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Mid-infrared all-fiber gain-switched pulsed laser
at 3 um

Xiaojin Zhang, Weiwei Li, Jin Li, Huiying Xu, Zhiping Cai and
Zhengqgian Luo*

Mid-infrared (MIR) fiber pulsed lasers are of tremendous application interest in eye-safe LIDAR, spectroscopy, chemical
detection and medicine. So far, these MIR lasers largely required bulk optical elements, complex free-space light align-
ment and large footprint, precluding compact all-fiber structure. Here, we proposed and demonstrated an all-fiberized
structured gain-switched H03+-doped ZBLAN fiber laser operating around 2.9 pm. A home-made 1146 nm Raman fiber
pulsed laser was utilized to pump highly concentrated single-cladding H03+-doped ZBLAN fiber with different lengths of 2
m or 0.25 m. A home-made MIR fiber mirror and a perpendicular-polished ZBLAN fiber end construct the all-fiberized
MIR cavity. Stable gain-switched multiple states with a sub-pulse number tuned from 1 to 8 were observed. The effects of
gain fiber length, pump power, pump repetition rate and output coupling ratio on performance of gain-switched pulses
were further investigated in detail. The shortest pulse duration of 283 ns was attained with 10 kHz repetition rate. The
pulsed laser, centered at 2.92 ym, had a maximum average output power of 54.2 m\W and a slope efficiency of 10.12%.
It is, to the best of our knowledge, the first time to demonstrate a mid-infrared gain-switched Ho®*:ZBLAN fiber laser with
compact all-fiber structure.
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prospects compared with continuous-wave (CW) laser

Introduction

On account of abroad applications in remote sensing’,
scientific research, medical surgery’ and electro-optical
countermeasure’, mid-infrared (MIR) lasers have at-
tracted increased interest. In particular, laser sources
emitting at ~3 pum waveband, which overlaps with the
absorption peaks of water molecules, can be served as a
secure laser scalpel in laser surgery. Over the past few
years, MIR fluoride fiber lasers doped with rare earth
elements (e.g. Er***, Ho* 7™, Dy*"'®""] etc.) have got ex-
tensive attention due to their inherent merits of com-
pactness, good system stability, reduced thermal effects,
low operating cost, and excellent beam quality.
Mid-infrared pulsed fiber lasers, which can provide high
peak power, and high energy, have special application

sources, such as material processing and optical commu-
nication, and some applications in which they cannot be
replaced. Q-switching and gain-switching are two
well-known methods to generate ns- or ps-order pulsed
laser output. Usually, Q-switched fiber lasers operating
around 3 um are obtained by modulating the Q-factor of
the laser cavity actively with modulators such as mechan-
ical shutter'?, acousto-optic modulator (AOM)", and pas-
sively with saturable absorbers (SAs) such as semicon-
ductor saturable mirror (SESAM)*", InAs epilayers”,
Fe**:ZnSe crystal'®, 2D materials’’*°, 3D topological Di-
rac semimetal material®, etc.

It is well-known that Q-switching technique inevitably
requires to insert bulk modulator or SAs into fiber laser
cavity, which reduces the robustness and compactness of
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laser system. In contrast, gain-switched laser pulses are
achieved by way of switching the gain of laser cavity
without any additional cavity modulators, thereby mak-
ing the structure more compact, lower costs, and reduc-
ing intracavity loss. Thus, a variety of gain-switched fiber
lasers emitting in MIR regime have been reported” **. In
2001, Dickinson et al. firstly demonstrated a
Er**/Pr’*-codoped ZBLAN fiber laser pumped by 791 nm
pump source, with a pulse energy of 1.9 m]J, a slope effi-
ciency of 13.5% and a center wavelength of 2.7 pm?'.
Subsequently, Gorjan et al. reported a gain-switched
Er**-doped fluoride fiber laser through the use of active
pulsed diode pumping, and 68 W peak power with 100
kHz repetition rate was obtained”. In 2015, Shen et al.
developed a MIR pulsed Er**-doped fluoride fiber laser
operating in fundamental-transverse-mode with a pulse
duration of 1.18 ys at a repetition rate of 10 kHz, reaching
highest pulse energy of 4.2 pJ**. Recently, a few works on
gain-switched holmium doped fluoride fiber lasers have
In 2017, via the
gain-switching technology, Luo et al. represented a dou-
ble wavelength pulsed Ho**:ZBLAN fiber laser around 3
pm and 2 pm, and gain-switching pulses at ~3 pm were

