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We demonstrate an all-fiberized narrow-linewidth nanosecond amplifier with high peak power, tunable pulse width,
and repetition rate. A fiber-coupled narrow-linewidth laser diode operating at 1064.1 nm is employed as the seed source,
which is gain-switched to generate nanosecond pulses with tunable pulse widths of 1-200 ns and tunable repetition rates of
10 Hz-100 kHz. By utilizing a very-large-mode-area Yb-doped fiber with a core diameter of 50 wm in the power amplifier,
thresholds of the stimulated Brillouin scattering at different pulse widths and repetition rates are increased. The maximum
average power reaches 30.8 W at the pulse width of 4 ns and a repetition rate of 100 kHz, corresponding to an optical-to-
optical conversion efficiency of ~ 55.2%. Pulse energy and peak power are calculated to be 0.2 mJ and 50 kW, respectively,
which are limited by stimulated Brillouin scattering. The 3-dB spectral linewidth remains around 0.05 nm during the power
scaling process. The stimulated Brillouin scattering limited output powers at different pulse widths and repetition rates are
investigated. Peak power of 47.5 kW (0.19 mJ) is obtained for the 4 ns pulses at a repetition rate of 50 kHz, which is nearly
the same as that of 4 ns pulses at 100 kHz. When the pulse width of the seed source is increased to 8 ns, peak powers/pulse
energies are decreased to 19.6 kW/0.11 mJ and 13.3 kW/0.08 mJ at repetition rates of 50 kHz and 100 kHz, respectively.

Keywords: nanosecond, all-fiber amplifier, very-large mode area, tunable pulse width and repetition rate

PACS: 42.55.—f, 42.55.Wd, 42.65.Es

1. Introduction

Nanosecond pulsed fiber lasers with advantages of good
beam quality, high efficiency, compactness, and flexibility
have attracted considerable research interests owing to their
applications in industrial processing, medical care, and scien-
tific researches.!'~3! In particular, narrow-linewidth nanosec-
ond fiber lasers, especially those with high peak powers, are in
great demand in fields such as nonlinear frequency conversion,
high-resolution interferometry, coherent beam combination,
and various kinds of lidars.*~7] In the application of coherent
lidars, the detection range depends on the spectral linewidth
or coherence length of the laser source.!®”! In the field of non-
linear frequency conversion, narrow spectral linewidth will in-
crease the conversion efficiency, for the reason that the mis-
match of phase is proportional to the spectral linewidth. ']
For coherent beam combining, narrow-linewidth nanosecond
pulses have longer coherent length, which is advantageous
for achieving the required optical path difference and increas-
ing the combined efficiency.!'!! In addition, narrow-linewidth
nanosecond pulses with tunable pulse width and repetition rate
are demanded in some areas to achieve the optimal output per-
formance. For example, when the narrow-linewidth nanosec-
ond pulses are applied as the pump source of a gas laser, the
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optimal output power of the gas laser is related to pulse width
and repetition rate.!'”] In some application fields such as co-
herent lidars, the narrow-linewidth nanosecond pulses should
be power scalable to reach the desired target and thus in-
crease the detection distance.!'?! The configuration of the mas-
ter oscillator power amplifier (MOPA) is usually adopted in
narrow-linewidth nanosecond fiber lasers to scale the output
power. However, the maximum peak power obtained from a
fiberized narrow-linewidth nanosecond MOPA system is com-
monly limited by the nonlinearity of stimulated Brillouin scat-
tering (SBS).['413] Therefore, many efforts have been made
to suppress SBS and increase the output power of narrow-
linewidth nanosecond fiber amplifiers.

