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Abstract: We demonstrate the integration of a spectral pulse-shaper into a
passive mode-locked laser cavity for direct control of the output pul se-shape
of the laser. Depending on the dispersion filter applied with the pul se-shaper
we either observe a bright or dark “soliton-like” pulse train. The results
demonstrate the strong potential of an in-cavity spectral pulse-shaper as an
experimental tool for controlling the dynamics of passively mode-locked
lasers.
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1. Introduction

Passive mode-locked lasers have been the subject of considerable research interest for several
decades. In general they rely on nonlinear processes to achieve the mode-locking and thus can
yield ultra-short pulses and ultra-high repetition rates, that are not achievable with active mode-
locking techniques which are limited by the bandwidth of the mode-locking electronics. For
this reason they have found applicationsin avariety of fields ranging from terahertz generation
[1], to metrology [2] to nonlinear spectroscopy [3]. Recently, passive mode-locked fibre lasers
that take advantage of self-similar propagation and all-normal cavity dispersion have received
significant attention, due to their ability to strongly improve the output pulse energy of these
lasers[4, 5, 6, 7], promising relatively cheap and compact high pulse energy sources. Another
intriguing aspect of passive mode-locked lasersistheir ability to yield repetition ratesin excess
of hundreds of GHz [8, 9, 10], afact which can prove advantageous for pul se sources for optical
time-division multiplexing, the generation of THz radiation and spectroscopy applications. In
addition to their use as pulse sources for applications in numerous fields, passive mode-locked
lasers are of interest from afundamental standpoint, as amodel to study the dynamics of dissi-
pative systems and effects such as soliton explosions [11] and soliton molecules[12] have been
observed in mode-locked laser systems.

Passively mode-locked fibre lasers thus far have been relatively limited in terms of their re-
configurability. In general if adifferent output pul se-shape, a different pulse-width or repetition
rate is desired it involves a significant change to the cavity, often this means a total redesign

#132373 - $15.00 USD Received 27 Jul 2010; revised 18 Sep 2010; accepted 5 Oct 2010; published 12 Oct 2010
(C) 2010 OSA 25 October 2010 / Vol. 18, No. 22 / OPTICS EXPRESS 22716



of the cavity to the new output parameters. A higher degree of control over the output parame-
ters of passive mode-locked lasers to adjust the laser for different experimental requirementsis
therefore highly desirable.

Spectral pulse-shaping [13] is a technique which employs spectral filtering of phase and
intensity to create a desired temporal field distribution from the output of a mode-locked laser.
It has been highly successful for applications in a number of fields [14, 15]. However as it is
placed outside of the laser cavity its control of the laser field is limited; the repetition rate of
the laser remains fixed, the bandwidth of the filtered spectrum is determined by the bandwidth
of the input spectrum and manipulation of the in-cavity dynamics of alaser is not possible.

We recently demonstrated the inclusion of a pulse-shaper into the cavity of a passive mode-
locked fibre laser [16], allowing us to tune the repetition rate and wavelength of the laser be-
tween 40 and 640 GHz and 1540 nm and 1560 nm respectively. In this paper we show, that by
taking advantage of the phasefiltering ability of the in-cavity pulse-shaper we can directly con-
trol the laser dynamics in order to vary the output pulse-shape. By applying various parabolic
phase profiles to the filter we are able to precisely change the cavity dispersion of the laser,
yielding unprecedented control over the shape of the output pulse-train. With appropriate dis-
persion values we can create either dark or bright output pulses as well as optimize the pulse
width. These results are particularly significant in light of the recent interest in “dark soliton”
lasers [17, 18]. Our results present the first mode-locked laser which can be tuned to emit ei-
ther dark or bright pulses, demonstrating the strong potential of in-cavity pulse-shaping as an
experimental tool for controlling the dynamics of passively mode-locked lasers.

The mode-locking mechanism in our experiment is a close relative of the modulation insta-
bility laser [19, 20, 21], so-called dissipative four-wave mixing (DFWM). It relies on spectral
filtering and fiber-nonlinearity [22] to yield a pulse train with the repetition rate and center
wavelength determined by the spectral filter. Thus by combining this mode-locking technique
with areconfigurable spectral filter it is possible to tune both the wavel ength and repetition rate.
A further advantage of this mode-locking technique isthat it greatly facilitates mode-locking at
very high harmonics which let to several publications achieving hundreds of GHz [23, 24, 25].
In this article we take advantage of the capability of our in-cavity pulse-shaper to perform dis-
persion trimming [26]. This allows us to precisely control the cavity dispersion of the laser,
enabling the variation of the output pul se-shape.

2. Experiment

The laser setup is depicted in Fig. 1. It consists of a ring cavity with a commercial erbium-

pulse-shaper ﬂ
_'

Fig. 1. Experimental setup. EDFA: erbium-doped fiber amplifier, HNLF: highly nonlinear
fiber.
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doped fiber amplifier (EDFA) as the gain medium. 33 m of highly nonlinear fiber (HNLF)
provide the nonlinearity for the four-wave mixing which enables the mode-locking. The pul se-
shaper (Finisar WaveShaper) functions as the spectral filter exhibiting a Fabry-Perot (FP) type
transfer function with a Gaussian envelope (inset in Fig. 1) and an optical isolator ensures
the unidirectional operation of the ring. The wavelength and repetition rate of the laser are
controlled by changing the free spectral range (FSR) and center wavelength of the FP and
Gaussian bandpass filter functions inside the pulse-shaper. An additional parabolic spectral
phasefilter in the pul se-shaper adds a specific amount of group-vel ocity dispersion to the cavity.
By varying the curvature of this filter we can precisely control the overall cavity dispersion
of the laser. In al the presented experiments the FSR and bandwidth of the bandpass filter
were kept constant at 160 GHz and 2.5 times the FSR respectively and only the curvature of
the parabolic phase filter was varied. The output of the laser is characterised with an optical
spectrum analyser (OSA) and a second-harmonic generation frequency resolved optical gating
(SHG-FROG) device.