24,25,27,31

been done cascaded

achieved with a narrowest pulse duration of 0.824 us and
output power of 262.14 mW?¥. Very recently, they also
demonstrated a gain-switched wavelength-tunable fiber
laser by adopting a planar grating, and the widely tunable
range of 105 nm from 2895.5 nm to 3000.5 nm was suc-
cessfully obtained”. However, almost all of mid-infrared
gain-switched fiber lasers require bulk optical compo-
nents to construct MIR laser system, precluding a com-
pact all-fiber structure. There are two main challenges for
MIR all-fiber cavity. First, the lack of fiber-compatible
MIR mirror restricts the formation of MIR all-fiber cavity,
resulting in the use of complex free-spacing alignments
(e.g. a lot of coupling lens). Second, fluoride fibers are

1.15 ym Raman
pulsed laser M

Ho®":ZBLAN filter

https://doi.org/10.29026/0ea.2020.190032

difficult to fuse splicing with other fibers.

In this article, a demonstration of gain-switched
Ho**:ZBLAN all-fiberized laser operating at ~2.9 pum was
given. In our experimental apparatus, a home-made 1146
nm Raman fiber pulsed laser was used for pumping a
highly concentrated single-cladding Ho?"-doped zirco-
nium fluoride fiber with different lengths of 2 m and 0.25
m. The MIR end-facet mirrors were utilized to form the
all-fiber MIR cavity. The effects of the gain fiber length,
pump average power, pump repetition rate on the
build-up time and duration of gain-switched pulse were
discussed. Moreover, several influence of output coupling
on the pulse width and output wavelength of
gain-switched fiber laser was studied as well. Stabilized
and reliable gain-switched multiple pulse trains were ob-
tained from both cavities with the repetition rate of 20
kHz, while two kinds of stable temporal states (i.e. “1-1”
and “2-1” state) were observed from the 2 m long fiber

laser.

Experimental set-up

The schematic diagram of our proposed 3 pm
gain-switched Ho**:ZBLAN fiber laser is illustrated in Fig.
1. The gain-switched laser with all-fiber structures is
mainly composed by the 1146 nm laser pumping source,
resonant cavity, and Ho*"-doped ZBLAN fiber. The pump
source is a homemade 1146 nm Raman pulsed fiber laser,
whose repetition rate can be tuned from 10 kHz to 20
kHz. With the purpose of increasing absorption ratio of
pumping laser pulse energy, two pieces of single-clad
Ho**-doped fibers (Le Verre Flouré Inc.) available for
single mode transmission at ~3 pm waveband with dif-
ferent lengths of 0.25 m and 2 m are used as gain medi-
ums to be contrasted. The numerical aperture of the gain
fiber is 0.23 with core/cladding diameters of 7.5/125 pm.
Besides, its doping concentration is determined as high as

100 | @2.92 ym

Output

Transmission (%) H

2000 2250 2500 2750 3000
Wavelength (nm)

Fig. 1 | (a) The experiment device diagram of the compact 3 ym gain-switched laser with an all-fiberized structure. Inset: actual photo of the fiber

end-facet mirror M. (b) Measured transmission optical spectrum of the M.
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5000 ppm, which provides a high pump absorption coef-
ficient of ~40 dB/m. The all-fiber linear resonant cavity is
comprised of a home-made fiber end-facet mirror (M)
utilized as input coupler and the 4% Fresnel reflection of
the polished gain fiber face used for output coupling. The
fiber end-facet mirror used to reflect laser signal was
manufactured by sputter coating technology utilizing a
plasma sputter deposition system. As displayed in the
inset photo of Fig. 1(a), the reflector M was directly plat-
ed on the whole end face of the silicate single-mode fiber.
Figure 1(b) depicts the measured transmission spectrum
of mirror M, which shows a lower transmission of <10%,
corresponding to a higher reflectivity of >90% in the
2500-3000 nm waveband. A ceramic sleeve, which was
applied to provide high coupling efficiency between the
Ho**-doped ZBLAN fiber and other fibers (e.g. the con-
ventional silicate SMF) in our experiment in order to ob-
tain an all-fiber structure, has an inner diameter of 2.5
mm. Such setup had a measured high coupling efficiency
of ~80%. The radio-frequency (RF) spectra and output
optical spectra were measured by means of an electrical
spectrum analyzer and an optical spectrum analyzer. An
100 MHz oscilloscope was applied to synchronously
monitor the waveforms of the pump pulse and laser pulse
output.