The approaches being implemented on suppressing SBS
in fiber amplifiers include utilizing large mode area (LMA) or
photonic crystal fibers (PCF),!'®) applying longitudinal stress
or temperature gradient on the active fiber,!!”] modulating

the phase of seed pulses,!'®!

using specially-designed active
fibers,['1 etc. In 2014, Su et al.l?1 developed a narrow-
linewidth nanosecond all-fiber amplifier that had been used
in coherent beam combining. The seed pulses were obtained
from a continuous-wave laser diode with a spectral linewidth
of 20 kHz and an electro-optic modulator. A record aver-

age power of 913 W was achieved, corresponding to the peak

*Project supported by the National Natural Science Foundation of China (Grant No. 61675009) and the Beijing Natural Science Foundation Program, China,
and Scientific Research Key Program of Beijing Municipal Education Commission, China (Grant No. KZ201910005006).

fCorresponding author. E-mail: pxli@bjut.edu.cn
© 2020 Chinese Physical Society and IOP Publishing Ltd

http://iopscience.iop.org/cpb http://cpb.iphy.ac.cn

114206-1


http://dx.doi.org/10.1088/1674-1056/abb3e9
mailto:pxli@bjut.edu.cn
http://iopscience.iop.org/cpb
http://cpb.iphy.ac.cn

Chin. Phys. B Vol. 29, No. 11 (2020) 114206

power of 28.6 kW. The SBS was suppressed effectively by re-
ducing the pulse duration to 3 ns, which is because the short
interaction time of pump pulses and Stokes pulses is insuffi-
cient for acoustic phonons with a lifetime of several nanosec-
onds in silica fiber to build up and thus less energy can be
transferred from the pump pulses to the Stokes pulses. Ulti-
mately, the maximum output power of the amplifier was lim-
ited by the onset of stimulated Raman scattering (SRS), since
the peak power of 28.6 kW had reached the threshold of SRS.
In this work, a repetition rate as high as 10 MHz was adopted
to achieve high average power, resulting in limited pulse en-
ergy, and the peak power was relatively low. In 2019, Pa-
tokoski e al.! reported a tapered Yb-doped fiber amplifier,
generating 0.5 mJ narrow-linewidth pulses with peak power of
4 kW at the pulse duration of 130 ns and pulse repetition fre-
quency (PRF) of 5 MHz, which is highly desired in the appli-
cation such as coherent lidar. A continuous-wave laser diode
with a spectral linewidth of 5 MHz and an electro-optic mod-
ulator were adopted to provide narrow-linewidth nanosecond
seed pulses. In the fiber amplifier, the SBS threshold was in-
creased by employing a tapered active fiber. The change of
core size resulted in a shift of the SBS gain peak, and there-
fore broadened the linewidth of the SBS gain spectrum. Be-
sides, the Stokes pulses were suppressed when traveling back
towards the smaller core in the tapered fiber. This method is
effective, but the active fiber is difficult to fabricate due to the
complicated tapering technique. In 2017, Cha et al.!*?! devel-
oped a nanosecond fiber MOPA with a spectral linewidth of
70 MHz, which was devoted to the application of laser-based
isotope production. By using a 55 pm-core Yb-doped PCF,
the maximum pulse energy and peak power were achieved to
be 0.4 mJ and 33 kW at the repetition rate of 150 kHz and
pulse width of 12 ns. The PCFs exhibit the unique advantage
of single-mode operation with a very large mode area, which
has been utilized to suppress nonlinearities in many kinds of
fiber MOPAs. However, its fusion splicing with common sil-
ica fiber is rather difficult due to the unavoidable air-holes col-
lapse caused by heating, which destroys the guiding property
and thus increases the fusion loss significantly. For this rea-
son, the PCFs are usually free-space pumped, making the fiber
MOPAs complex and losing the advantages of all-fiber format.

To preserve the excellent characteristics of all-fiber con-
figuration, some commercial double-clad rare-earth-doped sil-
ica fibers with very large mode areas (VLMA) have been used
to increase the thresholds of nonlinearities in fiber MOPAs. [2°]
In 2014, Fang et al.®* demonstrated a nanosecond all-fiber
amplifier based on a commercial 50 pm-core Yb-doped fiber.
An arbitrary waveform generator was used to achieve tunable
pulse repetition rates, and pulses with repetition rates of 2—
10 kHz were investigated to obtain high pulse energy and
peak power. The pulse energy of 2.3 mJ was obtained at a

pulse duration of 3 ns and PRF of 10 kHz with a spectral
linewidth of ~7 nm, corresponding to a peak power of 697 kW.
In this system, a gain-switched laser diode with the spectral
linewidth of 0.134 nm was adopted as the seed source, which
is the narrowest linewidth of seed pulse in a nanosecond all-
fiber MOPA based on commercial 50 um-core Yb-doped fiber
ever reported to our best knowledge. High peak power and
pulse energy had been obtained by utilizing this highly doped
VLMA fiber to increase the thresholds of nonlinearities.

