IEEE JOURNAL OF SELECTED TOPICS IN QUANTUM ELECTRONICS

377

High-Power All-Fiber-Based Narrow-Linewidth
Single-Mode Fiber Laser Pulses in the C-Band and
Frequency Conversion to THz Generation

Wei Shi, Member, IEEE, Matthew A. Leigh, Jie Zong, Zhidong Yao, Dan T. Nguyen,
Arturo Chavez-Pirson, Member, IEEE, and Nasser Peyghambarian, Member, IEEE

Abstract—Based on highly Er/Yb codoped phosphate fibers, we
have implemented all-fiber-based narrow-linewidth single-mode
(SM) pulsed fiber lasers in master oscillator and power amplifier
configuration. Two approaches were used to achieve the narrow-
linewidth pulsed fiber laser seeds: 1) an all-fiber-based active Q-
switched fiber laser using an actuator and 2) a directly modu-
lated single-frequency continuous-wave fiber laser. Both the fiber
laser seed pulses from the two approaches have the transform-
limited spectral linewidth. Based on a newly developed large-core
SM highly Er/Yb codoped phosphate fiber, the peak power of SM
pulses can be scaled to more than 50 kW with transform-limited
linewidth and diffraction-limited beam quality. These high-power
narrow-linewidth SM fiber laser pulses have been successfully used
to generate coherent terahertz (THz) waves based on parametric
processes in a nonlinear optical crystal. The peak power of this
fiber-based THz source can reach 26.4 mW.

Index Terms—Fiber optics amplifiers and oscillators, frequency
conversion, infrared and far-infrared lasers, lasers and laser optics,
nonlinear optics, terahertz (THz) generation.

1. INTRODUCTION

HOSPHATE glasses and fibers as laser host medium have

been investigated for several decades [1] and attracted in-
tense interest recently due to their attractive features such as high
solubility of rare earth ions, high phonon energy (~1300 cm™!),
and low back energy transfer rates and low accumulative energy
transfer rates for the sensitized phosphate glasses [2]-[11]. It is
worth noting that the highest unit gain of ~5 dB/cm has been
reported for the highly Er/Yb codoped phosphate fiber used in
the fiber amplifier [8], [9]. Due to this high gain per unit length,
single-frequency fiber lasers with a simple Fabry—Perot configu-
ration using the fiber Bragg gratings (FBGs) have been success-
fully developed and commercialized [7], [11], which features
high mode stability of less than =10 MHz over hours with a fre-
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quency noise of ~12.2 Hz/ v/Hz at frequency of ~8 kHz and a
relative intensity noise (RIN) peak of ~ —110 dB/Hz at 1 MHz.

Most recently, we noted that these unique features of the
highly codoped phosphate glass fibers can be used to generate
single-frequency pulses and scale the fiber laser pulses to the
high peak and average power level with nonlinear effect-free,
diffraction-limited beam quality and transform-limited narrow
linewidth [2]—[6]. Furthermore, we have demonstrated that the
phosphate fibers show no sign of photodarkening at 660 nm af-
ter 10 000 min of exposure to high-power 975-nm pump under
the high average population inversion along the fibers, and are
more resistant to photodarkening than silica [12]. Therefore, our
highly codoping phosphate glass fibers can be used to implement
high-power fiber lasers and high-power fiber amplifiers. In this
paper, we demonstrate the results we have achieved in the afore-
mentioned two aspects, as well as their applications in frequency
conversion—terahertz (THz) generation based on parametric pro-
cesses, based on our highly codoped phosphate glasses and
fibers, asymmetric fusion splice technique, and the THz gen-
eration and detection technologies. Two approaches were used
to achieve the narrow-linewidth pulsed fiber laser seeds. One is
all-fiber-based active Q-switching fiber laser using an actuator.
The shortest pulsewidth of 7.5 ns for these active Q)-switched
fiber lasers was observed by using a very short fiber laser
cavity (~10 cm) with highly Er/Yb codoped phosphate fiber.
Another approach is directly modulating the single-frequency
continuous-wave (CW) fiber laser, which uses fast fiber-based
electrooptic modulators (EOMs) and results in convenient pulse
handling while maintaining narrow-linewidth operation. In or-
der to scale the peak and average powers of the narrow-linewidth
fiber laser pulses, we have implemented a cascade of fiber am-
plifiers, in which the power amplifier stage uses a large-core
single-mode (SM) polarization maintaining (PM) highly Er/Yb
codoped phosphate fiber that is crucial for effectively power
scaling the narrow-linewidth nanoseconds fiber laser pulses
without nonlinear effects, such as stimulated Brillion scattering
(SBS) and stimulated Raman scattering (SRS). We expect that
an all-fiber-based pulsed fiber laser with the narrow linewidth
will play an important role in applications such as lidar, spectro-
scopic sensing, high-precision measurement that highly depends
on the linewidth or coherent length of the fiber laser pulses, and
nonlinear optical (NLO) laser frequency conversion.