Results and discussion

Pulse evolution as pump power

In our experiment, we studied the establishment of the
output ~3 um gain-switching pulses from the 2 m and
0.25 m long fibers with increasing pump power at 1146
nm. Firstly, the repetition rate of the 1.15 pm pump
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source was fixed at a value of 20 kHz. It should be pointed
out that the pump pulse duration in this part of experi-
ment vary from 35 us to 45 ps, while the lifetime of the
high energy level °Is in Ho**-doped zirconium fluoride
fiber measured as ~3.5 ms™ is relatively long, so that sta-
bilized gain-switch pulses can be generated. For the 2 m
long laser cavity, with the incident pump power reached
52 mW, gain-switching pulses could be observed but un-
stable and fluctuant. It should be noted that the pump
power referred to in this letter are defined as average
power if not specially stated. When the pump power con-
tinued to be increased, steady gain-switching pulse trains
were obtained at the repetition rate of 20 kHz in accord-
ance with pump. The time domain characteristics of the
stable gain-switching pulse trains output from 3 pm fiber
laser were shown in Fig. 2(a). As the pump power was set
to <79 mW, the stable single pulse operation could be
maintained. Once over this value of pump power, stable
multi-pulse trains were generated, the number of
sub-pulse could be continually switched from 1 to 8
through adjusting the pump power from 100 mW to 597
mW, and the intensities of sub-pulse decreased gradually.
Such a phenomenon of multiple pulse has been already
observed in previous reports of Er**-doped ZBLAN fiber

laserZZ,SU

and Tm*'-doped fiber laser****. This can be ex-
plained as follows. Once the pump pulse energy is too
high, after producing the first laser pulse, the particles of
upper energy level °Is will repopulate by absorbing the
residual pump energy and then release energy again, thus
a second laser pulse or even more sub-pulses appeared.
Emphasized that there exits chaotic time domain charac-

teristics between different stable states as a result of
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Fig. 2 | Under various pump powers and a fixed 20 kHz repetition rate, measured (a) stable gain-switched multi-pulse trains, (b) typical
output optical spectra, (c) broadband RF output spectra, and (d) RF spectra at the fundamental frequency peak from the 2 m long fiber

laser.
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mode-hopping and mode competition®. Stabilized mul-
ti-pulse trains couldn’t be captured showing unstable re-
laxation spike pulses once the pump power raised higher
than 597 mW.

Figure 2(b) gives the optical spectra of our 3 um
gain-switched Ho**:ZBLAN fiber laser at several kinds of
temporal states from 2 m long gain fiber. As the pump
power increasing from 79 mW to 597 mW, central wave-
length red shifted from 2869.1 nm to 2926.5 nm for the
reason of reabsorption effect. The output RF spectrum
characteristics of stable gain-switched multi-pulses in a
wide range of 750 kHz with different sub-pulse number
from 1 to 5 were shown in Fig. 2(c). One can see that the
modulations of RF spectrum intensity in multi-pulse
states are distinctly different from the single-pulse state,
which accord with Fourier transform of multiple
sub-pulses. As plotted in Fig. 2(d), the fundamental fre-
quency of laser pulse was located at 20 kHz. The RF sig-
nal-to-noise (SNR) was over 45 dB when pump power
was 79 mW , and increased to >50 dB with pump power
reached 342 mW, indicating the good stability of our
gain-switched laser system. The effect of pump energy on
multi-pulse set-up time was investigated by simultane-
ously monitoring the pulsed pump and laser signal, and
the results are depicted in Fig. 3. As can be intuitively
observed from these diagrams, the pulse build-up time
shortened from 28.44 us to 4.84 us with increased pump
power due to accelerating the population inversion under

https://doi.org/10.29026/0ea.2020.190032

Similar phenomenon was observed from the 0.25 m
long gain-switched fiber laser while pump repetition rate
was set as 20 kHz. The results are given in Fig. 4. It serves
to show from Fig. 4(a) that stable single-pulse operation
was obtained at the pump power of 80 mW, and stable
multi-pulse gain-switching with a number of sub-pulse
varied between two and eight pulses occurred under the
pump power increased from 102 mW to 679 mW, respec-
tively. As shown in Fig. 4(b), the RF spectrum modulation
corresponding to multiple sub-pulses was observed as
well. Figure 4(c) illustrated the output optical spectrum
from the gain-switched laser when the average pump
power arrived at 80 mW and 697 mW, showing a wave-
length centered at ~2865 nm with a slight red-shift.
Compared with the red-shift wavelength in 2 m long cav-
ity, it indicated that the reabsorption effect of the long
fiber is stronger than the shorter one, which may offer a
widely tunable laser.

