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Abstract: In this study, a switchable ytterbium-doped fiber laser based on symmetrical
long-period fiber grating (LPFG) is presented. The LPFG is used as a wavelength-selective
filter (WSF). Utilizing this WSF, the laser can emit one, two, or multiple stable output beams
by adjusting the temperature on the LPFG from 20°C to 600 °C. In addition, switching
is also possible by adjusting the curvature of the LPFG from 0.399 to 0.709 m~'. The
symmetrical LPFG was fabricated by combining the cladding shaping with the thermal
core expansion techniques by using a CO2-laser LZM-100 glass-processing system. The
experimental results show a side-mode suppression ratio (SMSR) of 49 dB and a linewidth
of 0.06 nm, within the range from 1038 to 1080 nm. In conclusion, the main achievement
of this switchable laser is the high SMSR and stable output for high values of temperature,
using a repeatable, simple, easy construction, and cost-effective laser tuning technique.

Index Terms: Ytterbium fiber laser, long period fiber grating (LPFG), switchable, CO2-laser
glass processing system.

1. Introduction

Continuous-Wave fiber lasers have been widely used as light sources due to their unique properties
such as high output power [1]-[4], high SMSR [5]-[7], narrow linewidth [8]-[11], high stability at
room temperature [12]-[15] and low fabrication cost [16]-[18]. Switchable multi-wavelength fiber
lasers (MWFL) are desirable because of their ability to emit single, double, or multiple line emissions
in a wavelength range [19], [20]. In effect, the capacity of switching the number of laser lines and
their wavelength is very useful in a broad field of applications, such as biomedical technology
[21], [22] sensing [23], [24], spectroscopy [25], dense wavelength division multiplexing [26], optical
communications [27], and microwave photonics systems [28]. An essential element for switchable
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MWEFL is a wavelength selective filter (WSF) inserted in the laser cavity. Several devices have
been proposed as WSF, such as a parallel-structured Lyot filter [29], fiber Bragg grating (FBG) [30]
or Sagnac loop mirror [31]-[34]. On one hand, to implement a Lyot filter a large fiber structure
is required. A Sagnac loop mirror requires external components besides a section of polarization-
maintaining optical fiber. In an arrangement based on FBGs, the number of switchable wavelengths
requires an equal amount of FBGs [30]. On the other hand, a remarkable variety of WSFs are
based on interferometers such as Mach-Zehnder [35]-[38], Fabry-Perot [39] or Michelson [40], [41]
and long-period fiber grating (LPFG) [42]. In all the above studies, a crucial challenge to achieve
a switchable MWFL operation is given by the strong mode competition and unstable laser output
[43], [44] caused by the homogeneous gain broadening of the rare-earth doped fiber gain medium
[45]. Improving these aspects, ytterbium-doped fiber lasers (YDFLs) have been used in industrial
or medical applications [46] because of its attractive features, including: an appreciable broader
lasing wavelength range of 970-1200 nm [47], [48] and a better pump slope efficiency [49] due in
large part to the absence of various competing processes present in other rare-earth dopants [50].

For these reasons, switchable multi-wavelength YDFL has been widely investigated. In [51] a
switchable dual-wavelength YDFL using an arrayed waveguide grating together with an optical
channel selector as WSF, achieved a SMSR of ~60 dB, with 0.47 dB of stability. In [52], an Yb-
doped MZI used as WSF, resulted in a laser with a SMSR of 40 dB, a linewidth of 0.07nm, and
stability of 1 dB during 30 minutes of testing. In [53] a non-adiabatic microfiber Mach-Zehnder
interferometer was used as a WSF, obtaining a laser with a SMSR of 53 dB, a linewidth of 0.01
nm, and stability 0.6 dB during 20 minutes of testing. Recently, in [48], the switchable emission was
controlled by bending a bitaper MZI, obtaining a SMSR of about 32 dB.