Recently, THz technologies have attracted a great deal of
attention due to applications in homeland security, space ex-
ploration, nondestructive testing, and scientific experimentation
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Fig. 1. Schematic of active ()-switched all-fiber laser at ~1550 nm. The

direction of motion of the piezo is rotated 45° from the polarization axis of the
PM fiber.

involving sensing, imaging, and spectroscopy [13]-[15]. THz
sources are often the critical component for these applications.
One of the most promising schemes for THz generation is based
on optical parametric processes such as difference frequency
generation (DFG) in NLO crystals [16]-[20]. These methods
can produce tunable, narrow-linewidth, and high-peak-power
THz pulses with the pulse durations in nanoseconds level and
repetition rates that are widely tunable. These THz sources are
able to be operated at room temperature and are not reliant upon
cryogenic cooling. Recently, a GaSe crystal was used to gener-
ate coherent THz waves tunable from 58.2 to 3540 ym pumped
by using an Nd: YAG laser beam and the idler beam of an optical
parametric oscillator (OPO) pumped by the third harmonic of
the same Nd: YAG laser [16]. This THz source has an extremely
wide tuning range and its maximum output peak power can
reach several hundred watts. However, much of the complexity,
volume, and mass of this THz system are due to the pump laser
and OPO system. High-power fiber lasers have excellent mode
quality, narrow linewidth, nanosecond pulses, and high peak
power, which can be used to implement the fiber-based THz
source with features of compactness, portability, low cost, and
ease of maintenance, making this THz source quite promising
for the aforementioned THz applications. Previously, fiber laser
pumps were used in optical heterodyne mixing for THz genera-
tion [21], [22]. In this paper, we demonstrate a compact, single-
frequency, high-repetition-rate, and high-power THz source by
using the highly amplified all-fiber-based pulsed lasers in master
oscillator and power amplifier (MOPA) converted via an optical
parametric process in an NLO crystal GaSe.

II. Q-SWITCHED FIBER LASER PULSES, AMPLIFICATIONS,
AND THZ GENERATION

A. Active Q-Switched Fiber Laser Pulses

Recently, we have developed an all-fiber-based Q-switching
laser using fiber stress birefringence induced by a piezo
[2]-[4]. In this method, a piezoelectric compresses a fiber cre-
ating stress birefringence, and this birefringence acts as a wave-
plate, changing the polarization state of the light in the fiber.
This @-switch mechanism is similar to using an EOM, where
the polarization is modulated to switch the laser between high-
and low-feedback states.

The cavity of our laser consists of NP Photonics’ proprietary
highly Er/Yb codoped phosphate glass fiber, serving as the gain
medium, as shown in Fig. 1. The high doping concentration cre-
ates a strongly absorbing active fiber, allowing for an ~5-cm
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Fig. 2. Variation of pulsewidth with repetition rate. Inset: typical pulse shape.

cavity length that is significantly shorter than those of other Q-
switched fiber lasers, which can have cavity lengths of meters
to kilometers [23]-[26]. This short cavity length creates a large
longitudinal mode spacing, helping to maintain lasing on a sin-
gle longitudinal mode. The active fiber is spliced between two
FBGs and a short section of standard non-PM fiber, as shown
in Fig. 1. A wavelength-stabilized 980-nm diode laser pumps
the cavity. This configuration allows a laser cavity where there
is no coupling to external bulk components such as acoustoop-
tic modulators, while also eliminating fiber components within
the cavity. The two gratings act as mirrors, with the first in
Fig. 1 as the high reflector (HR) FBG and the second as a lower
reflectivity output coupler (OC) FBG. The HR is written in a
standard non-PM fiber and has a fairly broad reflection band of
0.31 nm full-width at half-maximum (FWHM). The OC has an
~50% transmission grating with a narrow linewidth of 0.03-nm
FWHM. The use of FBGs permits thermal tuning of the laser
by heating each grating. Because OC-FBG is written in a PM
fiber, the reflection band is split approximately 0.3 nm due to
the different indexes of refraction in the fast and slow axes of
the PM fiber. We selected these gratings so that the fast axis
reflection would be within the reflection band of the HR-FBG,
while the slow axis would be located outside the reflection band.
This creates a polarization-dependent cavity where the fast axis
will have optical feedback and the slow axis will not.

