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Abstract: A compact, all-fiberized multiwavelength thulium-doped fiber laser based on
a micro fiber-optic Fabry—Perot interferometer (FPI) and a nonlinear optical loop mirror
(NOLM) has been demonstrated. The FPI with a free spectral range of ~26 nm was used
as an effective wavelength selective filter, which was constructed by splicing a ~71.4-um
long air-filled hollow-core fiber with single-mode fibers at both ends. An NOLM, served
as an amplitude equalizer, was used for stabilizing multiwavelength laser operation. Be-
sides switchable single-wavelength operations (1948.00 and 1972.24 nm), stable dual-
wavelength operations (1948.02/1974.25 and 1974.16/1975.30 nm) and triwavelength op-
eration (1947.94/1973.03/1974.14 nm) have been obtained. The optical signal-to-noise ratio
of each emission laser line is larger than ~47 dB.

Index Terms: Multi-wavelength, Tm-doped fiber laser, fiber-optic Fabry-Perot interferome-
ter, nonlinear optical loop mirror.

1. Introduction

Multi-Wavelength fiber lasers have attracted a lot of interest due to their potential applications in
wavelength-division-multiplexed (WDM) systems, optical microwave photonic systems, and fiber
sensors [1]-[6]. Since the operation wavelength region of thulium-doped fiber laser (TDFL) is ~1.9
to 2.1 um, which corresponds to the atmospheric transmission window and the characteristic
absorption lines of liquid water and some greenhouse gases, the multi-wavelength TDFLs will have
advantages in applications, such as free-space optical communications and gas sensing systems
(7], [8].

Till now, many different kinds of filters have been designed for multi-wavelength laser gener-
ation, such as Fabry-Perot filter [9]-[11], Mach—Zehnder interferometer [12]-[14], Bragg gratings
[15], [16], Spatial mode beating filter [17], [18], Sagnac loop filter [19], and Lyot birefringent filter
[20]. Meanwhile, to obtain the stable multi-wavelength laser operation at room temperature, various
approaches, including polarization hole burning [21], [22], four-wave mixing [23]-[25], stimulated
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Brillouin scattering [26], [27], nonlinear optical loop mirror (NOLM) [28]-[30], and nonlinear amplifier
loop mirror (NALM) [31] have been proposed and demonstrated to alleviate the strong mode com-
petition caused by homogeneous gain broadening in rare-earth ions doped fiber. However, we noted
that most of the previously reported works were focused on multi-wavelength erbium-doped fiber
lasers which operate at 1.5 um band, and the comparable case of TDFLs has received relatively
scant attention. Recently, as for multi-wavelength TDFLs, Soltanian and the co-workers designed
a Mach—-Zehnder interferometer based on Photonic Crystal fiber for multi-wavelength laser gener-
ation, and stable dual-wavelength operated at 1.85 um was obtained [32]. Fu and the co-workers
reported a dual-wavelength TDFL with emission wavelengths above 2 um by using cascaded single
mode-multimode-single mode fiber structures [33]. A widely tunable multi-wavelength TDFL based
on a tunable spatial mode-beating filter and a fiber interferometer has been demonstrated by Han
and the co-workers [34]. Relying on the nonlinear effect in the fiber theta cavity, a stable all-fiberized
multi-wavelength TDFL based on a multimode interference filter has been reported by Wang and
the co-workers [35].

In the past few years, the hollow-core fiber (HCF) has received a certain amount of attention
due to its applications in pulse compression [36] and fiber sensing [37], [38]. We noted that a
compact fiber-optic Fabry-Perot interferometer (FPI) can be implemented by fusion splicing two
sections of fibers at both ends of the HCF [39]. This kind of HCF-based FPI with partial reflection at
certain wavelengths can act as an effective wavelength selective filter. Moreover, the corresponding
transmission part can function as a laser output mirror, which is available for multi-wavelength laser
generation in a compact laser cavity. Meanwhile, the free spectral range (FSR) of the fiber-optic
FPI can be controlled by manipulating the length of the HCF or the refractive index of the filled
media. Nevertheless, this functional fiber-optic FPI has been only used in fiber sensing up to now,
the potential application in multi-wavelength fiber lasers has not been done.

In this paper, based on a 71.4-um long air-filled HCF, a micro fiber-optic FPI with FSR of ~26 nm
was fabricated and first used for multi-wavelength continuous wave laser generation in 2 um band.
An NOLM, which functions as an amplitude equalizer, was used to stabilize the multi-wavelength
laser operation, and ensure the uniform power distribution among the emission wavelengths. The
multi-wavelength TDFL operated steadily with high optical signal-to-noise ratios (OSNRs) (OSNR
of each laser line is larger than ~47 dB) and almost equal peak powers (peak power difference
between any two laser lines is less than ~1.5 dB).

