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Abstract: We report a high SBS-threshold, single-frequency, single-
mode, polarization maintaining (PM) monolithic pulsed fiber laser source in
master oscillator and power amplifier (MOPA) configuration that can
operate over the C-band. In order to achieve a narrow transform-limited
linewidth for pulses longer than 100 ns, we use a single-frequency Q-
switched fiber laser seed, which itself can be seamlessly tuned up to 1.24
ps. The Q-switched pulses are amplified in the power amplifier stage of
MOPA using a high SBS threshold single-mode PM large core highly Er/Yb
co-doped phosphate glass fiber (LC-EYPhF). This seed and amplifier
combination represents the first monolithic, all-fiber implementation of a
single-frequency pulsed laser with the highest pulse energy of 54 pJ and
peak power of 332 W for 153-ns pulses at 1538 nm.
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1. Introduction

Fiber lasers pumped by semiconductor lasers are becoming more and more important in laser
applications. Monolithic all fiber-based pulsed fiber lasers are particularly promising sources
for laser sensing, imagery, velocimetry, anemometry, and coherent LIDAR owing to their
high spatial and spectral qualities, as well as their rugged, compact, maintenance-free,
efficient, lightweight, and high beam quality features. For applications involving
spectroscopic sensing and LIDAR, a high precision measurement highly depends on the
linewidth or coherence length of the fiber laser pulses. For example, for active remote sensing
spectroscopy, the oxygen absorption linewidth at standard temperature and pressure is in the
range of a few gigahertz [1-2], so the linewidth and stability of the laser should be less than 10
MHz for high precision (fractions of a percent) measurements of the absorption lineshape and
strength. Therefore, it is highly desirable to have fiber laser pulses with transform-limited
linewidth, and pulse duration in 100 ns-500 ns range. In order to achieve a narrow linewidth
pulsed fiber laser seed, it is possible to modulate a distributed feedback fiber laser (DFBL) or
a single-frequency fiber laser by using electro-optic modulator or acoustic modulator [1-2, 3-
5]. However, both of these approaches are bulky, expensive, and inefficient. In this paper, we
report on single-frequency fiber laser pulses covering the nanosecond time regime obtained by
using actively Q-switched fiber laser. This is the first demonstration of an all fiber-based Q-
switched fiber laser with transform-limited linewidth that extends over such a wide and
tunable pulse duration range of 7.5 ns - 1.24 ps to the best of our knowledge. In addition, it is
more efficient, compact and less expensive compared with the modulated fiber laser pulses.
For sub-microsecond pulses with single spatial mode and very narrow linewidth, the laser
power scaling has been difficult in fiber amplifiers due to limitations primarily from the
stimulated Brillouin scattering (SBS) nonlinear effect [1-3]. SBS builds up strongly in the
fiber for narrow linewidth pulses of long pulse duration [6]. So it has been difficult to achieve
high peak power, single-mode, and narrow linewidth operation simultaneously in a fiber laser
system, especially for a monolithic master oscillator and power amplifier (MOPA) structure.
Therefore, increasing the SBS threshold for the fiber amplifiers is crucial to scaling the peak
and average power for the SM PM narrow linewidth sub-microsecond fiber laser pulses.
There are three main approaches to reducing the SBS effect or increasing SBS threshold. One
is to reduce the transverse overlap integral between the optical and acoustic fields as
accomplished by proper profile design [7-8]. However, this approach is more effective for
passive fiber than for large mode area (LMA) active fibers. The second is using a temperature
gradient [9] or strain gradient [10] to essentially shorten interaction length by altering the SBS
spectrum along the fiber. The last one that is the well-known approach to reduce the SBS
effect is to make fibers with LMA [11]. The mode area is increased by lowering the core
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numerical aperture (NA) and increasing the core diameter. However, the challenge is to
decrease the core NA. For example, for the lowest commercial core NA of 0.06 the fiber is
still multimode in the c-band when the core diameter is larger than 20 pm. Single mode
operations can be achieved by modal discrimination induced by coiling the fiber [12-13]. A
side effect of this method is that for large core size, bending deforms the mode field
distribution and thus reduces the mode area. In this paper, we demonstrate a high SBS
threshold all-fiber based amplifier by using a single-mode PM large core highly Er/Yb co-
doped phosphate glass fiber (LC-EYPhF) in the power amplifier stage of a monolithic MOPA
configuration. The LC-EYPhF has high gain per unit length due to the high co-doped
concentration. This is a unique feature of this active phosphate glass fiber. Also, we achieve
low core NA ~ 0.053 as a result of our precise control of core and cladding glass refractive
indices and our unique rod-in-tube fiber drawing technique [14-18]. Previously, we have
scaled the peak power of short ns pulses with transform-limited linewidth to more than 50 kW
at ~ 1550 nm and repetition rate of 5 kHz [18].

