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Femtosecond Mamyshev fiber oscillator started by a
passively Q-switched microchip laser

SARA PizzurRRO!, RiccARDO GOTTI!"", LUCA CARRAZ, GIULIANO PICCINNO?, ANTONIO AGNESI!,

AND FEDERICO PIRzIO!

1Dipartimento di Ingegneria Industriale e dell'Informazione, Universita di Pavia, Via Ferrata 5, 27100 Pavia, Italy

2Bright Solutions srl, Via degli Artigiani 27, 27010 Cura Carpignano (PV), Italy

* Corresponding author: riccardo.gotti@unipv.it

Compiled March 11, 2022

A femtosecond Mamyshev fiber oscillator in normal
dispersion mode at 1 ym was started reliably and
safely by an inexpensive diode-pumped passively Q-
switched monolithic microchip laser emitting 300-ps
pulses. Four-wave mixing spectral broadening is
shown to play a pivotal role in starting the Mamyshev
oscillator, owing to the random short and intense tem-
poral fluctuations allowed by its ~ 10-nm bandwidth.
Systematic studies of the starting dynamics show that a
success rate 100% of the attempts is achieved with mod-
est seed energy, as low as ~ 30 n] from the sub-ns laser,
corresponding to ~ 100 pJ for the total four-wave mix-
ing signal required to start the oscillation. © 2022 Optica
Publishing Group
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Pioneering work by Piché [1] showed that offset spectral
filtering in combination with sufficient self-phase-modulation
(SPM) can be exploited for generation of ultrafast pulses in laser
oscillators. The idea went largely unnoticed, apart a particular
application proposed by Mamyshev [2], for pulse regeneration
in optical transmission lines. Many years later, ultrafast fiber
oscillators exploiting this concept were demonstrated [3-7], also
emphasizing the exceptionally large nonlinear phase shift and
pulse energy achievable [8, 9], compared to other fiber laser tech-
nologies such as dissipative solitons. These so-called Mamyshev
oscillators (MO) can be self-started if the filter bandwidths over-
lap partially [10, 11]. This allows weak prelasing which starts
a pulsed regime which needs to be optimized for example by
increasing filter separation afterward, sometime automatically
or in combination with pulsed pump [11, 12]. Other starting
techniques were demonstrated, using feedback from an auxiliary
arm of the resonator [7, 8, 13-15] sometime including a saturable
absorber or an external modulator.

When there is no filter overlap allowing weak cw prelasing,
the most reliable starting technique uses an external pulse injec-
tion from either a gain-switched laser diode (few picoseconds)
[8] or a cw mode-locked laser [7, 9] (up to few tens picosecond).
Seeder pulse duration in this range has been proved suitable for
initiating the SPM / spectral-filtering process even in a Mamy-

shev regenerator and amplifier [16]. Although investigations of
effective ways to self-start the MO in a fixed full-performance
configuration remain important, it is also desirable to find sim-
pler, totally reliable and cost-effective external seeders.

To this aim, we investigated the use of diode-pumped solid-
state sub-nanosecond microchip lasers at 1-um wavelength.
These can be very simple and inexpensive: a monolithic res-
onator including Nd:YAG laser material and Cr:YAG saturable
absorber is pumped by a low-power laser diode, such that the
microchip emits sub-nanosecond Q-switching pulses at kHz
repetition rate [17, 18]. The pump driving electronics can be con-
veniently simplified since only few pulses are required actually.

Spectral broadening by SPM is proportional to peak power
and inversely proportional to pulse duration, thus making
pulses longer than few tens picoseconds inefficient or simply
useless to start a MO based on this effect alone. However, non-
phase-matched four-wave mixing (FWM) in normal-dispersion
fibers has been shown to produce relatively broad multi-nm
sidebands near the pump frequency [19, 20], before stimulated
Raman scattering (SRS) starts a massive spectral broadening,
useless in our case. Indeed, we found that such FWM spec-
trum spanning ~ 10 nm around the pump spectrum is crucial in
starting reliably the MO.

