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Abstract

We demonstrate experimentally a dual-wavelength tunable actively Q-switched fiber laser
using 3 m of Er*T/Yb3* co-doped fiber as the gain medium. For wavelength tuning we used a
tunable Hi-Bi FBG having two reflection wavelengths separated by 0.4 nm. The laser emits a
dual-wavelength signal that is tunable in a range of 11.8 nm. Laser operation can be switched
between single and double wavelength emission. The laser operates at repetition rates from 30
to 110 kHz with pulse durations of 280 ns and pulse energies near 0.5 uJ.

(Some figures may appear in colour only in the online journal)

1. Introduction

Multi-wavelength Q-switched fiber lasers have generated
great interest because of their potential application as a
source in different areas, such as remote sensing, biomedicine,
laser processing, microwave optics, telecommunications and
terahertz generation. Several experimental setups have been
proposed to generate Q-switched laser pulses, including
passive and active approaches. In passively Q-switched
lasers, different techniques have been proposed, including
the development of saturable absorbers using short carbon
nanotubes [1, 2] and graphene [3, 4], among others [5, 6].
Moreover, recent investigations on active Q-switched fiber
lasers have focused on novel optical modulation devices [7-9]
and laser geometry designs [10]. The advantages of actively

1612-2011/14/015102+05$33.00

Q-switched fiber lasers include improved stability, higher
energy pulses, or lower insertion loss, with disadvantages
related to alignment problems caused by the bulk architecture
and increased complexity of the cavity [17-20].

Nowadays, the potential applications of Q-switched
fiber lasers suggest that additional characteristics such as
wavelength tuning would be attractive. Several designs of
both active and passive tunable Q-switched fiber lasers
operating at a single wavelength have been reported, where
fiber Bragg gratings [2], a dielectric interference filter [3]
or tunable band-pass filters [4] are the most common tuning
mechanisms.

Recently, the interest in dual-wavelength laser generation
has increased. For dual-wavelength Q-switched pulsed fiber
lasers both passive [11-14] and active [15-17] approaches

© 2014 Astro Ltd Printed in the UK
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Figure 1. Configuration setup for the tunable double-wavelength fiber laser.

has been reported. In the case of passive Q-switched fiber
lasers Liu et al [14] reported a pulsed erbium doped fiber laser
based on a single-wall carbon nanotube saturable absorber,
with a pulse energy around 0.5 nJ and two laser lines at 1532
and 1558 nm. Wang et al [12] demonstrated a switchable
dual-wavelength pulsed fiber laser using a graphene saturable
absorber with two different laser lines, reaching a pulse
energy up to 70 nJ. On the other hand, in the frame of
active Q-switching designs, Sharma et al [15] reported a
complex ring cavity configuration with a discrete tuning range
of 2.2 nm in wavelength spacing. Li et al [17] reported
a diode-cladding-pumped dual-wavelength Q-switch Ho*
doped fluoride cascaded free-space fiber laser operating in the
mid-infrared region.

Double-clad rare-earth-doped fibers are attractive for
fiber amplifiers and laser system designs due to their high
power, high beam quality, and heat dissipation advantages
[5, 18-20]. The use of such fibers in single-wavelength
Q-switched lasers has been reported. For example, Loroche
et al [5] reported an Er3t/Yb>t double-clad passive linear
cavity (-switched tunable fiber laser. Gonzilez-Garcia
et al [18] experimentally demonstrated active Q-switched
fiber laser operation using an Er3*/Yb3* doped double-clad
fiber and an acousto-optic modulator in a free-space design.

In this letter we report a Q-switched dual-wavelength tun-
able Er’t/Yb3T fiber laser using a polarization-maintaining
fiber Bragg grating (PM-FBG) in a Fabry—Perot configura-
tion. The PM-FBG was mechanically compressed/stretched,
allowing a total wavelength tuning range of ~11.8 nm. The
pulse energy was approximately 0.5 pJ with a pulse duration
of 280 ns (FWHM).