We believe that the demonstration of an all-fiber based solution in this operating regime
is important for wider deployment of these laser systems in many applications such as
coherent LIDAR where the all-fiber construction enables robust, maintenance-free, and high
performance operation.

2. Single-frequency Q-switched fiber laser

Recently, we have developed an all fiber-based Q-switching laser using fiber stress
birefringence induced by a piezo [14-17, 19]. In this method, a piece of piezo compresses a
fiber creating stress birefringence, and this birefringence acts as a waveplate, changing the
polarization state of the light in the fiber. This Q-switch mechanism is similar to using an
electro-optic modulator, 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 co-doped phosphate glass fiber, serving as the gain medium. The high doping
concentration creates a strongly absorbing active fiber, allowing for a ~5 cm cavity length that
is significantly shorter than other Q-switched fiber lasers, which can have cavity lengths of
meters to kilometers. This short cavity length creates large longitudinal mode spacing, helping
to maintain lasing on a single longitudinal mode. The active fiber is spliced between two fiber
Bragg gratings (FBGs) and a short section of standard non-PM fiber. 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 acousto-optic modulators, while also
eliminating fiber components within the cavity. The two fiber Bragg gratings act as cavity
mirrors. The high reflector is written in a standard non-PM fiber, and has a fairly broad
reflection band of 0.31 nm FWHM. The output coupler has a ~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 the OC-FBG is written in a PM fiber, the reflection band is
split approximately 0.3 nm due to the different indices of refraction in the fast and slow axis
of the PM fiber. We selected these gratings so 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 Q-
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. This stress-induced
birefringence acts as a waveplate, which rotates the polarization of the light inside the laser.
Figure 1(a) shows the pulse width variation with the repetition rate for the Q-switched
fiber laser at 1550.67 nm when using 500-mW pump power at 980 nm. The shortest pulse
width was 7.5 ns and occurred at a 5 kHz repetition rate when using a pump power of 500
mW. The highest peak power obtained was 15.32 W at repetition rate of ~ 20 kHz, and the
average power is from 0.014 mW to 18.78 mW for repetition rate of 50 Hz to 630 kHz. Figure
1(b) shows the pulse width variation with the pump power for the Q-switched fiber laser at
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1538 nm at a repetition rate of 20 kHz. For other wavelengths in the c-band, the pulse width
variations of the Q-switched fiber lasers with the repetition rate and pump power are very
similar to that in Fig. 1. It is worth noting that the pulse width of the single-frequency Q-
switched fiber laser pulses can be seamlessly tuned in a very wide range by tuning the
repetition rate or the pump power. This is an important newly demonstrated capability of this
fiber laser structure and design. One can see that the pulse duration can be easily tuned from
7.5 ns to 1.24 ps by decreasing the pump power when using the fixed repetition rate of 20 kHz
(see Fig. 1 (b)). Figure 2 shows the typical pulse shapes of the Q-switched fiber laser at 1538
nm with pulse widths of 15 ns, 145 ns and 162 ns, respectively. The solid curves are the
measured temporal traces for the Q-switched pulses by using a fast oscilloscope and the
dashed ones are the relative Gaussian fitting results. It is worth noting that the pulse shapes for
the Q-switched pulses are all nearly Gaussian-like. Figure 3 shows the typical optical
spectrum we measured by using an optical spectrum analyzer (OSA) with spectral resolution
of 0.06 nm for the Q-switched fiber laser at 1538 nm. One can see the signal to noise ratio is
close to 60 dB, which is a little bit lower than that of our standard CW single-frequency fiber
laser (> 65 dB).
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Fig. 1. (a). Pulse width variation with the repetition rate with pump power of 500 mW for 1550
nm fiber laser pulses, and (b) the pulse width variation with the pump power at a repetition rate
of 20 kHz with the 1538 nm fiber laser pulses.
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Fig. 2. The typical pulse shapes of the Q-switched fiber lasers with different pulse widths.