The experimental setup is shown in Fig. 1. The mi-
crochip laser seeder is a Nd:YAG/Cr:YAG passively Q-switched
(PQS) monolithic laser providing single-longitudinal and single-
transverse-mode, linearly-polarized, ~ 300-ps pulses at 55 kHz
repetition rate (Bright Solutions srl). The seeder average power
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Fig. 1. Experimental setup for investigation of seeding success
rate. MCL: microchip PQS laser seeder; FI: Faraday isolator;
PM-SMF: polarization-maintaining single-mode fiber, Nufern,
PM980-XP; AOM: acousto-optical modulator pulse picker;
HWP: half-wave plate AR coated at 1064 nm; L: spherical lens
anti-reflection (AR) coated at 1064 nm; MO: Mamyshev oscilla-
tor, see Fig. 3.
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Fig. 2. Detail of the FWM-induced seeder spectrum broaden-
ing after propagation in the 10-m-long PM-SMF for different
values of the injected pulse energy. In the inset it is shown the
spectral broadening over a larger span, including the contri-
bution of SRS at its onset (~ 330 nJ pulse energy) and at the
maximum injected pulse energy of ~ 600 nJ.

is 76 mW, corresponding to a pulse energy of ~ 1.4 uJ and pulse
peak power of ~ 4.6 kW. The seeder beam was coupled into
a 10-m-long, polarization-maintaining single-mode fiber (PM-
SMF). A Faraday isolator (FI) with a maximum transmission of
about 80% was used to protect the PQS seeder. The coupling
efficiency into the PM-SMF was ~ 55%, yielding a maximum
injected pulse energy and peak power of ~ 600 nJ and ~ 2 kW,
respectively.

In Fig. 2 we show the spectrum of the seeder at the output of
the PM-SMF (see Fig. 1) for different injected pulse energies, as it
is measured with a ANDO AQ6317B optical spectrum analyzer
with a resolution of 0.1 nm. The onset of FWM-induced spectral
broadening around 1064 nm is at ~ 400 nJ seed pulse energy
(~ 1.3 kW peak power). Increasing the seed energy, the FWM
pedestal rapidly grows till it extends to about +10 nm around
1064 nm before SRS starts to appreciably deplete the peak at 1064
nm. This behaviour is in qualitative agreement with previous
experiments [19]. The slightly narrower FWM spectral broad-
ening observed in our case can be due to the longer fiber we
employed (10 m vs 3.5 m) that reduces the phase-matching band-
width of the FWM process. Our experimental results are in fairly
good agreement with numerical simulations based on the analyt-
ical solution of the generalized nonlinear Schrédinger equation
including the effects of Raman scattering and dispersion [21].

As it is shown in Fig. 3, after the spectral broadening in the
external PM-SMEF, the seeder was injected into the MO through
the band-pass filter F1, which was properly tilted to reflect at
1064 nm and transmit a central wavelength of 1058 nm with a
~ 4-nm FWHM transmission bandwidth (supergaussian). The
seed beam waist was properly mode-matched to the MO at the
input of lens L1, yielding a best coupling efficiency of 80%. On
the other end of the MO, spectral filtering was realized by means
of a ruled reflective diffraction grating blazed at 1 ym (Thor-
labs GR13-1200, 0.83-um pitch) in Littrow configuration. The
grating mirror offers a straightforward means for the optimiza-
tion of the spectral filter separation and enhances the quality of
the compressed pulses thanks to the smooth, gaussian spectral
reflectivity profile [8]. The effective reflectivity bandwidth of
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Fig. 3. Setup of the MO employed in the experiments. LD:
single-mode pump laser diode at 976 nm; FI: Faraday isolator;
WDM: PM 980/1060 nm wavelength division multiplexer; Yb-
SME: active fiber (Nufern PM-YSF-HI); PM-SMF: PM single-
mode fiber (Nufern PM980-XP); L1, L2: PM fiber collimators,
working distance 10 mm, AR coated at 1-1.1 ym; F1: band-pass
filter (Semrock MaxLine LL01-1064-12.5); M1: plane mirror
HR at 1-1.1 ym; GR: ruled reflective diffraction grating, 1200
grooves/mm, blazed at 1 ym.
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the GR filter was also about 4 nm FWHM. However, its output
coupling reflectivity was inferior to that of the band-pass filter
F1 which was preferred for this task. Free-running cw oscillation
was always prevented by offset spectral filtering. The MO could
still be reliably started with the central reflected wavelength of
the GR red-shifted up to 1067 nm, to provide maximum broad-
ening of the spectrum of the emitted pulses.

