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a b s t r a c t

A megawatt-peak-power picosecond all-fiber-based laser in master oscillator power amplifier (MOPA) is experimentally demonstrated. Only 34-cm-long highly
Yb3+-doped large mode area (LMA) phosphate fiber was used as the gain fiber in the amplification stage to alleviate nonlinearity and achieve high peak power.
Picosecond pulses with single pulse energy of 21.2 μJ and peak power of 0.96 MW were achieved at the repetition rate of 500 kHz. Evident spectral degradation can
be observed as the peak power approached 1 MW, and a stimulated Raman scattering (SRS) free peak power of 0.51 MW was obtained in the experiment. Moreover,
the output power under different repetition rates was investigated.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Over recent years, picosecond fiber lasers with megawatt-level peak
power have attracted considerable attention for the applications in
fields such as material processing and supercontinuum generation [1–
4]. Among the approaches to generating megawatt peak power pulses,
master oscillator power amplifier configuration, which provides with an
effective adjustability of shape, duration and repetition rate of output
pulses, is considered to be a promising solution [5,6]. In the design of
megawatt peak power MOPA systems, complicated nonlinear effects in
fiber, such as self-phase modulation (SPM), stimulated Raman scattering
(SRS), and four-wave mixing (FWM), are significant restrictions on
power scaling [7,8]. To overcome such limitations, several approaches
have been developed in pulsed MOPAs. For example, pulse compressors
were applied at the output of MOPAs to efficiently increase peak power
by compressing pulse duration, whereas it also increased the complexity
and compromised the integration of pulsed MOPA system [9]. As
most of the nonlinear distortions are enforced by power density inside
the fiber core [10], active fibers with large mode area (LMA) were
generally employed in megawatt peak power MOPA systems to alleviate
nonlinearity. In 2016, Yu et al. demonstrated a multi-stage picosecond
MOPA system with a 0.9-m-long LMA gain fiber in the main amplifier,
where 11 ps pulses with 709 kW peak power and 117 W average
power were achieved. The Yb3+-doped LMA fiber had a core/cladding
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size of 50/400 μm and effectively inhibited nonlinear effects in the
amplifier [11]. Furthermore, LMA active photonic crystal fibers (PCFs)
and rod type fibers were also developed and utilized in megawatt peak
power MOPA systems owing to their ability for further increase in mode
area [12,13]. In 2016, Wang et al. reported a three-stage MOPA system
where a 1.15-m-long Yb3+-doped LMA PCF with a 105 μm core was
utilized as gain fiber in the main amplifier. The employment of the
LMA PCF contributed to the suppression of ASE and nonlinear effects,
and 1.18 MW peak power picosecond pulses with an average power
of 255 W were achieved in the demonstration [14]. Whereas in most
of the systems using LMA active PCFs and rod type fibers, free space
coupling configuration were usually employed, which compromised the
robustness and compactness of the megawatt peak power MOPA system.

In order to further alleviate nonlinearity accumulated by the length
of fiber, shorter gain fibers are preferred in high peak power MOPA
systems. However, although the LMA design helped to suppress non-
linearities in fiber, most of the active fibers in all fiber-based MOPA
systems were still meters in length, which is hard to shorten due to
limited solubility of rare-earth oxides in silica fibers (to ∼2.1×1020/cm3

for Yb3+) [15]. As a result, further power scaling of all fiber-based
lasers with silica active fibers was constrained. In recent years, active
phosphate fibers have been drawing extensive interest. Owing to their
higher solubility for Yb3+ (∼10 times as much as silica) and higher
resistance to IR-induced photodarkening, highly-doped phosphate fibers
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with LMA design are capable of providing sufficient gain in much
shorter length, thus managing to suppress nonlinearity accumulation
in fiber [16]. For instance, a highly Yb3+-doped phosphate fiber was
employed by Lee et al. in a high-power single-mode single-frequency CW
amplifier, where the 74.5-cm-long phosphate fiber provided a gain of
27 dB and produced 16.3 W single-frequency output [17]. Moreover, the
employment of phosphate fiber contributes to all-fiber configuration,
which is rather difficult to realize with LMA PCFs or rod-type fibers.
Hence, we consider it a promising method to achieve high peak power
picosecond pulses with highly Yb3+-doped LMA phosphate fiber.

