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applications including industrial manufacture, medical 
treatment, telecommunications and so on [1–3]. With the 
development of fiber technology, hundred-watt-scale-
average-output-power ultra-short pulse fiber laser has 
been developed greatly by introducing Master Oscilla-
tor Power Amplifier (MOPA) technology. Chen et  al. [4] 
demonstrated an all-fiber picosecond laser with 96 W aver-
age power in MOPA configuration in 30-μm fiber core. 
Chen et  al. [5] reported a picosecond fiber MOPA source 
delivering average output power of up to 100 W by using 
a 25-μm-fiber-core ytterbium-doped fiber in the master 
amplifier stage. Wu et  al. [6] reported an all-fiber MOPA 
picosecond fiber laser with an average power of 102  W, 
and they used a 20-μm-fiber-core doped fiber in the mas-
ter amplifier. Chen et al. [7] demonstrated an all-fiber pico-
second MOPA source with 125 W high-power output in a 
15-μm-fiber-core doped fiber. Dupriez et  al. [8] demon-
strated a 321-W-average-power picosecond pulse source in 
a 43-μm-fiber-core doped fiber. Chen et al. [9] reported a 
1.06-μm ytterbium-doped fiber MOPA source delivering 
average power of 100 W using a 20-μm-fiber-core doped 
fiber. Moreover, super-large mode area rod-type photonic 
crystal fiber (PCF) has been used in ultra-short pulsed fiber 
laser system to obtain a kilowatt-scale high-average-power 
laser output [10–12].

To sum up, we could find that there are many good 
results in picosecond fiber laser with the average output 
power up to 100 W, but for reducing the nonlinear effect, 
they usually introduce a large fiber-core doped fiber 
(≥15 μm) or even a rod-type PCF in their power ampli-
fier. Large fiber core diameter provides advantages in terms 
of higher pump absorption, lower nonlinear effects and 
higher damage threshold. At the same time, it also means 
that multimode can be supported in the fiber laser system. 
In addition, the expensive and complex fiber processing 

Abstract  We report on a theoretical and experimen-
tal study on 100-W picosecond pulsed laser produced in 
10-μm-core double-clad fiber. Firstly, we make a theoreti-
cal simulation based on four-level rate equation and non-
linear Schrödinger equation. In the theoretical simulation, 
we prove that 100-W picosecond laser can be produced 
in 10-μm-core doped fiber and find that the length of the 
doped fiber has a great impact on the spectrum character-
istics of the output laser pulse. Then, based on the theoreti-
cal analysis results, we make an experimental study intro-
ducing Master Oscillator Power Amplifier technology. We 
do four sets of comparative experiments using different 
lengths of the doped fiber: 6, 6.5, 7 and 8 m. As a result, 
100 W of average output power is obtained in 10-μm fiber 
core with 6.5 m length. Its repetition rate is 22.7 MHz, its 
central wavelength is 1,040 nm, and its pulse width is about 
430  ps. Moreover, we use the picosecond laser source to 
pump the nonlinear photonic crystal fiber (PCF) to pro-
duce super-continuum source. With two different kinds 
of PCF, 30 and 36 W average output power are obtained 
corresponding to spectral broadening range from 550 to 
1,650 nm and from 500 to 1,650 nm, respectively.

1  Introduction

High-average-output-power ultra-short pulse fiber laser, 
because of their high brightness, good beam quality and 
convenient thermal management, has a wide range of 
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technology, such as the large-diameter fiber cleaving and 
large-diameter fiber splicing, are necessary to perform 
the large core fiber [13, 14]. Rod-type PCF fiber ampli-
fiers mostly introduce spatial light structure, and it does 
not achieve all-fiber structure. It is mainly due to that the 
PCF holes collapse will cause large splicing loss or even 
splicing failure in the fiber splicing process. As we know, 
in many applications, the fiber amplifier output with good 
beam quality is necessary for the high-power output. More-
over, in the generation of SCS, picosecond pulsed laser 
delivered in a small fiber core has important application in 
pumping the high nonlinear PCF which usually has small 
fiber core (2–6 μm) in order to yield high nonlinear effects. 
Therefore, it is very difficult to splice directly the pigtail 
fiber of the high-power picosecond laser source, which usu-
ally has a large core, with the nonlinear PCF in a super-low 
loss. So it is very valuable to investigate this kind of ultra-
short pulse laser produced and delivered in super-small-
core fiber with higher output power.

