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ABSTRACT Achieving multi-wavelength synchronous ultra-short pulses with arbitrary wavelength intervals
is a difficult problem for fiber lasers. Herein, a laser based on multi-stage cascaded Mamyshev regenerators
is proposed as a solution. The regenerators are cascaded to form a single laser cavity, each at a different
position within the cavity and corresponding to a different output wavelength. A single pulse oscillating
in the cavity has its wavelength sequentially switched by the regenerators. Synchronous multi-wavelength
pulsed lasers with 5 nm and 0.01 nm output center-wavelength intervals are realized through numerical
simulation; the output pulses have 10 nm spectral widths, peak powers of ~0.7 kW, and durations of ~0.4 ps.
Design principles, system stability, and the effects of the filter bandwidth, length of single mode fiber and

wavelength ordering in the cavity are discussed.

INDEX TERMS Fiber lasers, fiber nonlinear optics, laser mode locking, ultrafast optics.

I. INTRODUCTION
Thanks to short pulse durations and high intensities, ultra-
short-pulse fiber lasers have become outstandingly impor-
tant tools for various interdisciplinary applications [1]-[3].
Furthermore, as the field of application of these pulses has
expanded, requirements for the properties of ultra-short-pulse
lasers have become more stringent. In many applications,
such as pump—probe detection based on time-resolved spec-
troscopy [4], nonlinear microscopy [5], optical parametric
amplifiers [6]-[8], and coherent pulse synthesis [9]-[13],
multiple ultra-short pulses with different wavelengths need
to be injected into the same target, at the same time or with a
specific time delay, to achieve the desired nonlinear effect.
This means that pulses with different central wavelengths
must be strictly synchronized. This is an extremely challeng-
ing problem, because of gain competition and the difficulties
of achieving precise synchronization between optical pulses
of different wavelengths.

Typically, in conventional multi-wavelength lasers, pulses
at different wavelength oscillate in parallel within the same
gain medium, and the multi-wavelength output is achieved
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by using different optical filters such as Mach—Zehnder fil-
ters [14]-[19], fiber comb filters [20], and fiber Bragg grat-
ings (FBGs) [21], [22]. The problem with this type of laser
is that because of the homogeneous broadening of the gain
spectra of rare-earth-doped optical fibers, lasers at differ-
ent wavelengths will compete for the gain [23]. In order to
overcome this problem, low temperatures [24], [25] dual-
core or elliptical fiber core [26], and frequency shifters [27],
[28] have been strategically employed. But such device com-
plexity and low-temperature working environments can be
impractical. In addition, an ultra-short pulse usually has a
wide spectrum, and hence when the central wavelengths of
the desired multiple pulses are sufficiently close to each other,
spectral interference is bound to occur. This is another major
problem for conventional lasers.

Furthermore, for pulsed lasers, the synchronization of
output pulses at different wavelengths is an even greater
difficulty. In general, there are two types of synchro-
nization schemes. The first is the active synchronization
scheme [29]. Using a phase-locked loop [30] or optical
cross correlation [31], one can synchronize two indepen-
dent lasers. In [32], the synchronization of a femtosec-
ond Ti:sapphire laser and a picosecond Nd: YVO, laser
was achieved by using active synchronization, and accurate

This work is licensed under a Creative Commons Attribution-NonCommercial-NoDerivatives 4.0 License.

167308

For more information, see https://creativecommons.org/licenses/by-nc-nd/4.0/

VOLUME 8, 2020


https://orcid.org/0000-0001-5658-1113
https://orcid.org/0000-0002-8154-3036
https://orcid.org/0000-0003-3381-9883
https://orcid.org/0000-0002-6924-3428

R. Li et al.: Synchronous Multi-Wavelength Ultra-Short-Pulse Laser

IEEE Access

synchronization with a time jitter lower than 1 ps was
obtained. Another example of sub-picosecond active syn-
chronization was achieved by the use of balanced opti-
cal cross-correlation (BOC) in passively mode-locked
lasers [33]. However, active synchronization schemes of this
type need accurate pulse detection and high-speed elec-
tronic feedback devices to control the repetition rate, making
them complicated and expensive. In addition, synchroniza-
tion accuracy needs to be improved [30]-[33]. The second
type of synchronization scheme is passive synchronization,
which can be based on various effects, such as cross-phase
modulation (XPM) or cross-absorption modulation (XAM)
[34]-[39]. Yoshitomi et al. used master—slave injection lock-
ing to achieve long-term stable synchronization between fiber
lasers and Ti:sapphire mode-locked lasers [35], [36]. In [37],
synchronous pulses were obtained from two ring-shaped cav-
ities that shared a graphene saturable absorber. However, all
of the abovementioned examples of synchronization involved
multiple resonant cavities, and thus strict matching of cavity
lengths is required. The typical mismatching tolerances are
on the order of tens of microns [38], which makes the system
sensitive to environmental perturbations, with typically poor
stability [35]. In summary, a more practical solution for the
synchronization of multi-wavelength pulsed lasers is needed.

