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Abstract

®

CrossMark

An actively Q-switched double-wavelength Er/YD fiber laser is experimentally demonstrated.
The linear cavity is formed by a pair of fiber Bragg gratings on one side and a Sagnac
interferometer (SI) with high birefringence fiber in the loop on the opposite side. A 3m of
double-cladding Er/Yb-doped fiber used as a gain medium is pumped by a 978 nm laser diode.
The SI is used to adjust the internal cavity losses for simultaneous dual-wavelength laser
generation. The adjustment is performed by temperature variations of the high birefringence
fiber in the SI loop. The maximum average output power for the Q-switched laser operation

in dual-wavelength mode was around 68 mW with a repetition rate of 40kHz for 2W of pump
power. The minimum pulse duration was around 280 ns. The maximum pulse energy was

1.75u].
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(Some figures may appear in colour only in the online journal)

1. Introduction

Actively Q-switched fiber lasers have been attracting atten-
tion due their potential applications in different areas such
as LIDAR, remote sensing, medical systems and terahertz
generation, among others. The use of the active Q-switching
technique for pulsed laser operation allows higher energy
pulses and stability. These advantages increase with laser
designs based in all-fiber and integrated optics experimental
setups. Several free space or all-fiber laser designs have been
proposed for Q-switched lasers. They use fibers doped with

1612-2011/15/025102+6$33.00

different rare earth elements as gain medium and different
active Q-switching modulation optical devices [1-11]. Most
of the investigations use single mode fiber. On the other hand,
double-clad fibers (DCF) offer high conversion efficiency for
the generation of high-energy pulses, making them an attrac-
tive gain medium for pulsed fiber lasers [12—18]. Different
experimental setups of actively Q-switched fiber lasers using
Ho- and Tm-doped fibers, bismuth based Er-doped fiber and
DCEF have also been recently reported [16—19].

Nowadays, simultaneous dual-wavelength pulsed lasers
have been of interest due to their potential application in THz

© 2015 Astro Ltd  Printed in the UK
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Figure 1. Q-switched fiber laser experimental setup.
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Figure 2. SI output signal spectrum.

generation research and spectral analysis, among other fields.
Regarding dual-wavelength pulsed laser emission by using
active Q-switching techniques, a ring cavity dual-wavelength
fiber laser with wavelength spacing of 2.2nm [20], a cascade
configuration pulsed laser using Ho** doped fiber operat-
ing in the mid-infrared emitting at 3.005 and 2.074um [18]
and a linear cavity configuration using Er/Yb DCF as a gain
medium with tunable dual-wavelength laser generation [21],
have been reported previously.

In this letter, we present a stable actively Q-switched Er/
Yb DCEF laser with single and dual-wavelength laser opera-
tions by intra-cavity loss adjustment through the use of a
Sagnac interferometer (SI), applying temperature variations
on the high birefringence (Hi-Bi) fiber loop. For dual-wave-
length pulsed laser operation with wavelength separation
of 9.3 nm, the maximal achieved pulse energy of 1.75uJ is
obtained with pulse duration of 280ns at a repetition rate
of 40kHz.

2. Experimental setup

The proposed experimental setup is presented in figure 1.
The linear laser cavity is formed by a pair of fiber Bragg
gratings (FBG) on one side and a SI with Hi-Bi fiber in the
loop on the other side. The SI consists of a 50/50 coupler
with output ports connected by a 55cm Hi-Bi fiber with

birefringence of 4.125 x 107 and has a reflection spectrum
presenting a sinusoidal dependence on the wavelength. The
Hi-Bi fiber is placed on a Peltier cooler to control the tem-
perature of the Hi-Bi fiber and to shift the spectral depen-
dence of the SI [22]. Splices between Hi-Bi fiber and coupler
output ports are placed in mechanical rotation stages for
adjustment of the transmission spectrum contrast [22]. The
gain medium is a 3m long Er/Yb-codoped DCF pumped at
978 nm by a multimode high-power laser through a beam
combiner. For Q-switched laser operation, a fiber-pigtailed
acousto-optic modulator (AOM) is used. The FBGs with
central reflection wavelengths at 1547.3 and 1538 nm have
approximately 99% of maximum reflection. The 50/50 cou-
pler port 2 (output port) is used to measure the output laser
power and SI transmission spectrum with an OSA and also
the pulses are detected by a photodetector and are observed
on an oscilloscope.

3. Experimental results and discussion

With the mentioned characteristics, the SI reflection spectrum
is a sinusoidal function whose calculated period is 10.5nm
[22]. Figure 2 shows the spectrum of the output signal with
an ASE input signal obtained from the DCF when the pump
power is below the laser threshold. Measurements were per-
formed in the range between 1535 and 1560 nm by an OSA at
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Figure 3. Q-switched fiber laser optical spectrum measurement with single- and dual-wavelength operation.
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Figure 4. Pulses measured for single- and dual-wavelength laser operation modes. Electrical pulse (black line), single-wavelength
operation at 1547.3nm (red line) and 1538 nm (blue line), dual-wavelength (DW) operation (green line).

the temperature of the Hi-Bi fiber in the loop equal to 26.1°C.
The measured period is 10.43 nm. The SI was adjusted to have
maximum contrast between maximum and minimum trans-
mission. The wavelength separation between FBG central

reflections is around 9.3nm and the SI wavelength period is
10.43 nm; because these values are different, the ratio between
the SI reflection values at the two FBG wavelengths can be
varied, which in turn allows equilibrating the internal cavity
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Figure 5. Q-switched laser average power measurements with repetition rate variations for single- and dual-wavelength laser operations.
Single-wavelength operation at 1547.3nm (red line) and 1538 nm (blue line), dual-wavelength operation (green line).

losses to obtain dual-wavelength laser operation with the
proper SI spectrum wavelength displacement by fiber loop
temperature changes.