In addition, as plotted in Fig. 4(d), the output average
power from the 2 m long fiber laser compared with that
of 0.25 m long fiber lasers was further analyzed. A maxi-
mum ~3 pm output average power of 54.2 mW was ob-
tained from 2 m long fiber under 597 mW pump power.
The slope efficiency of the 2 m long fiber laser was identi-
fied as 10.12%, and a low slope efficiency of 0.71% for the
0.25 m long fiber laser. The slope efficiency enhanced
with the fiber length increasing, which could be explained
by the possibility that more pump energy was absorbed

higher pumping energy. by longer fiber than the shorter one to acquire more gain.
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Fig. 3 | Temporal pump and gain-switched multi-pulses in one period produced by 2 m long fiber laser under different pump powers of
(a) 79 mW, (b) 100 mW, (c) 238 mW, (d) 286 mW, (e) 342 mW, (f) 429 mW, (g) 504 mW, (h) 597 mW.
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Single-pulse operation under different repetition
rates

From above experiment, we were consciously aware that
pump power (pump energy) have important impact on
the performance above all the establishing of multi-pulse
of gain-switched fiber laser. In a follow-up work, we made
an investigation into the influence of pump repetition rate
on single-pulse evolution from 2 m and 0.25 m long cavi-
ties. The pump repetition rate of our home-made pump
laser could be adjusted from 10 kHz to 20 kHz. In order
to realize single-pulse operation at varying pump repeti-
tion rates, the pump power would be adjusted within a

certain value to avoid generating multi-pulse and the

pump duration was set to a minimum value of ~11 ps in
our pump laser system.

With the pump pulse duration set to ~11 s, stable
gain-switched single-pulse trains at varied pump repeti-
tion rates were attained from 2 m long and 0.25 m long
fiber laser. The single-pulse trains generated from a 2 m
long fiber were plotted in Figs. 5(a) and 5(b). For the 2 m
long fiber laser, when the pump repetition rate was
switched to a low value of 10 kHz, no stabilized sin-
gle-pulse trains could be gained. The first observation
was that only stable “1-1” state (i.e. every one pump pulse
produced one gain-switched pulse) was obtained on in-
creasing the pump repetition rate from 12 kHz to 16 kHz.

-
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Fig. 4 | Measured (a) stable gain-switched multi-pulse trains and (b) broadband RF output spectrums. (c) Optical spectrums at a 20 kHz pump
repetition rate from the 0.25 m long fiber laser. (d) The relationships between average output power and pump power of two kinds of cavities.
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As the repetition rate increased to =18 kHz, stable “1-1”
and “2-17(i.e. every two pump pulses produced one
gain-switching pulse) states would be obtained. The re-
sults indicate that the higher the pump repetition rate, the
more kinds of stable single-pulse states can be observed,
which are well comparable to the results obtained in pre-
vious reports”?. The time intervals decreased from 111
us to 49.8 ps corresponding to the laser pulse repetition
rate range of 9 kHz to 20 kHz with slightly fluctuating
amplitudes. The comparison of pumping power and pulse
energy threshold required in two states at various pump
repetition rates was given, as shown in Fig. 5(c). At the
lower pump powers (pump energy) of 83 mW (4.6 pJ)
and 86 mW (4.3 yJ), generating “2-1” state suggested that
energy of one pump pulse is insufficient to reach the
threshold of population inversion. Moreover, it is inter-
esting to note that, the pump energy of the 2 m long fiber
laser at “1-1” state slightly floated up and down between
9.41 yJ and 9.70 pJ, which was different from the results
in the 0.25 m long fiber laser, and the reasons will be an-
alyzed in detail in the following. The output optical spec-
trums at two stable states with varying laser repetition
rates were plotted in Fig. 5(d). It can be found that the
wavelength in “1-1” state shifted toward long wavelength
quickly from 2872.8 nm to 2897.7 nm and then shifted
slowly to 2915.6 nm, but kept unchanged at about 2869
nm in “2-1” state, under increasing pump repetition rate
from 12 kHz to 20 kHz.