The polarization-dependent reflection permits -switching if
the internal birefringence of the cavity can be modulated. We
can control the polarization in the cavity by using a 2-mm-long
piezoelectric element to stress the fiber, with the compression
axis rotated 45° relative to the axis of the PM fiber shown in
Fig. 1. This stress-induced birefringence acts as a waveplate,
which rotates the polarization of the light inside the laser.

Fig. 2 shows the pulsewidth variation with the repetition
rate for the (Q-switched fiber laser at 1550.67 nm when using
500-mW pump at 980 nm. One can see that the pulsewidth
dependence with the repetition rate is quadratic for repetition
rates >200 kHz. The shortest pulsewidth is 7.5 ns and occurs at a
5-kHz repetition rate. The highest peak power canreach 15.32 W
at repetition rate of ~20 kHz, and the average power is from
0.014 to 18.78 mW when the repetition rate changes from
50 Hz to 630 kHz. Inset of Fig. 2 shows typical pulse shape
of the Q)-switched fiber lasers that have the pulsewidths of
~30 ns at repetition rate of ~250 kHz. The pulse shapes for
the whole repetition range are Gaussian-like.
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Fig.3. Schematic of the all-fiber-based cascade fiber amplifier used for scaling
Q-switched fiber laser pulses.

The laser spectra of the ()-switched laser at different repe-
tition rates were measured by a scanning Fabry—Perot interfer-
ometer with a free spectral range (FSR) of 1 GHz. The observed
spectrum shows bursts of pulses under transmission peaks of the
Fabry—Perot interferometer, which are separated in time by the
repetition rate of the laser. This observation confirms that the Q-
switched laser operates at a single frequency, and the linewidth
of the fiber laser pulses are very close to transform-limited. For
example, from the envelope of the pulse train in the scanning
Fabry—Perot spectrum, the linewidth of the @-switched 20-ns
fiber laser pulses is about 35 MHz.

B. All-Fiber-Based Three-Stage Cascade Amplifier

The Q-switched fiber laser pulses were amplified by a three-
stage all-fiber-based cascade of fiber amplifiers, as shown in
Fig. 3. Between the amplifier stages, two amplified stimulated
emission (ASE) filters were used to avoid cascade amplifying
of the ASE and isolators were used to block feedback. The
three-stage cascade amplifier was built by using PM components
and active fibers to maintain a pure polarization state for the
amplified fiber laser pulses. We used the SM PM Er-doped fibers
pumped by the SM 980-nm diodes for the first stages and the
SM PM Er/Yb-doped double-clad fibers pumped by multimode
diodes for second stages.

Commercially available pulsed fiber amplifiers are typically
limited by the nonlinear effects of the fiber, such as SBS and
SRS. These effects are larger in fiber amplifiers than in solid-
state amplifiers due to the high peak power and tight confinement
in the fiber core, especially for the narrow-linewidth fiber laser
pulses. To decrease the nonlinearities, we have fabricated the
large-core (~15 pm) SM PM highly Er/Yb codoped (~3% Er—
15% Yb) double-clad phosphate fiber (EYPhF) by using rod-
in-tub fiber drawing technique, which has the core and cladding
numerical aperture (NA) of 0.053 and ~0.46. The low-core
NA has been successfully controlled and achieved based on our
proprietary glass processing technique. The cross section of the
fabricated EYPhF fiber is shown in Fig. 3. The newly developed
fiber, EYPhF, was pumped by multimode diodes and used for the
third-stage—power amplifier stage. We used the transcendental
power equation model to simulate the fiber, and determined the
optimum fiber length for the maximum gain at ~1.55 pm to be
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Fig. 4. Amplified power of the fiber laser pulses when using different diode

pump powers for the power amplifier stage.