2. Fabrication and Characterization of the Fiber-Optic FPI

Fig. 1(a) sketches the basic design of the fiber-optic FPI. It was constructed by a 71.4-um long air-
filled HCF (Polymicro Technologies, TSP050150) fusion spliced with two sections of single-mode
fibers (SMFs) at both ends, in which a low finesse fiber-optic FPI is formed based on the Fresnel
reflection of the perpendicularly cleaved fiber facets at SMF/HCF and HCF/SMF. The HCF with
hollow-core diameter of 50 um (typical cross section can be seen in Fig. 1(a)) has two mainly
functions: 1) it determines the length of the Fabry-Perot cavity; 2) it assures alignment between the
both SMFs and works as a package to prevent the inside environment was affected by the outside
disturbances. It should note that the alignment between the two SMFs in the splicing processing will
directly affect the visibility of the interference spectrum. With the assumption of the same reflectivity
R (~4%) at the both fiber facet, and neglecting the transmission loss of the HCF, the reflected light
intensity of the fiber-optic FPI can be approximated by [37]:

4 L
I, ~ 2I;,R [1 + COS (% + <po>] (1)

Where lin, I, A, Nest, L, @o are the incident and reflected light beam intensity, wavelength of the
probe light, effective refractive index of the probe light, length of the HCF, and constant phase shift,
respectively.
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Fig. 1. (a) Schematic diagram of reflection spectrum measurement, (b) reflection spectrum of the fiber
optic FPI.
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Fig. 2. Schematic configuration of the multi-wavelength TDFL; DC-TDF: double-clad Tm-doped fiber;
LD: laser diode; PC: polarization controller; CPS: cladding power stripper; SMF: single mode fiber;
HCF: Hollow-core fiber; HNLF: high nonlinear fiber.

The reflection spectrum of the micro fiber-optic FPI was measured by employing the setup
shown in Fig. 2(a). A Supercontinuum source (NKT Photonics, SuperK Compact) together with
an optical spectrum analyzer (OSA, YOKOGAWA, AQ6375B) were used to measure the reflection
spectrum via an optical circulator. At first, we fixed the output power of the Supercontinuum source
and directly recorded the output spectrum as A. Then the singlemode-hollow core-singlemode
(SMF-HCF-SMF) fiber structure was fusion spliced with the circulator and the output spectrum
was recorded as B. Thus, the reflection spectrum is obtained by subtracting A with B, as shown
in Fig. 1(b). The reflection peaks have a loss about —8.5 dB, which correspond to the reflectivity
of ~14%. By monitoring the transmission power with a continuous wave laser which operates at
~2003 nm (around the reflection peak of the FPI), the insertion loss of ~1.3 dB was mesured. The
free spectral range (FSR) of the air-cavity-based FPI is given by:

)\’2

Vol. 10, No. 4, August 2018 1502808



IEEE Photonics Journal Multiwavelength Thulium-Doped Fiber Laser

Where n is the refractive index of the air. For the 71.4-um long air-filled hollow-core fiber, the
calculated FSR is ~26.6 nm (at ~1950 nm), which agrees well with the measured result shown in
Fig. 1(b). The unsmooth reflection spectrum may owe to the weak power fluctuation of the used
Supercontinuum source at 2 um region.

3. Experimental Setup and Principle

The experimental arrangement is schematically shown in Fig. 2. A 105/125 fiber-pigtailed 793 nm
multi-mode laser diode (LD) with maximum output power of ~12 W was used for pumping the single
mode double-clad Tm-doped fiber (DC-TDF, SM-TDF-10P/130-HE, Nufern) with a length of ~1 m via
a (2 + 1) x1 pump/signal combiner. The DC-TDF has a core diameter of 10.2 um and inner cladding
diameter of 130 um with ~3 dB/m cladding absorption at 793 nm. The unabsorbed pump light was
effectively stripped by a self-made cladding-power-stripper (CPS). An NOLM was constructed by
fusion splicing the fused fiber coupler’s both output ports together. The coupler provides a coupler
ratio of 45:55 at 2 um. Two fiber-based polarization controllers were incorporated into the NOLM to
strengthen the nonlinear phase difference through the accumulated nonlinear polarization rotation
effect. To enhance the nonlinearity of the NOLM, a ~50-m long single mode fiber (SMF) and a
~10-m long high nonlinear fiber (HNLF) were incorporated within. The HNLF exhibits nonlinear
coefficient, numerical aperture, core diameter and cladding diameter of 11.68 W—'km~', 0.35,
3.67 um, and 120.5 um, respectively. A SMF-HCF-SMF fiber structure was designed and placed
at the other side of the laser cavity, which works as a wavelength selective filter and a laser output
mirror at the same time. Thus, an all-fiberized laser cavity was formed.