In order to overcome the problems outlined above, a novel
synchronous multi-wavelength fiber laser is proposed in this
paper. Multi-stage cascaded Mamyshev regenerators [39] are
used in the laser to form a single ring cavity (see Fig. 1).
The offset filter of each regenerator in the cavity has
a different central wavelength and thus switching between
different wavelengths is realized in the cavity by the regener-
ators. This structure design inherently provides a guarantee of
synchronization. Further, different laser wavelengths occupy
different gain fibers, the gain competition and spectral inter-
ference caused by the overlap of filters in conventional multi-
wavelength lasers are also avoided.
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FIGURE 1. Schematic of a Mamyshev oscillator. The cavity comprises six
Mamyshev regenerator (MR) arms, each containing a bandpass
filter (BPF) centered at a different wavelength.

The feasibility of the system is verified by numerical
simulation. The simulation results demonstrate that the
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system performs well and can operate stably under reasonable
conditions with optimized parameters. After optimization,
a six-wavelength synchronized laser with a repetition rate
of 26.5 MHz (7.8 m cavity length), output peak power
of 0.7 kW, and pulse duration of 0.4 ps is successfully
realized. The six central wavelengths are 1035, 1040, 1045,
1050, 1055, and 1060 nm, and the spectral width in each case
is 10 nm. The effects of the system parameters and the
ordering of the wavelength filtering in the cavity are dis-
cussed. In order to confirm the capability of the system
to provide multi-wavelength laser pulses with an arbitrary
wavelength interval, a multi-wavelength laser with
a 0.01 nm wavelength interval is also realized by numerical
simulation.

Il. NUMERICAL SIMULATION

A. WORKING PRINCIPLE OF THE MULTI-WAVELENGTH
SYNCHRONOUS LASER

In previously reported studies, Mamyshev technology was
used for mostly high-power pulse generation [40]-[42].
Exploiting the self-phase-modulation (SPM)-induced spec-
tral broadening and offset spectral filtering of Mamyshev
regeneration, unprecedented nonlinear phase shifts can be
obtained, and higher peak powers can be achieved [43].
Here, we use this technology to generate multi-wavelength
pulses, taking advantage of the inherent synchronization
and gain-isolation conferred by the optical structures. Thus,
the problems associated with the use of conventional tech-
nology for multi-wavelength synchronous ultra-short pulsed
fiber lasers are solved.

The structure of a Mamyshev oscillator consisting of
six cascaded Mamyshev regenerators [39], [44] is depicted
schematically in Fig. 1. The cavity admits only high-intensity
pulse. The pulse with sufficient nonlinear spectral broadening
in each arm can bridge the spectral gap between two adjacent
filters. A seed pulse with a center wavelength of A1 is injected
into the laser cavity via a coupler, and it subsequently passes
through the six-stage cascaded regenerator system. The func-
tions of each regenerator stage are amplification (gain fiber),
spectral broadening (gain fiber and following single-mode
fiber), filtering (filter), and output (coupler). The gain fiber
at every stage provides gain for only one of the multiple
wavelengths. After seeding, the system is self-sustaining and
stable, providing pulses with exactly the same repetition
rate at six central wavelengths (A1, A2, A3, A4, A5, and Ag).
To further increase the number of output wavelengths, more
regenerators can be cascaded.

For conventional multi-wavelength lasers, in which all
wavelengths share a single gain fiber, gain competition is a
problem. By contrast, the innovation of this laser consisting
of multi-stage cascaded Mamyshev regenerators is that laser
pulses of different wavelengths occupy different modules,
rather than sharing the same gain medium. Thus, the mutual
competition and crosstalk among the pulses of different
wavelengths that occurs in conventional multi-wavelength
lasers are effectively overcome.
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Synchronization is considered a particularly difficult task
for multi-wavelength pulsed lasers due to the difficulty of
achieving exactly the same repetition rate. In the laser struc-
ture we propose, the laser pulse switches between different
wavelengths as it travels around a single cavity, as shown
in Fig. 1. Thus, the resulting pulses of different wavelengths
correspond to the same cavity length, and have the same
repetition rate, so the synchronization of the laser pulses is
guaranteed inherently. As the delay between the output pulses
at different wavelengths is determined by the fiber length
between the output couplers in the cavity, there is inherent
time delay between the pulses. In applications, we can adjust
the delay of each wavelength with adjustable delay lines
outside the laser cavity, according to demand, to guarantee the
arrival of the pulses at a particular instrument or experiment
at the same time or with a specific time difference.