An alternative approach is using a LPFG as the wavelength-selective filter, as reported in [42].
Here, a three-wavelength lasing operation was obtained at 1081.5, 1090.5, and 1100.7 nm, with
linewidth around 1 nm. Moreover, the net laser gain in the cavity is changed by adjusting the twist
rate and the pressure on the mechanical-induced LPFG (MLPFG). However, the disadvantages of
MLPFG are high sensitivity to ambient temperature, and high insertion losses, often in the order of
0.2 - 0.3 dB [54]. Another laser based on a phase-shifted LPFG is described in [55], in which dual
and triple wavelength lines, with a SMSR of 40 dB were obtained.

In [56] was experimentally demonstrate the selection of the operating wavelength of a cladding-
pumped YDFL using LPFGs made of CO2-laser inscription technique, achieving 1080 — 1100 nm
of wavelength range, which can be extended depending on the grating used and the Yb-doped
fiber length and the coupler output port.

Generally, LPFGs induce an asymmetrical and polarization-dependent coupling between core
and cladding modes, due to the no uniform absorption energy on the incident side of the fiber in
their fabrication process [57]. In the case of LPFGs fabricated with CO2 laser, the birefringence
increases mainly by azimuthal asymmetry of the laser exposure, since the fabrication typically
adopts the surface deformation [58]. However, LPFGs fabricated with a CO2-laser LZM-100
glass-processing system, which provides uniform heat deposition, allows the construction of axially
symmetric LPFGs [59], [60]. It has been demonstrated that the polarization-dependent loss (PDL)
of the axially symmetric LPFGs can be reduced to a level comparable to that of the SMF fiber [58].

In this paper, we report a switchable multi-wavelength YDFL using a WSF based on symmetrical
LPFG. Adjusting the temperature of the symmetrical LPFG, multiple lines can be switched over
the range from 1038 to 1080 nm. SMSRs of around 50 dB and linewidths of around 0.06 nm have
been obtained. Also, the proposed method shows to have wavelength emission stability with output
power fluctuations below to 0.14 dB. In addition, switchable operation is also possible adjusting a
curvature of the LPFG from 0.399 to 0.709 m~—".

2. Experimental Setup

Fig. 1 shows the experimental setup of the switchable multiwavelength YDFL. Here, a 975 nm
laser semiconductor diode (Qphotonics, model QFBGLD-980-350) is used as the pumping source
toward a 980 nm/1050 nm wavelength division multiplexer (WDM), launching the pumping power
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Fig. 1. Experimental setup of the proposed switchable YDFL.

into the ring laser cavity. The active medium is a 2.8 m segment of ytterbium-doped fiber (Liekki,
model YB1200-10/125DC) with a concentration of about 9 x 10'® ions/cm? [61], the nominal peak
cladding absorption of the fiber at 976 nm is 7.4 dB/m, and the core diameter is about 10 mu;m.
The ytterbium-doped fiber length was determined experimentally to maximize the amplified sponta-
neous emission. Next, we inserted into the ring cavity a 2 x 2 single-mode fiber coupler with 2 90:10
ratio of two outputs, and with an adequate wavelength range operation for the YDFL emissions. The
10% output port is used as the laser output, and it is connected to an optical spectrum analyzer
(Yokogawa, ModelAQ6370B) with a resolution of 0.02 nm. The 90% output port was placed toward
the LPFG.

The LPFG is used as a WSF for the switchable YDFL. The WSF in the ring cavity provides
different advantages, such as cleaning the shape of the lasing spectrum, balancing the losses
induced by the homogeneous broadening in the ytterbium-doped fiber, and stabilizing the laser
operation. An optical isolator was placed after the WSF, to ensure unidirectional light propagation,
protecting the pumping source from back reflection and preventing spatial hole burning in the doped
fiber, which may cause system instability [17]. The isolator output port was then connected to the
polarization controller (PC) to rotate the polarization states, allowing continuous adjustment of the
birefringence inside the ring cavity, and switching the number of wavelength peaks in the laser
output spectrum. The PC output is spliced to the WDM, closing the ring laser cavity. Finally, the
total ring cavity length is less than 15 m.

3. LPFG Fabrication and Operation Principle

The fabrication of the symmetrical LPFG was implemented by a programmable routine in a CO2-
laser glass processing system (LZM-100 from AFL) to create several tapering points separated
by a constant distance (period). Here, the CO2-laser beam is directed to a beam splitter by a
mirror to form two diverging beams, which are reflected onto the entire surface of a conventional
single-mode fiber (SMF-28), as it is depicted in Fig. 2(a).