Figure 6 indicates the output characteristics from the
0.25 m long fiber laser. Different from the output state of

“1-1” state, length of 0.25 m

https://doi.org/10.29026/0ea.2020.190032

2 m long cavity, “1-1” state always existed between 10 kHz
and 20 kHz pump repetition rate, as can be seen in Fig.
6(a). Whereas, there was no “2-1” state observed during
the whole process. The measured pump power thresholds
and pump pulse energies under varied pump repetition
rates from 10 kHz to 20 kHz were shown in Fig. 6(b). One
can see that the pump energy threshold of 0.25 m long
gain-switched fiber laser was decreased monotonically
from 9.5 yJ to 6.25 pJ with increased pump power thresh-
old from 95 mW to 125 mW. This finding can be inter-
preted that with the increase of pump repetition rate,
corresponding pumping cycle becomes shorter, which
lead to more populations remaining in the upper laser
level *Is in one pump period, thus lower the pump energy
threshold. Equally, we monitored its center wavelength
changes of output spectrum. It is identified that the
wavelength remained invariant wavelength of ~2865 nm,
which can be seen in Fig. 6(c). Comparing two different
results of 2 m and 0.25 m long fiber laser, the fluctuation
of pump pulse energy threshold displayed in Fig. 5(c)
from 2 m long cavity was likely due to the wavelength
drifting according to Ref”, and more populations re-
mained in the energy level °I;since the terminated Stark
level was up-shifted along with red-shift of wavelength,
leading to more populations in upper level °Is required to
reach inversion threshold.

Presented in Fig. 7 are the measured laser pulse dura-
tions, output average power, calculated pulse energy and
peak power at “1-1” state from 2 m and 0.25 m long fiber
laser versus the pump repetition rate. For 2 m long cavity,
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the pulse duration increased rapidly from 857 ns to 1021
ns and then became slowly up to 1098 ns with the in-
creasing pump repetition rate, and in terms of shorter one,
it continuously increased from 346 ns to 498 ns, as plot-
ted in Figs. 7(a) and 7(c), respectively. On one hand, the
pulse duration had positive correlation with repetition
rate owing to less populations accumulating on the upper
level °I; after each pump pulse with the increased pump
repetition rate and decreased pump pulse energy. On the
other hand, the output pulse duration was shortened by
the shorter gain fiber, which is matched with the results
in Ref.””. Figs. 7(b) and 7(d) show the performance pa-
rameters of output power, pulse energy, and peak power
of the long cavity and other short ones. It is noted that the
output average power in 2 m cavity increased with pump
repetition rate, exhibiting a linear trend in the measured
repetition rate range. Corresponding output pulse energy
increased from 140 nJ to 226 nJ. When pump repetition
rate increased up to 20 kHz, a maximum peak power of
0.2 W was achieved. On contrary, output power varied
non-monotonous was given from the 0.25 m long fiber
laser, which showed a less change due to the limited ab-
sorption of short fiber. Decreasing pulse energy from 121
nJ to 45 nJ under the increasing pump repetition rate
results from very slightly changed output power with a
increased pulse repetition rate.

From what has been mentioned above, we may find

that longer cavity is likely to obtain more gain switching
temporal states under various pump repetition rate than
short cavity based on Ho**-doped ZBLAN fiber laser. In
addition, a shorter resonator cavity and a lower pump
repetition rate may contribute to a shorter pulse width.

Influence of output coupling on single-pulse laser
performance

To study the influence of output coupling on the perfor-
of Ho**-doped = ZBLAN
all-fiberized laser including gain-switching temporal state,

mance gain-switching
pulse width, and wavelength, a high reflection output
mirror was utilized to make a high-reflection (HR) cavity.
The output mirror M2 coated on the end-facet of
undoped zirconium fluoride fiber (Fiberlabs Inc.) had a
consistent transmission spectrum with the input mirror
M, showing a highly reflecting (>90%) at the laser wave-
band. The following results were compared with those of
low-reflection (LR) cavity which utilized 4% Fresnel re-
flection as an output coupler.