T T
Free spectral range (FSR): ~ 1 GHz

Fig. 5. Laser spectrum of the amplified ()-switched fiber laser pulses at
1550.67 nm with pulsewidth of ~20 ns and repetition rate of 40 kHz by a
scanning Fabry—Perot interferometer.

from 10 to 15 cm with an input power of 10-1000 mW and fixed
pump power of ~30 W by using the intrinsic parameters of the
highly codoped fiber. The length of EYPhF active fiber we used
in the power amplifier is only 12 cm, which is one to two orders
of magnitude shorter than commercial silica fibers to achieve
a similar gain level. The fiber was fixed on a copper plate and
cooled by forced air. Fig. 4 shows the amplified peak and average
powers for the Q-switched fiber laser pulses at 1550.67 nm with
pulsewidth of ~20 ns and repetition rate of 40 kHz. The peak
power of the final amplified pulses by the three-stage amplifier
can be more than 4 kW without noticeable nonlinear effects.
The pulsewidth of the amplified pulses was slightly decreased
and the linewidth was approximately the same as that before
amplification.

Fig. 5 shows the laser spectrum of the aforementioned ampli-
fied Q-switched fiber laser pulses at 1550.67 nm with pulsewidth
of ~20 ns and repetition rate of 40 kHz by a scanning Fabry—
Perot interferometer. From this scanning spectrum, the linewidth
of the aforementioned amplified Q-switched fiber laser pulses
can be estimated as ~40 MHz. The peak ASE ratio was about
45 dB measured by an optical spectrum analyzer (OSA) with a
resolution of 0.2 nm, and the polarization extinction ratio (PER)
was about 10 dB.

C. THz Generation Pumped by Q-Switched Fiber
Lasers in MOPA

In order to generate THz waves by using the ear-
lier @-switched fiber laser in MOPA, two fiber lasers
(A1 = 1550.67 nm, Ao = 1538.74 nm) were simultaneously
@-switched by a single piezo to modulate the intracavity
polarization-dependent loss shown in Fig. 6. The two Q-
switched fiber lasers were amplified by two identical three-stage
cascade amplifiers, as shown in Fig. 3. Fig. 7 shows typical pulse
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Fig. 6. Schematic of the THz source pumped by all-fiber Q-switched lasers
based on DFG in GaSe crystal. PZT: lead zirconate titanate; ISO: isolator; ASE:
amplified stimulated emission; PBC: polarization beam combiner.
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Fig. 7. Typical pulse shapes and pulse overlaps of two simultaneously
@-switched lasers. Inset: pulses overlap each other for two simultaneously
Q-switched lasers.

shapes and pulse overlaps of two Q-switched lasers that have the
pulsewidths of 18.5 and 20.1 ns, respectively. The pulse shape
for both fiber lasers is Gaussian-like, and the temporal overlap
is necessary for optical parametric processes or DFG in order to
generate THz radiation.

According to the phase matching conditions, type-oee
collinear phase matching can be achieved for two pump wave-
lengths (A; = 1550.67 nmand A, = 1538.74 nm) in GaSe crys-
tal [27], where e and o indicate the polarization directions of
beams inside the crystal. The experimental phase matching an-
gle (6) of 15.0° has a very good agreement with the calculated
6 = 14.8° in our experiments. The azimuthal angles () were
chosen such that |cos 3| = 1, according to the effective NLO
coefficient as dog = das cos? 6 cos 3.

Fig. 8 shows the THz output peak power versus the pump
average power of the fiber lasers. One can see that the peak
power for the generated THz radiation can reach 4.02 mW
when the pump average power of the fiber laser pulses is 2.7 W,
corresponding to average power of 3.2 yW and a conversion ef-
ficiency of 1.19 x 107%. The THz wavelength of 200 ;zm can be
easily obtained by the difference frequency of two pump beams,
which was verified by using a metal mesh etalon. The estimated
linewidth of this THz source is 35 MHz, or 1.17 x 1074 cm~ !,
according to the optical parametric theory and the linewidth
and frequency stability of the amplified Q-switched fiber laser
pulses. This narrow linewidth is very useful to fingerprint
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the fiber lasers.

molecular gases, especially for low-pressure gases, because
the linewidth of their rotational transitions can be smaller than
50 MHz.

It is worth noting that this single-frequency THz source can
be tuned in an extremely wide tuning range by tuning the wave-
length of fiber lasers and changing fiber laser chains with differ-
ent wavelengths. We have already observed 0.27-THz radiations
by using another pair of fiber laser chains with wavelengths of
1550.10 and 1552.27 nm, respectively. This THz source is scal-
able in output power because the peak power of the Q-switched
fiber laser pulses can be further amplified. Furthermore, this
THz source can be easily scaled to a THz array, with multiple
fiber laser pumps and multiple-channel THz structures made of
NLO crystals or multiple-pass scheme in one crystal (forward or
backward optical parametric processes). In this way, high-power
THz sources can be realized.