As we know, super-continuum has very important appli-
cation in many fields, such as Coherent anti-Stokes Raman 
scattering microscopy [15], stroboscopic white-light inter-
ferometry [16], multi-wavelength pulse source [17], fre-
quency metrology [18] and spectroscopy [19]. With the 
development of PCF technology, using the pulse laser to 
pump the nonlinear PCF has become a simple and practical 
way to generate the super-continuum. However, the core 
diameter of the nonlinear PCF is usually very small (about 
2–6 μm), so how to make the pulse pump laser inject the 
PCF efficiently is a vital problem. There are always two 
ways to be used: the first is space-coupling injection, which 
is relatively simple, but also brings many unstable factors 
for the generated super-continuum [20, 21]. The other is 
low-loss splicing technology, which needs to use the con-
trolled air-hole collapse technique to expand the core diam-
eter of the PCF and then splicing directly with the pulse 
fiber laser pump source [22, 23]. This method can greatly 
improve the coupling efficiency, but this PCF processing 
technology is very complex. So we make a study on high-
power picosecond fiber laser produced in 10-μm fiber core. 
The aim was to reduce the output-end fiber core size of the 
pump pulse laser thus to reduce the splicing loss with the 
small-core nonlinear PCF and increase the coupling effi-
ciency. Moreover, for this 10-μm-fiber-core picosecond 
laser source, a simple cleaving and splicing technology, 
which is very suitable for industrial production and appli-
cation, is only needed.

In this paper, we make a theoretical and experimental 
study on 100-W-scale-average-output-power picosecond 
all-fiber pulse laser produced in 10-μm fiber core. Firstly, 
we established a theoretical model in the Fiberdesk soft-
ware based on four-level rate equation (FLRE) and non-
linear Schrödinger equation (NLSE). Secondly, according 

to the theoretical analysis, we make an experimental study 
for 100-W-scale-average-output-power picosecond all-fiber 
pulse laser produced in 10-μm fiber core. At last, we obtain 
a 100-W-average-output-power pulse laser. Its central wave-
length is 1,040 nm, repetition rate is 22.7 MHz, pulse width 
is 430 ps, and signal pulse energy is 4.41 μJ. Furthermore, 
we use the picosecond laser source to pump the nonlinear 
PCF to produce super-continuum source. With two differ-
ent kinds of PCF, 30 and 36 W average output power are 
obtained corresponding to spectral broadening range from 
550 to 1,650 nm and from 500 to 1,650 nm, respectively.

2 � Theory analysis

We established a theoretical model in the Fiberdesk soft-
ware. The approximated system used in Fiberdesk leads to 
the Eqs.  1–4 for the forward- and backward-propagating 
signal and pump powers including amplified spontaneous 
emission (ASE) (www.fiberdesk.com):

where z is the axial position of the fiber, Pp/s
± is the forward 

or reverse pump power and signal power at z position of 
the fiber, σe

p/s and σa
p/s are the emission cross section and 

absorption cross section of the pump or signal light, Гp/s 
is the fill factor of the pump or signal light, n2 and n1 are 
the upper and lower level particle number of stimulated 
emission four-level system, αp/s is the additional loss for 
the fields, νp/s is the light frequency of the pump or signal, 
Δυ is the gain bandwidth. For the ultra-short pulse propa-
gation, the rate equations are combined with the NLSE as 
follows (5):

where A is the normalized pulse amplitude, β2 is the sec-
ond-order dispersion coefficient, γ is the nonlinear coeffi-
cient, and α and g are additional loss and gain in fiber.
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The approximated system setup diagram is shown in 
Fig. 1, which includes four parts: signal input, pump input, 
ytterbium-doped fiber and output part. The parameters in 
theory analysis are given in Table 1 in detail. In the Fiberd-
esk software, we set the parameters of the software as fol-
lows: the value of β2 (second-order dispersion) at 1,040 nm 
is 0.025 ps2/m, the value of Eg (gain saturation energy) is 

8 μJ, and the value of γ (nonlinear coefficient) is 0.0024 
(W m)−1.

Firstly, we make a study on relationship between the 
doped fiber length and the output power. Through theory 
simulation analysis, we obtain data as shown in Fig.  2. 
From the simulation data curve, we can find that the 
10-μm-core fiber could be used to produce picosecond 
pulse laser with the average output power up to 100  W. 
When the doped fiber length is ~6.5 m, the output power is 
the maximum. When the doped fiber length is greater than 
~7 m, the output power begins to reduce due to the strong 
nonlinear effect.

