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We numerically show the possibility of pulse shaping in a passively mode-locked fiber laser by inclusion of a
spectral filter into the laser cavity. Depending on the amplitude transfer function of the filter, we are able to
achieve various regimes of advanced temporal waveform generation, including ones featuring bright and dark
parabolic-, flat-top-, triangular- and saw-tooth-profiled pulses. The results demonstrate the strong potential of
an in-cavity spectral pulse shaper for controlling the dynamics of mode-locked fiber lasers.

OCIS codes: 140.4050, 320.5540, 070.2615.

Passively mode-locked fiber lasers have generated major
interest as an alternative to solid-state systems owing to
improved simplicity, stability and cost. In general, they
rely on nonlinear processes to achieve mode-locking, and
major steps forward in pulse energy and peak power
performance have been made with the recent discov-
ery of new nonlinear mechanisms of pulse generation
[1], namely, dissipative solitons in all-normal-dispersion
cavities and parabolic self-similar pulse (similariton)
propagation [2-5]. These are qualitatively distinct from
the well-known soliton and dispersion-managed soliton
(stretched-pulse) regimes. Further, the possibility of tri-
angular and parabolic pulse shaping in mode-locked fiber
lasers using nonlinear dynamics was reported in [6]. In
relation to the work presented here, a spectral filter was
used in [3] to initiate the transition from similariton evo-
lution in the gain fiber segment of the laser to soliton
evolution in an anomalous-dispersion segment by undo-
ing the spectral broadening of the amplifier similariton.
A strong spectral filter that compensated for the broad
pulse duration and bandwidth after the gain segment
provided the main mechanism for seeding similariton
evolution in the amplifier in the all-normal-dispersion
cavity demonstrated in [4]. From a fundamental stand-
point, fiber lasers provide convenient and reproducible
experimental settings for the study of the dynamics of
dissipative systems. Thus far however, mode-locked fiber
lasers have been relatively limited in terms of their recon-
figurability, and achieving different output pulse char-
acteristics generally involves significant changes to the
physical layout of the cavity.

Spectral pulse shaping [7] is a technique which em-
ploys spectral manipulation of the intensity and phase
components of a pulse, in order to create the desired field
distribution at the output of a mode-locked laser. It has
been highly successful for applications in a number of
fields [8,9]. However, since the pulse shaper is normally

placed outside the laser cavity, it requires careful align-
ment between the wavelength of the shaping filter and
the emission wavelength of the laser, and its control of
the laser field is limited; the bandwidth of the filtered
spectrum is determined by the bandwidth of the input
spectrum, and manipulation of the in-cavity dynamics
of the laser is not possible. In addition, the pulse shaper
can only subtract power from the frequency components
of the signal while manipulating its intensity, thereby
potentially making the whole process extremely power
inefficient. The inclusion of a pulse shaper into the cav-
ity of a passively mode-locked fibre laser was recently
demonstrated [10], allowing for tunability of the wave-
length and operation at high repetition rates. In [11,12],
the phase filtering ability of an in-cavity pulse shaper
was shown to enable precise control of the cavity disper-
sion of the laser as well as to change the output pulse
train from bright to dark pulses. In this Letter we take
advantage of the amplitude and phase filtering ability of
an in-cavity spectral pulse shaper to numerically show
the possibility to achieve different pulse-shaping regimes
in a mode-locked fiber laser. By changing the amplitude
profile applied to the filter, we are able to create various
output temporal waveforms of fundamental and practi-
cal interest, ranging from bright and dark parabolic pro-
files to a flat-top profile, and triangular and saw-tooth
(asymmetric triangular) profiles [13].

The cavity configuration considered is a simple ring
cavity as shown in Fig. 1. The gain is provided by a
1 m-long segment of ytterbium-doped fiber (YDF) with
normal group-velocity dispersion (GVD), while 6 m of
single-mode fiber with normal GVD [normally disper-
sive fiber (NDF)] acts as the nonlinear element of the
cavity. A saturable absorber (SA) element follows the
gain fiber, and an amplitude and phase filter is placed
between the passive fiber and the amplifier to realize the
pulse shaping. Propagation within each section is mod-
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Fig. 1. Schematic of the laser. YDF': ytterbium-doped
fiber; NDF: normally dispersive fiber; SA: sat-
urable absorber.