First, the CO2 laser power was applied for 120 ms on the SMF-28, while the two motorized
holders, shown in Fig. 2(b), travel with different velocities to generate a small tapered section in the
fiber. After that, both motorized holders move at the same speed for a distance corresponding to the
LPFG period. Then the process is repeated a determined number of times to generate a periodical
structure composed of equally separated tapering points in a total length of around 21 mm.

Further explanation about the fabrication method of the symmetrical LPFG can be found in [60].
At each tapered waist, the cladding diameter is reduced whereas the core is expanded, due to the
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diffusion of dopants in the core fiber during the CO2 laser heating, obtaining a LPFG geometry not
only longitudinally but also axially symmetric, as it is depicted in Fig. 3. The length of the LPFG is
L = NA, where N is the number of tapers and A is the period of the perturbation [60].

Furthermore, due to the thermal expansion of the core, the mode field diameter (MFD) is also
locally expanded at each taper location [62]. The germanium in the core is diffused toward the
cladding [63] increasing the MFD as is shown in [64], in which were observed two bright points of
irradiation on an axial cut-off in the middle of the thermally-expanded core, similar to LP11 mode.
Then, due to the micro-tapering of the cladding, the evanescent portion of the electromagnetic field
is spreading out to interact with the environment close to the surface of the fiber, enhancing the
sensitivity. Finally, at the end of each expanded core region, the fiber returns to its original MFD,
exciting the high-order cladding modes LPOm, as is observed in [60], [65]. These modes have axial
symmetry, and therefore, the coupling of the fundamental core mode and the cladding modes in
this symmetrical LPFG allows to create a wavelength selective fiber [66].

Compared to conventional LPFGs, the average temperature tuning efficiency of the symmetrical
LPFG is greatly improved [67]. The combination of the geometrical change induced by the tapering
and core expansion produces changes in the effective refractive index of the fiber, mainly due to
the frozen-in viscoelasticity and mechanical stress. Where the core refractive index decreases, the
cladding refractive index increases [60]. This axisymmetric periodic perturbation of the fiber has the
advantage of achieving symmetric coupling of energy from the core mode towards cladding modes
[5]. The symmetrical LPFG was chosen as the WSF of the switchable multiwavelength YDFL. In
our experiment, a symmetric LPFG with 35 periods of A = 600,m with a total length of 21 mm was
manufactured.
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Fig. 4. The output spectrum of symmetric LPFG at room temperature (20 °C).

An initial characterization of the symmetric LPFG was done at room temperature (20°C), then the
source spectrum was subtracted from the LPFG spectrum, resulting in the transmission spectrum
of the LPFG showed in Fig. 4. Here, three notches are observed at the resonance wavelengths of
Aro = 972.4nm, gy = 1002.9 nm, and Az, = 1058.8 nm, with a maximum notch depth of 9,
11 and 4 dB, respectively. Here, the high noise presented in the depth at Agg is due to the low gain
of the YDF below 1000 nm. Each resonance wavelength 15 is associated with the coupling of the
fundamental core mode to a specific cladding mode, by the resonance condition (1) [68] :

rr= A (g — ”:Iff)

(1)

Where nZ, and ng;f are wavelength-dependent effective indices of the fundamental core more

and the cladding mode, respectively. It is known that ngf decreases when the cladding mode order
increases [69], resulting in a higher effective index difference between the LP0O1 core mode and
the LPOm cladding modes. Since the resonance wavelength is proportional to the effective index
difference between core and cladding mode (Eq. (1)) the separation between igy and Agy is shorter
than the separation between ipy and Ag (Fig. 4). The modal coupling strength is weaker for the
higher-order cladding mode LPOm, because of its more significant power fraction outside the fiber
core [69]. This can explain why the depth at Ag; is more pronounced than at Ag,. Given the
transmission spectrum, there are two pass bands where we can expect the laser emission at room
temperature: the first one for wavelengths between 1002.9 nm and 1058.8 nm, where the ASE is
higher, and the second one above Az, = 1058.8 nm.