2. Experimental setup

The schematic diagram of the laser under study is shown in
figure 1. The optical setup is a combination of two optical
sub-systems operating at different wavelengths, one of them
is the pump system at 976 nm and the other one is the laser
system at 1549 nm. The pump was introduced into the cavity
by a lens L1, a dichroic mirror DM1, and a lens L2. The
maximum power of a pump laser diode was 50 W. However

the maximum power used in experiments was 2 W to avoid
damage to the acousto-optical modulator with a maximal
permitted average power of 1 W. The dichroic mirror (DM2)
and fiber Bragg grating written in polarization-maintaining
fiber (PM-FBG) are used as cavity end mirrors. Wavelength
tuning of the PM-FBG is performed by applying axial
compression or stretching using a micrometric screw. The
maximum compression applied is about 80 pum causing
a maximum wavelength displacement of 8.12 nm. The
corresponding wavelength shift rate is about 1.1 nm/10 pm.
The maximum stretch is 40 um, causing a wavelength shift of
3.67 nm, which corresponds to a rate of 0.91 nm/10 pm. The
total laser wavelength shift is ~11.8 nm with an average rate
of approximately 0.98 nm/10 um. A polarization controller
(PC) inserted into the cavity allows switching between single-
and dual-wavelength modes of operation. The gain medium of
the laser is a 3-m length of Er>T/Yb3* co-doped, double-clad
fiber, which has a core diameter of 7 um, an inner cladding
diameter of 130 pum, and an outer cladding diameter of
245 pm. The numerical aperture for the signal is 0.17 and the
inner to outer cladding NA is 0.46. The end of the Er3t/Yb3*
doped fiber was spliced to a 1-m length of Corning SMF-28
fiber, in order to attenuate the residual pump and also to
reduce the 1064 nm signal due to the ytterbium emission. Two
aspheric lenses, L1 of 18 mm focal length and L2 of 8 mm
focal length, were used to focus the pump and signal into the
Er’*/Yb3t fiber.

Lens L3 with a focal length of 150 mm was used in
the system to increase the stability of the laser emission.
The experimental setup includes two short-wave pass (SWP)
dichroic mirrors DM1 and DM?2 with high reflectivity
(>99.5%) at 1550 nm and high transmission (>90%) at
1064 nm, at 45° and 0° incidence angles, respectively. The
Er3t/Yb3t fiber was pumped by a high-power laser diode
(JOLD-30-FC-12-976). The output fiber of the laser diode is
characterized by a core diameter of 200 um and a numerical
aperture of 0.22. Two ports of the 90/10 coupler were used
to measure simultaneously the spectrum with an optical
spectrum analyzer (OSA) and the pulse shapes at different
wavelengths using a monochromator and a fast photodetector.
The OSA has a resolution of 0.01 nm; the monochromator has
a resolution of 0.2 nm.
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Figure 2. Tunable dual-wavelength Q-switched fiber laser spectra.

3. Experimental results and discussion

Figure 2(a) shows the output spectra measured by the
OSA for 12 values of stretch/compression of the PM-FBG.
Two emission laser lines at 1549.14 and 1549.54 nm were
measured without stretch/compression (solid black line). For
each compression/stretch of the PM-FBG we adjusted the
PC to obtain dual-wavelength operation. As can be seen,
the separation between the two generated laser lines varies
for each wavelength tuning. This behavior is attributable to
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Figure 3. Profile of the pulses at A1 = 1549.17 nm and
A2 = 1549.54 nm.

the PC adjustment applied to obtain two simultaneous laser
lines. The separation between lines can indeed be modified
by PC adjustment. Figure 2(b) shows the spectra for the same
tuning of the PM-FBG at three different adjustments of the
PC. Switching between laser lines can also be performed
by adjustment of the PC. Figure 2(c) shows the laser lines
separation for the same 12 values of stretch/compression as
in figure 2(a) (point triangles line). As can be seen, the
maximum and minimum separations are around 0.52 nm and
0.19 nm respectively. On the right side scale is presented
the central wavelength of each laser line for each value of
stretch/compression. The tuning range is ~11.8 nm for a
compression/stretch range of 120 um, which corresponds to
an average rate of approximately 0.95 nm/10 um.

