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We report the experimental investigation of an all-fiber multi-wavelength passively Q-switched Er/Yb laser
with simultaneous gain-switched pulsed operation by using a thulium-doped fiber as a saturable absorber.
Laser emission is obtained in three wavelength regions with central peaks at around 1546 nm, 1561 nm, and
1862 nm. Multi-wavelength emission with separation of approximately 1 nm is obtained around the wavelength
regions of 1546 nm and 1561 nm. Stable laser pulses are generated in the pump power range from 3.6 W to

7.3 W. © 2019 Chinese Laser Press

https://doi.org/10.1364/PRJ.7.000608

1. INTRODUCTION

Fiber lasers operating in wavelength regions of 1.5-pm and
2-pm have attracted great attention because of their potential
applications in many research areas and industries such as
medical surgery [1-3], optical communications [4], material
processing [5], sensing and lidar [6,7], and spectroscopy [8],
among others [9,10]. Among the techniques used to produce
a pulsed light emission, Q-switching is one of the most
preferred [11-19]. Q-switched fiber lasers can be designed
to generate high-energy optical pulses with durations in the
nanosecond range, which can be obtained by implementing
both passive and active methods. In the last decade, passively
Q-switched (PQS) operation of fiber lasers has been achieved
by using un-pumped rare-earth-doped and co-doped fibers
as fiber saturable absorbers (FSAs). This passive technique
allows designing simple all-fiber laser systems [20]. In this tech-
nique, the laser configurations maintain advantages of cost-
effectiveness, high efficiency, and free maintenance; in addition,
no intra-cavity components are needed, which makes them
compact and simple. Moreover, in recent years, gain switching
(GS) has become a promising effective technique to obtain
short high-energy laser pulses. GS laser operation is achieved
by laser gain on—off commutation when a modulated pump
source is used [21]. Then, the characteristics of the pulsed laser
emission can be controlled, since the pulsed pump source
directly modulates population inversion in the energy levels
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of the gain medium [20]. In this regard, Q-switching lasers,
used as pump sources, allow the generation of GS laser pulses
to achieve pulsed high-energy light emission in the 2-pm re-
gion. Because of the different absorption bands of a Tm-doped
fiber (TDF), GS laser emission near the 2-pm waveband can
be achieved with a TDF laser ('DFL) with a modulated pump
source at different operation wavelengths. Taking advantage of
the in-band pump and absorption characteristics of the TDF,
fast transition from *Hy energy level to the *F; upper laser level
can be reached. As a result, the cavity gain is switched on and
off almost at the same time as the pump pulse [22], where
stable GS laser pulse trains can be obtained, as reported in
Refs. [23-26]. GS laser operation has been demonstrated by
using a 1.55-pm modulated pump source, from which the
shortest GS pulse of 10 ns was obtained in a scheme including
a 20-cm-long TDF as the gain medium [23]. Approaches with
simultaneous GS and mode-locking (ML) operation in Tm/Ho
co-doped fiber laser configurations also have been reported
[10,20]. Recently, our research group demonstrated a fiber
laser setup with simultaneous Tm?T PQS and Ho’* GS
operation [27].

In this paper, we experimentally demonstrate simultaneous
PQS and GS operations of a fiber laser by using an Er/Yb
double-clad fiber (EYDCF) and a TDF within the same linear
cavity. Stable PQS pulses in the 1.55-pm wavelength region
and GS pulses in the 1.8-pm region are obtained. The TDF
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acts as an FSA to obtain PQS operation at 1.55-pm and simul-
taneously as gain medium to obtain GS laser emission in the
1.8 pm wavelength range. Thus, the PQS laser emission acts as
a modulated pump source to generate Tm?** GS laser pulses.