eled with a modified nonlinear Schrodinger equation for
the slowly-varying pulse envelope:

b= = inlu0 30 (04 ggva) . ()
where B, = 25fs?/mm is the GVD and o =
0.005(Wm)~! is the coefficient of cubic nonlinearity
for each fiber section [2]. The dissipative terms in Eq.
(1) represent linear gain as well as a parabolic ap-
proximation to the gain profile with the bandwidth
Q corresponding to 40nm full-width at half-maximum
(FWHM) bandwidth. The gain is saturated according
to g = go/(1 + W/Wy), where go = 35dB/m is the
small-signal gain which is nonzero only for the gain fiber,
W = [dt|y|* is the pulse energy, and W, = 150pJ
is the gain saturation energy determined by the pump
power. The SA is given by a monotonically increas-
ing transfer function T' = 1 — qo/[1 + P(t)/P], where
go = 0.9 is the unsaturated loss, P(t) is the instanta-
neous pulse power, and Py = 150 W is the saturation
power. The filter is modeled by the spectral response
H(w) = h(w)exp (iB2,a0cw?/2), where h(w) denotes the
Fourier transform of a certain objective waveform func-
tion h(t), and the spectral phase adds a specific amount
of GVD to the cavity. By varying the curvature B2 acc
(in ps?) of the parabolic phase function we can control
the net dispersion of the cavity. We consider the genera-
tion of five different amplitude functions in our study,
which represent some examples of interesting optical
waveforms. We use a bright parabolic pulse shaper with
h(t) = /1 — (t/7)%0 (T — |t|), 7 = 1ps; a dark parabolic
pulse shaper such that h(t) = (1 — |t/7]) 0 (7 — |t]) with
7 = 1 ps; a flat-top pulse shaper where h(t) = 0 (7 — |t|)
with 7 = 0.75ps; a triangular pulse shaper where
h(t) = /1 —1t/7]0 (r — |t|) with 7 = 1ps; and a saw-
tooth pulse shaper where we define h(t) = /1 —t/7
in t € [0,7], h(t) = 0 otherwise, with 7 = 2ps. Here
0(x) is the Heaviside function. Note that the spectral fil-
ter can be realized in a variety of ways, such as a fiber
Bragg grating or even a programmable Liquid Crystal on
Silicon optical processor, which offers the additional ad-
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Fig. 2. (Color online) Temporal intensity and chirp pro-
files (left) and spectral intensity profile (right) of the
pulse after the pulse shaper (blue solid) for a (a) bright
parabolic, (b) dark parabolic, (c) flat-top, (d) triangular
and (e) saw-tooth shaping function. Also shown are the
target temporal and spectral profiles (dashed red),
the temporal profiles at the exit of the gain fiber (green),
and the spectral profiles before the pulse shaper (black).



vantage of being easily reconfigurable [14]; such devices
are already commercially available. The output of the
laser is monitored behind 70% and 10% couplers at the
output of the pulse shaper and just after the gain seg-
ment, respectively. The numerical model is solved with
a standard symmetric split-step propagation algorithm,
and the initial field is a picosecond Gaussian temporal
profile.

The solutions obtained for the different amplitude pro-
files applied to the filter and net GVD of 0.008 ps? are
shown in Fig. 2. It is seen that the desired pulse shapes
are obtained at the output of the filter. In the case of
flat-top and saw-tooth waveform functions, because of
the sharp edges of these pulse shapes an additional Gaus-
sian bandpass filter with a FWHM bandwidth of 2 THz
is included in the pulse shaper to make the top of the re-
sulting pulse ripple-free and to smooth the formed pulse
shape, respectively. The generated parabolic and trian-
gular pulses are nearly transform-limited, whereas the
flat-top pulse features a small positive chirp. We can
also see from Fig. 2 that, as opposed to the chirp
profile targeted by the filter, the chirp profile of
the generated pulses may exhibit a small ripple.
This indicates that generating pulses with a well
defined phase profile by use of the method pro-
posed in this Letter is not as straightforward. Fig-
ure 2 also highlights that the temporal intensity profile
imparted by the filter onto the pulse is reasonably well
preserved after the amplification stage, where more en-
ergetic pulses can be extracted from the cavity.

The pulse evolution is illustrated by plots of
the root-mean-square (rms) pulse duration and spec-
tral bandwidth as functions of position in the
cavity, and quantified with the metric M? =
fat (Je|2 — |x|?)* / fdt || (Fig. 3). Here, 1 is the
pulse being evaluated and x is a specific shape fit
with the same energy and FWHM duration. The evo-
lution shown for the triangular pulse-shaping regime is
representative of those observed for the other shaping
regimes too, in which the typical pulse parameters
evolve in a closely similar fashion along the cav-
ity, though small quantitative differences may ex-
ist. It is seen that during the short amplification stage
there is no strong reshaping (which confirms the results
in Fig. 2), and that most of the nonlinear dynamics
occur in the long passive fiber. The peak nonlinear
phase shift ¢V = [dzv(z)Py(z) (P is the pulse
peak power) that the pulse accumulates in one
cycle around the cavity is slightly greater than
9rad, with ¢V’ being slightly greater than 1rad
in the amplifier fiber and ¢V’ ~ 8rad in the pas-
sive fiber. This indicates that the laser relies on
rather strong nonlinearity combined with spec-
tral filtering to stabilize the pulse in the cavity.
The nonlinear evolution in the passive fiber is monotonic
with the growth of both temporal and spectral widths.
The filter compensates for both temporal and spectral
broadening, and cancels the large temporal phase ac-