In order to estimate the linewidth of the Q-switched fiber laser, the laser spectra of the Q-
switched laser at different pulse widths were measured by using a fiber-based scanning Fabry-
Perot interferometer with a free spectral range (FSR) of 1 GHz and Finesse of ~198. Figures 4
(a) and 4(b) show the scanning spectra for 7.6 ns and 112 ns Q-switched fiber laser pulses. For
the 7.6 ns pulses, the observed spectrum shows bursts of pulses under transmission peaks of
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the Fabry-Perot, which are separated in time by the repetition rate of the laser. This
observation confirms that the Q-switched fiber laser operates at a single frequency, and the
linewidth of ~ 65 MHz can be estimated by the envelope of the pulse train in the scanning
Fabry-Perot spectrum for the related fiber laser pulses, which is very close to transform
limited shown in Fig. 4(c). For the 112 ns pulses, the scanning Fabry-Perot spectrum shows
the nearly single burst under transmission peaks of the Fabry-Parot, which corresponds to the
line width of ~ 5 MHz that is close to the bandwidth limit of the used Fabry-Parot
interferometer. Therefore, for the Q-switched fiber laser pulses, it is expected that the
linewidth is at least as small as ~5 MHz when the pulse width is bigger than 112 ns.

REF; -10.00 dBm

=30.00
-50.00

~70.00

=90.00

~-110.00
1500.0 1550.0 16000

0.06 nm =75.00 dBm -18.42 dBm
194 Hz 10s off

Fig. 3. Measured optical spectrum for the for the Q-switched fiber laser at 1538 nm

- — - F-P scanning voltage 70 T T T T
—— F-P interference patern - -
604 O  Estimated linewidth
— Transform-limited fitting
= 501
3
< 404
<
5
- = - F-P scanning voltage -n i 301
—— F-P interference patern g ~ £
.t 3 90
112 ns pulses e (b)
FWHM ~ 5 MHz PR 104
el 0 : ; ; :
- I 0 50 100 150 200 250
Pulse width (ns)

Fig. 4. Fabry-Perot scanning spectra of Q-switched fiber laser for (a) 7.6 ns pulses and (b) 112
ns pulses, and (c) estimated linewidths for Q-switched fiber laser pulses with different
durations and the Gaussian transform-limited fitting.

3. Monolithic single-frequency pulsed fiber laser in MOPA

For longer ns pulses (>100 ns) with single spatial mode and very narrow linewidth, the laser
power scaling has been difficult in fiber amplifiers due to limitations primarily from the SBS
nonlinear effect This occurs because the pulse duration is much larger than the dephasing time
(1/mAvgwuy) that describes the time to phase the created phonons and build up the
macroscopic acoustic wave in the material if we assume the Brillouin gain bandwidth Avewgwm
is about 20 MHz at 1550 nm [1-3]. Therefore, increasing the SBS threshold for the fiber
amplifiers is crucial to scaling the peak/average power for the SM PM narrow linewidth sub-
microsecond fiber laser pulses.
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In order to implement the high SBS-threshold amplifiers, we notice that the SBS threshold
can be simply expressed as p 5| Ay [6-7, 20], where Ay is the optical effective
SBS

K- gBLeff

mode area, gBthe Brillouin gain coefficient _ 272"717122 , Ly the effective length of
eV AY

J~0L exp(g2)dzs where g is the unit gain of the active fiber), and K

the active fiber (; _

7 exp(sl)
the polarization dependence factor (1/3<K<2/3 when L.z >> Lz where Ly is the polarization
beating length). It is worth noting that our highly co-doping Er/Yb phosphate has the highest
gain per unit length (> 5 dB/cm) [16-19, 21-22]; resulting in a relative L, that is smaller one
or two orders of magnitude than silica and silicate fibers. Furthermore, we have studied the
SBS gain coefficient of our phosphate fibers [23], and determined that the SBS gain
coefficient is only half of that of a silica fiber. According to the above analysis, we estimated
the SBS threshold can be up to 2.8-5.6 kW for the 15 um core phosphate fiber LC-EYPhF
with length of ~ 12 cm.

