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Stable multi-wavelength thulium-doped fiber laser
based on all-fiber Mach—Zehnder interferometer
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We propose and experimentally demonstrate a multi-wavelength thulium-doped fiber (TDF) laser based on
all-fiber Mach—Zehnder interferometer (MZI) at 1.9 gm. Here a segment of 4 m single-mode TDF is pumped
by 1568 nm fiber laser for 2 gm band optical gain. The MZI includes two cascaded 3 dB coupler. A segment of
3.5 m long un-pumped polarization-maintaining TDF and polarization controller (PC) are joined in the ring cavi-
ty to suppress the mode competition. Multi-wavelength lasers at 1.9 gm with wavelength number from one to four
are obtained by adjusting the PC and the stability of output power of multi-wavelength fiber laser is analyzed.
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Thulium-doped fiber (TDF) laser sources operating in
the eye-safe 2 gm spectral region have been researched
over the past decade owing to their numerous potential
applications in areas such as lidar, remote sensing, medi-
cal treatment, and free-space optical communications?.
In recent years, high-power narrow linewidth, wide
tuning range, and mode-locked 2 ym TDF laser have
been researched" 'Y and TDF amplifiers have also been
designed for free-space optical communications at 2 gm
band optical gain!'?.

As for most potential applications mentioned, multi-
wavelength lasers have the great benefits of being com-
pact and cost-effective. Multi-wavelength fiber lasers
have been significantly researched in recent years. At
room temperature, multi-wavelength 2 gm region fiber
laser can be achieved by different approaches, such
as the incorporation of high-birefringence fiber Bragg
grating (FBG)™, the use of a nonlinear loop mirror
or the nonlinear polarization rotation effect!'", and
the combination of highly nonlinear fiber'. However,
high-birefringence FBG limits the number of lasing
wavelengths due to the narrow transmission bands, and
highly nonlinear fiber increases the insertion loss in the
cavity. Multi-wavelength lasers based on linear loop
mirror or the nonlinear polarization rotation effect limit
the side mode suppress ratio (SMSR) and linewidth of
lasing wavelengths.

In this letter, a stable multi-wavelength TDF laser
operating at 1.9 gm is proposed and demonstrated by
using an all-fiber Mach-Zehnder interferometer (MZI)
and a segment of polarization-maintaining (PM) TDF.
The all-fiber MZI works as a comb filter to select wave-
length and the PM-TDF acts as a saturable absorber
to ensure the operation of stable multi-wavelength.
At room temperature, multi-wavelength laser with
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wavelength number from one to four can be obtained
by tuning the polarization controller (PC) in the cavity.
SMSR and 3 dB linewidth are 57 dB and 0.149 nm,
respectively, as observed by optical spectrum analyzer
(OSA) and the stability of multi-wavelength fiber laser
is analyzed.

Figure 1 shows a schematic diagram of the multi-
wavelength TDF laser with the ring cavity. The
1568 nm fiber laser with maximum power of 250 mW
is injected into a segment of 4 m long TDF by
a 1570/2000 nm wavelength division multiplexer
(WDM). An optical isolator is used to ensure that the
laser oscillates in a single direction around the ring.
The MZI, as a comb filter, is used as the wavelength
selector in the cavity. A 3.5 m long PM-TDF acts
as a saturable absorber to weaken the homogeneous
gain broadening and suppress the mode competition.
The multi-wavelength lasing output is measured by
an OSA (Yokogawa, AQG6375) from the 10% port of a
coupler.
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Fig. 1. Configuration of multi-wavelength TDF laser. OC,
optical coupler; ISO, optical isolator.
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Fig. 2. Traditional MZI (top) and modified MZI (bottom).

The transmission spectrum of a MZI is characterized
by a series of equally spaced transmission peaks in the
frequency domain. The conventional MZI is formed by
concatenating together the two 2 x 2 coupler as shown
in Fig. 2. Optics launched into port 1 and the intensity
transmission in port 3 isl'" !

T, = %(1 +cos(20,) cos(20,) — sin(20, ) sin(20,) costp), (1)

where ¢ = AL is the phase difference between the two
arms of the MZI, AL = L, — L, is a path difference, and
B, = n,k(1 + bA) is the propagation constant of the fun-
damental mode in an optical fiber.