B. CONSTRUCTION OF THE MULTI-WAVELENGTH
SYNCHRONOUS LASER

The schematic of the six-wavelength laser system is shown
in Fig. 2. The cavity comprises six Mamyshev regenerator
arms, each containing a 0.3 m high concentration ytterbium-
doped fiber (YDF) (nLight Yb1200 4/125, see the appendix
for details), a bandpass filter (BPF), and an output coupler
(OC). The coupling ratios of all the output couplers are 2:8
(out: in). A section of single-mode fiber (SMF) (Nufern
1060XP) and an optical isolator are placed between each
of these regenerators. The isolators are used not only to
guarantee unidirectional propagation, but also to prevent the
formation of locally CW lasing caused by the reflection at
junction points especially when non-fiber components (such
as filters) with collimators are used. And the SMF is used to
simulate the fiber of the optical fiber components between the
regenerator modules. The influence of the SMF on the system
will also be analyzed in Section II.D. The parameters of the
optical fiber (SMF and YDF) used in the calculation are taken
from the values provided by the commercial manufacturer.
The numerical model and parameters of the simulation are
summarized in the appendix. For optimized configuration,
the center wavelengths of the filters corresponding to each
stage are 1035, 1045, 1055, 1060, 1050, and 1040 nm, and
the bandwidth is 10 nm for each case. The length of the
SMF between each regenerator is 1 m. The simulated six-
wavelength laser system operates in the all-normal dispersion
regime with a cavity length of 7.8 m, corresponding to a
repetition rate of 26.5 MHz.

For the optimized configuration, typically after approxi-
mately 50 round-trips through the cavity, the pulse reaches a
steady state. Fig. 3(a) depicts the evolution of pulses in a sta-
ble state. The seed pulse with a center wavelength of 1035 nm
is injected into the cavity (Fig. 2). The six-wavelength spec-
trum is shown in Fig. 3(b). We can see that the spectra of
the pulses in the six-wavelength system overlap, but without
disturbing with each other. The characteristics for the pulses
of the six wavelengths are listed in Table 1.
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FIGURE 2. Schematic of the six-wavelength laser system (Point A is for
open loop PTF calculation).
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FIGURE 3. (a) Intracavity pulse evolution map, and (b) output spectra for
the six pulses of the ring Mamyshev oscillator.

TABLE 1. Characteristics for the pulses of six wavelengths.

Wa\(lzlg;lgth Barggzi)dth dlfrl;ltsifm Fl’zfirlii(;i)‘i;tgr Peglilg)(;l\i/er

(ps) kW) (kW)
1035 10 0.4347 2.841 0.710
1045 10 0.3907 3.143 0.786
1055 10 0.3810 3.072 0.768
1060 10 0.4005 3.075 0.769
1050 10 0.3663 3.251 0.813
1040 10 0.3965 2.963 0.741

Since the wavelengths of the filters of the Mamyshev
regenerator are offset, there is no direct feedback path to
self-start the laser. To induce pulsation in the laser cavity,
a seed pulse is needed. The seed can be directed into the
cavity by the coupler in Fig. 2. The startup thresholds for the
seed pulses with different pulse durations and chirps are listed
in Table 6 in the Appendix. The optimized laser described
above has good stability characteristics. Once the laser starts
and enters the stable working state, the pulse characteristics
are only determined by the laser cavity parameters and do
not depend on the pulse width and chirp of the seed pulse.
In addition to Table 1, the laser pulse characteristics are also
shown in Fig. 3 and Fig. 4.

C. DESIGN PRINCIPLES AND STABILITY
CHARACTERISTICS

In addition to verifying the feasibility of the system,
we have also studied its stability and summarized the design
principles. We found that the open loop energy transfer
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FIGURE 4. Time-domain characteristics for the six output wavelengths of
the ring Mamyshev oscillator at the output port.

function (ETF) or the peak power transfer function
(PTF) [3], [45] was the most important tool in the design
of this system. Indeed, the shape of the PTF (which is
more sensitive than ETF) is the key factor governing system
performance.