PM-ESF-7/125

OoC
f Combiner PM LC-EYPhF
EYPhE 15/125
N~ %
~
Q-switched single- Three amplifer stages

frequency fiber laser seed

Fig. 5. Schematic of the SM single-frequency Q-switched fiber laser in MOPA.

Fig. 6. Fusion splice processing of LC-EYPhF with commercial silica fiber

Figure 5 shows the schematic of the all fiber-based pulsed fiber laser source in MOPA,
which uses LC-EYPhF with the optimized length of 12-cm in the power amplifier stage [16].
The single-frequency Q-switched fiber seed we used has a wavelength of 1538 nm, pulse
duration of 160 ns, and repetition rate of 20 kHz. Two preamplifier stages used 1-m long
commercial SM PM Er-doped active fibers (ESF-7/125), which were core pumped by using
980 nm SM diodes. We used three fiber-based PM isolators between the Q-switched single-
frequency fiber laser seed and three amplifier stages in order to block the backward amplified
spontaneous emission (ASE) and any reflection feedback. Between the three amplifier stages,
we used two narrow band filters to further suppress the ASE component. In the power
amplifier stage, the new developed SM PM Er/Yb highly co-doped (~ 3%Er-15%YDb)
phosphate glass fiber LC-EYPhF was used, with a core diameter of 15 um, core NA of 0.053,
and the cross section is shown as an inset of Fig. 5. The length of LC-EYPhF active fiber in
the power amplifier is only 12 cm. The output end of the LC-EYPhF was angle polished in
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order to minimize the end feedback. A commercial SM PM (6+1)x1 signal pump combiner
was used to combine six commercial fiber pigtailed single emitters at 975 nm. The 12-cm
EYPhF was arc fusion spliced with the silica fiber (output fiber) of the commercial combiner
in-house using an asymmetric fusion splicing technique. Figure 6 shows the fusion splice
processing of LC-EYPhF with commercial silica fiber. From Fig. 6 (a), one can see that the
LC-EYPhF fiber with large core and low NA was tapered before fusion splicing in order to
minimize the signal insertion loss of the fusion splicing by achieving the mode field diameter
matching. The temperature and time should be very well controlled when tapering the LC-
EYPhF fiber in order to avoid the adiabatic mode-field expansion. Figure 6(b) shows the
fusion splicing joint by using the asymmetric fusion splicing technique through longitudinally
offsetting the arc center. We want to point out that our filament fusion processing can do the
above processes also, which generates the similar performance with arc fusion processing.
However, the cost of the arc fusion processing is much lower than that of filament fusion
processing currently.

4. Experimental measurements and results

This pulsed fiber laser system can be operated in the whole C-band. In order to characterize
the performance of the monolithic single-frequency Q-switched fiber laser in MOPA in Fig. 5,
the single-frequency Q-switched fiber seed at wavelength of 1538 nm with pulse duration of
160 ns and repetition rate of 20 kHz was used. In this experiment, we kept the peak power
after the 2" amplifier below 30 W in order to avoid the SBS effect by monitoring the
temporal pulse trace, OSA spectrum and Fabry-Perot scanning spectrum. For the SBS-free
pulses after the 2" amplifier, the pulse shape stays nearly the same as the Q-switched pulse
seed before amplification. After the power amplifier stage, the pulse energy of the amplified
fiber laser pulses was accurately measured by using a fast Ophir PEOF-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.
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Fig. 7. (a). Pulse energy vs. power amplifier pump power for the MOPA system at ~ 1538 nm.
(b). Typical pulse shape for the amplified 54 pJ pulses.