2. EXPERIMENTAL SETUP

Figure 1 shows the experimental setup of the proposed PQS
fiber laser with simultaneous GS operation based on a TDF
FSA. The gain medium is a 3-m-long EYDCF (Nufern,
SM-EYDEF-6/125-HE) with core diameter of 6.0 pm, NA of
0.21, and cladding diameter of 125 pm. The EYDCF was
pumped by a multi-mode pigtailed laser source at 976 nm
through a (2 4+ 1) x 1 pump combiner. The maximum pump
power launched through the EYDCF was 8 W. The linear
cavity was limited on each side by fiber loop mirrors (FLMs),
used as reflectors. The FLMs were constructed by interconnect-
ing the output ports of an optical coupler (OC). FLM1 was
based on a 50/50 coupler and FLM2 on a 90/10 coupler, with
reflectivities of 99% and 36%, respectively, in the 1550 nm
wavelength region. With the same couplers in the 1.8-pm
wavelength region, the measured reflectivities were 95% and
42%, respectively. A 1.3-m-long TDF segment (CorActive,
SCF-TM-8/125) with core diameter of 8 pm, NA of 0.17, and
cladding diameter of 125 pm acted as an FSA to obtain PQS
EYDCEF laser operation and, simultaneously, as a gain medium
to achieve GS laser emission in the 1.8-um wavelength range.
The unconnected port of the FLM2 was used as laser output.

The output laser pulses were detected by two photodiodes,
one for the 1.55-um region (Thorlabs DET01CFC, 1.2-GHz
bandwidth and <1 ps rise/fall time) and the other for the 2-um

region (Thorlabs DET05D, wavelength range 900-2600 nm
and 17 ns rise/fall time). The output pulses were monitored by
a real-time 2.5-GHz bandwidth oscilloscope. The laser output
spectrum was measured by an optical spectrum analyzer (OSA,
Yokogawa AQG6375) with scanning range from 1200 nm to
2400 nm and maximal resolution of 50 pm. In order to verify
the presence of pulses for multiple generated laser lines in the
2-pm region, a monochromator with resolution of 0.2 nm was
used as a wavelength filter.

3. RESULTS AND DISCUSSION

Figure 2(a) shows the setup used to characterize the nonlinear
absorption of the TDF-SA. This configuration is based on the
average power detection by a balanced twin detector. The input
source is a homemade mode-locked erbium-doped fiber laser
(MLFL) with central wavelength at 1560 nm, repetition rate
of 18 MHz, and pulse duration of 0.5 ps. The MLFL included
an amplification stage. A variable optical attenuator (VOA) was
used to vary the input optical power from the pump source.
The signal from the 10% output port of a 90/10 coupler was
used as reference, whereas the 90% coupler port was spliced
to TDF-SA. We measured the transmitted power through
the TDF-SA. The optical transmittance was obtained as a ratio
between average powers at the TDF-SA output and input. The
result and the corresponding fitting curve as a function of
average pump power are shown in Fig. 2(b). The modulation
depth and non-saturable loss were measured as 18% and 37%,
respectively.

Figure 3 shows the optical spectrum and output laser
pulses of the simultaneous PQS and GS laser operation.
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Fig. 1. Schematic of the proposed passively Q-switched and gain-switched fiber laser.
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Fig. 2. (a) Experimental setup for nonlinear absorption measurement of the TDF-SA and (b) nonlinear characterization of the TDF-SA.
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The measurements were obtained with a pump power of 4.9 W.
As can be observed in Fig. 3(a), dual-wavelength Q-switched
laser operation with central wavelengths of 1546 nm and
1561 nm is observed in the 1.55-pm region. Simultaneously,
single GS laser emission with a central wavelength of 1862 nm
is generated. Zoomed views of both PQS laser wavelengths
[Figs. 3(b) and 3(c)] reveal multi-wavelength laser emission
of each laser line. For the PQS laser line generated at 1546 nm,
four laser lines with central wavelengths at 1544.42 nm,
1545.29 nm, 1546.11 nm, and 1546.98 nm are observed
[Fig. 3(b)]. For the laser line at 1561 nm, four laser emissions
at 1559.56 nm, 1560.35 nm, 1561.14 nm, and 1561.89 nm are
observed [Fig. 3(c)]. We attribute the generation of multiple
wavelengths to the filtering effect of the multimode 1550 nm
TDEF spliced between single-mode fibers. Light entering from
single-mode to multimode fiber can excite several modes in
the multimode fiber, where the modes travel with different
wavenumbers and come to the end of the multimode fiber with
different phases. The efficiency of the light coupling from the