Firstly, we investigated the change of temporal state
from the 2 m and 0.25 m fiber laser equipped with the
output coupler. It was found in surprise that in the 2 m
long HR cavity, stable “1-1” state could only be observed
when the pump repetition rate was switched to the max-
imum value of 20 kHz, yet, “2-1” state was always attained
with the decrease of pump repetition rate from 20 to 16
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kHz. Less temporal states were generated from 2 m fiber
laser, but the 0.25 m fiber laser could still produce differ-
ent temporal states as the pump repetition rate varied
from 10 kHz to 20 kHz, comparing with the LR cavity.
The causes are not clear, and need to be further studied.
Subsequently, the variations of pulse duration from
both cavity configurations at the same pump repetition
rate were also made a comparison. Figures 8(a) and 8(b)
were the monitored single pulse waveforms plotted in
stable “2-1” state from 2 m cavity, 8(c) and 8(d) were
plotted in “1-1” state from 0.25 m cavity, respectively. As
can be seen, the pulse duration generated with an output
mirror was shorter than that without the mirror. It sug-
gested that higher output coupling ratio may lead to
shorter pulse duration. The pulse duration was decreased
with the decreasing pump repetition rate, which has been
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mentioned in the second part, therefore the pulses with a
shortest duration of 283 ns (see Fig. 8(d)) was achieved
from the 0.25 m long HR cavity configuration, and its
corresponding pulse repetition rate and output average
power were 10 kHz and 330 pW, respectively.

Finally, the output spectrum of different laser cavity
configurations was received, as displayed in Fig. 9. When
the average power and repetition rate of pump source
were switched to 110 mW and 20 kHz, respectively, the
center wavelength of the 2 m fiber laser without output
mirror was measured as ~2890 nm, and the another one
with the mirror is about 2930.4 nm. The similar results
were also found from the 0.25 m fiber laser under 670
mW pump power. The center wavelength exhibits obvi-
ous red-shift as a result of enhanced reabsorption with
increased photon density in the cavity.

2m, 16 kHz
— With output coupler
10 |~ Without output coupler
T~868 ns
0.5 1
0.0 -
-2 -1 0 1 2
Time (us)
0.25 m, 10 kHz
1.2 {— With output coupler
- Without output coupler
0.8 1
0.6 1 1~283 ns
0.4 1
0.2 4
0.0 Jeomypmeny T TRt
-1.0 -0.5 0 0.5 1.0
Time (ps)

Fig. 8 | Output single pulse waveforms with or without the output coupler for different fiber lengths and repetition rates of (a) 2 m, 20

kHz, (b) 2 m, 16 kHz, (c) 0.25 m, 20 kHz, (d) 0.25 m, 10 kHz.
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Fig. 9 | Optical spectrums measured from the MIR gain-switched laser for different fiber lengths and pump powers of (a) 2 m, 110 mW,

(b) 0.25 m, 670 mW, under 20 kHz pump repetition rate.
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Conclusions

In short, a compact gain-switched Ho*":ZBLAN all-fiber
laser operating around 2.9 um which locates in the water
vapor absorption peak has developed successfully. A
home-made Raman pulsed laser was used to pump the
single-cladding Ho**-doped ZBLAN fiber which made
sure of a transverse-single-mode laser output. Stable
gain-switching multi-pulse trains were achieved with
repetition rate of 20 kHz from two cavities configurations
using the 2 m long gain fiber and 0.25 m long fiber. The
multi-pulse laser can find significant applications in sci-
entific researched, laser perforating, and communication
domain. Besides, a laser with the stabilized single-pulse
output was generated with a repetition rate limited by our
pump source from 9 kHz to 20 kHz. Laser output wave-
length switched from 2869 nm to 2915.6 nm was ob-
served from the long fiber multi-pulse laser due to
stronger reabsorption from the Stark level °Is. With the
pump pulse width fixed to a minimum value of ~11 s,
the shortest pulse width attained is 283 ns at 10 kHz repe-
tition rate from the high-reflection cavity. Furthermore,
the experimental results show that when the laser is set at
single-pulse gain-switching operation, the low pump rep-
etition rate could help to get a narrower pulse duration,
but the high repetition rate pumping could observe more
temporal states. Further, performance improvements of
our all-fiberized laser should be considered, and adopting
a master oscillator power amplifier system to amplify
output power will be a viable option.
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