In this paper, we present a high-peak-power, pulse width
and repetition rate tunable, narrow-linewidth nanosecond all-
fiber MOPA based on commercial 50 pm-core Yb-doped
fiber, which provides a suitable laser source in application
fields such as nonlinear frequency conversion and coherent li-
dars. The all-fiber MOPA is composed of a 1064.1 nm gain-
switched laser diode with a spectral linewidth of ~0.05 nm
and cascaded fiber amplifiers. The pulse width of the narrow-
linewidth laser diode can be tuned from 1 ns to 200 ns at a
tunable repetition rate of 10 Hz—100 kHz. Pulse widths of
4 ns and 8 ns at repetition rates of 50 kHz and 100 kHz are
chosen to investigate the SBS thresholds of the fiber ampli-
fier. A VLMA Yb-doped fiber with a core diameter of 50 pm
is adopted in the main amplifier, generating pulses with the
maximum average power of 30.8 W at 4 ns and 100 kHz,
corresponding to an optical-to-optical conversion efficiency of
55.2%. The 3-dB spectral linewidth is maintained to be around
0.05 nm during the amplification process. To the best of our
knowledge, this is the narrowest spectral linewidth obtained
from a commercial 50 pm-core-diameter Yb-doped fiber of
a nanosecond all-fiber amplifier with tunable pulse width and
repetition rate. Output powers of the all-fiber MOPA at differ-
ent pulse widths and repetition rates are all limited by the SBS.
When seeded by 8 ns pulses, the pulse energies and peak pow-
ers of the all-fiber MOPA are achieved to be 0.11 mJ/19.6 kW
at 50 kHz and 0.08 mJ/13.3 kW at 100 kHz. When seeded
by 4 ns pulses, the pulse energies and peak powers reach to
0.19 mJ/47.5 kW at 50 kHz and 0.2 mJ/50 kW at 100 kHz.

2. Experimental setup

A schematic diagram of the narrow-linewidth nanosecond
all-fiber amplifier is depicted in Fig. 1. The whole system is
composed of three parts: a seed source, three pre-amplifiers,
and the main amplifier. A single-mode fiber-pigtailed laser
diode driven by electric pulses is adopted as the pulse seed,
operating at the wavelength of 1064.1 nm with 3-dB linewidth
less than 0.05 nm. The pulse durations are tunable from 1 ns
to 200 ns, and are set to 4 ns and 8 ns in the following exper-
iments. The repetition rates of the laser diode can be tuned
from 10 Hz to 100 kHz, which are set to 50 kHz and 100 kHz.
The output average power of the seed diode is at the uW level,
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which will result in strong amplified spontaneous emission
(ASE) in the following amplifiers. Therefore, two single-mode
fiber amplifiers are built to increase the average power of the
narrow-linewidth nanosecond pulses. The active fibers in these
two amplifiers are single-mode Yb-doped fibers with a length
of 0.75 m and an absorption coefficient of 250 dB/m, which
are core-pumped by 976 nm single-mode fibercoupled laser
diodes by wavelength division multiplexers (WDM). Band-
pass filters (BPF) centered at 1064 nm with a bandwidth of
2.6 nm are inserted to filter out the ASE, and then a 0.3 nm
fiber Bragg grating (FBG) with reflectivity larger than 99%
combined with a fiber circulator is utilized to further elimi-
nate the in-band ASE around 1064 nm as much as possible.
To monitor the pulse stability of the seed source in realtime, a
90 : 10 optical coupler is inserted after port 3 of the fiber cir-
culator, and a single-mode fiber isolator is used to block the
backward propagating light. Finally, the average power of the
seed pulses is amplified to ~0.1 mW at a pulse width of 4 ns
and a repetition rate of 100 kHz.

