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Abstract

Achieving an all-fiber ultra-fast system with above kW average power and mJ pulse energy is extremely challenging.
This paper demonstrated a picosecond monolithic master oscillator power amplifier system at a 25 MHz repetition
frequency with an average power of approximately 1.2 kW, a pulse energy of approximately 48 J and a peak power of
approximately 0.45 MW. The nonlinear effects were suppressed by adopting a dispersion stretched seed pulse (with a
narrow linewidth of 0.052 nm) and a multi-mode master amplifier with an extra-large mode area; then an ultimate narrow
bandwidth of 1.32 nm and a moderately broadened pulse of approximately 107 ps were achieved. Meanwhile, the great
spatio-temporal stability was verified experimentally, and no sign of transverse mode instability appeared even at the
maximum output power. The system has shown great power and energy capability with a sacrificed beam propagation
product of 5.28 mm-mrad. In addition, further scaling of the peak power and pulse energy can be achieved by employing

a lower repetition and a conventional compressor.
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1. Introduction

Due to the geometric characteristics of the gain medium,
capillary fiber lasers and bulk solid-state lasers have the
advantages of high power'!! and significant pulse energy!”!,
respectively. Driven by the robustness and cost-effectiveness
of fiber systems, achieving an ultra-fast fiber system with
approximately kW power and approximately mJ pulse energy
comparable to the disk and slab schemes®* is still an ambi-
tious aim for researchers. During this mighty journey, adopt-
ing large mode area (LMA) photonic crystal fiber (PCF)
and chirped pulse amplification (CPA) technology!>° has
become the mainstream route to circumvent the obstacles of
nonlinear effects in the power-scaling process. However, the
current state-of-the-art fiber ultra-fast systems!’! contain
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the necessary precisely placed spatial optical components,
such as dispersion management systems, rigid rod PCF
amplifiers and phase stabilization systems, which weaken
the advantageous properties of the fiber system. Due to the
excessive cost and incredible complexity, the application
scope of these systems is limited to scientific research
scenarios.

Besides the scientific research demands for fs pulses, a
monolithic, all-fiber, energy-efficient and CPA-free ps fiber
source has considerable benefits for industrial applications:
fast micro-machining!'’!, high-resolution lidar!''!, combus-
tion diagnostics!'”), etc. A kilowatt-scale ps system with tens
of wJ energy at MHz repetition frequency may achieve a
compromise between the harsh thermal effects of continuous
wave lasers and the low processing speed of fs lasers!'>!4!,
Moreover, a high-power infrared ps laser is the ideal pump
source of second harmonic generation for the urgently
needed visible pulse!”!. Meanwhile, a ps source with narrow
spectral widths can mitigate the temporal walk-off effect
during the harmonic conversion process''® and enable a
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high spectral resolution in nonlinear micro-spectroscopic
imaging applications, such as coherent anti-Stokes Raman
scattering spectroscopy!!”!8!, Furthermore, combined with
nonlinear compression techniques, this efficient ps system
can effectively scale the average power of fs lasers to the
kW levell 201,

In this contribution, a master oscillator power amplifier
(MOPA) system composed of a passive mode-locked ps
seed and four cascade fiber amplifiers was realized in an
all-fiber manner. The nonlinear effects of this monolithic
fiber system were suppressed by adopting a narrow-linewidth
dispersion stretched seed pulse (~62.3 ps) and a multi-mode
power amplifier with a core diameter of 100 pwm. The final
average output power exceeded 1.2 kW with a pulse energy
over 48 wJ, the ultimate pulse was broadened to 107 ps,
corresponding to a peak power of approximately 0.45 MW,
and a narrow linewidth of 1.32 nm has been preserved.
Moreover, the transverse mode instability (TMI) of this
highly multi-mode fiber amplifier has been evaluated for
the first time: although the beam propagation product has
been degraded to 5.28 mm-mrad with the excitation of the
high-order modes, the entire system shows excellent spatio-
temporal stability and considerable application advantages.
This misalignment-free, monolithic amplifier has certain
reference value for achieving a compact ultra-fast system
with kW-level average power and MW-level peak power at
the cost of a slightly worse, but still acceptable, beam quality.

