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Abstract: We demonstrate a triple-wavelength thulium-doped fiber random laser using a 10 cm
long random fiber grating to provide random distributed feedback and a superimposed fiber Bragg
grating as the wavelength-selective mirror. The random fiber grating inscribed in single-mode fibers
using a femtosecond laser provides strong random distributed feedback that avoids the use of long
distance fibers and leads to a relatively low threshold power. Triple-wavelength random laser output
at wavelengths of 1943.6, 1945.0 and 1946.3 nm was achieved with a relatively low threshold power of
2.01 W, a slope efficiency of 7.86% and a maximum output power of 151.8 mW when it was pumped
using a 793 nm laser diode. The 3 dB linewidth was less than 0.1 nm and the optical signal-to-noise
ratio was up to 45.6 dB. Good wavelength stability was achieved, which was attributed to the narrow
band and stable reflection of the superimposed fiber Bragg grating. The time-domain characteristics
of the laser output were also measured and analyzed, and some random self-pulsing caused by
relaxation oscillations were observed.

Keywords: random fiber laser; thulium-doped fiber; random fiber grating; superimposed fiber
Bragg grating

1. Introduction

Random fiber lasers (RFLs) have been extensively investigated in the past decade
for their unique features of random lasing and potential applications in several areas
including fiber sensing, fiber communications, speckle-free imaging, etc. [1-5]. To build
a RFL, random distributed feedback is the most important technology that in most of
the reported RFLs is based on the random distributed backward Rayleigh scattering in
a long optical fiber [6-9]. To get the optical signal amplified, stimulated Raman [10,11]
or Brillouin [12-14] scattering effects or other gain mechanisms [15,16] in optical fibers
are usually used. However, due to the small coefficient of Rayleigh scattering in optical
fibers, the length of the fiber required may be up to tens of kilometers which introduces
relatively large transmission loss and high cost [7,8,10-12,15,16]. Specially designed optical
fiber gratings or grating arrays have been developed to shorten the fiber length of RFLs
and suppress the threshold power by providing random distributed feedback with a much
higher efficiency [17-22].

Fiber lasers operating at a 2 pm wavelength band have attracted lots of research interest
in recent years. They possess many advantages including an eye-safe laser wavelength and
low atmospheric transmission loss, showing great potential for many fields such as medical
surgery, lidar, free-space optical communication, remote sensing, gas detection, etc. [23-27].
To achieve RFLs at a 2 um region, thulium-doped fibers (TDFs) or highly GeO,-doped silica
fibers were used as the gain medium, and the random feedback mechanism was usually
Rayleigh scattering in long single-mode fibers (SMFs) or ultra-high numerical aperture
passive fibers [28-30]. Compared with the commonly used SMFs, the highly GeO,-doped
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silica fibers have relatively low transmission loss and high Raman gain coefficient in the
2 um wavelength band [31-33]. However, the weak Rayleigh scattering in these fibers still
caused long fiber length and high pump threshold in the reported 2 pm RFLs. Moreover,
these studies mainly focused on single wavelength lasing and multi-wavelength lasing was
rarely studied.

In this work, we demonstrate a triple-wavelength TDF random laser using a 10 cm
long random fiber grating (RFG) to provide the random distributed feedback and a superim-
posed fiber Bragg grating (SFBG) as the wavelength-selective mirror. A triple-wavelength
random laser output with a 3 dB linewidth less than 0.1 nm and optical signal-to-noise ratio
(OSNR) up to 45.6 dB was obtained under the pump of a 793 nm laser diode. The threshold
pump power was 2.01 W and the maximum output power reached 151.8 mW with a slope
efficiency of 7.86%. The time-domain characteristics of the laser output were also studied.

2. Experimental Setup

A schematic diagram of the proposed triple-wavelength TDF random laser is shown in
Figure 1. A 1.2 m-long double-cladding TDF (Nufern, SM-TDF-10P/130-HE) was pumped
by a 793 nm laser diode (LD) through a 793/2000 nm wavelength division multiplexer
(WDM). The RFG was fusion spliced to the signal port of the WDM to provide random
distributed feedback and the SFBG was connected to the end of the TDF to reflect the
selected wavelengths. The laser output was guided out from the left end of the RFG. Both
ends of the RFL fibers were fusion spliced to angle-polished connectors to avoid Fresnel
reflections from the fiber ends. The mode field diameter, numerical aperture and the
absorption coefficient at 793 nm of the TDF were 10 pm, 0.15 and 3.6 dB/m, respectively.
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Figure 1. Experimental setup of the triple-wavelength TDF random laser.