The overall spectral response of the interferometer
is determined by AL, and the wavelength spacing AL
between the transmission peaks is given as

/’{2
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Fig. 4. Spectra of multi-wavelength TDF laser at 1.9 gm.

-404 — 1568nm

-45

-50

-551

Power(dBm)

-60

1
#

1700 1800 1900 2000 210
Wavelength(nm)

-65 -l
1600

Fig. 3. ASE spectrum at different pump wavelengths.

where n is the effective refractive index of the laser
mode and A is the laser wavelength. Therefore, a con-
ventional MZI can be used as a comb filter to generate
multi-wavelength lasers.

It can be seen from Fig. 2 that the un-pumped TDF
acts as a saturable absorber to suppress the unwanted,
weaker modes and allow only the dominant wavelengths
to oscillate in the cavity?. PC in one arm of MZI can
be considered as a modified MZI?!. The filter char-
acteristics can be analyzed from the following Jones
matrix representation:
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where [I] is the identity matrix, C  is the coupling
ratio, @ is the rotation angle of the propagating light
through PC1, L is the length of the arm 1, n_ and n,
are the indices of the two axes of the fiber, and Qis the
phase difference between the light on the fast axis and
that on the slow axis in the same transmission distance,
which is determined by the vast difference.

If £ is 1 and E, is 0, E, can be shown as
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It is well-known that this scheme can be used as a comb
filter to generate multi-wavelength lasers based on cos@
and sin€ in Eq. (4). The spacing of multi-wavelength
fiber lasers is determined by L, n, n, o, and @. And ¢
and ¢ are determined by the lengths of the arms and
PM-TDF. The parameters cannot be easily changed in
the experiment. And PC1 can be used to adjust the
wavelength of fiber laser in small range according to €in
Eq. (4) and the number of wavelengths can be changed
by PC1 and PC2 because of the limited pump power.
TDF has different absorption and conversion efficien-
cy when the wavelength of the pump laser is tuned.
Figure 3 shows the amplified spontaneous emission
(ASE) spectrum at different pump wavelengths. The
wavelength of pump laser is fixed at 1568 nm, and the
pump laser is injected into the TDF to generate multi-
wavelength fiber laser at 1.9 gm. Figure 4 shows that
multi-wavelength laser at 1.9 gm with number from
one to four is measured by OSA with 0.05 nm wave-
length resolution. SMSR, of generated laser is about
57 dB. Single and multi-peaks in Fig. 4 are generated
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Fig. 5. Spectra of single-wavelength TDF laser at 1.9 .
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by mainly adjusting PC2. And PC2 can be used to
adjust the cavity loss for different wavelengths. PC1
may be used to adjust the wavelength in small range
to coordinate PC2 because of the limited pump pow-
er. The 3 dB linewidth of laser is around 0.149 nm
in Fig. 5. It can be found that the spacing of the
multi-wavelength fiber laser is about 6 nm. The spac-
ing of the multi-wavelength laser can be determined by
the parameters of arms and PM-TDF as discussed later
and 6 nm spacing is relatively stable.

The output optical spectrum is measured over a
10 min period within 60 min. The power and frequency
fluctuations of multi-wavelength laser are determined as
in Fig. 6. The frequency drift is less than 4+0.02 nm,
and the power fluctuation is almost less than +0.5 dB
from the average power. The power fluctuation of four-
wavelength fiber laser is greater than the power fluc-
tuation of single-wavelength laser as shown in Fig. 6.
Power competition of four-wavelength laser by the lim-
ited pump power can exist. The fluctuations of power
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Fig. 6. Power variation and frequency drift of multi-wavelength
laser in 60 min.
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and frequency in the multi-wavelength signal can be
reduced in stable experimental environment with more
pump power. It also can be seen that the wavelength
drift of multi-wavelength fiber laser is relatively stable
because of the PM-TDF used.

In conclusion, we propose and demonstrate a stable
multi-wavelength TDF laser around 1.9 g#m based on
all-fiber MZI. The output wavelength number can be
tuned from one to four by adjusting PC. SMSR of the
generated laser is about 57 dB and the 3 dB linewidth
of laser is about 0.149 nm. The frequency drift is less
than £0.02 nm and the power fluctuation is less than
+0.5 dB from the average power. Furthermore, if we
use a higher pump power, the laser for more wavelength
number can be obtained.
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