2. Working principle

2.1. System design strategies

By adopting a rod-type PCF power amplifier, a fiber MOPA
system has already achieved an ultra-fast pulse with mlJ-
level energy!”!!. However, as a low splice loss for LMA-PCF
is still insurmountable due to the collapsing of air holes
during the fusing process, an inefficient spatially coupled
pump structure was always necessary, and the final average
power was limited to the hundred-watt level due to the
transversal spatial hole burning effects!’>?*!. In order to
realize an entire all-fiber system by implementing standard
fusion splicing processes, we replaced the PCF with a type
of commercial solid fiber with an extra-large mode area
(XLMA). Drawing on the idea of the pulse stretching process
in the CPA scheme, a fiber Bragg grating (FBG) with
picometer bandwidth was employed to induce a seed signal
pulse with tens of psi®!l, and the narrowband property can
also avoid the gain-narrow effects of traditional CPA ampli-
fiers. Meanwhile, a semiconductor saturable absorber was
employed as the starter of the mode-locking, which has more
substantial stability and self-starting advantages compared
with artificial saturable absorbers!>’). In this way, a compact
CPA-free linear-mode-locked seed cavity was constructed
using semiconductor saturable absorber mirrors (SESAMs)
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and an FBG as the resonator mirrors. Moreover, the sequent
cascade amplifiers have been constructed robustly, and we
also demonstrated that the whole MOPA system exhibits
good nonlinear tolerance ability and has the scaling feasi-
bility of even higher peak power and pulse energy.

3. Experimental setup and results

3.1. Specifications of the signal pulses before the booster
amplifier

The experimental setup of the MOPA system is shown in
Figure 1. The seed cavity was confined between a SESAM
and an output FBG coupler (with a reflectivity of 25%), and
both central wavelengths were at 1064 nm. A 4 m cavity
length provided the oscillator repetition rate of 25 MHz.
Except for the gain fiber, all the passive fiber and the device
pigtail in the cavity are non-polarization maintaining single-
mode (SM) Corning HI1060 fiber. The 3 dB bandwidth of
70 picometers of the FBG was adopted to induce large group
delay dispersion and protected the SESAM from damage
by significant saturation®?%1, An SM 976 nm laser diode
was used via a 980/1060 wavelength division multiplexer
(WDM). With 52 mW pump power injected into a
6-pm-core, 0.11-numerical aperture (NA), 30-cm-long
single-mode ytterbium-doped fiber (SM-YDF, Nufern SM-
YSF-HI-HP), a 12-mW stable self-starting mode-locked
pulse train was generated, and the performance parameters
were measured after the polarization insensitive fiber isolator
(ISO1). The pulse train was monitored with a 5 GHz
photodetector (Thorlabs-DET08CL) and a 1 GHz bandwidth
sampling oscilloscope (Agilent Technologies DS07104B).
Besides, the accurate pulse duration and spectrum are
monitored by a commercial autocorrelator (APE SM-2000)
and a spectrometer (AQ6370D with a resolution of 0.02 nm)
here and in the following experiments.

The specifications of the seed pulses are measured and
shown in Figures 2(a) and 2(b), where the shape of the
autocorrelation trace is a pedestal-free near-perfect hyper-
bolic secant profile. The measured full width at half maxi-
mum (FWHM) pulse width was 96 ps, corresponding to a
deconvolution pulse width of 62.3 pst?’l. The spectral 3 dB
bandwidth is 0.052 nm with a calculated time-bandwidth
product of 0.858.