Then, keeping other parameters unchanged, we make a 
simulation analysis with different doped fiber lengths: 6, Fig. 1   Approximated theory simulation diagram

Table 1   Data sheet of the 
theory simulation

Signal input part Pump input part Doped fiber part

Input power: 3 W Max pump power: 140 W Fiber type: 10/130 μm (core/cladding)

Central wavelength: 1,040 nm Pump wavelength: 976 nm 976 Absorption coefficient: 3.9 dB/m

Repetition rate: 22.7 MHz Fiber length: 6 m/6.5 m/7 m/8 m

Pulse width: 500 ps

Fig. 2   Theoretical output 
power versus the length of the 
ytterbium-doped fiber

Fig. 3   a The theoretical optical spectra of the amplified laser with different lengths of ytterbium-doped fiber. b The theoretical pulse width of 
the amplified laser with different lengths of doped fiber, the inset is the partial enlarged view
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6.5, 7, and 8 m. As shown in Fig. 3, for frequency domain, 
we find that the spectrum width will be broadening at 
1,090 nm, which is mainly due to the self-phase modula-
tion (SPM), when the doped fiber length becomes longer. 
There is a little spectral shift toward the long wavelength, 
when the doped fiber length becomes longer. Moreover, for 
time domain, we can find that pulse shapes are basically 
consistent with the different lengths of ytterbium-doped 
fiber. The pulse width becomes small with the doped fiber 
length increasing.

3 � All‑fiber MOPA laser system experiments and results

The whole experimental configuration is a typical all-fiber 
MOPA amplifier, which consists of a passively mode-
locked picosecond pulse fiber oscillator as a seed source 
and a two-stage ytterbium-doped all-fiber amplifier, as 
shown in Fig.  4. The seed source’s average output power 
is 70 mW with repetition rate of 22.7 MHz, and its pulse 
width is ~500  ps. Then, after a fiber isolator is used to 
prevent the preamplifier’s backward reflection to the seed 
source, the seed laser is injected into the preamplifier. The 
first stage is a ~4-m-long cladding pumped fiber amplifier 
using ytterbium-doped fiber (10-μm core, NA  =  0.075; 
130-μm inner cladding, NA  =  0.46, ~4.8  dB/m absorp-
tion) and is pumped by a 25-W, 976-nm pump coupled 
into the inner cladding using a fiber combiner. The com-
biner’s pump input part and signal input/output parts are 
105-/125-μm core/cladding diameter fiber and 10-/130-μm 
core/cladding diameter fiber, respectively. Then, through 
a high-power fiber isolator, the signal is injected into the 
final high-power fiber master amplifier stage which con-
sisted of the same ytterbium-doped fiber with 10-μm fiber 
core, six 976-nm LDs and a (6 +  1) ×  1 fiber combiner. 
The combiner’s pump part and signal input/output parts are 
105-/125-μm core/cladding diameter fiber and 10-/130-μm 
core/cladding diameter fiber, respectively. Finally, a non-
doped fiber mode-expanding end-cap made in our labora-
tory is spliced to the output end of the MOPA.

Based on the theoretical analysis, we make four sets of 
experiments by changing the doped fiber length. Firstly, 
we introduce an 8-m doped fiber into the master amplifier. 
As shown in Fig. 5a, when the pump power is about 60 W, 
the average output power is about 40  W. If we continue 
to increase the pump power, the output power can hardly 
increase. From the spectrum image shown in Fig.  5b, we 
can find that when the output power is about 47  W, the 

spectra has been broadened to 1,100 nm. And the spectral 
amplitude from 1,070 to 1,100 nm will be increased, while 
the pump power is increased, which means there is a very 
strong nonlinear effect in the doped fiber. Too long fiber 
will produce ASE, and there is a bump in the 1,090  nm, 
where it is just a position of Raman frequency shift char-
acteristic spectrum corresponding to the 1,040-nm laser. 
So there may be two kinds of nonlinear effects: SPM and 
Stimulated Raman Scattering (SRS). This is why the output 
power is hardly increased, which may be due to the strong 
SPM. Finally, when the pump power is 125  W, a output 
power of 51 W is obtained. Secondly, we make the doped 
fiber shortened to 7 m. From the spectrum image shown in 
Fig.  5c, we can find that when the output power is about 
57 W, there will be a little bump and spectral broadening 
in 1,090 nm, which is same as the one of 8-m doped fiber 
experiment. And when the pump power is continuously 
increased, the phenomenon of the bump and spectral broad-
ening in 1,090  nm will become more serious. Although 
the nonlinear effects of SPM and SRS decrease a lot, it 
still exists here. So it still has a certain effect on the output 
power of the amplifier. This is the main reason to limit the 
output power of the amplifier, as shown in Fig. 5a. Finally, 
when the pump power is 125 W, the 76 W output power is 
obtained. Thirdly, we continue to shorten the doped fiber 
to 6.5 m. When the pump power is 140 W, the 100 W aver-
age output power is generated in the amplifier. The optical-
to-optical conversion efficiency is about 71.4 %. From the 
spectrum image shown in Fig.  5d, there is only a small 
bump in 1,090 nm, when the output power is 100 W. More-
over, the input–output curve is approximately linear shown 
in Fig. 5a. At last, we introduce the 6-m doped fiber in the 
master amplifier. When the pump power is 140 W, the aver-
age output power is about 95 W. In Fig. 5a, we can find the 
input–output curve of the 6-m doped fiber amplifier is also 
approximately linear, but its slope efficiency is lower than 
the result of the 6.5-m doped fiber amplifier. This may be 
because of that the 6-m doped fiber cannot provide enough 
gain for the amplifier system, although the nonlinear effect 
is almost entirely suppressed. From the spectrum image 
shown in Fig.  5e, the spectral curve is relatively similar 
with the one of the 6.5-m doped fiber amplifier. The spec-
tral characteristics of the experimental data are very con-
sistent with our theory analysis, which suggests that the 
6.5-m-long doped fiber is the optimal length to produce 
100-W picosecond pulse laser in 10-μm fiber core.