Whether the system converges to a well-defined state is
determined by the shape of the PTF, which must produce
saturable absorption. As depicted in Fig. 5, the transfer func-
tion relating the output peak power, Py, to the input peak
power, Pj,, must feature an inflection point. There are two
intersection points (A and B) between the line of Pj, = Pgy
and the PTF. They are fixed points in nonlinear dynam-
ics [46], where A is an unstable fixed point, and B is a stable
fixed point. The low-power pulses (with peak power lower
than the input peak power corresponding to point A), such
as point C in Fig. 5, continuously lose power at the filtering
stage. Meanwhile, the high-power pulses (with peak power
higher than the input peak power corresponding to point A),
such as point D and E in Fig. 5, stabilize toward a unique
power value, the second point (point B), where the transfer
function intersects with the straight line of Pj;, = Pou.-
Note that if the PTF is curved, oscillates, and intersects with
Pin = Poyt line multiple time and there are more than one
stable fixed points like the point B, the system is sensitive
to initial conditions and is often characterized by instability
and chaos [3], [46]. For our system, we obtained a stable
intracavity pulse power at 2.8 kW, as shown in Fig. 6, cor-
responding to the second intersection of the PTF for 10 nm
filter bandwidth in Fig. 7.

D. INFLUENCE OF THE FILTER BANDWIDTH AND THE SMF
LENGTH IN THE CAVITY

We analyzed the influence of the Gaussian filter bandwidth on
the six-wavelength laser system using the PTF. The resulting
PTFs of the system with different filter bandwidths are plotted
in Fig. 7. When the filter bandwidth is 10, 9, 8 and 7 nm,
the system is stable with intracavity peak power of 2.8, 2.7,
2.5 and 2.3 kW, respectively, corresponding to the second
point where the PTF curve intersects the straight line of
Pin = Poy. As the bandwidth of the filters is reduced,
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the PTF curve of the system is shifted downward, as a whole.
When the filter bandwidth is reduced to 2 nm, since the pulse
energy is too small, and the amplification capability of the
YDF is limited, the pulse cannot be amplified to a power
level sufficient to maintain laser operation and the system
stops working. It is notable that when the filter bandwidth
is reduced to 7 nm, although from the PTF we can see that
there is a laser in the system, the laser is not operating exactly
at the six preset center wavelengths. The reduced bandwidth
of the filter leads to a reduced energy for the filtered pulse,
and the capacity of the filtered pulse to undergo spectral
broadening decreases. The light pulse can no longer be broad-
ened to the preset target wavelength position, but it can pass
through the overlapping portion of the filter. When the gain
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and loss reach a balance, the PTF curve will be formed,
as shown in the figure, starting at the 7 nm bandwidth filter.
In addition to the above conclusions, in Section II.E we will
show that the PTF is also affected by the flatness of the non-
linearly broadened spectrum and the pass band of the filters.
Pulses undergoing non-linear broadening will have a broad
spectrum different spectral flatness at different wavelength
positions, only when the filter is located within the smooth
part of the spectrum, after nonlinear broadening, can the
system run stably. It is necessary, therefore, to properly design
the parameters of the system to meet this requirement.
All-fiber components, when they are used to construct
lasers, are usually made of SMF; therefore, there must be a
certain length of SMF between each regenerator in the laser
cavity (Fig. 2). We analyzed the influence of the SMF fiber
on the laser system using the PTF. The resulting PTFs of the
system with different SMF fiber lengths are shown in Fig. 8.
The PTF curves in Fig. 8 indicate that a laser with a certain
length of SMF can work well and stably; however, an exces-
sively long SMF will cause a significant decrease in the peak
power and make the PTF curve unstable. We calculated the
evolution of the intracavity pulse, which was transmitted in
the YDF, filtered by BPF (and attenuated by the coupler),
and then entered the SMF (see Figs.9 - 12). Fig. 9 and
Fig. 10 show the results for 1 m SMF, and Fig. 11 and
Fig. 12 for 5 m SMF. In an SMF of an appropriate length,
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FIGURE 8. Six-wavelength system PTF diagram for different SMF lengths.
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as shown in Fig. 9 and Fig. 10, the pulse spectrum is broad-
ened, and it becomes flatter under the action of nonlinear-
ity and normal dispersion. This is somewhat similar to the
situation described in a previous study [47]. This makes the
laser perform well. However, when the SMF between each
regenerator is too long (5 m SMF), by comparing Figs. 9, 10
and Figs. 11, 12, we can see that the pulse spectrum before
BPF filtering in the laser with 5 m SMF is much narrower
than that with 1 m SMF. The spectral width before BPF
filtering is reduced from ~45 nm to ~25 nm, and the out-
put pulse duration becomes longer (increases from ~0.4 ps
to ~2 ps); therefore, the spectral broadening is insufficient.
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The filter pass band is at the edge of the pulse spectrum,
and the pulse spectrum fails to fill the entire pass band of
the filter (Fig. 11c and Fig. 12). This decreases the efficiency
and deteriorates the spectrum. The dispersion-induced time
domain pulse broadening and peak power reduction in the
long SMF is the main reason for system degradation. When a
long SMF must be used, one can consider increasing the gain
of the amplifiers, because a higher pulse power is beneficial
to the nonlinear broadening of the spectrum.

