the FSR of the AFLF is nearly five
times as much as the pulse spectral FWHM without an AFLF,
the main part of the Kelly sidebands will be suppressed without
changing pulse duration. The blue curve in Fig. 3(a) shows the
spectral response of the AFLF. The transmission difference at
the center wavelength of 1966.4 nm and wavelength of the
first-order Kelly sideband is 6.0 dB, indicating that the first-
order Kelly sideband is indeed weakened by the AFLF. Further
suppression of first-order Kelly sidebands is limited mainly by
the low modulation depth of the AFLF, which is determined by
the low polarization extinction ratio (PER) of the 45°-TFG in
our case, since the splicing angle between the 45°-TFG and
PMEF cavity is set at the optimal 45°. Since the center wave-
length of the phase mask for our 45°-TFG fabrication is at
1.9 pm instead of 2 pm, the 45°-TFG has a low PER of
~10 dB around 2 pm. If a new phase mask centered at 2 pm
is used in the near future, a higher PER of >20 dB can be ob-
tained. Thus, high modulation depth is expected for further
suppressing both the first- and second-order Kelly sidebands.

To better verify the function of the AFLF on the suppression
of Kelly sidebands, we replace the AFLF with a commercial
polarizer centered at the 2 pm band, and their cavity lengths are
the same. The polarizer has an insertion loss of 3.4 dB at 2 pm.
In this case, the self-starting and splitting thresholds of the single-
soliton pulses, respectively, increase to 1.40 W and 1.55 W due to
the large insertion loss of 3.4 dB of the polarizer. Spectrum_B in
Fig. 3(a) is the soliton spectrum at the pump power of 1.55 W,
where the Kelly sidebands are far stronger than in the soliton spec-
trum with the AFLF. In particular, the strongest Kelly sideband at
1972 nm is suppressed over 20.3 dB when the AFLF is used. The
ASE intensity of spectrum_A is also less than that of spectrum_B
because a part of the ASE light is also filtered out by the AFLF.
The measured average powers of pulses with/without the AFLF
are 1.37/1.62 mW, respectively, which is caused mainly by the
intensity difference of the Kelly sidebands and ASE light between
spectra_A and spectra_B. Figure 3(b) shows the autocorrelation
traces corresponding to spectra_A and spectra_B in Fig. 3(a).
Their FWHMs are neatly equal to 1.84 ps, and the same pulse
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duration of 1.18 ps is estimated with sech?-pulse assumption.
Consequently, their calculated time bandwidth products are all
0.339, indicating that they are chirp free. Figure 3(c) shows the
oscilloscope trace of a single pulse and the pulse sequence of
the AFLF-based fiber laser at the pump power of 1.52 W. The
measured repetition rate of 14.12 MHz matches well with
the cavity-length-dependent theoretical value. Figure 3(d) shows
the corresponding radio frequency (RF) spectrum of the output
pulses with a scanning range of 350 kHz and a resolution of
3 kHz. The high signal-to-noise ratio of ~59.5 dB and the
absence of modulation in the 500 MHz broad RF spectrum
[see inset of Fig. 3(d)] indicate the good stability and uniformity
of the mode-locked oscillator.

We investigate the wavelength tunability of the AFLF by
changing its temperature. Figure 4(a) shows the theoretically
calculated transmission spectra of the AFLF according to
Eq. (8) with 50 cm PMF. It is observed that the transmission
spectrum within the range of 1930-1990 nm blue-shifts from
1969.9 nm to 1952.1 nm with increased temperature from
10°C to 60°C. Moreover, the wavelength shift of the transmis-
sion spectrum of the AFLF with respect to that at room temper-
ature set as 24°C is also calculated versus the temperature and
displayed in Fig. 4(b). Note that the PMF length under heating
in this case is set as 7 cm to match our experimental value. It is
seen that the wavelength shift linearly varies from 4.98 nm to
-12.82 nm with increased temperature from 10°C to 60°C,
giving a temperature tuning responsivity of -0.356 nm/°C.
This provides a simple, cost-effective, and high-sensitivity
method to realize laser wavelength tuning. Accordingly, a heat-
ing device is introduced into the mode-locked Tm-doped fiber
laser cavity to control the temperature of the PMF and thus