In this letter, we present a megawatt-peak-power picosecond all-
fiber-based laser in MOPA using only 34 cm of highly Yb3+-doped LMA
phosphate fiber as gain fiber in the amplification stage. An average
output power of 10.6 W was achieved at the repetition rate of 500 kHz,
corresponding to the pulse peak power of 0.96 MW. The evolution of
output spectrum showed an SRS-free peak power of 0.51 MW in our
demonstration. The output power under different repetition rates was
investigated as well, and 19.4 W of average output power was achieved
at the repetition rate of 1.86 MHz.

2. General characteristics of the phosphate fiber

The phosphate fiber we used in the experiment is a highly Yb3+-
doped polarization maintaining (PM) LMA double-cladding fiber with
core, inner cladding and outer cladding diameters of 25, 250 and 400
μm, respectively. The NAs of core and inner cladding are 0.04 and 0.47.
The phosphate fiber has a cladding absorption as high as 80 dB/m at
975 nm, which can significantly shorten the length needed to provide
efficient gain in fiber lasers. The core and cladding of the phosphate fiber
are made of alkaline-earth glasses with a high Al2O3 content which is
added to ensure high mechanical strength and good chemical durability.
The core of the phosphate fiber is doped with 6 wt% of Yb2O3. The
absorption and emission cross-section of the Yb3+-doped phosphate
glass are shown in Fig. 1, with the peak absorption and emission cross-
section of 1.55×10−20 and 1.42×10−20 cm2, respectively. The low NA
LMA fiber is fabricated based on a rod-in-tube technique under precise
refractive index control for core and cladding glasses.

The phosphate fiber was spliced to a double-cladding silica matching
fiber. As the melting point of phosphate glass and silica glass are
different, asymmetric fusion splicing technique was used to splice the
phosphate fiber to matching fiber. Parameters such as the location and
power of splicing flame were carefully selected to guarantee the quality
of splicing point. A splicing loss of 0.5 dB was measured mainly caused
by the material discrepancy between silica and phosphate fiber. The
other end of the phosphate fiber was spliced to a silica endcap with a
diameter of 500 μm to protect the fiber facet from damage in high power
operation. The splicing between the phosphate fiber and silica endcap
introduced a splicing loss of 0.4 dB.

The damage threshold of active fiber is another factor that should be
noticed for high power operation. The theoretical damage threshold of
phosphate glass was usually taken to be 6.5 W/μm2 [18], corresponding
to ∼3.2 kW for the LMA phosphate fiber we used. However, additional
thermal loading from the absorption component of the fiber loss origi-
nating from impurities limited the power scaling greatly [17]. To deal
with this limitation, the phosphate fiber was fixed on an aluminum
base plate with active water-cooling system to alleviate the thermal
issue. What is more, the problem on hygroscopy would also degrade the
performance of amplification with phosphate glass fiber. As a solution,
the phosphate fiber was covered with a metallic shell in order to isolate
it from the environment and protect the splicing point as well.

3. Experimental setup

The experimental setup of the picosecond all fiber-based laser is
depicted in Fig. 2, which comprised of a picosecond fiber seed and one
amplification stage with the highly Yb3+-doped LMA phosphate fiber.

Fig. 1. Absorption and emission cross-section of Yb3+-doped phosphate glass.