E. INFLUENCE OF WAVELENGTH ORDERING IN THE
CAVITY

As mentioned previously, the laser pulse switches between
different wavelengths as it travels in the cavity. Therefore,
a design problem for a laser with the cascade structure is the
wavelength arrangement. In order to investigate whether the
arrangement of the different wavelengths within the cavity
will influence the performance of the system, we simulated
systems with different wavelength ordering. To compare
the performance of the systems, two different wavelength
orders were examined: (1) 1035, 1045, 1055, 1060, 1050,
and 1040 nm (for 1| to Ae, respectively, in Fig. 1 and Fig. 2,
and (2) 1035, 1040, 1045, 1050, 1055, and 1060 nm (for
A1 to Ag, respectively, in Fig. 1). The system we analyzed
earlier was in the first order. In this arrangement, most of
the adjacent wavelength intervals are 10 nm (four of them
are 10 nm, and two of them are 5 nm). Now we consider
the system in the second order. First, most (five out of six)
adjacent regenerators have a wavelength interval of 5 nm.
However, because a feedback loop must be formed, a 25 nm
wavelength span appears when switching from 1060 nm to
1035 nm. This is quite different from the system with the
first sort order. Owing to the large difference in wavelength
span, the configuration requirements of the YDF amplifier
are different from the first order. That is, a smaller gain can
be used for a small span, and a larger gain can be used for
a large span. The gain of the amplifiers in simulation can be
adjusted by setting the gain coefficient or YDF length. Here,
we used a longer YDF of 0.4 m for large spans, and a 0.2 m
YDF for small spans with the same gain coefficient.

The PTF curves for different SMF lengths for the sec-
ond order wavelength arrangement are shown in Fig. 13.
By comparing the PTF diagram of the two arrangement orders
(Fig. 8 and Fig.13), it can be easily seen that the PTFs for
most of the second arrangement order will have an oscillating
curve. The curves oscillate strongly and have more than two
intersections with the line P, = Pout. As mentioned in our
previous discussion, according to nonlinear dynamics, this
result indicates that the stability of the second system is poor.
We will discuss the stability of the laser and the reasons for
this case in detail.

First, we analyze the impact of the oscillating PTF on
the system. When the length of the SMF between each
regenerator is short, the oscillating phenomenon of the PTF
is more evident (Fig. 13); it allows us to see the impact
of the oscillating PTF on laser characteristics more clearly.
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Therefore, we analyze this system with 0.01 m SMF as an
example (Although such a short SMF is unrealistic for the
system of all-fiber devices, the theoretical analysis will help
us understand the problem more clearly because of its obvious
characteristics). In order to test the stability of the system
corresponding to the PTF that has multiple intersections with
the line P, = Pout, We investigated the output characteristics
of the laser under different initial conditions (Fig. 14). A set of
power values—308, 325.8, 326, 333.8, 400, and 491.9 W—
was selected for the peak power of the starting seed pulse.
We found that with initial seed pulse powers of 308, 400, and
491.9 W, the laser system was stable after several round-trips
of the cavity, with 1.512 kW of output peak power. But with
an initial seed pulse power of 325.8 W, the laser system is
initially very unstable, and then reaches stability after about
155 round-trips of the cavity, with 1.512 kW of output peak
power, as depicted in Fig. 15. However, with an initial seed
pulse of 326 or 333.8 W, the laser system is always chaotic,
as shown in Fig. 16. Analyzing this phenomenon, we found
that for seed pulses having input powers of 325.8, 326, and
333.8 W, the output powers of the corresponding PTF curve
are 3.14, 3.0, and 2.764 kW respectively, as depicted in
Fig. 14(b), which means that the input power for the next
cycle (next iteration) will fall into the oscillation zone at
around ~3 kW on the PTF curve. However, it can be seen
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FIGURE 14. Expanded view of the transfer function in Fig. 13; the transfer
function for the second order of wavelengths with 0.01 m SMF.
(b) Expanded view of the area in (a) indicated by the dashed blue line.