cumulation in the fiber. The spectral breathing factor,
defined as the ratio of the spectral FWHM at the in-
put and the output of the filter, is approximately 6 in
the example of Fig. 3. The principle of filtering a pulse
both in frequency and time due to the large chirp present
has already been exploited to achieve new mode-locking
regimes in fiber lasers [3,4]. In the present work we ex-
tend this approach to more complex features. Because
the nonlinearly broadened spectrum of the pulse at the
output of the passive fiber is significantly wider than the
filter’s spectral response and fairly flat within the filter
bandwidth (Fig. 2), it can be sliced without caring for
the details of its structure. This is the enabling mecha-
nism for the formation of pulses of any desired temporal
shape at the output of the filter, determined by the fil-
ter’s transfer function [15]. It is worth noting here that
steady-state pulse shaping in an oscillator requires the
generated pulse to fulfill the constraints imposed by the
cavity, and formation of a self-consistent solution in the
cavity is in general a non-trivial problem. Despite sub-
stantial research in this field, qualitatively new phenom-
ena are still being discovered.

® 1.2 pulse : 127N
SR P : NDF oL
c afghwer e E
5 N ; Aoy =
‘= 0.8 W ¢ YDF :SA A .‘ 0.8©
= VO : £ o s
@ W ; A 0
w 0.6 \‘|E : A’ o 068
=] A : ’ ©
204 ' $0000000009¢- - _ 0.49
” v A n
€02t~ - 02 E
Position in cavity (arb. units)
0.25{pulse TR N
. |shaper - f *000d
7] : : S,
© 02  YDF SA
& v : -
IS \ : NDF
80.15 “ : "__..‘
Q N $
S 01f /
0.05t—%

Position in cavity (arb. units)

Fig. 3. (Color online) Top: Evolution of the rms temporal
(red circles) and spectral (blue triangles) widths of the
pulse along the cavity for the triangular pulse-shaping
regime. Bottom: Evolution of the misfit parameter to a
triangular temporal shape (black rhombs).

To gain a broader understanding of the laser dynam-
ics, we investigated the effect of net dispersion on the
laser response. Figure 4 shows results obtained for a tri-
angular waveform function applied to the filter. It is seen



that the best triangular pulses after spectral filtering
are obtained for small values of normal net dispersion
(~ 0.005ps?) and are close to transform-limited pulses.
In the cases of bright parabolic and flat-top shaping func-
tions (not shown in Fig. 4) we observed a shift of the
dispersion range where the best parabolic and flat-top
pulses can be generated towards small net anomalous
values (~ —0.01ps?) and slightly larger normal values
(~ 0.02ps?), respectively. Note that the net dispersion
is controlled by adjusting the transfer function of the
pulse shaper; therefore, no physical change in the cavity
is required in order to change the output from one pulse
shape to another, provided that a programmable pulse
shaper is used. The time-bandwidth product of the pulse
remains very close to the transform-limit for a triangular
pulse (0.54) in the dispersion region being considered,
which reveals that the potential of tuning the output
pulse temporal duration through in-cavity linear chirp-
ing is minimal. This stems from the filtering process that
is used, i.e., slicing of a much broader spectrum, and indi-
cates that one should act directly on the waveform func-
tion of the filter to control the output pulse width. This
result is not surprising in fact, as a triangular, parabolic
or flat-top temporal profile is rather sensitive to group
delay.
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Fig. 4. (Color online) Misfit parameter to a triangu-
lar temporal shape (blue squares) and time-bandwidth
product (red circles) at the output of the pulse shaper
versus net cavity dispersion.

In conclusion, we have numerically shown the oper-
ation of a passively mode-locked fiber laser in differ-
ent pulse-shaping regimes, including bright and dark
parabolic, flat-top, triangular and saw-tooth waveform
generations, depending on the amplitude profile of an
in-cavity spectral filter. Using a spectral filter based on
a programmable optical processor, one would be able to
easily reconfigure the operation of the laser with a com-
puter interface. From a practical viewpoint, the linear
pulse shaping approach used here is attractive because
it provides a high degree of control over the output pulse
shape of the laser to adjust its operation to different ex-
perimental requirements. Our work confirms the great
potential of the concept of an in-cavity pulse shaper for
controlling the dynamics and the output of mode-locked

fiber lasers. Further, our results are of particular rele-
vance with the high interest in the generation of special-
ized pulse waveforms for applications in optical signal
processing and manipulation.
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