Figure 7(a) shows the typical pulse energy performance when different pump powers were
used for the power amplifier of the MOPA system at ~ 1538 nm. When the average power of
the input seed for the power amplifier stage was about 97.2 mW, the pulse energy was 4.86
pJ. Due to the high SBS threshold for the short length (~ 12 cm) LC-EYPhHF in the amplifier
stage, the pulse energy can be scaled up to 54 pJ with SBS-free when the pump power for the
power amplifier stage is nearly 30 W.

Figure 7(b) shows the typical pulse shape for the power scaled pulses. One can see that the
pulse duration was a little bit narrowed to ~ 153 ns for the 162 ns pulse seed. For Gaussian-

peak —

like pulses, the peak power P, can be related to the pulse energy Easp  _ E ) [In2 So
FWHM T

the 54 pJ pulses correspond to a peak/average power of 332 W/1.08W at a repetition rate of

#107156 - $15.00 USD  Received 4 Feb 2009; revised 24 Apr 2009; accepted 25 Apr 2009; published 30 Apr 2009
(C) 2009 OSA 11 May 2009/ Vol. 17, No. 10/ OPTICS EXPRESS 8243



20k Hz. These pulse energy and peak power are the highest values to our knowledge for the
monolithic single-frequency pulsed fiber lasers with longer ns pulse duration. The power gain
for the power amplifier stage when using ~ 30 W pump power is about 10.5 dB corresponding
to a unit gain of ~ 0.87 dB/cm.
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Fig. 8. (a). and (b). the images of the pulsed fiber laser profile displayed in 2D and 3D views
for 54 pJ pulses; (c) Beam quality evaluation by measuring M? values at two orthogonal
directions by scanning the beam size around the waist position of the focused propagation
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Fig. 9. (a). the spectral trace for 54 pJ pulses with 153 ns duration at 20 kHz repetition rate
using an optical spectrum analyzer with a resolution of 0.06 nm; (b) the F-P scanning spectrum

for 54 pJ pulses.

The output beam quality of the fiber laser pulses with 54 pJ per pulse was characterized by
a Spiricon Pyrocam III. Figures 8(a) and 8(b) show the images of the pulsed fiber laser profile
displayed in 2D and 3D views, which indicate the fiber laser pulses have diffraction limited
beam quality. The beam quality was also evaluated by measuring the M? values of around 1.2
for both vertical and horizontal directions through scanning the beam size around the waist
position of the focused propagation beam, as shown in Fig. 8(c).

Figure 9(a) shows the spectral trace for 54 pJ pulses with 153 ns duration at 20 kHz
repetition rate using an OSA with a resolution of 0.06 nm. One can see that these
amplified SM pulses have a signal noise ratio of ~ 50 dB. From the F-P scanning
spectrum in Fig. 9(b), it was estimated that the pulsed fiber laser in MOPA was operating
in single-mode and the transform-limited linewidth is about 5 MHz. The measured
polarization extinction ratio (PER) for the above amplified pulses is > 10 dB.
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3. Conclusions

We have demonstrated a high SBS-threshold, single-frequency, SM PM monolithic pulsed
fiber laser source based on a MOPA configuration that can operate over the C-band (1530nm-
1565nm). The single-frequency pulsed fiber laser seed with longer ns pulses was achieved by
using an actively Q-switched fiber laser, whose pulse duration can be tuned up to 1.24 ps.
This is an important newly demonstrated capability of this fiber laser structure and design. By
using SM PM large core (15 um) highly Er/Yb co-doped phosphate glass fiber in the power
amplifier stage in the all-fiber MOPA configuration, the pulse energy has been scaled up to 54
wJ for 153 ns pulses with an estimated linewidth of ~ 5 MHz, corresponding to a peak power
of 332 W without SBS effects. By using the Q-switched single-frequency fiber laser seed, this
all-fiber based fiber laser MOPA system features compactness, simplicity, stability, and low
cost, as well as performance marked by a high signal to noise ratio. These eye-safe high-
energy all-fiber laser pulses with transform-limited linewidths are very important for
applications involving range-finding, coherent LIDAR, and remote sensing after frequency
doubling (e.g. the oxygen A band).
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