167313



IEEE Access

R. Li et al.: Synchronous Multi-Wavelength Ultra-Short-Pulse Laser

3000
(a) 3000 (c)

=z 2 1500 (b) =
32000 2 22000
B £ 1000 £
2 c c
£ 1000 2 £ 1000
€ £ £
0
100 100 200
Timelps Cycles Time/ps Cycles Timel/ps Cycles
z 23000 (g 3z 4000
22000 22000 2
@ 2000
H & 1000 £
[ [ €
£ £ =
2o 2 200
100 2 %) 100 20 100
Timelps Cycles Time/ps Cycles Timelps Cycles

FIGURE 15. Time-domain intracavity pulse evolution maps for initial
pulse peak power of 325.8 W. The central wavelengths of the six
wavelengths are (a) 1035 nm, (b) 1040 nm, (c) 1045 nm, (d) 1050 nm,
(e) 1055 nm, and (f) 1060 nm.

g (a) H g
22000 2 2
£ £ 1000 22000
c c 3
8 e 8
] = =

200

Cycles Tnmelps Cycles T|melps Cycles Tlmelps
s E E 4000 )
> > >
£'2000 ='2000 =
2 2 @ 2000
2 i3 2
£ £ £
200

Cycles Tlme/ps Cycles T|melps Cycles Tlme/ps

FIGURE 16. Time-domain intracavity pulse evolution maps for initial
pulse peak power of 333.8 W. The central wavelengths of the six
wavelengths are (a) 1035 nm, (b) 1040 nm, (c) 1045 nm, (d) 1050 nm,
(e) 1055 nm, and (f) 1060 nm.

from the PTF in Fig. 13, and Fig. 14(a) that a state of severe
oscillation of PTF is indicated for the input power region
of ~3 kW. By analyzing the laser system under this input
power, it can be found that the pass band of the filter is
located within an uneven part of the spectrum after nonlinear
broadening (Fig. 17). (The spectrum before and after the
filter of the optimized first order laser system which we have
discussed before is shown in Fig. 18 for comparison). For this
reason, the time-domain distortion of the pulse occurs, which
eventually leads to system instability. Thus, when the PTF
curve displays chaotic oscillations and multiple intersections
with the line Pj; = Pou, the corresponding laser system
will be sensitive to the initial state according to the theory of
nonlinear dynamics [46], and guaranteeing the final working
state of the system will be difficult. Therefore, we should
design the system to avoid such situations.

From the above-described results, it can be seen that choos-
ing an appropriate power for the seed pulse results in the laser
system being stabilized quickly at 1.512 kW. However, when
the selected peak power of the seed pulse is far away from
the stable point of the PTF curve of the system, the laser
pulse power will fluctuate chaotically and endlessly between
multiple states. Therefore, to ensure the system functions
stably, the PTF curve should be smooth and have as few
intersections (stable points) as possible (certainly, there is at
least one) with the line Pj, = Poy.
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Next, we analyze the reasons for the degradation of the
system with the second wavelength arrangement. In the
six-wavelength system with wavelengths arranged in the sec-
ond order, there is a large wavelength interval between the
adjacent 1060 and 1035 nm modules. In order to understand
the influence on the transfer function of each individual
regenerator module, we calculated the transfer functions of
the five-wavelength system (removing the 1035 nm module),
the four-wavelength system (removing also the 1060 nm
module), the three-wavelength system (removing also the
1055 nm module), and the two-wavelength system (remov-
ing, finally, also the 1050 nm module). The results of these
simulations are shown in Fig. 19. It can be seen in Fig. 19(a)
that after removing the largest wavelength-switch interval,
the resultant PTF curve shows that the stability of the five-
wavelength system is significantly improved, compared to
the six-wavelength system in Fig. 19(b). Thus, we know that
the drastic fluctuation of the curve for the second wavelength
order is caused by the large wavelength gap, which results
in the pass band of the filter being located at a part of the
nonlinearly broadened spectrum that is not smooth, and hence
it is not easy to stabilize the system.

Although the second order is likely to cause instability,
stability can be achieved in a small range. We calculated
the uniformity of the output pulses of the two systems with
different wavelengths under the stable setting (1 m SMF).
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FIGURE 19. Transfer function graph of different wavelengths.

We found that the great difference in the wavelength span in
the second order system will result in nonuniformity of the
output pulse at different wavelengths. From Table 2, we can
see that the pulse at 1035 nm is very different from the pulses
at other wavelengths. The pulse at 1035 nm is just obtained
after switching between the largest wavelength span (from
1060 nm to 1035 nm). This nonuniformity is very unfavorable
for practical application.

TABLE 2. Characteristics for the pulses of six wavelengths of a second
order system.