4. Experimental Results

We analyze the effect of the temperature upon the LPFG when used as WSF; Fig. 5 shows the
wide range temperature tuning of the transmission spectrum of the symmetrical LPFG. Here, the
resonant wavelength Agy shifts from 1002.9 nm (27°C, black line) to 1032.1 nm (600°C, green line)
and Ao shifts from 1058.8 nm (27°C, black line) to 1086 nm (600°C, green line). Moreover, we can
observe that in the case of 1z the depth increases when shifting from 1058.8 nm (27°C, black line)
to 1086 nm (600°C, green line). Nevertheless, since iy remains below 1000 nm, it is difficult to
achieve lasing, therefore, Agg was not analyzed.

The shifting of 15 toward longer wavelengths as the temperature increases can be explained with
an increment of the effective index difference between the core mode and the cladding modes in
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Fig. 5. The output spectrum of symmetric LPFG versus temperature.

the LPFG as the temperature increases, as already reported in [70].

dAg Econ — Eciny”
=i (oe e e B

eff eff
where &, and & are the thermo-optic coefficients of the core and cladding materials, respectively,
«a is the thermal expansion coefficient of the fiber, and y is the waveguide dispersion and is defined
by (3):

neo _ ncl
y = eff eff (3)

T o _ pelim
Ng" —Ng

Where ng’ — ng’*m is the group index difference between the core and the m-th cladding mode and
exhibits a positive slope at the 0.8—2.0 um wavelength range for the first cladding modes [70]. In
general, for silica-based fiber, « is lower than the thermo-optic coefficient term that could be higher
than zero. Since n%, — ng, is positive, the resonant wavelengths of the symmetrical LPFG shifts
toward longer wavelengths as the temperature is increased [70].

On the other hand, the effective refractive indices for the core and cladding modes increase with
the temperature, but decrease at higher wavelengths [71]. The first effect prevails at A2, making
stronger the coupling at higher temperatures, meanwhile both effects alter the notch depth of ig..

The sensitivity of the symmetrical LPFG under temperature variation was calculated with linear
regression of each resonant wavelength observed in Fig. 5 vs. temperature, obtaining "% ~

0.0507 nm/°C and dj% ~ 0.0499 nm/°C, from 27°C to 600°C (Fig. 6).

4.1 Single Laser Emission

It is widely known that the presence of a wavelength selective filter in a fiber ring laser avoid the
gain competition due to the homogeneous broadening of the ytterbium-doped fiber [24]. In our
case the symmetrical LPFG was used as a WSF element. For this experimental analysis at room
temperature, we set the laser diode at the saturation power of the YDF (150 mW), and the sample
interval of signal acquisition by the optical spectral analyzer (OSA) at 0.02 nm. To obtain laser
emission (Fig. 7, blue line), it is necessary to achieve the balance between the homogeneous gain
broadening of the ytterbium-doped fiber (Fig. 7, red line) and the losses produced by the WSF (Fig.
7, black line). It can be noticed that for single emission regime, attenuation band with resonant
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Fig. 7. The transmission spectrum of symmetric LPFG (black), the laser output power at single emission
regime (blue), and the doped fiber spectrum (red line). The WSF was set at 20°C (room temperature).

wavelength Ao is used, avoiding the laser to emit at lower wavelengths. The symmetrical LPFG
as WSF allows to alleviate the mode competition and mode hopping effect. Hence, a highly stable
performance of the laser is expected [17].

We adjusted the polarization state until the emission of the switchable YDFL was reduced enough
to generates a single-line emission centered at 1076.64 nm, presenting an SMSR of 49 dB, and
achieving a narrow linewidth of 0.04 nm (see Fig. 8). Besides, to validate the laser stability, its
spectrum was scanned repeatedly for 60 min at intervals of 5 min (Fig. 9). The output peak power
variation was lower than 0.14 dB, and the wavelength remains unchanged at 1076.64 nm, as it
is depicted in Fig. 10. These results indicate not only a high monochromaticity of the laser, but
also high stability during all the 60 min of scanning time. Here it is important to point out that,
with the change of the polarization state in the cavity via changing achieving by the polarization
controller (PC), the variation of transmissions/losses at different wavelengths differs, which result
in the selective oscillation at the less loss wavelengths [55]. Hence, when the PC is adjusted, the
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Fig. 9. Stability of the single laser emission in 60 min of scan time, output spectra every 5 minutes.

polarization state shifts the symmetric coupling mode and as a result, the resonant wavelength of
the LPFG is changed.