The RFG used in this work was 10 cm long with ~6000 randomly spaced refractive
index modulation points, which were inscribed point-by-point in a SMF along the length of
the fiber using a Ti:Sapphire laser operating at 800 nm with a repetition frequency of 100 Hz
and pulse duration of 80 fs [22]. The modulation points enhance the non-uniformity of the
refractive index and lead to strong backward Rayleigh scattering in the SMF [34]. Figure 2
shows the measured reflection and transmission spectra of the RFG. Since the grating
period was randomly distributed, there was no obvious reflection peak or transmission dip
observed, except for several absorption lines of water molecules that could not be removed
from the measurement. The measured power level of the reflection spectrum was ~5.2 dB
higher than that of the transmission one because it was amplified before measurement. The
power level before amplification was too low due to the relatively low level of the source
power and the high insertion losses of the RFG, 5.3 4 0.2 dB, and fusion splice points,
~2 dB, in the range of 1940 to 1950 nm.

The SFBG with the transmission spectrum shown in Figure 3 contains three reflection
peaks at wavelengths of 1943.6, 1945.0 and 1946.3 nm with different reflectivities of 90%,
87% and 79%, and 3 dB bandwidths of 0.27, 0.28 and 0.25 nm, respectively. The SFBG was
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fabricated by inscribing fiber Bragg gratings three times at the same fiber location through
the same phase mask but applying three different stretching forces. The stretching forces
generated different strains on the fiber during the three grating inscription processes so
different reflection wavelengths were achieved after the stretching forces were released.
The output spectrum of the RFL was measured using an optical spectrum analyzer (OSA,
AQ6376, Yokogawa, Japan) with a wavelength resolution of 0.1 nm. The output power
was monitored with an optical power meter (OPM, PM320E, Thorlabs, Newton, NJ, USA)
and the time-domain characteristics of the laser output were measured using a 25 MHz
photodetector (PD, PDA10D2, Thorlabs, Newton, NJ, USA) and an oscilloscope (OSC,
MS08204, Rigol, China).
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Figure 2. Reflection and transmission spectra of the random fiber grating.
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Figure 3. Transmission spectrum of the superimposed fiber Bragg grating.

3. Experimental Results and Discussion

We increased the pump power gradually from zero and observed the output spectrum
of the RFL. Figure 4 shows the evolution of the emission spectra recorded at different
pump powers and Figure 5 shows the power variations of the three lasing peaks with
pump power. When the pump power was below 2.01 W, no random lasing was observed
but only the SFBG reflected amplified spontaneous emission peaks of the three FBGs that
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increased linearly with pump power. When the pump power reached 2.01 W, lasing started
from the generation of stochastic pulses with amplitudes higher than the quasi-stationary
background. Several discrete narrow spikes with different peak intensities were observed
at around 1946.3 nm, resulting in a large increase in the peak power. With further increasing
pump power, the stochastic narrowband components were broadened and superposed
gradually. They finally merged into a single smooth and stable narrowband laser output.
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Figure 4. Output spectra of the RFL measured at various pump powers.
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Figure 5. Power variations of the three lasing peaks with pump power.

Some discrete random narrow spikes appeared at around 1945.0 nm and then at
around 1943.6 nm when the pump power was increased to 2.13 and 2.56 W, respectively.
Their evolutions with increasing pump power were the same as those generated at the first
lasing peak of 1946.3 nm. They were gradually broadened and superposed to form two
relatively stable and smooth peaks at higher pump powers. At the same time, the optical
power of the formed smooth laser peak increased gradually with pump power. When the
pump power reached 2.7 W, the three lasing peaks were observed simultaneously at 1943.6,
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1945.0 and 1946.3 nm, respectively. The measured laser spectrum is shown in Figure 6. The
3 dB linewidths were 0.081, 0.099, and 0.083 nm, respectively, and the OSNRs for the lasing
peaks were 45.6, 43.3 and 44.9 dB, respectively.
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Figure 6. Output spectrum of the RFL at pump power of 2.7 W.

When the pump power was further increased, the intensity of the laser peak at
1946.3 nm started to decrease, while the intensity of the other two peaks at 1943.6 and
1945.0 nm kept increasing. The laser peak at 1945.0 nm reached the maximum intensity
at a pump power of 2.8 W. Conversely, the output lasing peak at 1946.3 nm became quite
low and separated into several random narrow spikes at a pump power of 2.9 W. The
spikes disappeared when the pump power was further increased to 2.91 W, leaving only
the smooth reflection peak of the SFBG at 1946.3 nm. When the pump power was increased
further, the laser peak at 1945.0 nm gradually decreased and then separated into narrow
spikes, and disappeared when the pump power increased to 3.23 W. Only the lasing peak
at the shortest wavelength of 1943.6 nm continued to grow when the pump power was
increased from 3.23 W to 4.0 W. The other two peaks shrank during this phase.