Pulse Intracavity Output
Wavelength Bandwidth duration peak peak
(nm) (nm) (FWHM) power power
(ps) kW) kW)
1035 10 0.2833 1.359 0.3397
1040 10 0.4054 1.689 0.4223
1045 10 0.4200 2.048 0.5120
1050 10 0.4200 2.189 0.5473
1055 10 0.4200 2.167 0.5417
1060 10 0.4005 2.073 0.5182

In general, we can state that the smoothness of the PTF
curve for the system arranged with the wavelength modules
in the first order indicates that the laser is stable. Moreover,
the requirements for the injected initial pulse in this case are
not stringent; the power of the initial pulse can be selected
from a large range because the system converges to one
stable fixed point. By contrast, for the system arranged in
the second order, the PTF curve fluctuates violently. This
not only makes it difficult to achieve a stable functioning
system, but also means that the system is very sensitive to
the injected initial pulse power. In addition, more importantly,
for the second order system, the significant difference in the
wavelength span will result in considerable nonuniformity of
the output pulse (pulse duration and peak power) for different
wavelengths.

F. ARBITRARY WAVELENGTH INTERVAL OF THE
MULTI-WAVELENGTH SYNCHRONOUS LASER

The ability to achieve an arbitrary wavelength interval is
another advantage of this system. To demonstrate this,
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we designed a multi-wavelength pulsed laser with a very
small wavelength interval using this new structure. In the
numerical simulation, we selected 1035, 1045, 1055, 1060,
1054.99, and 1044.99 nm as the central wavelengths. The
minimum interval of the central wavelength is 0.01 nm,
the bandwidth of the filter is 10 nm and the SMF length is
1 m in each case. Fig. 20(a) depicts the evolution of pulses
in the laser. The spectra of the six wavelengths are shown
in Fig. 20(b). From the time-domain evolution (Fig. 21),
it can be observed that the system runs stably for an extended
period, and the characterization of the system is summa-
rized in Table 3. The output results show that there is no
interference between the outputs at the different wavelengths,
which highlights the superiority of this laser and the newly
designed structure.
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FIGURE 20. (a) Intracavity pulse evolution map and (b) output spectra for
the six pulses of the ring Mamyshev oscillator with a minimum
central-wavelength interval of 0.01 nm.
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FIGURE 21. Time-domain pulse evolution maps for the ring Mamyshev
oscillator with a minimum central-wavelength interval of 0.01 nm. The
central wavelengths of the six wavelengths are (a) 1035, (b) 1045,

(c) 1055, (d) 1060, (e) 1054.99, and (f) 1044.99 nm.

TABLE 3. Characteristics of the pulses of six wavelengths with a
minimum central-wavelength interval of 0.01 nm.

Pulse Intracavit Output
Wavelength Bandwidth duration cak oweyr peak
nm nm FWHM ower
(nm) (nm) (FEwHM) P P
(ps) (kW)
1035.00 10 0.4200 2.723 0.681
1045.00 10 0.3810 3.140 0.785
1055.00 10 0.3810 3.055 0.764
1060.00 10 0.4005 3.076 0.769
1054.99 10 0.3810 3.319 0.830
1044.99 10 0.3761 3.165 0.791
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IIl. CONCLUSION
In conclusion, an ultra-short-pulse fiber laser based on a
Mamyshev cavity was proposed. The laser can provide syn-
chronous multi-wavelength pulses with overlapping spectra
and an arbitrary center-wavelength interval. The designed
structure was based on multi-stage cascaded nonlinear broad-
ening and offset filtering, which helped to overcome the
problems of gain competition, spectral interference, and diffi-
culties in synchronization associated with conventional fiber
lasers. Synchronous multi-wavelength pulsed lasers with
5 nm and even 0.01 nm output wavelength intervals were real-
ized through numerical simulation. The pulses had spectral
widths of 10 nm (greater than the interval between adjacent
central wavelengths in the multi-pulse spectrum), and the
system operated with ~0.7 kW of output peak power and
pulse durations of ~0.4 ps. The PTF played a key role in the
system design. This is an important tool for designing a stable
laser and choosing seed pulses with appropriate powers for
system start-up. We found that the bandpass range of the filter
in the system must be located at the flat part of the nonlinearly
broadened spectrum. In addition, the ordering of the modules
for the different wavelengths within the cavity was also found
to affect the PTF and the stability of the system. A reasonable
arrangement of these wavelength modules, avoiding large
wavelengths gaps between them, is conducive to ensuring that
the built system is stable.

Note that the main objective of this article is to propose
a new approach to generate synchronous multi-wavelength
ultra-short pulses. Although this study focused on the all-fiber
laser with all normal dispersion in the 1 wm band, this
approach can be applied to other band and non-fiber devices
such as integrated optical circuits. In addition, it is difficult
to discuss all the details of the laser design in one article,
there are still many interesting issues that need to be studied
in future research.