Figure 3 shows the optical spectrum of the Q-switched
fiber laser. Measurements were performed at the output port
with an OSA with 2W of pump power. As can be seen, sin-
gle- and dual-wavelength laser operation is achieved. The
operation mode is obtained by variation of the tempera-
ture of the Hi-Bi fiber in the SI loop. Single-wavelength
laser operation at 1538 nm corresponding to FBG1 peak
reflection is obtained at 26.53 °C; operation at 1547.3nm
corresponding to FBG2 is obtained at 25.68 °C. Stable dual-
wavelength laser emission with equal powers is achieved
at a temperature of 26.12 °C where cavity loss adjustment
allows simultaneous dual-wavelength laser emission. The
wavelength separation between simultaneously generated
laser lines is 9.3 nm.

Figure 4 shows the laser pulses which correspond to the
modes of operation presented in figure 3 with an electrical
pulse time window of 4 us (black line). As can be seen, the
pulse generated with ~2us delay time with respect to the
electrical pulse rising edge corresponds to the single laser
line operation at 1538 nm (blue line). The pulse shown at
3us of delay time corresponds to single-wavelength opera-
tion at 1547.3 nm (red line). For dual-wavelength laser emis-
sion the pulse appears with an intermediate delay time of
2.5us (green line). The delay time displacement depends on
the laser wavelength generated. The pulses have character-
istic shapes of pulses generated by the active Q-switching
technique.

Figure 5 shows the laser output powers as a function
of repetition rate from 40 to 75kHz. For single mode
operation at 1538 nm the measured average power lies in
a range from 59 to 78 mW and at 1547.3nm from 55 to
61 mW. For dual-wavelength Q-switched laser operation

the average power is in a range from 68 to 90 mW. These
results show that for dual-wavelength laser operation the
average power increases in comparison with single mode
operation.

Figure 6 shows pulse duration and pulse energy as a
function of the repetition rate for both single- and dual-
wavelength laser operation with a pump power of 2W. The
pulse energy decreases when the repetition rate increases due
to the decrease of the energy in the doped fiber as the time
between pulses shortens. At the same time, the pulse dura-
tion increases as the repetition rate increases. Measurements
were performed with a repetition rate in a range from 40 to
75kHz. Figure 6(a) shows the results for single-wavelength
operation at 1538 nm. In this case at the maximal repetition
rate of 75kHz the Q-switched laser generates pulses with
duration and pulse energy of 0.6us and 0.93ulJ, respec-
tively. For single-wavelength operation at 1547.3nm the
pulse energy of 0.75uJ and the pulse duration of 0.53 us are
obtained at the maximal repetition rate of 75kHz shown in
figure 6(b). Figure 6(c) shows the measurements for dual-
wavelength laser operation mode with pulse energies in a
range from 1.75 to 1.14J and pulse durations from 0.28 to
0.57 us are obtained in a repetition rate range from 40 to
75kHz, respectively. Pulse energy was estimated from aver-
age power and repetition rate measurements presented in
figure 5.

Figure 7 shows the measured output pulse train in the time
domain for dual-wavelength laser operation mode with a rep-
etition rate of 55kHz. The SI Hi-Bi fiber loop temperature
is adjusted to 26.1°C for equal power simultaneous dual-
wavelength operation as shown in figure 3. With a decrease
in the repetition rate, the laser pulses shift towards the electri-
cal pulse rising edge, while with an increase in the repetition
rate, the generated pulses shift to the electrical pulse falling
edge. For repetition rates lower than 40kHz and higher than
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Figure 6. Pulse duration (blue line) and pulse energy (black line) as
a function of the repetition rate for (a) single 1538 nm wavelength,
(b) single 1547.3 nm wavelength and (c¢) dual-wavelength operation.

75kHz, the laser pulses shift outside the time window generat-
ing unstable pulsed emission. Pulse train measurements show
stable actively Q-switched laser operation in a range from 40
to 75kHz.

4. Conclusions

In this letter, we have reported an actively Q-switched
pulsed Er/Yb double clad fiber laser with single mode and
simultaneous dual-wavelength laser operation using a SI
with Hi-Bi fiber in the loop. Single- and dual-wavelength
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Figure 7. Measured pulse train for actively Q-switched dual-
wavelength laser operation.

laser operation is achieved adjusting the internal cavity
losses by Hi-Bi fiber loop temperature variations. The SI
periodic transmission spectrum amplitude was adjusted for
a maximal contrast by fiber loop twist. The output power
achieved for Q-switched laser operation in dual-wavelength
mode is in a range from 68 to 90 mW, the pulse energy from
1.75 to 1.1uJ, the pulse duration from 280 to 500ns for a
repetition rate in a range from 40 to 75 kHz and a calculated
peak power from 6 to 2W.
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