The emergence and instability of the discrete random narrow spikes at different lasing
peaks were mainly caused by the cooperative stimulated Brillouin backward scattering
and Rayleigh backward scattering processes, as well as by the gain competition between
different lasing modes including both the localized and extended modes [35-38]. The
output spectrum gradually became stable and smooth with the increase in pump power.
This might arise from spectrum broadening caused by nonlinear optical effects, such as
four-wave mixing, self-phase and cross-phase modulation, etc., in the fiber [39,40]. The
order of generation and changes in intensity of the three lasing peaks in the evolution
of the laser spectrum were caused by wavelength variations of the gain peak of the TDF
with pump power [41,42]. When the pump power was low, the TDF gave the maximum
gain at the long wavelength side of the three reflection peaks of the SFBG, so the emission
generated first at the longest wavelength peak. The peak gain wavelength shifted towards
the short wavelength direction with pump power, thus the intermediate and the shortest
wavelength peaks started to emit in turn at relatively higher pump powers. When the
pump power was further increased and the gain peak of the TDF was sulfficiently shifted to
the short wavelength side, the laser emission became weak from the longest wavelength
peak in turn and then stopped.

Figure 7 shows the measured laser output power vs. pump power. It can be seen that
the output power increased linearly with the pump power once it exceeded the threshold
of 2.01 W. The laser achieved a maximum output power of 151.8 mW at a pump power
of 4.0 W. The slope efficiency was 7.86%. Compared with the previously reported TDF
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random laser using a 200 m-long SMF as the random distributed feedback media, our laser
gave the close slope efficiency but much lower threshold power, ~57% of that in [29].
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Figure 7. Optical output power of the RFL vs. pump power.

To test the stability of the triple-wavelength RFL achieved at a pump power of 2.7 W,
we measured the RFL’s output spectra every 5 min using the OSA and recorded the laser
output power once per second using the OPM within a one-hour period. Figures 8 and 9
show the measured results for peak wavelengths and laser output power vs. time, respec-
tively. It can be seen that the laser peak wavelengths were very stable with a maximum
wavelength shift of 0.08 nm. The measured laser output power was 17.07 &= 0.20 dBm.
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Figure 8. Stability measurement results of the triple-wavelength RFL.

In order to investigate the temporal characteristics of the RFL lasing output, we
recorded the time-domain traces using the 25 MHz photodetector and the oscilloscope
and used the value of the std/mean (standard deviation divided by mean) to characterize
the time dynamics. The measured results are shown in Figure 10. When the pump power
exceeded the lasing threshold, many random self-pulsing phenomena with different peak
intensities were observed with a std/mean value of 0.3740. The random self-pulsing
phenomena with different intensities may be caused by relaxation oscillations and excited-
state absorption of the active fiber under nonuniform pumping [43-45]. Under continuous
pumping, the gain and the Q-value of the cavity were recurrently driven up and down by
the stimulated Brillouin scattering process [28], and the peak amplitude and repetition rate
of these random self-pulsing became larger with increasing pump power. The three insets I,
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IT and III in Figure 10 show the Fourier transform spectra of the three time-domain traces. It
can be seen that the dominant repetition rates were ~52, 119 and 162.5 kHz at pump powers
of 2.3, 2.7 and 4 W, respectively, though the frequency components were complex. When the
pump power was sufficient to indirectly saturate the level of absorption, a continuous train
of pulses or oscillations generated by the saturation absorption could be dampened [46],
thus only some periodic pulse clusters were observed in Figure 10b,c. The modulation
rates were about 7 and 6 kHz in these two cases. The std/mean between the self-pulsing
intensity became smaller when the pump power was 4.0 W compared to that of 2.7 W. This
may also be related to the reduction in the number of lasing peaks as there must be a large
number of spatially overlapping lasing modes in each laser peak.
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Figure 9. Measured output power of the triple-wavelength RFL vs. time.
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Figure 10. Time-domain measurement results of the RFL output at different pump powers. (a) Pump
power 2.3 W; (b) pump power 2.7 W; (c) pump power 4.0 W. The insets (I), (IT) and (III) show the
Fourier transform spectra of the corresponding time-domain traces.
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4. Conclusions

A triple-wavelength TDF random laser has been demonstrated by using a femtosec-
ond laser-inscribed random fiber grating to provide random distributed feedback and a
superimposed fiber Bragg grating as the wavelength-selective mirror. A triple-wavelength
random laser output with a 3 dB linewidth less than 0.1 nm and OSNR up to 45.6 dB was
achieved using a 793 nm pump laser diode. The threshold pump power was 2.01 W and the
maximum output power reached 151.8 mW with a slope efficiency of 7.86%. The random
fiber grating was only 10 cm long but provided strong random distributed feedback, avoid-
ing the use of long-distance feedback fibers in the random laser. The triple-wavelength
random fiber laser showed good wavelength stability thanks to the stable narrow-band
reflection of the superimposed fiber Bragg grating. The time-domain measurement results
showed that the laser output contained lots of self-pulsing with nonuniform intensities
and changeable repetition rate depending on pump power, which may have significant
potential in producing self-switching mid-infrared laser pulses.
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