The seed pulse was coupled in two cascade pre-
amplification stages denoted as the first pre-amplifier and
the second pre-amplifier, respectively, in Figure 1. A 50
cm long SM-YDF (Nufern SM-YSF-HI-HP) and a 3 m
LMA double-cladding fiber (Nufern-LMA-10/125-9M) were
forward pumped through a WDM and a (2+1)x 1 combiner,
respectively. After the two-stage pre-amplifiers, 12 mW
pulses from the oscillator were amplified to approximately
1 W at the pump power of 1.8 W. In addition to the
interstage signal isolation protection, a fiber bandpass
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Figure 1. The general layout of the MOPA system: SESAM, semiconductor saturable absorber mirror; LD, laser diode at 976 nm; WDM, 980/1060
wavelength division multiplexer; YSF, ytterbium-doped single-mode fiber; FBG, fiber Bragg grating; ISO, isolator; BP, bandpass filter; LMA, large mode-
field area; CPS, cladding pump stripper; XLMA, extra-large mode area; DM, dichroic mirror.
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Figure 2. Measurement results of the seed: (a) spectral width in the logarithmic scale (with a resolution of 0.02 nm); (inset) snapshot of pulse train; (b) trace
of intensity autocorrelation; (c) spectrum of pre-amplified signal: after and (inset) before the BPF2.

filter (BPF2) with 8 nm bandwidth was inserted after the
pre-amplification to block the transmission of harmful
amplified spontaneous emission (ASE). This is mainly
because the forward broadband ASE may seed the
stimulated Raman scattering (SRS) in the subsequent booster
amplifiers!”®!, while the strong backward ASE from the
master amplifier will further interfere and even damage the
fragile SESAM. As shown in Figure 2(c), a pure signal with
a signal-to-noise ratio (SNR) higher than 45 dB and average
power over 1 W was obtained and served for the subsequent
two-stage booster amplifiers.

3.2. Nonlinear effects and efficiency
amplifiers

of the booster

The pre-amplified signal was coupled into the first booster
amplifier through a forward pump/signal combiner, which

had six multi-mode pump ports with core/cladding diameters
of 105/125 pm and a core NA of 0.22. Each pump port
was spliced with a 15 W fiber pigtailed laser diode module,
of which the center wavelength was stabilized at 976 nm.
The gain fiber was a 3-m LMA-YDF 30/250 pwm double-
cladding fiber, with a cladding pump absorption coefficient
of 6.3 dB/m near 975 nm. A commercial cladding pump
stripper was attached to the gain fiber tail end, and the output
performance was monitored after the high-power isolator
(ISO4 in Figure 1). As the pumping current increased, the
output power increased linearly to more than 70 W, and
the pump conversion efficiency was greater than 83% for
the available pump. During this process, the measured signal
spectra show typical self-phase modulation (SPM) evolu-
tion characteristics in Figure 3(a): the spectrum consists
of several symmetric distributed oscillatory peaks, and the
outermost peaks are the most intense.
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Figure 3. (a) Experimentally observed spectral evolution with different pumping currents; (b) typical spectral evolution of an unchirped pulse under SPM;
(c) signal bandwidth of seed and after amplification; (d) autocorrelation trace of the ultimate pulse.

Moreover, due to the linear up-chirp near the spectral
center induced by the narrowband FBG!*¥, the spectral oscil-
lation modulated by the subsequent SPM is not as drastic as
a typical unchirped pulse, which is illustrated in Figure 3(b).
Intuitively, this chirp characteristic is beneficial for maintain-
ing the spectral purity of the narrow-linewidth pulse ampli-
fication process, resulting in a more concentrated power
spectrum. However, further study is needed for an optimized
reasonable chirp distribution to achieve better spectrum
maintenance. After the final power amplification, the spectral
bandwidth was subsequently broadened to 1.32 nm with a
clear outline, as shown in Figure 3(c), and the ultimate pulse
duration was 107.8 ps, which was deconvoluted from a near-
sech? autocorrelation trace in Figure 3(d).

Interestingly, the signal spectrum at the peak powers
always exhibited a stable symmetric SPM expansion
characteristic before the XLMA stage (see Figures 3(a)
and 3(b), for example). However, the measured spectrum
became no longer stable and unusually asymmetric after
the XLMA fiber (Figure 3(c)). It is worth remembering that
this was not the result of the intrinsic evolution mechanism,
but rather was caused by the coupling filtering effect of
the spectrometry process, which could be explained as
the mode-beating effect’>”! between the multi-mode output
light source and the single-mode coupling jumper. Overall,
lasers coming out from the fiber-end with different angles
and positions will carry different spectral content. Then,
the experimentally measured spectra will vary with the
position setting of the laser source and fiber-jumper detector.