III. MODULATED FIBER LASER PULSES, AMPLIFICATIONS, AND
THZz GENERATION

For the all-fiber-based, active ()-switched fiber lasers, we
have demonstrated that the cavity length was the dominant fac-
tor limiting the minimum pulsewidth. We observed the shortest
pulsewidth for these lasers as ~7.5 ns by using a very short
fiber laser cavity (~10 cm) with highly Er/Yb codoped phos-
phate fiber. However, the pulsewidth increases when the repeti-
tion rate increases, especially when the repetition rate is larger
than 30 kHz (see Fig. 2). In order to independently control the
pulsewidth and pulse shape at different repetition rates, espe-
cially at high repetition rates, we use an EOM to directly modu-
late the single-frequency fiber laser to get fiber laser pulses with
the transform-limited linewidth.

A. Modulated Fiber Laser Pulses

Fig. 9 shows the schematic of the fiber-based modulation
setup with the gating EOM after a preamplifier stage. The
CW single-frequency fiber laser we used is an NP Photonics’
single-frequency fiber laser at wavelength of 1550.67 nm with a
linewidth of several kilohertz and power of ~100 mW. The two
fiber-based EOMs have high bandwidth (up to >10 GHz), high
optical handling power of ~500 mW, and a superior extinction
ratio (ER) of 40 dB. The first EOM was used to directly modu-
late the CW fiber laser, while the second EOM was used to offer
synchronous gates for the modulated fiber laser pulses in order
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Fig. 10. Typical shapes for modulated fiber laser pulses. (a) 2-ns pulses and

(b) 12-ns pulses at 20 kHz repetition rate.

to further suppress the CW component and remove ASE from
the amplified pulsed fiber laser created by the first preamplifier
stage. A commercial function generator was used to trigger two
homemade pulse generators that can generate electrical pulses
from 0.7 to 12 ns. The repetition rate is set by the trigger and can
be up to 38 MHz. Two EOM drivers produce the final RF volt-
ages for two EOMs through amplifying the electrical pulses to
the half-wave (V) voltage level of the EOMs. A homemade bias
controller was used to offer accurate bias voltage in order to lock
the EOM working point at the positive or negative null point.
Accurate bias voltage control is crucial to achieve high ER per-
formance for the EOMs. A Stanford Research System DG535
digital delay/pulse generator was used to adjust the phase of the
electrical trigger that was used to drive the gating EOM in order
to match the phase of the modulated optical pulses created by
the first EOM, eliminating in-band ASE. By using the setup of
Fig. 9, we can achieve optical pulses with duration from 2 to
12 ns at repetition rate up to several megahertz by adjusting the
homemade electrical pulse generators and commercial function
generator. Fig. 10 shows Gaussian-like and square-wave pulse
shapes for 2- and 12-ns modulated optical pulses, respectively,
by using the setup of Fig. 9.

B. All-Fiber-Based Four-Stage Cascade Amplifier

Fig. 11 depicts the schematic of the all-fiber-based high-
power pulsed MOPA chain we built and fusion spliced in-house,
in which all the fiber-based components we used are SM and PM
except for the multimode pump diodes used in the second and
third preamplifier stages and final power amplifier stage. Five
fiber-based isolators were spliced between the single-frequency
fiber laser, EOMs, and amplifier stages in order to eliminate

Circulator

Isolator

NP single-frequency

EOM fiber laser

Fig. 11.  Schematic of all-fiber-based high-power pulsed fiber laser in MOPA
based on modulated fiber laser pulse seed.