4.2 Dual Laser Emission

Upon changing the polarization state of the laser at room temperature, two emission lines were
obtained at 1= 1075.52 nm and A,= 1076.26 nm (Fig. 11) with 3-dB linewidths of 0.09 y 0.28 nm,
respectively. The spectral separation between these two lines could be varied by finely adjusting
the polarization controller. During the tuning process, there is a point where the two lines overlap
in wavelength, producing a single line emission.

Moreover, for the dual laser case the SMSR is 30.4 and 37 dB, respectively. Next, the stability of
our proposed laser system at room temperature was scanned every 5 minutes for 45 min (Fig. 12).

For this dual emission case Fig. 13 shows the output power (left axis). The variations at the first
five minutes for the emission located at 11 and A, were ~0.38 dB (P4, black squares) and 0.1 dB
(P2, blue square), respectively. On the other hand, A1 and 1, on the right axis had variations of
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Fig. 11. The output power of laser emitting two beams centered at 21 = 1075.52 nm and 1, = 1076.26
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0.01 nm (A4, black triangles) y 0.12 nm (), blue triangles), respectively, being negligible the rest of
the scan time. Therefore, the wavelength and power stability are entirely satisfactory.

The output power variations of the dual line emission can be induced by the raise in the cavity
losses due to room temperature fluctuations [19], or by the gain competition between the same
wavelength emissions [37]. To obtain more emission lines, changes in the wavelength-dependent
loss function can be obtained by operating on the LPFG. When the PC is adjusted, the polarization
state shifts the symmetric coupling mode and as a result, the resonant wavelength of the LPFG
changes.

4.3 Switchable State Under Temperature Parameter

It is necessary to take into account the changes in wavelength-dependent loss of the symmetrical
LPFG as a function of temperature, to achieve the switchable multi-wavelength operation of the
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Fig. 13. Output peak power and wavelength stability of dual emission, over 45 min of scan time (every
5 minutes).

YDFL. The symmetrical LPFG was attached to an aluminum plate mounted directly on an electric
heater controlled by a PID. Before taking the output power measurement, we waited at least
10 minutes at each temperature to be sure that the temperature was stable.

In Fig. 14 the laser emission and the amplified transmission of the LPFG for temperatures of
27, 50 and 100°C (black, blue, and red lines, respectively) is shown. The wavelength emissions at
27°C are 1041.08 and 1042.06 nm (black line), achieving a SMSR of ~43 dB, and a fine linewidth
of ~0.039 nm. When the temperature is increased to 50°C, five beams are generated at 1040.42,
1042.102, 1041.22, 1042.95 and 1043.82 nm (blue line). When temperature reaches 100°C, two
beams are observed at 1041.08, and 1042.8 nm (red line). In the transmission spectrum of the
LPFG, between the resonant wavelengths Ary and Ago, there are low-amplitude side lobes which
modify the net gain of the cavity, and we observe that the laser emissions might correspond to
these side lobes in the grating transmission. This effect might be produced by the insertion loss
due to the accumulated MFD along the LPFG [62]. The shift of the LPFG transmission toward
longer wavelengths is produced by the increment the temperature induces on the effective index
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Fig. 15. Multi-wavelength laser emission at 350°C.

difference and is observed along all the temperature experiments. As was mentioned previously,
the shift of the LPFG transmission toward longer wavelengths is produced by the increment
the temperature induces on the effective index difference. This effect is observed along all the
temperature experiments.

Increasing the temperature toward 350°C, multiple emission lines around 1045.53 nm were
observed (Fig. 15). This can be explained because the wavelengths between 1040 and 1060 nm
correspond to the higher gain for the ytterbium-doped fiber ASE, and for this temperature there
are not resonant wavelength suppressing the modal competition in this region. The SMSR and
linewidth reached were ~42 dB and 0.016 nm, respectively.