The NOLM was used for stable multi-wavelength laser operations in 1.5 xm band have been
demonstrated [28]-[30], and the mechanism can be easily understood from the transmission char-
acteristic of the NOLM. The transmission of NOLM is given by [40]:

T=1-20(1—a){1+cos(®+ (1 —2a)¢)} @)

Where « is the splitting ratio of the coupler, 6 is the additional phase difference induced by the
PCs, and ¢ is the nonlinear phase shift. As the simulation results in [28], [29], the transmittivity of
NOLM can be controlled by adjusting the PCs. When the transmittivity of NOLM increases with the
input signal power, the NOLM can act as an artificial saturable absorber. While the PCs are set at
a point of where the transmittivity of NOLM degrades as the signal light intensity, the NOLM will
function as an amplitude equalizer. The equalizing mechanism of NOLM can alleviate the mode
competition in the thulium-doped fiber. Consequently, it can stabilize the multi-wavelength laser
oscillations at room temperature, and also ensure the uniform power distribution of the oscillation
wavelengths.

4. Experimental Results and Analysis

The pump threshold of the TDFL is ~1.02 W. To obtain the stable laser operation, we fixed the
pump power at ~1.40 W. With the careful adjustment of the PCs, stable continuous wave single-
wavelength and dual-wavelength laser operations were achieved, as shown from Figs. 3 to 5.
Considering the NOLM can generate pulse inside the cavity, we monitored the temporal character-
istics of the output laser, and no pulses were observed. Figure 3 shows the single-wavelength laser
oscillations at 1948.00 nm and 1974.24 nm respectively, which correspond to the reflection peaks
of the fiber-optic FPI. With finely adjusting the PCs, the lasing wavelength can be switched between
1948.00 nm and 1974.24 nm. Both of the laser wavelengths have 3 dB bandwidths of ~0.09 nm and
SNRs larger than ~50 dB. Besides the switchable single-wavelength laser emission, stable dual-
wavelength laser operations were obtained with proper manipulation of the PCs. Dual-wavelength
laser oscillation at 1948.03 nm and 1974.25 nm simultaneously with peak power difference less
than ~0.8 dB was shown in Fig. 4(a). The corresponding 3 dB bandwidths and OSNRs of each
wavelength are ~0.09 nm, ~0.08 nm and ~49 dB, ~49 dB, respectively. The total output power of
the dual-wavelength laser is ~37 mW. By integrating their spectra separately, the individual output

Vol. 10, No. 4, August 2018 1502808



IEEE Photonics Journal Multiwavelength Thulium-Doped Fiber Laser

0
—— 1948.00 nm
— 1974.24 nm
qed———
£ -20
es]
2,
2 =30
‘F
5
’_-:_: =40
-504
1920 1930 1940 1950 1960 1970 1980

Wavelength (nm)

Fig. 3. Switchable single-wavelength laser operation.

~48dB

Intensity (dBm)

1920 1930 1940 1950 1960 1970 1980 1940 1945 1950 1955 1960 1965 1970 1975 1980

Wavelength (nm) Wavelength (nm)
92 T 1948.12 - 1974.30
93 C) R s 1948.11 ) F1974.29
— 197425

- 94 ( -® "'"\ 1948.10 (d - 1974.28
E 95 —o| = 1948.09] F197427
S 96 £ 1948.081 F1974.26 Z
= =) 26 £
5 3; = 1948.07 1\ . \ /\- #1197425 5
z ] =2 4 7424 &
2 99 5 1343.06 \ / “’,4 24 I
2 -10.0 = 1948.05 . 197423 =
8 o 5 1948.04 197422 5
(- . - =

-102 Z 1948031 197421 =

=103 1948.02 _V 1974.20

-10.4 1948.01 L1974.19

-10.5 1 ' . ' . . . 1948.00 1974.18

0 10 20 30 40 S50 60 20 30 40 S0
Time (min) Time (min)