The output laser of the 6.5-m doped fiber amplifier is 
detected by a high-speed digital oscilloscope (LyCroy 

Fig. 4   Experimental configura-
tion of the 100-W pulse laser
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20  GHz), and its pulse width is about 430  ps. In Fig.  5f, 
we can find the pulse width (430 ps) of the amplified laser 
becomes small relative to the signal light (500  ps). Nor-
mally, pulse width of amplified laser should be larger than 
the signal laser, which is caused by positive dispersion 
of the amplifier system. This opposite phenomenon may 
be caused by another mechanism, that is, gain saturation 

[24–26]. Because of the gain effect’s time dependence, 
gain saturation for pulse frontier edge is weaker than pulse 
trailing edge, which will result in pulse narrowing in time 
domain. The time-domain characteristics of the experimen-
tal data also show the validity of our theoretical analysis. 
Figure  6 is the pulse trains of the MOPA system output 
laser, which is stable and uniform.

Fig. 5   a The input–output curves of the MOPA system with differ-
ent lengths of doped fiber, b the spectra curve of the 8-m doped fiber 
MOPA system, c the spectra curve of the 7-m doped fiber MOPA 
system, d the spectra curve of the 6.5-m doped fiber MOPA system,  

e the spectra curve of the 6-m doped fiber MOPA system, f the pulse 
width curves of the oscillator and the 6.5-m doped fiber MOPA sys-
tem
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4 � SCS experiments and results

We also make a study on SCS using the picosecond pulse 
laser obtained above to pump the nonlinear PCF. The 
experimental configuration is shown in Fig. 7. It concludes 
three parts: the picosecond pulse laser source, the transi-
tion fiber and the PCF. The picosecond pulse laser source 
is obtained by MOPA technology, as mentioned above. Its 
average output power is 100 W with the repetition rate of 
22.7 MHz and its pulse width is 430 ps. The transition fiber 
is 6-/125-μm core/cladding fiber, which is used to reduce 
the mode field mismatch between the laser source and the 
PCF. One end of it is spliced with the 10-/130-μm output 

end of the picosecond laser source, as shown at “A” point 
in Fig.  7. The other end of the transition fiber is spliced 
with the PCF directly using a low-loss splicing program, 
as shown at “B” point in Fig.  7. At last, an 8° angle cap 
made by us is spliced to the output end of the whole sys-
tem, which is used to avoid laser feedback.

In the experiment, we introduce two kinds of PCF 
to make a SCS research. The cross-sectional view of 
the first PCF is shown in Fig.  8a. Its structure consists 
of a sold silica core, surrounded by 5 rings of round-
arrangement air holes to ensure sufficiently low confine-
ment loss. The pitch, which is the distance between two 
most adjacent holes, is 3.9 ± 0.1 μm, the zero dispersion 
wavelength is 1,030 ±  20 nm, the mode field diameter is 
4.5 ± 0.1 μm, and the nonlinear coefficient at 1,060 nm is 
11 (W km)−1. The cross-sectional view of the second PCF 
is shown in Fig.  8b. Its structure consists of a sold silica 
core, surrounded by 5 rings of hexagonal-arrangement 
air holes to ensure sufficiently low confinement loss. The 
pitch, which is the distance between two most adjacent 
holes, is 5.9 ± 0.1 μm, the zero dispersion wavelength is 
1,040 ± 20 nm, the mode field diameter is 6.4 ± 0.1 μm, 
and the nonlinear coefficient at 1,060 nm is 9 (W km)−1.