Fig. 16 shows the case for a temperature of 600°C. Here, one line centered at 1039.2 nm with
linewidth of 0.021 nm and SMSR~42 dB was observed. The laser emission at 600°C corresponds
to the lateral right lobe of Agi= 1032.1 nm at 600°C (black line). Specifically, the emissions from
1040 to 1044 nm were suppressed, due to the soft depth observed in the transmission of LPFG. At
longer wavelengths, multiple lines were observed around 1046 nm.
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Fig. 17. Wavelength emission range, from A, = 1039.32 nm (600°C) t0 Amax = 1076.64 nm at room
temperature (20°C).

To summarize, we have proven the switchable operation of the proposed laser, by changing the
temperature on the symmetrical LPFG, from Amin= 1039.32 nm at 600°C, t0 Amax= 1076.64 nm at
room temperature (20°C). (Fig. 17).

The noticeable performance at high temperatures can be explained by the high thermal expan-
sion [72] produced by the diffusion of the dopant and the thermal expansion of the core symmetrical
LPFG, due to its fabrication [5], [60]. In fact, for even higher values of temperature (around 750°C)
of the symmetrical LPGF, new groups of emission lines were generated in a different wavelength
range, nevertheless, the SMSR observed is not high enough. To obtain more emission lines,
the wavelength-dependent loss of the LPFG must be controlled. However, it is expected that
increasing the number of emissions can affect the laser stability, due to the modal competence
in the ytterbium-doped fiber.

These multiple lines might be controlled using a WSF with more resonant wavelengths at these
regions for higher temperatures, alleviating the mode competition and mode hopping effect.

Vol. 13, No. 3, June 2021 1500619



IEEE Photonics Journal Switchable Ytterbium Fiber Laser

Micrometer driver
. “
Fiber holder [LL11]] Ston
y WSF Beam
01
. _fd
Support

Fig. 18. Schematic diagram of the mechanism used to change the curvature radius.

1063.12 nm
15} —

47 dB

45

Output power (dBm)

65t \\\//fﬂvJ\AAA/V\V\AA“g

C=0.399 m™

1050 1060 1070 1080
Wavelength (nm)

Fig. 19. YDFL single-laser output spectrum for curvature value of 0.399 m~1.

4.4 Switchable State Under Curvature Parameter

In addition, we performed the switching operation of the YDFL under curvature tests on the
symmetrical LPFG. To measure the curvature response of the fiber laser, the symmetrical LPFG
was fixed over two supports, and was bent it by using a micrometer screw as it can be seen in
Fig. 18. The WSF curvature is given by (4):
1 2d

R~ (@+p) )
Where R is the curvature radius, d is the displacement measured at the strip center, and / is half
the distance between the two supports [5].

When, at room temperature, the symmetrical LPFG is straight each notch is associated with the
coupling of the fundamental core mode LPOm with the cladding modes with the same azimuthal
symmetry LPOm [60]. The LPFG was bent to curvature values from 0 to 0.620 m~". Therefore, the
resonance wavelengths ig shifts to longer wavelengths, due to changes in the effective refractive
index distribution of cladding modes and fundamental core mode caused by the bending strain [5].

The WSF was bent until the linewidth of the laser was reduced enough to obtain single emission.
Here, at C = 0.399 m~', the single emission laser was centered at 1063.12 nm (See Fig. 19). The
SMSR reached was 47 dB and a 3-dB linewidth of 0.26 nm was achieved.

When the curvature radius was changed from C = 0.399 m~' (Fig. 20, black line) to
C = 0.532 m~! (Fig. 20, blue line), the single-laser emission was tuned from 1063.12 nm to
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1067.24 nm with a SMSR of 47 dB and a 3-dB linewidth of 0.27 nm. After the curvature radius
is increased to C = 0.620 m~', the laser produces a two-line emissions (Fig. 20, red line). One of
them centered at 11 = 1067.24 nm, matching with the single emission corresponding to C = 0.532
m~1, and the other one centered at A, = 1070.08 nm. The room temperature and the PC remains
without changes along all the experiment, achieving a switchable laser from one to two lines, only
by adjusting the curvature.