Fig. 4. Output characteristics of dual-wavelength laser operation at ~1948.02 nm and ~1974.25 nm.
(a) Output spectrum, (b) stability of dual-wavelength laser operation in an hour with interval scanning
of every 5 min, (c) peak power fluctuation in an hour, (d) Wavelength fluctuation in an hour.

powers of ~19.4 mW and ~17.6 mW at 1948.00 nm and 1974.24 nm were calculated, respectively.
The stability of the generated dual-wavelength has been investigated in an hour with an interval
spanning of every five minutes, as shown in Fig. 4(b). The peak power and wavelength fluctuations
of each wavelength are in the range of 1 dB and 0.04 nm, as can be seen in Fig. 4(c) and 4(d) re-
spectively, which indicate a good stability of the dual-wavelength laser operation. In the experiment,
we noted that another stable dual-wavelength laser operated at 1974.16 nm and 1975.30 nm with
peak power difference of less than ~0.5 dB was observed and exhibited in Fig. 5, in which the both
lasing wavelengths corresponded to the reflection peak around ~1974 nm. The 3 dB bandwidths,
OSNRs and the individual output powers of the two emission wavelengths are ~0.11/0.07 nm,
~48/48 dB and ~24.3/16.7 mW, respectively. We also investigated the spectrum stability of the two
emission laser wavelengths, as shown in Fig. 5(b). For better clarity, the peak power and wave-
length fluctuations are illustrated in Figs. 5(c) and 5(d), respectively. Both of the wavelengths have
peak power fluctuations of less than 0.8 dB and wavelength fluctuations of less than 0.04 nm. The
two stable dual-wavelength laser emissions may attribute to the equalizing mechanism of NOLM.
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of every 5 min, (c) peak power fluctuation in an hour, (d) wavelength fluctuation in an hour.
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Fig. 6. Output characteristics of three-wavelength laser operation at ~1947.94 nm ~1973.03 nm and
~1974.14 nm. (a) Output spectrum, (b) stability of three-wavelength laser operation in an hour with
interval scanning of every 5 min, (c) peak power fluctuation in an hour, (d) wavelength fluctuation in an
hour.

Since the emission wavelengths are located around the reflection peaks of the fiber-optic FPI, which
have a minor reflectivity differences. Meanwhile, the equalizing mechanism of NOLM can effectively
alleviate the strong mode competition in thulium-doped fiber. Thus a stable dual-wavelength laser
operation with uniformed peak power distribution could be obtained.

After further increasing the pump power from ~1.40 W to ~1.69 W and fine-tuning the PCs,
tri-wavelength laser operation at 1947.94 nm, 1973.03 nm and 1974.14 nm with 3 dB bandwidths
of ~0.11 nm, 0.1 nm, and 0.1 nm, respectively was achieved and exhibited in Fig. 6(a). The
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OSNRs and individual output powers of the three emission wavelengths are ~48/48/47 dB and
~21.3/20.8/15.9 mW, respectively at pump power of ~1.69 W. Also, the spectral stability of the
tri-wavelength operation was measured for an hour, as shown in Fig. 6(b). Fig. 6(c) exhibits the
peak power fluctuations for each wavelength within an hour, of which the fluctuations at 1947.94 nm,
1973.03 nm and 1974.14 nm are in the range of 0.5 dB, 0.8 dB, and 0.5 dB, respectively. The peak
power differences between any two wavelengths are less than ~1.5 dB. Each emission wavelength
has wavelength fluctuation of less than 0.04 nm, as plotted in Fig. 6(d). The fluctuations of central
wavelength and peak power could be improved by fixing the fibers on the experiment platform
to alleviate the disturbance of the environment since the vibration of the fibers will influence the
polarization state and the NOLM is polarization sensitive.

5. Conclusion

In summary, we have experimentally demonstrated a compact all-fiberized multi-wavelength TDFL
by using a HCF-based fiber-optic FPI together with an NOLM for the first time. The micro fiber-
optic FPI plays the roles of wavelength selective filter and laser output mirror at the same time.
Switchable single-wavelength operation and stable multi-wavelength operation with nearly identical
peak powers were obtained. Each of the emission wavelengths has OSNR of larger than ~47 dB.
Our experiment results verified the feasibility of stable multi-wavelength continuous-wave laser
generation in TDFL based on a micro HCF-based fiber-optic FPI. This provides a compact and
all-fiberized solution to achieve a multi-wavelength lasing in fiber lasers. Moreover, this all-fiberized
TDFL has potential applications in tunable multi-wavelength lasers and optical fiber sensing by
controlling the filled media in HCF.
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