The seed pulses are subsequently injected into three pre-
amplifiers for power scaling, in which 976 nm multi-mode
fiber-pigtailed laser diodes are adopted as pump sources. The
active fiber utilized in pre-amplifier 1 is 10/130 um Yb-doped
double-cladding fiber with a length of 1 m, and the absorption
coefficient at 976 nm is ~4.1 dB/m. A 1.5 m long 15/130 pm
Yb-doped double-clad fiber with an absorption coefficient of
5.4 dB/m at 976 nm is employed in the pre-amplifier 2. Both
the signal pulses and the pump light are coupled into the ac-
tive fibers by (24 1) x 1 combiners in pre-amplifier 1 and
pre-amplifier 2. Then the amplified pulses are launched into

o o o =

seed source
976 nm LD

6/125 pm YDF

976 nm LD

Bl

pre-amplifier 3, in which a 30 um-core Yb-doped fiber with
a length of 1 m and an absorption coefficient of ~9 dB/m at
976 nm is adopted as the active fiber. The signal pulses and
pump light are coupled into the gain fiber through a (6+1) x 1
combiner. The isolator in each preamplifier is employed to
block the reflected light. After these three pre-amplifiers, the
average power grows to 2.1 W for pulses with 4 ns pulse du-
ration and 100 kHz repetition rate.

The amplified pulses are then injected into the main am-
plifier, which adopts a 50 um-core Yb-doped double-clad fiber
with an octagonal inner-clad and a diameter of 400 wum. The
absorption coefficient of the active fiber at 976 nm is ~5 dB/m,
and the length of 2 m is chosen to provide enough gain as well
as suppress nonlinear effects such as the SBS. The active fiber
is clad pumped by two multimode fiber-coupled 976 nm LDs
through a (6 + 1) x 1 combiner. The signal fiber and output
fiber of the combiner match well with the output fiber of the
isolator with core/cladding diameters of 30/250 pm in the pre-
amplifier and the active fiber with core/cladding diameters of
50/400 pm in the main amplifier. A pumped fiber of the com-
biner is utilized to monitor the backward propagating pulses.
A 0.3 m long double-clad passive fiber with the same core and
cladding diameters is spliced to the active fiber, which is an-
gle cleaved at 11° to avoid signal feedback. A cladding mode
stripper (CMS) is made at the output end of the passive fiber
to dump the residual pump light and ASE by recoating the
cladding with a high-index polymer. The gain fiber is coiled
in the V-groove of a metal plate for heat dissipation, which is
water-cooled to 9 °C during the experiments.
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Fig. 1. Schematic diagram of the narrow-linewidth nanosecond fiber MOPA. LD, laser diode; BPF, band-pass filter; WDM, wavelength
division multiplexer; YDF, Yb-doped fiber; FBG: fiber Bragg grating; OC, optical coupler; ISO, isolator; DCF, double-clad fiber;

CMS, cladding mode stripper.
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3. Results and discussion

When operating in continuous-wave and assuming that
the pump wave is linear polarized and undepleted, the thresh-
old of the SBS can be evaluated by!>!

21 X Aefy
gB X Legr’
where gp is the gain peak of the SBS, Acf and L are the

6]

cr

effective mode area and effective length of the fiber, respec-
tively. When the polarization, spectral linewidth, and gain of
the pump wave are taken into account, equation (1) can be ex-

pressed as 2!

N 21 x Aeff X K
8B X Letf
where K is the polarization factor, G is the amplification fac-

X (14+Avy/Avg) x In(G), (2)

cr

tor of the fiber amplifier, and Av, and Avg are the spectral
linewidths of the pump wave and Brillouin gain spectrum,

respectively.[>>->7l When operating in the pulsed regime, Lest
can be obtained from!?®!
Legr ~ Vg X At/2, 3)

where v, is group velocity that can be calculated by ve = ¢/ng,
ng is the group index, and Ar is the pulse duration of the
pump wave. For 1 um pump wave in silica fiber, gp is
~ 3 x 107" m/W and Avg is ~ 50 MHz.[?8] When the polar-
ization state of the pump wave is random, K is equal to 2.[20]
It should be noted that equation (1) was derived based on the
threshold definition that the power of Stokes wave is equal to

that of the pump power at the input end of the fiber, that is, [*°]