backwards ASE and signal feedbacks. As mentioned before, the
gating EOM was fusion spliced after the first preamplifier stage.
After the first preamplifier, we used a very narrow linewidth
filter to block the ASE component. The filter was a combination
of a circulator and a fiber grating. The handling power of the
EOMs is only several hundreds milliwatts, so the average power
of the pulsed fiber laser after the first EOM was typically tens of
microwatts. This small seeder signal will usually not saturate the
gain in the first amplifier stage. Therefore, the narrow-linewidth
filter is vital to block the ASE component. After second and
third amplifier stages, we used commercial ASE filters. For the
first and second amplifier stages, we used commercial SM PM
Er-doped active fibers (EDFs) that were core-pumped by SM
diodes. A commercial Er/Yb codoped double-cladding fiber
was used in third amplifier stage and cladding-pumped by a
single-emitter diode. In the power amplifier stage, the newly
developed Er/Yb highly codoped (~3% Er-15% Yb) phos-
phate glass fiber was used with a core diameter of 15 pum, core
NA of 0.053, and the cross section is shown as an inset of
Fig. 3. The 12-cm EYPhF was fusion-spliced with the silica
fiber (output fiber) of a commercial (6 + 1) x 1 combiner in-
house using an asymmetric fusion splicing technique. The out-
put end of the EYPhF was angle-polished in order to minimize
feedback.

In this experiment, the pulse energy of the amplified fiber laser
pulses was accurately measured by using a fast Ophir PE9F-SH
pyroelectric energy meter that is accurate at repetition rates up
to 20 kHz. This pulse energy meter is insensitive to the ASE
background and CW signal component. At high repetition rates
(>20kHz), a fast oscilloscope with bandwidth of 12.5 GHz and a
fast detector were used to estimate the pulse energy by recording
the temporal line shape and the integral value at a fixed repetition
rate. We verified that the pulse energy measurement results using
a fast oscilloscope had very good agreement with measurements
by using the energy meter at lower repetition rates. Moreover, the
ratio of pulse signal to ASE/CW component can be estimated
by using the scope method at high repetition rates by comparing
the changing ratios of scope integral value with that of the
repetition rate. If the pulses extract all the energy, there is no
deviation between the aforementioned two ratios [28].

In order to get high pulse energy and high peak power for the
modulated single-frequency fiber laser, the active fiber lengths
and pump levels for second and third amplifier stages were
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Fig. 12. Temporal trace shapes of amplified pulses for the modulated square-
wave pulses at repetition rate of 20 kHz. (a) Seed pulses for power amplifier
stage. (b) Pulses with power amplifier pump of 10 W. (c) Pulses with power
amplifier pump of 32 W.

optimized by achieving gain saturation while limiting the pulse
steepening. For example, when we used 12-ns modulated pulses
shown in Fig. 10(b), the typical pulse shape after the third am-
plifier stage is shown in Fig. 12(a) at repetition rate of 20 kHz.
One can see that the pulse duration was reduced to 9.82 ns
with a limited temporal pulse steepening after three preampli-
fier stages. The pulse energy can be scaled from ~80 pJ to
~3.5 pJ by three preamplifier stages, average power from
~1.6 uW to 70 mW, and peak power from ~6.67 mW to
~356 W. With the pulse reduced to 9.82 ns, pulse energies
of ~3.5 uJ were still being extracted in the preamplifier stages,
which correspond to a pulse energy gain of ~46 dB.

For the final power amplifier, in addition to offering enough
energy storage, once again, minimizing the length of the EYPhF
is very important for suppressing nonlinear effects in the pulse
amplification, especially for narrow-linewidth pulses, as the
narrow-linewidth seed sources reduce the threshold for the on-
set of SBS and nonlinear effects scale with the intensity—length
product in the amplifier chain. In our experiment, we did not ob-
serve any obvious nonlinearity in our pulse amplification when
we used the optimized preamplifier stages and 12 cm of EYPhF
when 975-m pump power was up to 34 W. In the power am-
plifier stage, pulse steepening was observed when the 975-nm
pump power increased, as seen in Fig. 12, which shows the pulse
durations at different pump powers for the power amplifier.

Fig. 12(b) and (c) shows the typical pulse shapes when the
pump power is increased to 10 and 32 W, respectively. The main
reason why significant pulse steepening happened is because the
stored energy in the short EYPhF fiber was depleted by the front
edge of the pulses passing through the fiber, which can be found
by comparing pulse shapes shown in Figs. 10 and 12. From
Fig. 12(c), one can see that the amplified pulses have a lower
trailing edge.