The seed was a home-made PM passively mode-locked fiber laser with
central wavelength at 1064 nm. A PM isolator was spliced after the seed
laser to block off backward traveling light. A PM fiber beam combiner
was utilized to combine the seed and the high-power 976 nm pump. The
output port of the combiner had a core/inner cladding size of 25/250 μm
to match the size of gain fiber. 34-cm-long PM highly Yb3+-doped LMA
phosphate fiber was used as the gain fiber, with its end spliced to the
endcap as the output. A dichroic mirror was used after that to separate
signal laser from pump laser. Furthermore, to alleviate thermal issue,
the active fiber was placed on an actively water-cooled base-plate with
the temperature controlled to 25 ◦C. Polarized output was achieved by
employment of PM fiber devices and PM fibers in the fiber laser system
in MOPA.

4. Results and discussion

To guarantee the highest peak power output, the seed laser was set
to operate at a repetition rate of 500 kHz, with the average output
power of 400 mW. The pulse width was measured to be 20 ps and the
corresponding single pulse energy was 0.8 μJ. Due to the splicing loss
and absorption of gain fiber, pulse energy dropped to 0.4 μJ after the
amplification stage. Fig. 3 illustrates the variation of average output
power as well as single pulse energy as the pump power increases from
0 to 30 W. An output average power of 10.6 W was achieved at the
pump power of 30 W, and the corresponding single pulse energy was
21.2 μJ. Further increase of pump power was limited by an increased
risk of damage to the active fiber. The slope efficiency with respect to
the launched pump power reached ∼39% and then decreased gradually
when pump power exceeded 20 W, which was due to the saturation
of the pump absorption. The autocorrelation traces of seed and output
pulse with 21.2 μJ pulse energy are shown in Fig. 4. It can be found that
the pulse width was slightly broadened from 20 to 22 ps and no evident
degradation in pulse shape was revealed. Such a small change in pulse
width was attributed to a small dispersion accumulation owing to the
large mode area and short length of gain fiber [19]. The peak power of
output pulse was calculated to be 0.96 MW, which shows the capability
of highly Yb3+-doped LMA phosphate fiber in pulsed amplification.
Apparently, the high cladding absorption and large core size design of
the phosphate fiber helps to obtain sufficient gain for power scaling
with short active fiber while alleviating pulse width degradation during
the amplification. Moreover, the PM phosphate fiber contributed to PM
output. The utility of all-PM and all-fiber system configuration obtained
the output with a 16.5 dB polarization extinction ratio (PER) at the
maximum output power.
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Fig. 2. Schematic of the experimental setup.

Fig. 3. Average output power (black line) and single pulse energy (blue line) versus pump
power. (For interpretation of the references to color in this figure legend, the reader is
referred to the web version of this article.)

Fig. 4. Comparison of autocorrelation traces of the seed pulse (black) and the output
pulse with 21.2 μJ pulse energy (red). (For interpretation of the references to color in this
figure legend, the reader is referred to the web version of this article.)

The evolution of output spectra under different peak power were
also measured and shown in Fig. 5. The seed had a 3-dB bandwidth of
10.6 nm. Accompanied with the increase of output peak power, spectral
broadening was observed, which was mainly caused by SPM in fiber. As
shown in Fig. 5, an SRS-free peak power of 0.51 MW was obtained in
the experiment, and the spectrum bandwidth was broadened to 24.0 nm.
When the peak power exceeded 0.51 MW, SRS effect was observed with
the power at 1064 nm transferred to ∼1.2 μm. Further increase of peak
power enhanced the SRS effect and caused further spectral degradation.
At the output peak power of 0.96 MW, the bandwidth around 1.06 μm

Fig. 5. Evolution of output spectra and bandwidth at different peak power.

was broadened to 35.2 nm, and evident SRS peaks were observed over
1.2 μm. As power at the SRS peak around ∼1.2 μm has become over
50% of that at 1064 nm, further increase of pump power contributes
little to boosting power at 1064 nm, but causes more serious spectral
deterioration. While compared with the silica fiber in same size, whose
calculated SRS threshold is around 0.23 MW [20], the SRS-free peak
power of 0.51 MW obtained with LMA phosphate fiber indicated its
benefit for the alleviation of SRS. Such a high SRS-free peak power is
helpful to guarantee performance improvement of the high peak power
pulsed amplification.