Py(0) ~ phy, “)

where P;(0) is the power of Stokes wave at the input end of the
fiber, Py is the input pump power, and the ratio it = 1. In some
narrow-linewidth fiber amplifiers, g = 0.01 is also used to de-
fine the SBS threshold. In the main amplifier, Av, ~ 13.2 GHz
(0.05nm), ng =~ 1.45, Aer = 1075 um?, and pulse durations
are set to be 4 ns and 8 ns. The SBS thresholds of the main
amplifier at different pulse widths and repetition rates can be
calculated according to equation (2), which will be multiplied
by a factor of ¢ = 0.01. The amplification factor G can be
obtained from the tested output power of the main amplifier.
It is known that the Stokes wave propagates backward
in the optical fiber, which may damages components in the
pre-amplifiers. Therefore, the output spectrums, temporal fea-
tures, and average powers of the backward propagating pulses,
as well as those of the forward-traveling signal pulses, are
monitored simultaneously when increasing the incident pump
power. The backward output spectrums of the main amplifier
seeded by 4 ns pulses at 100 kHz are measured with an opti-
cal spectrum analyzer (YOKOGAWA, AQ6370D) at its high-
est resolution of 0.02 nm, as presented in Fig. 2. It can be
observed that there is a peak at 1064.1 nm when the forward

output power is below 15.5 W, which is the Rayleigh scattering
of the signal pulse. With the increase of forward output power,
a peak at a wavelength of 1064.2 nm appears. When the for-
ward output power exceeds 17.8 W, the peak at 1064.2 nm
grows rapidly. The frequency difference of these two peaks is
calculated to be 15.8 GHz, which is coincident with the Bril-
louin frequency shift in silica fiber at 1064 nm,!>! and thus
indicating the onset of the SBS. The corresponding temporal
features of backward output pulses are shown in Fig. 3. It is
obvious that the pulse amplitudes become to fluctuate dramat-
ically when operating at the forward output power of 17.8 W,
corresponding to the appearance of the 1064.2 nm peak in
Fig. 2 and the nonlinear increase of backward power shown
in Fig. 4. The reason is that at this point, the backward propa-
gating Stokes pulses start depleting the power of forward prop-
agating pulses in the active fiber. Therefore, it is believed that
the SBS occurs, and further scaling of the average power is
ceased to ensure safe and stable operation.

The measured output average powers and backward prop-
agating powers of the main amplifier seeded by pulses with
different pulse widths and repetition rates are plotted in Fig. 4.
When seeded by 4 ns pulses with the PRF of 100 kHz, the
maximum average power of the main amplifier reaches 30.8 W
under the incident pump power of 52 W, and the correspond-
ing optical-to-optical conversion efficiency is 55.2%. For seed
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= — 178 W
& 0.012 o —_— 2477 W
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Fig. 2. Spectrum of the backward propagating pulses.
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Fig. 3. Backward propagating pulses at 1.4 W (a) and 17.8 W (b).
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Fig. 4. Output average powers of the main amplifier at different pulse widths
and repetition rates.

pulses at 4 ns and 50 kHz, the maximum average power is
achieved to 15.7 W. When seeded by 8 ns pulses, the max-
imum average powers are 6.8 W at 50 kHz and 10.5 W at
100 kHz.
limited by the onset of the SBS, and no rollover is observed.
When the pulse width is reduced from 8 ns to 4 ns, the SBS
threshold is increased dramatically, which is mainly because