tune the laser wavelength. Since the spectrum response of
the AFLF is independent of the polarization state of the laser,
the soliton can be precisely tuned without adjusting the PCs.
Figure 4(c) shows the spectra of the mode-locked pulses by
changing the temperature from 7°C to 60°C. As expected,
the blue-shifted spectrum shows that well-suppressed Kelly
sidebands with increased temperature from 7°C to 60°C are
achieved. The center wavelength decreases from 1971.62 nm
to 1952.63 nm as shown in Fig. 4(d), giving a temperature tun-
ing responsivity of -0.359 nm/°C, matching the theoretically
calculated results, as shown in Figs. 4(a) and 4(b). Therefore, the
maximum continuous wavelength tunable range of ~19 nm is
obtained. Once the temperature is adjusted beyond the above
range (i.e., 7°C-60°C), the spectrum of the mode-locked pulses
will jump to the red tuning edge for the case above 60°C and
blue tuning edge for the case below 7°C, respectively, corre-
sponding to the adjacent filtering channels of the AFLF as a
result of intra-cavity gain competition. In our experiment, wave-
length tuning is almost synchronous when the temperature is
changed at a rate of 0.3°C/s. Thus, the total tuning time is about
3 min, which will be finally limited by the rate of fiber heat
conduction. Moreover, it is also found that the tuned wave-
length always corresponds to a certain temperature, no matter
how the temperature is changed, indicating good repeatability of
the tuning method based on the AFLF. Further extension of the
wavelength tuning range can result in a two- or multi-stage
AFLF owing to its larger FSR. When the heating device is
turned off, the obtained center wavelength of 1966.45 nm sug-
gests the room temperature in our lab is 21.87°C according to
the linear relationship in Fig. 4(d). This method can also be
employed for accurate temperature measurement.
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5. DISCUSSION

In our system, mode-locked pulses with well-suppressed Kelly
sidebands are obtained using the AFLF with an optimized
PMF length of 50 cm. The experimental results show that a
longer PMF (i.e., a smaller bandwidth of the AFLF) leads to a
narrower spectrum bandwidth and hence introduces additional
chirp. In contrast, a shorter PMF (i.c., a larger bandwidth of
the AFLF) exhibits a weak ability to suppress Kelly sidebands.
Therefore, it is concluded that when the maximum transmission
of the AFLF matches the center of the spectrum while its two
adjacent minimum transmissions are located at the first-order
Kelly sidebands, the best filtering performance is obtained.
This rule can be used to design the AFLF according to a practical
soliton spectrum. Moreover, the tunable range of ~19 nm for
mode locking is achieved by varying temperature from 7°C to
60°C. Further broadening of the tunable range is limited mainly
by the small FSR of our used AFLF, which makes the interference
of adjacent filtering channels easier during wavelength tuning.
Therefore, if the FSR of the AFLF can be increased while keeping
its optimized bandwidth, a broader tunable range for mode lock-
ing is expected without impairing suppression of the Kelly side-
bands. The multi-stage AFLF is an available approach to realize
this goal. Since the bandwidth and FSR of the multi-stage AFLF
are determined by the longest and shortest PMFs, respectively, a
small bandwidth and a large FSR can be obtained simultaneously.

6. CONCLUSION

In this paper, we report the generation of a conventional soliton
with precise wavelength tunability and suppressed Kelly

sidebands in a Tm-doped mode-locked fiber laser by designing
a45°-TFG-based AFLF. The AFLF, first fabricated at the 2 pm
band, shows advantages of controllable FSR, large filtering
depth of ~9 dB, precise wavelength tunability, small insertion
loss, and compact structure. Benefiting from the AFLF, the
Kelly sidebands of the conventional soliton is dramatically
weakened over 20 dB, and the laser wavelength can be precisely
tuned from 1971.62 nm to 1952.63 nm. The AFLF also serves
as a polarizer to induce the NPE effect, which combined with a
slow SA (SWCNT) ensures the self-starting and stability of the

soliton mode locking.
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