multimode fiber to the single-mode depends on the relation
between phases, resulting in the comb-like dependence of the
transmission on the wavelength. TDF (core radius of 4 pm
and core NA of 0.17) supports multiple modes at 1.55 pm,
as can be evaluated by its calculated normalized frequency of
2.756. Figure 3(d) shows the output spectrum measured at
the output port with pump power of 350 mW (below the lasing
threshold). The comb output spectrum with a wavelength
period of ~0.79 nm is observed. This value corresponds well
with the calculated value given by A1 = 12/ Aneg L [28], where
A is the lasing wavelength, and L is the length of the TDF. The
laser pulses of the multi-wavelength EYDCF PQS and the sin-
gle-wavelength TFD GS laser emission are shown in Fig. 3(e).
We use for pumping of Tm ions the transition from the base
level Hy to the first level 3F,. The lifetime of the first level
is of ~335 ps [29,30], which is much shorter than the lifetime
of Erions, allowing giant pulse generation with periods of tens of
microseconds. The measured pulses were obtained with a pump
power of 4.9 W by using two different InGaAs photodetectors,
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Fig. 3. Optical spectra and pulses of the QS and GS fiber laser. (a) Spectrum of EYDCEF laser QS centered at 1546 nm and 1561 nm and GS at
1862 nm. (b) Corresponding multi-wavelength first laser line. (c) Corresponding multi-wavelength second laser line. (d) Transmission through the
multi-mode TDF to single-mode fiber arrangement. (e) Trains of pulses measured with two photodetectors.
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one optimized for the 1.5-pm region and other for the 2-pm
region. With the 1.5-pm photodetector (red line), a four-pulse
PQS laser regime, which corresponds to the four laser lines gen-
erated around 1546 nm, is observed [see Fig. 3(b)]. The four
pulses corresponding to the four laser lines at 1560 nm [see
Fig. 3(c)] overlap in the fourth pulse, at which they are
synchronized. By comparing this measurement with that ob-
tained by using a 2-um photodetector (blue line), the pulse gen-
erated by the GS is observed as a fifth pulse.

In order to verify the generated PQS pulses corresponding to
each multi-wavelength laser line, a monochromator was used as
a wavelength filter. Figure 4 shows the pulses corresponding
to filtered wavelengths of 1544.42 nm, 1559.56 nm, and
1862 nm. The results were obtained with a pump power of
4.9 W. Single-shot measurements were obtained at the output
of the monochromator. In order to compare, the filtered results
(red line) were overlapped with unfiltered measurements (blue
line) as reference. Figure 4(a) shows the laser pulses for the laser
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Fig. 4. Drofiles of the pulses filtered and unfiltered with the monochromator. (a) 1544.2 nm, (b) 1559.56 nm, and (c) 1862 nm.
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line at 1544.42 nm. A single pulse emission with 42.3 kHz
repetition rate is observed. Figure 4(b) shows the measured
pulse trains corresponding to the laser line at 1559.56 nm,
where stable PQS laser pulses corresponding to the fourth pulse
of the unfiltered pulses are observed. Finally, Fig. 4(c) shows the
output pulse characteristics corresponding to GS pulses gener-
ated at 1862 nm. The 2-pm detector was placed at the output
of the monochromator; since it detects wavelengths only up to
1.6 pm, the blue line does not match the 1862-nm laser line.
The red line corresponds to the laser line at 1862 nm.
Figure 5 shows the pulse trains for different pump
powers, corresponding to the generated laser wavelengths at
1544.42 nm, 1559.56 nm, and 1862 nm, filtered with the
monochromator. The measurements were obtained in a pump
power range from 3.6 W to 7.3 W. As can be expected from
typical PQS laser pulses, with the increase in pump power, the
repetition rate and peak power increase as the pulse duration
decreases. Figure 5(a) corresponds to the laser line generated at
1544.42 nm. A small pulse on the right corresponding to the

wavelength of 1544.42 nm is observed due to the resolution of
the monochromator, which does not completely block this
wavelength. Figure 5(b) shows the pulse trains corresponding
to the laser wavelength at 1559.56 nm. Figure 5(c) shows the
GS pulses at 1862 nm. As can be expected from GS laser
generation, the pulses are synchronized with the EYDCF
PQS pulses, which act as a pulsed pump source to generate
TDF GS pulses.