To minimize intracavity losses, the only optical component
we placed in the MO was the polarization maintaining WDM
used to couple the pump into the 1.15-m-long active fiber. Yb-
doped fiber length was optimized in order to obtain almost 100%
pump power absorption during the MO pulsed operation. Once
the oscillation was started, the seeder was switched off. The out-
put beam was sent to the power meter/pulse compressor/pulse
autocorrelator through a second FI (see Fig. 1). The length of
the PM-SMF was adjusted to obtain a MO pulse repetition rate
of ~ 10 MHz. Very stable 2-ps-long, ~ 4-nJ single-pulses were
obtained at the maximum available pump power of ~ 200 mW.
A typical pulse spectrum and corresponding autocorrelation
trace (AC) after compression, together with the radio frequency
(RF) spectrum of the mode-locked pulse train is shown in Fig.
4. The pedestal in the pulse AC could be effectively removed
by clipping the blue tail of the spectrum in the Treacy pulse
compressor (see inset of Fig. 4), yielding an almost pedestal-free,
120-fs pulse at an expense of a reduction of pulse energy of about
25%. The corresponding time bandwidth product was ~ 0.48.

In order to test the effectiveness of the seeder in starting the
MO, we employed an acousto-optical modulator (AOM) to ei-
ther select, in principle, a single-pulse, or a burst of pulses, or a
continuous pulse train. The seed pulse energy injected into the
MO was controlled by means of the half-wave plate (HWP) and
FI (see Fig. 1). In order to determine the minimum seed pulse
energy required to reliably start the MO, during these experi-
ments, the central reflected wavelength of the GR was 1064 nm.
This was the minimum filter separation that suppressed weak
cw free-running. We tested the seeding effectiveness at four dif-
ferent pumping levels of the Yb-doped fiber, ranging from 70%
to 100% of the available diode power. At each pump level we
varied the seed pulse energy launched into the MO and for each
experimental point in Fig. 5 we collected 200 measurements.
We noted that even a single seed pulse with proper energy was
sufficient to effectively start the oscillation. However, since the
deflection window of the AOM could not be synchronized to the
PQS seeder pulse train due to the intrinsic jitter of this kind of
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Fig. 4. a) Pulse AC and (inset) corresponding optical spectrum.
Blue curves correspond to the AC/spectrum of the pulses
emitted by the MO, red curves are obtained by properly clip-
ping the spectrum in order to reduce the AC pedestal; b) fun-
damental beat note of the MO RF spectrum with a resolution
bandwidth of 10 Hz.

laser, to guarantee that at least one seed pulse was present, the
measurement shown in Fig. 5 was performed with a deflection
window of 50 ys. Increasing the pump power of the MO, 100%
success rate is obtained in a progressively wider seed pulse en-
ergy window. At the maximum available pump power, for an
injected seed pulse energy > 30 n] we always obtained a 100%
success rate.

We also tested a simpler seeding setup by directly injecting
the pulses emitted by the PQS microchip laser into the MO, ex-
ploiting FWM spectral broadening exclusively in the passive and
active fiber of the oscillator. In this case seeding was successful
only operating the MO close to the maximum available pump
power and using the full pulse energy from the seeder, clearly
exposing the MO to a higher risk of optical damages. However,
it is expected that with optimized lengths of the different fiber
sections, the MO would start reliably at lower seed energy when
directly injected by the PQS laser, thus eliminating the external
fiber of Fig. 1.

In order to assess the role of the FWM sidebands in start-
ing the MO, we employed a Lyot filter in combination with a
properly tilted band-pass filter identical to the one employed
in the MO, to selectively suppress the peak at 1064 nm in the
FWM-broadened PQS seed pulse. The black curve in Fig. 6 is
the seeder spectrum before the filter, whereas the red curve is
the filtered spectrum still effective in starting successfully the
MO. By numerical integration of the red spectrum in Fig. 6 we
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Fig. 5. Seeding success rate as a function of the seed pulse
energy for different MO pump power. Each point in the graph
is obtained calculating the success rate percentage over 200
measurement.

estimated that its FWM sideband contained > 85% of the total
energy, ~ 100 pJ.