The beam quality (M2 factor) of the output at full power operation
was evaluated with a moving knife-edge detection apparatus. The beam
radii in directions perpendicular and parallel to the table top as a
function of distance from the waist location is illustrated in Fig. 6. The
spatial intensity distribution in the far-field was shown in the Inset. The
M2 factor was measured to be 1.32 (perpendicular) and 1.39 (parallel),
which was well confined with the low NA design of the LMA phosphate
fiber. The difference between perpendicular and parallel beam qualities
is ascribed to the minute variations in the refractive index profile along
different directions radiating from the core center. The output power at
full power operation was monitored in 10 h and shown in Fig. 7. The
fluctuation of output power is less than 1.5%, which indicates stable
operation of the all-fiber laser system.

To further investigate power amplification performance of the MOPA
system, power scaling with seed laser at repetition rates of 500 kHz,
962 kHz and 1.86 MHz were measured and illustrated with solid
lines in Fig. 8. When operated at the repetition rates of 962 kHz and
1.86 MHz, the seed generated pulses with average power of 500 mW
and 800 mW, respectively. It should also be noted that the pulse width
of seed maintained ∼20 ps at different repetition rates. It can be seen
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Fig. 6. Beam radius measured as a function of distance from waist location. Inset: output
spatial intensity distribution in the far field.

Fig. 7. Fluctuation of output power over 10 h.

that the output power was quite close under different repetition rates
when pump was below 10 W. As pump power was further increased,
the slope efficiencies of output power gradually reduced at repetition
rates of 500 kHz and 962 kHz. Furthermore, the differences of output
power under the three repetition rates were enlarged with the growth
of pump power. Meanwhile, the evolution of output power showed no
sign of decay at 1.86 MHz, which indicated further scaling of average
output power was limited primarily by available pump power. When
seed laser operated at 1.86 MHz, maximum output power of 19.4 W
was achieved with the pump power of 40 W, which was also the highest
average power we obtained. The single pulse energy after amplification
was 17.3 μJ (@962 kHz) and 10.4 μJ (@1.86 MHz) at the pump power
of 40 W, corresponding to the peak power of 0.78 and 0.47 MW,
respectively. Therefore, compared with output performances at other
repetition rates, the 0.96 MW achieved at 500 kHz is the highest peak
power we can obtain with current experimental setup. To analyze the
evolution of output power at different repetition rates, simulations on
the amplification were carried out with different parameters of the seed
based on the model described in Ref. [21]. The result was shown with
dashed lines in Fig. 8 and matched well with the trends of experiment.
As pump power was increased to higher than 10 W, the absorption
efficiency of pump power declined at the lower repetition rate as the
result of pump absorption saturation effect, thus causing the decrease
of slop efficiency at 500 and 962 kHz. The disparity of pump absorption
was enhanced with the further increase of pump power, which led to
the enlargement of differences in output power.

Fig. 8. Simulation and experimentally measured output powers versus pump power with
different repetition rates.

5. Conclusion

In this paper, we have demonstrated a megawatt-peak-power pi-
cosecond all-fiber-based laser in MOPA with only 34-cm-long highly
Yb3+-doped LMA phosphate fiber as the gain fiber in its amplification
stage. In the experiment, we achieved a pulse energy of 21.2 μJ at
the repetition rate of 500 kHz. The corresponding peak power was up
to 0.96 MW. The investigation on spectral evolution showed evident
spectral degradation as the peak power approached 1 MW, and an
SRS-free peak power of 0.51 MW was obtained. Further evaluation by
changing the repetition rate of seed showed that an average output
power up to ∼20 W can be achieved at the repetition rate of 1.86 MHz.
Such achievements were mainly attributed to the large core size and
high gain coefficient of the highly Yb3+-doped LMA phosphate fiber. We
believe that this megawatt peak power picosecond all fiber-based laser
could serve as the source suitable for a wide variety of applications.
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