The output powers grow linearly, which are all

less energy is transformed into the Stokes pulse when the pulse
duration is much shorter than the acoustic phonon lifetime of
several nanoseconds.?Y) It is also seen that the average power
increases with an increasing PRF for pulses with the same
duration. This is because pulses with lower PRF can extract
more energy, resulting in a higher peak power to reach the
SBS threshold. Additionally, it is found that the slope effi-
ciency is a little higher under higher PRF, which can be at-
tributed to a higher seeding power output from the preampli-
fiers. The SBS thresholds at different pulse widths and rep-
etition rates can be calculated according to Eq.(2) and the
gain factors obtained from the tested output powers, which are
19.9 kW at 4 ns/50 kHz, 22.45 kW at 4 ns/100 kHz, 10.3 kW
at 8 ns/50 kHz and 9.4 kW at 8 ns/100 kHz. The beam quality
of the main amplifier is tested by a laser beam analyzer (M2-
200, Ophir-Spiricon), shown in Fig. 5. The M? values of 2.561
and 3.173 are obtained in horizontal and vertical directions at
the maximum average output power. It can be seen that the
output beam is operating in LP»; mode, which could be opti-
mized through carefully coiling the active fiber and improve
the beam quality of the pre-amplifier. It is possible to achieve
an LPy; mode according to the beam quality in Ref. [24].
The pulse temporal behaviors of the seed source and
main amplifier are recorded by a photodetector (Thorlabs,
PDA10CF, bandwidth: 150 MHz) and a digital oscilloscope
(RIGOL, DS2202A, bandwidth: 200 MHz), as shown in
Fig. 6. It can be seen from Figs. 6(a) and 6(b) that the pulse
widths keep almost unchanged when the amplifier is seeded
by 4 ns pulses. However, it is observed from Figs. 6(c) and
6(d) that when seeded by 8 ns pulses, the pulse widths of the

main amplifier are slightly reduced to ~ 5.6 ns and ~ 6 ns at
PRFs of 50 kHz and 100 kHz. This is due to the effect of gain
saturation. The leading edge of the pulse consumes much in-
verted populations and experiences higher gain than the trail-
ing edge, resulting in the narrowing of pulse duration and a
steeper leading edge. When the repetition rate is reduced from
100 kHz to 50 kHz, the narrowing of pulse duration is more
significant. This is because more energy has been extracted
under a lower repetition rate. The insets in Figs. 6(a)-6(d)
display the pulse sequences under different pulse widths and
repetition rates, and the pulse-to-pulse amplitude fluctuations
are less than 5%. It should be noted that ripples appear in the
trailing edges of the pulses due to the slow rising time of the
photodetector and oscilloscope. Therefore, photodetector and
oscilloscope with larger bandwidth are required to obtain more
accurate values of pulse durations.

The spectral distributions of the nanosecond pulses out-
put from the main amplifier for the 4 ns pulses at 100 kHz
are illustrated in Fig. 7. Figure 7(a) shows the output spec-
trum at the maximum output power of 30.8 W. We observe
a pedestal with 3-dB spectral bandwidth of ~ 12 nm, located
at the bottom of the peak wavelength of ~ 1064 nm, which
is attributed to the growth of in-band ASE leaked out by the
pre-amplifiers and the gain-induced broadening of the signal
laser. According to the Raman frequency shift of ~ 13 THz
(~49.1 nm at 1064 nm) in silica fiber,[>! the envelope cen-
tered around 1114 nm is Stokes waves generated by the nonlin-
ear effect of the SRS. The onset of the SRS is probably caused
by the above-mentioned pedestal, which has a broad spectral
bandwidth of ~ 12 nm. The ASE centered around 1030 nm
is observed and the signal light is larger than 40 dB above the
ASE. The enlarged spectrum with a span of 2 nm is displayed
in the inset of Fig. 7(a), which is measured at a resolution of
0.02 nm. The center wavelength of the pulses is 1064.165 nm,
and the 3-dB spectral linewidth at the maximum output power

is approximately 0.05 nm.
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Fig. 5. The M? factor at the maximum output power of 30.8 W.
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Fig. 7. Output spectrums of the main amplifier seeded by 4 ns pulses with the PRF of 100 kHz. (a) Spectral distribution at 30.8 W, inset:

enlarged spectrum; (b) evolutions of spectrum.

The spectral evolutions in the main amplifier are illus-
trated in Fig. 7(b). There is no significant change during am-
plification except for the intensity of the pedestals. With the
increase of output power, the optical signal-to-noise ratio grad-
ually deteriorates. Evaluated from spectral integration, the
amount of this pedestal and the residual pump light is calcu-
lated to be less than 35% of the average power at a maximum
output of 30.8 W. It implies that the signal pulses account
for more than 65% of the tested power. Similar features are
observed in the output spectrums for pulses at 4 ns/50 kHz,
8 ns/50 kHz, and 8 ns/100 kHz. The power ratios of signal
pulses are calculated in the same way, which are about 60%,

82%, and 79%, respectively.