Firstly, we introduce the round-arrangement air-hole 
PCF into our super-continuum experiment and its length 
is about 7.5  m. When the picosecond laser source is 
76 W, 30 W output power of the super-continuum source 
is obtained with spectral broadening range from 550 to 
1,650  nm. If we continue to increase the injection power 
of the laser source, the splicing point in the transition fiber 
will be burned out. Secondly, the hexagonal-arrangement 
air-hole PCF is used in our super-continuum experiment 
and its length is about 6  m. When the picosecond laser 
source is 85 W, 36 W output power of the super-continuum 

Fig. 6   Pulse trains of the amplified laser

Fig. 7   Setup of the super-continuum source system

Fig. 8   a Cross-sectional view of the round-arrangement air-hole PCF, b cross-sectional view of the hexagonal-arrangement air-hole PCF
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source is generated with spectral broadening range from 
500 to 1,650 nm. In order to protect the devices, we do not 
further increase the injection laser power. The super-contin-
uum spectra generated from the PCF are observed by two 
optical spectrum analyzers with measurement ranges from 
350 to 1,075  nm (AvaSpec-NIR256, resolution: 0.05  nm) 
and from 900 to 1,700  nm (Ocean Optics Spectrometer-
NIRQ512, resolution: 3  nm). Fig.  9a, b shows the pro-
cess of spectral broadening with the average power of the 
super-continuum from 10 to 30 W, which is produced in the 
round-arrangement air-hole PCF. And Fig. 9c, d shows the 
process of spectral broadening with the average power of 
the super-continuum from 2.8 to 36 W, which is produced 
in the hexagonal-arrangement air-hole PCF. Our AvaSpec 
is a high-precision spectrometer, and it is composed of four 
channels: 339–596, 583–809, 785–974 and 953–1,100 nm. 
So short-wave spectra measured by it are not very smooth, 
as shown in Fig. 9a, c.

The input–output curve data of the two different PCF 
are shown in Fig. 10, and the average output power of the 
super-continuum source increases almost linearly with 

the incident laser power. Moreover, the pulse width of the 
output super-continuum laser is detected by a high-speed 
digital oscilloscope (LyCroy 20 GHz). Figure 11 shows the 
super-continuum laser pulse trains that are very stable and 

Fig. 9   a Short-wavelength optical spectrum produced in the round-
arrangement air-hole PCF, b long-wavelength optical spectrum pro-
duced in the round-arrangement air-hole PCF, c short-wavelength 

optical spectrum produced in the hexagonal-arrangement air-hole 
PCF, d long-wavelength optical spectrum produced in the hexagonal-
arrangement air-hole PCF

Fig. 10   Input–output curves of the super-continuum system with dif-
ferent PCF, RA round arrangement, HA hexagonal arrangement
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uniform just like the pump laser from pump laser source, 
which implies that there is good time coherence for the 
super-continuum laser [27–29]. Figure  12 shows the 
pulse width of the super-continuum laser, which is about 
244.95 ps. Its pulse width is also narrowed relative to the 
pump laser source, which is about 430 ps.

5 � Conclusion

We demonstrate a 100-W-average-output-power picosec-
ond pulse laser produced in 10-μm fiber core not only from 
theory simulation, but also from experiment. Firstly, we 
established a theoretical model in the Fiberdesk software 
based on four-level rate equation (FLRE) and nonlinear 
Schrödinger equation (NLSE). Secondly, according to the 
theoretical analysis, we make an experimental study for 
100-W-scale-average-output-power picosecond all-fiber 
pulse laser produced in 10-μm fiber core. Through chang-
ing doped fiber length with 8, 7, 6.5 and 6 m, we find the 

pulse shape of the frequency domain is relatively good in 
6.5-m doped fiber MOPA system and its average output 
power characteristics are relatively better. At last, we obtain 
a 100-W-average-output-power pulse laser in 6.5-m-long 
10-μm fiber core. Its central wavelength is 1,040 nm, rep-
etition rate is 22.7 MHz, pulse width is 430 ps, and signal 
pulse energy is 4.41 μJ. Furthermore, we use the picosec-
ond laser source to pump the nonlinear photonic crystal 
fiber (PCF) to produce super-continuum source. With two 
different kinds of PCF, one is round-arrangement air holes 
structure and the other is hexagonal-arrangement air holes 
structure. Finally, 30 and 36 W average output powers are 
obtained corresponding to spectral broadening range from 
550 to 1,650 nm and from 500 to 1,650 nm, respectively. 
The pulse width of the super-continuum laser is about 
244.95  ps, the pulse trains of it are very uniform and it 
shows good time coherence in broadening wave band.
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