In accordance with PQS laser operation, the four pulses in
the 1.55-pm waveband observed in Fig. 4 (blue line) are sepa-
rated by a time interval Az; then, if the pump power is increased,
the repetition rate increases as the separation between each
pulse decreases in time intervals of Az, At,, and Az; from
¢t = 0, as reference, as shown in Fig. 6. The temporal separations
Aty =477 ps, Aty =9.21 ps, and Arz = 13.61 ps, ob-
tained with minimum pump power launched, decrease to
2.96 ps, 5.8 ps, and 7.44 ps, respectively, for maximum pump
power.

Figure 7 shows the pulse duration and repetition rate as
functions of the pump power in the range of 3.6 W to
7.3 W. As can be observed in Fig. 7(a), with the increase in
pump power, the pulse duration decreases from 0.6 ps to
0.41 ps, 0.62 ps to 0.41 ps, 0.92 ps to 0.73 ps, 1.21 ps to
930 ns, 1.94 ps to 1.82 ps, 2.06 ps to 1.77 ps, 2.24 ps to
1.77 ps, 2.17 ps to 1.78 ps, and 1.42 ps to 0.94 ps for
1544.42 nm, 1545.29 nm, 1546.11 nm, 1546.98 nm,
1559.56 nm, 1560.35 nm, 1561.14 nm, 1561.89 nm, and
1862 nm, respectively. The maximal repetition rate of
75.77 kHz is obtained when the maximum pump power of
7.3 W is launched, as shown in Fig. 7(b). When the pump
power increases, the pulse repetition rate increases from
43.13 kHz to 75.77 kHz. As can be seen, the repetition rate
is the same for the nine generated laser wavelengths.

Figure 8 shows the blue fluorescence observed in operating
the GS TDF laser. The blinking starts at a pump power of
7.5 W [Fig. 8(a)]. At this pump power level, the blinking fluo-
rescence begins at low frequency and intensity. If the pump
power increases to 7.75 W and 7.98 W, the repetition
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Fig. 7. Characteristics of the PQS and GS laser operation. (a) Pulse duration versus pump power and (b) repetition rate versus pump power.
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Fig. 8. Blinking of TDF with different pump powers of (a) 7.5 W,
(b) 7.75 W, and (c) 7.98 W.

rate and intensity of the blue fluorescence blinking increase,
as shown in Figs. 8(b) and 8(c), respectively. The 'Gy level
is responsible for the blue fluorescence observed in the operat-
ing of TDFLs [29-31]. One possible way to excite this level
is as follows. In our case, using a pump in the 1550 nm range,
we excite the °F4 and with a two-photon process can excite the
SHy level. Then from the *Hy, ions can be excited to the °F, 3
levels by photons in the 1800 nm range, and finally to the Gy
level by photons with wavelength in the 1600 nm range. This
method requires high pump and signal powers. However, to
understand the observed phenomenon, more detailed studies
need to be conducted that go beyond the content of the
present paper.

4. CONCLUSION

In this work, we have experimentally demonstrated simultane-
ous PQS and GS operations of a fiber laser in the same linear
cavity, where the Er/Yb PQS pulsed laser emission acts as
pulsed pump power to generate GS laser pulses in the 1.8 pm
wavelength range and the Tm-doped fiber is the saturable
absorber for the PQS, and the gain medium for the GS laser
emission. The PQS-GS fiber laser generates dual wavelengths
with two peaks at ~1.55 pm corresponding to the PQS laser
and a third peak around 1.8 pm corresponding to the GS laser.
The PQS spectra are two like-envelope forms that contain
fourth peaks that generate fourth laser pulses. These laser pulses
were filtered in order to identify each one and to know their
characteristics. The Q-switched laser pulses serve to trigger the
gain-switched laser pulses and produce a stable pulse train with
a repetition rate from 43 kHz to 76 kHz and pulse duration on
the order of hundreds of nanoseconds to some ps with a pump
power range from 3.6 W to 7.3 W. Also, we show that with the
further increasing pump power >7.3 W, the fiber starts
to blink.
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