The SBS limited peak powers of the narrow-linewidth
nanosecond all-fiber amplifier are calculated from the mea-
sured average powers, pulse widths, and repetition rates, and
the amount of signal pulses are taken into account according to
the output spectrums as discussed above. Ultimately, the pulse
energies are amplified to 0.19 mJ and 0.2 mJ for 4 ns pulses
at the PRFs of 50 kHz and 100 kHz, 0.11 mJ and 0.08 mJ for
8 ns pulses at the PRFs of 50 kHz and 100 kHz. The corre-
sponding peak powers are calculated to be 47.5 kW, 50 kW,
19.6 kW, and 13.3 kW, respectively. It can be seen that the
measured SBS threshold is in good agreement with the theo-
retical value calculated by Eq. (2) at the pulse width of 8 and

the repetition rate of 100 kHz, while the measured values are
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much larger than the theoretical values at other pulse widths
and repetition rates. This is probably because y = 0.01 in
the definition of the SBS threshold is more accurate for 8 ns
pulses at 100 kHz in the experiment, which has a tested back-
ward power close to the pump power by a factor of 0.01. At
the repetition rate of 50 kHz, the SBS threshold of 4 ns pulses
is nearly 2.5 times higher than that of the 8 ns pulses, which
can be explained by Eq.(3). When the repetition rate is in-
creased to 100 kHz, the SBS threshold of 4 ns pulses is nearly
3.7 times higher than that of the 8 ns pulses, which is likely
due to a larger temperature gradient along the active fiber un-
der a higher pump power at 100 kHz. In some lidar systems,
pulse parameters will influence the test resolution or signal-to-
noise ratio. When applied in these conditions, different pulse
parameters of this fiber MOPA could be selected accordingly.
Further experiments to extend its application fields, such as in-
creasing pulse width to hundreds of nanoseconds and lowering
repetition rate to several kilohertz, are under investigation.

4. Conclusion

In summary, a narrow-linewidth nanosecond all-fiber
MOPA with high peak power, tunable pulse width and repe-
tition rate is demonstrated. Seed pulses are obtained from a
1064.1 nm gain-switched narrow-linewidth laser diode, where
the pulse width is tunable in the range of 1-200 ns at a rep-
etition rate of 10 Hz—100 kHz. By the use of a VLMA Yb-
doped fiber with a core diameter of 50 pum, the SBS thresh-
olds of the fiber amplifier at different pulse widths and repe-
tition rates are increased. Seeded by 4 ns pulses at 100 kHz,
the maximum output average power reaches to 30.8 W with
an optical-to-optical conversion efficiency of 55.2%, which
is limited by the SBS. The corresponding pulse energy and
peak power are 0.2 mJ and 50 kW, respectively, and the spec-
tral linewidth remains around 0.05 nm during the amplifi-
cation process. The pulse energy and peak power of 4 ns
pulses at 50 kHz are 0.19 mJ and 47.5 kW. When seeded by
8 ns pulses, the obtained pulse energies/peak powers are de-
creased to 0.11 mJ/19.6 kW at 50 kHz and 0.08 mJ/13.3 kW
at 100 kHz. Further investigations to improve pulse energy
and peak power of this all-fiber MOPA are anticipated by us-
ing a VLMA Yb-doped fiber with higher doping concentra-
tion, in which the SBS threshold might be effectively increased
through reducing its fiber length. Besides, a solid-state ampli-
fier can be applied to improve the pulse energy to hundreds
of mJ or Joule level. Benefiting from the tunable pulse pa-
rameters and all-fiber architecture, this laser system has great
potential to be applied as a laser source in fields of nonlinear
frequency conversion*% and various kinds of lidars such as
Doppler wind lidars, 3!l synthetic aperture lidars,*?! and 3D

imaging lidars.!33!
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