The dual-wavelength laser was obtained by increasing the curvature radius of the WSF to C =
0.709 m~' (Fig. 21). Here, narrow 3-dB linewidths of 0.04 and 0.03 nm centered at 1; = 1069.84
nm, and A, = 1080.1 nm, respectively, and an SMSR of 43 dB were obtained. In this case it
is important to comment that during the bending process there is a certain point where the two
lines overlap, producing single-line emission. We can understand these results considering that
when the symmetrical LPFG is bent, the fiber and its refractive index profile change, breaking the
cladding-mode symmetry and promoting the coupling of the fundamental mode to higher modes
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TABLE 1
Comparison of the Performance of the Switchable Multi-Wavelength YDFL Reported

Ref WSF SMSR (dB) | Linewidth (nm) | Output power fluctuation (dB) | Operation range (nm)
[51] AWG-0CS 60 0.15 0.47 1026 - 1038
[53] MZI 53 0.01 0.6 1035 - 1050
[30] FBG 52 0.1 - 1029 - 1040
[16] PC-PDI 50 0.02 2 1074 - 1090
[31] Sl 44 0.1 0.94 1024 - 1042
[52] MZI 40 0.07 1 1028 - 1033
[42] LPFG 40 1 - 1080 - 1100
[56] LPFG 32 1 Long-term 1080-1100
This paper | LPFG 49 0.04 0.14 1038 - 1080

[5]. Under this consideration, some modes with higher-order azimuthal symmetry might be excited,
as is reported in [59]. The YDFL proposed in this work can be switched to single-wavelength or
dual-wavelength lasing output acting on the curvature parameter of the LPFG thanks the low PDL
of the symmetrical LPFG. The room temperature and the PC remains without changes along all
the experiment, achieving a highly stable emission.

To investigate the efficiency of the ring cavity fiber laser, we adjusted the polarization state until
the homogeneous linewidth of YDFL was reduced enough to obtain single laser emission. Fig. 22
depicts the output power of the ring cavity laser against the laser diode output power. The laser
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efficiency slope was 0.028% with R? of 0.993, for laser diode pump power from 200 to 150 mW. This
low laser efficiency reported might be produced because in some ytterbium-doped silica fibers, the
excited state lifetime of a fraction of the Yb-ions is quenched to a very small value, especially if the
pump power is wavelength is around 976 nm, degrading seriously the performance of Yb-doped
lasers and amplifiers [73]. Moreover, the attenuation due to absorption of the pump light along the
active medium might be high, due the core-pumping used in the experimental scheme. For this
reason, the cladding pump is recommended, since only a fraction of the pump field overlaps with
the doped core [74]. Additionally, the efficiency, threshold, and maximum output power depend on
the fraction power that is outcoupled from the laser cavity. In our case, the available coupler was
90:10. However, a higher ratio such as 99:1 could increase the feedback into the cavity, obtaining
eventually a higher output power.

Finally, a performance comparison of our reported laser with other references about switchable
YDFLs is made in Table 1.

Here, it can be noticed significant improvements in the power and wavelength stability because
of the symmetric LPFG used as WSF. Moreover, several features highly desirable, such as high
SMSR, narrow linewidth, and wider switchable operation range by heating or bending the LPFG
are achieved.

5. Conclusion

A stable switchable multi-wavelength ytterbium-doped fiber laser was manufactured using a sym-
metrical LPFG as WSF. The proposed laser can emit a single stable wavelength with an SMSR
of 49 dB, and a linewidth of about 0.04 nm during 60 minutes of continuous operation. Further-
more, this YDFL can be switched by changing the temperature, as well as the curvature of the
symmetrical LPFG. The proposed laser has several advantages, such as controllability under both
high-temperature or curvature conditions, higher SMSR, the narrow linewidth of the output power,
stable single and dual-wavelength output powers, and the simple configuration of switchable YDFL.
Finally, this laser can be used potentially in different applications, such as biomedical technology,
sensing, spectroscopy, dense wavelength-division multiplexing, optical communications, and mi-
crowave photonics systems, since its easily switchable wavelength, as well as the cost-effective
and repeatable fabrication technique of the symmetrical LPFG used as WSF.
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