Figure 3 shows the pulses filtered by the monochromator
with a resolution of 0.2 nm at 1549.17 nm (black line)
and 1549.54 nm (gray line), which correspond to the two
wavelengths shown in figure 2(a) (solid black line). The pulse
repetition rate is 100 kHz. The monochromator scanning is
used to verify the presence of pulses for each laser line,
corresponding to dual-wavelength generation. As can be seen,
the pulses for both laser lines have similar powers and shapes.

The time shift between the leading edge of the electrical
pulse applied to the modulator and the leading edge of the
laser pulse is 2.2 ws. This shift depends on the wavelength
tuning of the laser. Figure 4(a) shows examples of the pulse
waveforms for different wavelength tunings together with the
leading edge of the pulse applied to the modulator. We can
see that the displacement depends on the stretch/compression
value. The dependence of the temporal displacement on the
stretch/compression is shown in figure 4(b). It appears that
for shorter wavelengths the time displacement is smaller than
for longer wavelengths. Beyond AA = —6 nm, the temporal
position of the pulses begin to stabilize around a minimal
value of 1.6 us.

The average output power in dual-wavelength operation
(at 1549.17 and 1549.54 nm) as a function of the repetition
rate, measured over a range from 20 to 120 kHz with a pump
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Figure 5. Output power as a function of repetition rate (a) and typical oscilloscope trace of optical pulses at a 20 kHz repetition rate (b).

power of 1.5 W, is shown in figure 5(a). As can be seen,
overall the average power increases with repetition frequency.
An exception occurs below 30 kHz. In this case, during the
long time between modulation pulses, the amplification of the
doped fiber increases to a level sufficient to produce spurious
generation. This happens even when the modulator is closed.
This spurious generation can be observed in figure 5(b) when
the laser operates at 20 kHz. Between the two large generated
pulses we can observe five small pulses due to spurious
oscillation.

Figure 6 shows the pulse duration and the pulse energy
as a function of the repetition rate for a fixed wavelength
adjustment corresponding to the generation of laser lines at
1549.14 and 1549.54 nm. For these measurements, the pump
power was increased to 2 W. As is shown, the pulse energy
decreases with increasing repetition rate due to the decrease
of the energy stored in the doped fiber as the time between
consecutive pulses shortens. On the other hand, as can be seen,
the pulse duration increases as the repetition rate increases. At
a repetition rate of 100 kHz, the Q-switched laser generates
pulses with a duration of 0.55 us and an energy of 0.22 uJ
with an average output power of 20 mW measured at the 10%
coupler output.

T T T T T T T 7 0.50

0.60 - .

0.55- TN Fligg, 1024
« :/D hY
= 0.50- X 4040
c . / ©
[} [
T 0.45+ \ .4 10352
- \ 1 -
3
3 0.40] N / . g
o i Loso~
» - =
S 0.35- o2 D\ . k=
B %0 E/ ~A 10.25

Sl BN, e ]

0.25 to.20

T v T v T ¥ T v T T T v T v T v T
30 40 50 60 70 80 90 100 110

Repetition Rate (KHz)
Figure 6. Pulse duration (square points curve) and pulse energy

(triangle points curve) as a function of the repetition rate of the
tunable actively Q-switched laser.

4. Conclusions

We have demonstrated experimentally a dual-wavelength and
tunable actively Q-switched fiber laser with an Er’t/Yb’*
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double cladding fiber as the active medium. A PM-FBG
is used as the tunable spectral filter. Double- or single-
wavelength operation is determined by adjustment of a PC,
which also allows control of the separation between the two
lasing lines. The laser operates at repetition rates from 30 to
110 kHz with pulse durations of 280 ns and pulse energies
near 0.5 wlJ. For lower pulse repetition rates a spurious
generation appears between pulses. On the other hand, for
pulse repetition rates over 110 kHz the pulse generation
begins to decline because the limit of the AOM window is
reached.
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