An integrating sphere has been used to eliminate this spatial
dependence due to the multiple diffuse reflections that occur
on the inner wall of the integrating sphere, and the actual
symmetric spectrum results with a low resolution were
obtained too. In short, the spectral width under the two
measurement schemes was consistent, which confirmed the
validity of the results.

Furthermore, it is even more meaningful that the amplified
symmetric spectrum indicating that the nonlinear phase was
only introduced by the SPM and the interaction of other
effects (high-order dispersion, intraband Raman effect and
cross-phase modulation, for example) can be ignored. In this
case, the accumulated frequency-chirp remained almost lin-
ear in the central region of the pulse. An additional diffrac-
tion grating compressor can be introduced to achieve an
efficient dechirped pulse with a pulse duration below
10 pst*”l. Moreover, we estimated a total nonlinear phase-
shift of 28.4 radians, whilst the seed spectral width
broadened by approximately 25.4 times from its original
value®’*?1. All of these manifested the strong nonlinear
tolerance of the system.

To maintain the simplicity of fiber splicing and the flex-
ibility of the amplifier, the pigtails of the high-power fiber
components (Combiner2, CPS1, ISO4, Combiner3, CPS2)
employed in the booster amplifiers have not been drasti-
cally cut back. For such a long-range multistage high-power
system, the growth of SRS during the master amplifier
was rapid and required more attention. With the increasing
pump current of the first booster amplifier, a red-shifted
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Figure 4. (a) Raman content versus pump current of the first booster amplifier; (inset) global spectrum under 6 A pump measured at ISO4; (b) output power
versus pump of the second booster amplifier; (c) spectrum at 1220 W output measured at the end of the XLMA.

Raman peak with a typical Raman gain profile for silica was
observed®¥. The specific SRS content could be assessed by
calculating the integral area of the Raman peak from 1090
to 1150 nm (shown in red in the inset of Figure 4(a)) among
the spectral curves. The variation of the calculated Raman
content with the pump intensity is shown in Figure 4(a):
when the pump current exceeds a certain intensity, the
output Raman content will increase exponentially, leading to
rapid degradation of the high-power optical SNR. Without
additional Raman suppression measures, the pump strength
should be limited before exponential degradation occurs.
On the other hand, insufficient signal power will lead to
a lethal reverse ASE during the forward-pumped second
booster amplifiers with high pump powers. Under careful
consideration, we adopted a compromise pump current of
6 A, corresponding to a coupled pump power of 61.1 W,
and the calculated percentage of first-order Raman content
was 0.06%. At this point, the 1 W pre-amplified signal was
boosted to 36.5 W with a signal ratio of Raman content of
more than 32 dB.

At the last booster amplifier, a triple cladding YDF*!
with an XLMA and high cladding absorption was employed,
enabling a short gain fiber length and low nonlinear effect.
The diameter/NA of the core, first cladding, second cladding
and coating diameter are 100 pm/0.11, 400 wm/0.22,

480 wm/0.46 and 630 pm, respectively. This fiber had a
cladding absorption of 7.5 dB/m at 915 nm corresponding
to an estimated total pump absorption of 22.5 dB at 976 nm
in the 1 m long fiber. The pump source was six wavelength-
locked 976 nm pump modules with a maximum power of
250 W coupled through a 200/220 pigtail fiber. Meanwhile,
a customized (64-1)x 1 pump and signal combiner was used:
the signal fiber for the input port was 30/250 pm (same as
the pigtail of the CSP1 and ISO4), while that for output
port was 50/400 pwm. We shaped the XLMA-100/400/480
into a taper and spliced it with the combiner’s 50/400
output port by employing a commercial versatile glass
processing platform (Vytran GPX-3000). Subsequently,
a homemade pump stripper (CPS2) with the same fiber
geometric parameters was spliced at the end of the active
XLMA fiber. Finally, the assembled fiber amplifier was fixed
on a constant-temperature water-cooled aluminum plate, and
the output characteristics were measured behind a dichroic
mirror (with high reflection at 976 nm and high transmission
at 1064 nm).