APPENDIX

To simulate the propagation of the pulses in the fiber, the gen-
eralized nonlinear Schrodinger equation was solved. This
includes the effects of attenuation, frequency dependent gain,
dispersion, self-steepening, optical shock, and the Raman
response [47], [48]:

l'k+1 ak A

A—Zrﬂkm

k>2

0
=iy <1 + iTshock ﬁ)
+00
x [A@T) / R(T) AT -T)[ar' | )
—00

The profile of the gain spectrum was assumed to be Gaus-
sian. The saturation of the gain fiber was also considered, and
thus the gain coefficient in the frequency domain is:

W— ) 2
80 o (52)

— 8 o @)
1+ Epulse/Esat

glw) =

167316

where Epyjqe is pulse energy, Egy is the saturation energy, wo
is the reference frequency for 1050 nm, and wj, is frequency
for gain bandwidth (40 nm).

The simulation parameters were derived from the parame-
ters of real optical fibers. For the gain fiber, we used a nLight
liekki Yb1200 4/125 high concentration Ytterbium doped
fiber with the absorption coefficient of 1200 dB/m at 976 nm.
Usually a short length of this fiber (0.2-0.5 m) can be used to
make an amplifier or laser in experiments [49]—-[52]. The high
gain coefficient and small core diameter of this fiber are bene-
ficial for spectral broadening. For the SMF, a Nufern 1060XP
single mode fiber is used. The dispersion parameters for YDF
and SMF are listed in Table 4 and Table 5 (8, is taken from
the values provided by the commercial manufacturer. 83, 84
and Bs are derivative and high order derivative of B, with
respect to angular frequency ). In the simulation, the fifth-
order dispersion coefficient was considered. The high-order
dispersions are considered only for more accurate simulation.
They are not the indispensable and necessary factors for laser
operation and simulation. The nonlinear coefficient is 0.0104
(W-m)~! for the YDF, and 0.00497 (W-m)~! for the SMF.
The gain coefficient gy for the YDF amplifier is 15 m™!,
the gain bandwidth is 40 nm, and the saturation energy is
3nJ [39], [45], [53]. All the bandpass filters in the simulations
are Gaussian filters with bandwidths of 10 nm.

TABLE 4. Dispersion parameter for YDF.

Wavelength
Sy BesTm) Bspsm) Bupstim)  Bs(ps’im)
1035 227x10%  2.33x10°  -1.40x10” -3.89x107"
1045 2.23x10%  2.35x10°  -7.06x107° -4.13x10™"
1055 2.19x107  2.34x10°  2.05x10™" -4.37x10™"
1060 2.17x10%  2.33x10°  3.94x107° -4.50x10™"!
1050 221x10%  2.34x10°  -3.46x107° -4.25x10™"
1040 225%10%  234x10°  -1.06x107 -4.01x10™
TABLE 5. Dispersion parameter for SMF.
Wavelength
Sy RS BssTn)  Bupstm)  Bi(psim)
1035 2.20x10%  3.47x10°  -2.83x10° 3.00x107"
1045 2.14x10%  3.52x10°  -2.88x10* 3.09x10™"
1055 2.08x107  3.57x10°  -2.94x10® 3.17x10™"
1060 2.05x10%  3.59x10°  -2.96x10* 3.22x10"
1050 2.11x10%  3.54x10°  -2.91x10* 3.13x10™"
1040 2.17x107  3.49x10°  -2.86x10° 3.04x10™"

(In Table 6, the ‘“‘threshold power” is the power in the
cavity after each output coupler (e.g. point A in Fig. 2).
The seed power injected from the OC input port using the
fiber coupler needs to be multiplied by 4.)

The seed is a linearly chirped Gaussian pulse, which can
be written as [47]:

)
P(t) = Poe (as5025) 3)

where Py is the peak power and T is the pulse duration.
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TABLE 6. Start up threshold for different kinds of seed pulses.

To=0.25 ps To=0.5 ps To=1.0 ps To=2.0ps
C=-20 2W 40W 260W 1.68x10°W
C=-1.0 8W 43W 254W 1.64x10°W
C=0.0 15W 46W 250W 1.60x10°W
C=10 17W 48W 247TW 1.57x10°W
C=20 10W 4TW 245W 1.54x10°W

From Table 6, we can see that shorter pulses are easier to
spectrally broaden and thus easier to pass through Mamy-
shev’s offset filter, therefore, they have smaller threshold
powers. In addition, when pulse duration of the seed is small,

the

corresponding threshold is more susceptible to pulse

chirp.
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