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Abstract— We presented a passively Q-switched Tm3*-doped fiber laser using Cr?* : ZnSe
crystal as saturable absorber. By employing a crystal with 70% initial transmission, stable Q-
switched pulses with a repetition rate of 150.7 kHz and pulse duration of 160 ns were achieved at
the maximum pump power of 7.13 W. The obtained maximum output power of 1.32 W was also
the reported highest level from the Cr?* : ZnSe crystal based passively Q-switched Tm?t-doped
fiber lasers. Moreover, an 80% initial transmission Cr?t : ZnSe crystal was also employed to
compare. Stable Q-switched pulses with maximum output power of 0.96 W at a repetition rate
of 138.1kHz and pulse duration of 352 ns were obtained at the launched pump power of 4.19 W.
Further increasing of the pump power will lead to the unstable Q-switching regime.

1. INTRODUCTION

Pulsed lasers operating at 2 um eye safe wavelength region have attracted substantial attention
owing to their widespread applications in metrology, remote sensing, free-space communication,
time-resolved molecular spectroscopy, and mid-IR supercontinuum generation. Comparing to mode-
locking, Q-switching provided the potential of delivering high power and high energy pulses, and
more compact and flexible scheme would also be obtained if combining the preferred passively Q-
switching and the fiber laser. Until now, a variety of passively Q-switched fiber lasers around 2 pum
have been reported employing various saturable absorbers (SAs), e.g., semiconductor saturable
absorber (SESAM) [2], graphene [3-5] and Cr?** : ZnSe crystal [6-8]. In contrast to the other
SAs, Cr?T : ZnSe crystal was more favored in high power and high energy pulsed fiber lasers
because of its large damage threshold of 2.8 J/cm? [9]. J. K. Sahu et al. demonstrated a passively
Q-switched Tm3*-doped fiber laser with pulse energy and duration of 12 uJ and 16ns at 1822 nm,
respectively [6]. F. Z. Qamar et al. realized a 1.9 um single-clad passively Q-switched Tm?3*-doped
fiber laser producing pulse duration of 330 ns and peak power of 15 W [7]. Y. Tang et al. achieved
stable 2 pm passively Q-switching using a short double-clad Tm3*-doped fiber, pulse energy of over
14 wJ and pulse duration of 120 ns at a repetition rate of 53 kHz were obtained.

In this paper, we demonstrated a passively Q-switched Tm3*-doped fiber laser with Cr?* : ZnSe
crystals as the SA. Stable Q-switching regimes were both achieved using 70% and 80% initial
transmission Cr?t : ZnSe crystals, respectively. In the former case, maximum Q-switched pulse
power of 1.32W with pulse energy and duration of 8.74 uJ and 160 ns at a repetition of 150.7 kHz
were achieved. In the latter case, the stable Q-switching was finally terminated at the launched
pump power of 4.19 W yielding maximum output power of 0.96 W but free from crystal damage.

2. EXPERIMENTAL SYSTEM

The schematic diagram of Cr?* : ZnSe crystal passively Q-switched Tm3*-doped fiber laser was
shown in Figure 1. Two 793 nm diode lasers were used to pump the active fiber through a (24+1) x 1
pump combiner (ITF Canada). One signal port of the pump combiner was perpendicularly cleaved
to provide 4% feedback by Fresnel reflection and act as the output coupler. The other signal port
was spliced to a 3m double-clad Tm?3*-doped active fiber (Coractive, DCF-TM-6/125) which had
a hexagonal shaped inner cladding with a diameter of 125 um and a numerical aperture (NA) of
> 0.45. The core diameter and NA were 6 um and 0.23, respectively. The pump absorption co-
efficient at 790nm was 1.4 + 0.3dB/m. In order to avoid the parasitic lasing, the other end of
the Tm3T-doped fiber was cleaved at an angle of 8°. The laser beam from angle cleaved end was
collimated via an anti-reflection coated ZnSe objective lens and finally terminated by a broadband
Au-coated mirror. A confocal scheme including two same anti-reflection coated plano-covex CaFy
lens with focal length of 40 mm was inserted between the objective lens and the Au-coated mirror
along the light path. Then 70% and 80% initial transmission Cr?* : ZnSe crystals fabricated by
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Figure 1: Experimental setup of Cr?* : ZnSe crystal passively Q-switched Tm>*-doped fiber laser.

post-growth thermal diffusion of iron in polycrystalline ZnSe were introduced into the confocal
scheme, respectively. At the output end, another objective lens was employed to collimate the
output laser and a 2 um bandpass filter was used to block the residual pump. An InGaAs de-
tector (Photonic Solution ET-5000F) with response time of approximately 28 ps connected with a
500 MHz bandwidth digital oscilloscope was used to monitor the pulse train. An RF spectrum an-
alyzer (Advantest R3267) with resolution bandwidth of 10 Hz to 100 MHz was used to measure the
signal-to-noise ratio (SNR) of the pulses. A monochromator with scanning resolution of 0.005 nm
(Princeton instrument Acton SP2300) was used to measure the laser spectrum.