Experimentally, the output power scaled linearly with
increasing pump power, and no sign of rollover appeared
until the maximum value. The maximal output power
of over 1220 W was achieved under a pump power of
1465 W, corresponding to the slope efficiency of 81.3%
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Figure 5. Output stability of the system. (a) With a full collimated beam captured by a charge-coupled device (CCD); (inset) sampling spot selected by
pinhole; (b) Fourier transform of the temporal trace; (c) power stability within 1 hour.

in Figure 4(b). Meanwhile, the global spectrum result is
shown in Figure 4(c): the SNRs of the signal were 47, 35.4
and 25.5 dB compared with the noise floor, ASE and first-
order Raman peak, respectively. In addition, the calculated
percentage of first-order Raman content was boosted from
0.06% to 1.17%, indicating that the Raman power underwent
a lower gain than the signal, and most of the optical
power remained at the signal wavelength with practical
efficiency.

3.3. Output stability of the system

Admittedly, the power performance of this all-fiber system
benefited from the LMA of the booster amplifier, and an
expected degenerated beam quality of about 5.28 mm-mrad
was measured at 1.2 kW by using the knife edge method.
However, a diffraction limit beam is unnecessary for many
industrial applications, such as laser cleaning and welding.
Another disadvantage of adopting a large mode-field fiber is
the potential TMI effect. To monitor the stability of the trans-
verse beam spot, we adopted a common technique described
in the literature®="!: an InGaAs photodetector combined
with a pinhole of 0.8 mm diameter was fixed on the axis of
the collimated beam. As shown in Figure 5(a), the intensity
fluctuation of the sampling part was monitored by the oscil-
loscope. Then, the temporal traces of the partial beam spot
were recorded and the corresponding frequency distribution
was obtained by a fast Fourier transform. The measure-
ment results at the maximum output power are shown in
Figure 5(b): except for the direct current component, the
spectral density remained relatively flat in the frequency
range from 0.1 to 50 kHz. We did not find any additional
indication frequency components (especially for the com-
ponents below 5 kHz) under different output powers and
different sampling positions, indicating that the beam profile
was stable. Of course, it is not rigorous to conclude that TMI
did not appear in such an XLMA fiber, which is contrary to
the previously accepted conclusion: the larger the fiber core
diameter, the lower the TMI threshold?®3%), However, almost

all the published observations of the TMI effect are based on
few-mode optical fibers, in which case the mode-instability
fluctuation between finite modes will be distinguishable.
Preliminary studies showed that the larger the mode-field
area, the slower the mode-instability fluctuation*®). How-
ever, as for an XLMA fiber with a core of 100 wm/0.11NA,
more than 1000 intrinsic modes may make the energy trans-
fer between different modes very random and weak. In
addition, in Figure 5(c), we performed a stability test on the
average output power for 1 hour, and the standard deviation
was only 5.7 W at the maximum output of 1200 W, and
the entire system has been in stable service for more than a
year without significant degradation. Our preliminary appli-
cation trials also verified that this monolithic high-power
ps system is ideal for high-precision stripping of densely
coated components, and more practical applications will be
developed.

4. Conclusion and outlooks

In summary, we experimentally demonstrated a monolithic
all-fiberized ps MOPA system with a high average
power of 1.2 kW, a CPA-free peak power of 0.45 MW
(~48 wJ/~107 ps) and a bandwidth of 1.32 nm. Further output
power scaling is only limited by the SRS and the available
pumps, as no roll-off in the signal power was observed
during the booster amplification. By employing a Raman
filter (e.g., tilted FBG!*’!) and an additional reverse pumping
module, multi-kW average power and multi-MW peak power
will be realizable. In addition, the linear-chirp property of
the ultimate output spectrum indicated a direct-compression
advantage of the system(*‘l. Furthermore, combined with
the flourishing nonlinear post-compression technology, this
monolithic ps system is expected to be transformed into
a stable fs system of the kW level®!. In conclusion, our
results supply a reference for obtaining a kW-level ultra-fast
system where compact size and maintenance-free operation
are required.
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