Fig. 13(a) and (b) shows the amplified pulse energy and peak
power at different repetition rate from 500 Hz to 1 MHz when
34 W was used to pump the power amplifier. One can see that
the highest pulse energy can reach 0.11 mJ and the highest peak
power 51.5 kW with a pulsewidth of 2.1 ns at a repetition rate
of 5 kHz, which correspond to an average power of 0.54 W.
Fig. 14(a) and (b) shows the pulse energy and peak power when
different pump powers were used for the power amplifier at a
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Fig. 13.  (a) Amplified pulse energy and (b) amplified peak power at different
repetition rate when the power amplifier pump was 34 W.
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Fig. 15. Beam quality evaluation by measuring M 2 -values at two orthogonal
directions by scanning the beam size around the waist position of the focused
propagation beam.

repetition rate of 5 kHz. The peak power of 51.5 kW corre-
sponds to a peak power gain of ~20 dB in the power amplifier
stage, meaning that the EYPhF has a unit peak power gain of
~1.8 dB/cm in this MOPA pulsed fiber laser system. We want
to point out that the peak powers shown in Figs. 13 and 14 were
determined by using measured pulse energy and the measured
FWHM of the pulses that may have a deviation of about 15%
due to the noticeable pulse tail shown in Fig. 12.

The spectral linewidth of the amplified pulses were estimated
by a scanning Fabry—Perot interferometer with an FSR of 1 GHz.
From the envelope of the pulse train in the scanning Fabry—Perot
spectrum, the linewidth of the amplified pulses is in the range
of 50-500 MHz when the pulse duration is in the range of
2.1-9.82 ns, which indicates transform-limited pulses. The
beam quality was evaluated at 0.11 mJ pulse energy and 5-kHz
repetition rate by measuring the M>-values that were around
1.2 for both vertical and horizontal directions, as shown in
Fig. 15. This indicates near-diffraction-limited performance for
this high-energy and high-peak-power pulsed fiber laser. Fig. 16
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Fig. 17. Schematic of the THz source pumped by modulated fiber lasers in
MOPA based on DFG in GaSe crystal.

shows the spectral trace for 0.11 mJ pulses at 5 kHz using an
OSA with a resolution of 0.2 nm. One can see that these ampli-
fied SM pulses have a signal noise ratio of ~40 dB. The PER
for the aforementioned amplified pulses can be >10 dB.

C. THz Generation Pumped by Modulated Fiber
Lasers in MOPA

In order to generate THz waves based on DFG, two seed
lasers are modulated by EOMs, as shown in Fig. 17. The two
seed laser wavelengths were still chosen to be 1538.74 and
1550.67 nm, respectively. Both of the pulses were amplified
through separate three-stage amplifier channels, as shown in
Fig. 17. Each wavelength was then combined into a single fiber
using a fiber-spliced polarization beam combiner (PBC) and
amplified in the same power amplifier stage that is same as that
in Fig. 11.

By using the same phase-matching configuration as that in
Section II-C, the generated THz peak powers are shown in
Fig. 18 at different fiber laser pump powers. One can see that
the highest peak power can reach 26.4 mW, which is a factor
of over 49 times more than that pumped by Q-switched MOPA
fiber lasers. The power conversion efficiency for this THz gen-
eration was 8 x 1077, and the photon conversion efficiency was
atleast 1 x 1074,

04 06 08 10 12 14 16 18
Fiber laser pump power (W)

THz Peak Power (mW)

Fig. 18.  Generated THz output peak power versus the pump average power
of the modulated fiber lasers in MOPA.

IV. CONCLUSION

We have demonstrated the narrow-linewidth (transform-
limited) pulsed fiber laser seeds in the C-band with nanoseconds
to tens of nanoseconds pulsewidth and up to megahertz repe-
tition rate by using two different approaches—active all-fiber-
based Q-switching and directly modulating the single-frequency
fiber laser. In order to scale the peak and average power of the
narrow-linewidth fiber laser pulses, a new large-core (~15 pm)
SM PM highly Er/Yb codoped phosphate fiber, EYPhF, has
been fabricated, which has high gain per unit length and is used
in the power amplifier stage with the optimized length of only
~12.5 cm. The short-length active fiber successfully avoids non-
linear effects, which limit performance in conventional silica-
based fiber amplifiers. For this retina-safe SM, PM, all-fiber
laser source in MOPA with narrow linewidth, the pulse energy
can reach 0.11 mJ and peak power 51.5 kW, which is among the
highest values reported for wavelength of ~1.55 pm in an all-
fiber-based pulsed fiber laser system. This SM PM high-power
pulsed fiber laser source is important for applications in sensors,
range finding, lidar, and optical parametric processes. As one
of the applications, this SM PM high-power pulsed fiber laser
source has been successfully used to implement a fiber-based
THz source that is compact, portable, low-cost, and requires low
maintenance, making this THz source quite promising for THz
applications.
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