3. RESULTS AND DISCUSSION

Firstly, the Cr?* : ZnSe crystal with 70% initial transmission was employed. The oscillator started
to operate at continuous wave (CW) regime after reaching the launched pump power of 0.81 W. As
the pump power was increased to 1.5 W, stable Q-switched pulses were achieved with corresponding
pulse train and envelope shown in Figures 2(a) and (c), respectively. In this case, the obtained pulse
width and repetition rate were 198 ns and 21.4 kHz, respectively. The stable Q-switching regime
can be maintained to the maximum pump power of 7.13 W as shown in Figures 2(b) and (c), with
an increasing repetition rate of 150.7kHz and decreasing pulse duration of 160ns. Figure 3(a)
shows the measured spectrum of Q-switched pulses at the maximum launched pump power of
7.13W. The center wavelength and FWHM bandwidth were 1985 nm and 15.3nm, respectively.
Figure 3(b) shows the measured radio frequency (RF) spectrum of the pulse train at a scanning
span of 140 kHz and a resolution of 100 Hz. Such high SNR of 56 dB indicated the stable Q-switched
operation of this laser.
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Figure 2: Q-switched pulse train at the launched pump power of (a) 1.5 W, (b) 7.13 W, and (c) their single
pulse envelopes.
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Figure 3: (a) Measured optical spectrum and (b) RF spectrum at the launched pump power of 7.13W.
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The measured repetition rate and pulse duration as a function of launched pump power were
shown in Figure 4(a). It is observed that the repetition rate increased almost linearly from 21.4 kHz
to 150.7kHz as the launched pump power increased from 1.5W to the maximum of 7.13W. On
contrary, the pulse duration decreased as the increased pump power as a result of strengthened
cavity net gain which matched well with the typical Q-switched pulses evolution [10-12]. However,
the speed of pulse narrowing was dramatically slowed down after arriving at the pump power of
~4 W due mainly to the fully saturable Cr?* : ZnSe crystal hence the dependence of the duration
on the pump was weakened. Figure 4(b) shows the pulse power and energy as a function of the
launched pump power. It was observed that the pulse power increased near linearly as the pump
power and maximum output power of 1.32 W was achieved at a slope efficiency of 20.1%. The
pulse energy also increased near linearly with pump power at the beginning, and then tended to
saturate once the pump power was larger than ~4 W as a result of full saturation of the Cr?* : ZnSe
crystal. During the available pump range, the pulse energy increased from 7.58 wJ to 8.74 uJ as
the launched pump power was increased from 1.5 W to 7.13 W. Note that the saturation energy of
the active fiber was calculated to be 15.7 uJ according to the saturable energy formula which was
far beyond the measured value in this case. It indicated that the pulse energy was only limited by
the Cr?* : ZnSe crystal and further energy improvement was also expected if Cr?* : ZnSe crystal
of higher concentration was employed.

Then, an 80% initial transmission Cr?* : ZnSe crystal was employed to replace the previous one
in order to further increase the pulse power as a result of lower cavity insertion loss. The similar
pulse evolution as the pump power as before was observed. However, after the pump exceeding the
launched pump power of 4.19 W, the stable Q-switched pulses in this case tended to become unstable
as shown in Figure 5 until the maximum launched pump power of 7.13 W. If re-adjusting the pump
power down to 4.19 W, stable Q-switching re-appeared indicating the Cr?* : ZnSe crystal was free
from damage. At this launched pump power, broader pulse duration of 352 ns, higher repetition rate
of 138.1 kHz, lower pulse energy of 6.92 uJ with respect to that employing 70% initial transmission
Cr?t : ZnSe crystal at the same pump level were achieved with maximum pulse power of 0.96 W
at a slope efficiency of 25.8%.
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Figure 4: (a) The repetition rate and pulse duration, and (b) the output power and pulse energy of the
Q-switched Tm3*-doped fiber laser as a function of the launched pump power.
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Figure 5: The unstable Q-switched pulse train after the launched pump power of 4.19 W.
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4. CONCLUSIONS

In conclusion, we have realized passively Q-switched Tm3*-doped fiber lasers employing 70% and
80% initial transmission Cr?* : ZnSe crystals as the saturable absorber, respectively. In the former
case, the pulse duration of 160 ns, pulse energy of 8.74 uJ, repetition rate of 150.7 kHz were achieved
at the maximum launched pump power of 7.13 W. The obtained slope efficiency and largest output
power were 20.1 % and 1.32 W which was also the highest level generating from the Cr?* : ZnSe
crystal based passively Q-switched Tm3*-doped fiber lasers. In the latter case, though stable Q-
switching was terminated at the launched pump power of 4.19 W, broader pulse duration, lower
pulse energy, higher repetition rate, higher output power and slope efficiency were gained compared
to that using the 70% initial transmission Cr?t : ZnSe crystal at the same pump level. Thus if
Q-switched pulses of higher output power and slope efficiency were expected, higher initial trans-
mission Cr’* : ZnSe crystal though not benefitting the initiation of Q-switching was preferred.
On contrary, lower initial transmission Cr?>* : ZnSe crystal was recommended in order to obtain
narrower and higher energy Q-switched pulses. Moreover, further pulse narrowing was also possible
if shorter cavity was selected, and improved ion concentration of the active fiber was necessary in
order to provide enough total cavity gain. The above conclusions can be shifted to crystal-based
passively Q-switched fiber lasers operating at other wavelength regions as well, e.g., Co?T : ZnSe
crystal based Er®t-doped silica fiber lasers, Fe?* : ZnSe crystal based Ho3*- or Er®*-doped ZBLAN
fiber lasers, etc..
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