FWM starts from noise that can be analysed like fluctuations
precursors in mode-locked lasers [22]. Given the bandwidth
AArwm ~ 5 nm, its energy content Eryyp ~ 100 pJ and the du-
ration of the seed pulse from the microchip T ~ 300 ps, one can
estimate the peak power Py of the most intense FWM temporal
fluctuation as well as its duration 7y and energy E;:

Ps~ Erwm Inm @
T
G~ — L b))
AVFWM Vinm
Vinm

Ef = Pfo ~ EFWM " 3)

where m = AvpywmT ~ 400, yielding Pr ~ 2 W, ¢ ~ 300 fs
and Ef ~ 0.6 pJ.

Upon entering the oscillator, the FWM spike is dispersion-
stretched to T¢ ~ 1 ps in the first half round trip with no signif-
icant SPM, which occurs only after double-pass amplification
and propagation afterward. Given the amplifier single-pass
small-signal gain Gp ~ 10, the fluctuation energy threshold can
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Fig. 6. FWM-broadened spectrum of the seed pulse before
(black line) and after (red line) selective filtering.
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Fig. 7. Calculated pulse energy evolution after injection into
the MO (black curve). Self-limiting due to SPM and filtering
is highlighted by the comparison with Q-switching dynamics
with either low or high output coupling. One round-trip time
is ~ 100 ns.

be estimated by requiring that the spectral broadening in a fiber
length I be of the order of the frequency offset Avy:

87101’[2[ 2 i l
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being A ~ 1.7 x 107 cm? the area of fiber core, n ~ 1.5 and
1y ~ 3 x 10716 cm2 /W (linear and nonlinear refractive indices),
I ~ 5 m the half-length of the MO with the amplifier in the
middle. For a filter offset Adg ~ 10 nm it turns out Ef ~ 0.3 p],
in fair agreement with the fluctuation energy calculated before,
from the measured FWM spectrum that started successfully the
oscillator.

More sophisticated numerical simulations with split-step non-
linear propagation confirm this level of single pulse energy in-
jection, at ¢ ~ 300 fs, is indeed sufficient to start the oscillator.

Interestingly, offset spectral filters act as an efficient self-
limiting device upon seed injection into the pre-loaded fiber
amplifier, with increasingly strong SPM as soon as the pulse
gets amplified. Even a simple, phenomenological model based
on usual Q-switching equations, with the addition of spectral
broadening proportional to pulse energy and energy-dependent
loss due to spectral filtering, is able to capture the essence of this
dynamics.

Fig. 7 shows that it takes only few round trips to reach a self-
limited energy value lasting hundreds of round trips. Eventually
the final steady state is reached in about one fluorescence lifetime
Tf ~ 1 ms, allowing the gain to settle to the saturated value for
the cw-pumped oscillator.

Our model explains the experimental observations for the
starting dynamics, where successful starting of the MO is ob-
tained in a very practical range of seed energy. With the GR
set up at 1067 nm the seeding threshold energy increased as
required by Eq. 5. The success rate has a relatively broad plateau
then it decreases at high seed energy, as shown in Fig. 5: we

speculate that the unfiltered multi-pulse seed residual at 1064
nm, which was injected for simplicity with the FWM signal and
is rejected in the first round trip, is responsible of undesired
nonlinear optical effects that affect MO steady state oscillation.

Increasing pump power, Gy remains constant owing to strong
absorption saturation, however the plateau extends progres-
sively toward lower seed energy. With higher circulating pulse
energy, oscillation becomes increasingly insensitive to perturba-
tions, starting with smaller seed energy.

In conclusion, we have demonstrated successful and reliable
starting of a femtosecond MO, seeded by pJ-level FWM signal
generated in a passive fiber by an inexpensive diode-pumped
sub-ns microchip laser.

A fluctuation model shows satisfactory agreement with the
experimental results. Numerical results from standard split-step
nonlinear propagation of ultrafast pulses in the MO confirm this
scenario.
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