Figure 2 illustrates the effect of the pulse-shaper dispersion variation on the output of the
laser. The top and middle and bottom rows depict the OSA traces, FROG spectrograms and
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Fig. 2. (a) Optical spectra, (b) FROG spectrograms and (c) recovered field intensity (solid)
and phase (dashed) for dispersion values (1) foL = 0.4 ps?, (2) BoL = 0.5 ps® and (3)
BoL = 0.8 ps.

recovered fields of the laser for pulse-shaper dispersion values of (1) B.L = 0.4 ps?, (2)
BoL = 0.5 ps® and (3) BoL = 0.8 ps? respectively. It should be noted that the value for the
overall cavity dispersion is not known, due to the dispersion of the EDFA, whichis only known
to be dightly normal, and an unknown length of standard SMF inside the pul se-shaper. How-
ever as the cavity contains about 15-20 m of standard SMF (the exact value is unknown due to
the length inside the pul se-shaper), some normal dispersion EDF and 30 m of dlightly anoma-
lous dispersion HNLF (4o ~ 1551 nm), the average dispersion of the cavity should be between
—0.3and —0.6 ps®. The optical spectraand FROG spectrograms clearly reveal achange of the
output pulse-shape when the dispersion is varied across the point of zero average dispersion.
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Thisis confirmed by the field which is recovered from the FROG spectrograms using the prin-
ciple components generalized projections (PCGP) algorithm [27, 28] with a constraint given
by the experimental optical spectrum (the error was below 8 x 10~ in al cases). The output
pulses change from alow duty cycle bright pulse-train (cl) to atrain of dark pulses (c2) to an
output similar to a sinusoidal beating (c3). The pulses exhibit characteristics similar to a train
of solitons, i.e. a w-phase shift in between bright pulses and across the pulse for dark pulses.
It should be noted that some of the recovered pulses display subpulsing and peak power vari-
ations, it is not clear if these are artefacts of the recovery or caused by supermode noise in the
laser [29].

3. Simulations

To further understand the laser behaviour we performed numerical simulations with a model
based on the generalized nonlinear Schrodinger equation (GNLSE) [29]:

(04

5V 1)

d L I, G

Is

Here k = @ZZL is the normalised second order dispersion, with f being the repetition rate and
L the cavity length. Q is the average power, |5 the saturation power, G the cavity gain and o
the propagation |oss parameter. Cavity gain and gain saturation were kept constant at G = 0.8,
o = 0.4 and Is = 1.1 while the second-order dispersion x was varied from -0.5 to 0.5. We
used the split-step Fourier algorithm in a cavity configuration to simulate the laser. Once per
round-trip the field is multiplied by aloss term of | = /1 — 0.25 accounting for the localised
loss due to the output coupler and the pulse shaper, and by a spectral filter corresponding to a
FP-filter with amirror reflectivity of 0.9 multiplied with a Gaussian bandpass filter at 2.5 times
the FSR of the FP-filter. Note that we did not account for supermode noise in the system (20
cavity modes per FSR) [29].

Figure 3(a) depicts the duty cycle of the output pulse train as a function of normalised dis-
persion k. Thefigure clearly demonstrates the pul se-shape transition from dark to bright pulses
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Fig. 3. (a) Duty cycle as afunction of normalized dispersion k. (b) Field intensity (solid),
and phase (red, dotted) for the points 1,2,3 indicated in (a).

around the zero-dispersion point of the cavity. At high anomalous dispersion the duty cycle is
very close 0.5, which gradually decreases before a transition at zero-dispersion to a duty cycle
of ~ 0.8, corresponding to dark pulses. Upon further increasing the dispersion the duty cycle
slowly decreases again approaching avalue of 0.5. Note that we subtracted any cw-background
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on the pulsetrains for an accurate comparison. Thefield intensity and phase of the output pulse
train at three different values of the dispersion as shown in Fig. 3(b) nicely confirm the no-
tion of bright and dark pulses and the agreement with the experimentally recovered fields is
very good. As in the experiment we see that the pulses exhibit a solitonic nature, i.e. a sech?
intensity profile and a r-phase jump between pulses for the bright pulses and a tanh? profile
and a r-phase jump in the middle of the dark pulses. To further compare the numerical with
the experimental results we computed the spectrogram for the three different output fields from
Fig. 3(b). The resulting spectrograms are shown in Fig. 4(b1)—(b3), for ease of comparison we
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Fig. 4. Comparison of (a) experimental and (b) numerical FROG spectrograms for the dis-
persion values given in Fig. 2 and Fig. 3 respectively (spectrograms have been thresholded
for better clarity).

have again included the experimental spectrograms [Fig. 4(al)—(a3)] and plotted only above a
threshold value. The qualitative agreement between experimental and simulated traces is very
good. In particular we would like to point out a number of key features; The spectrograms for
the bright pulses [(al) and (b1)] show a number of higher harmonic frequency modes around
the fundamental mode at the center of the frequency axis. Moreover al the maxima of the
modes are aligned, i.e. they occur at the same time. Thisis the characteristic of a pulse train of
short bright pulses, as seenin field intensity in Fig. 3(b1) and the recovered field in Fig. 2(cl).
On the other hand the first-order harmonic modes around the central mode in the experimental
spectrogram (a2) and the numerical one (b2) are & out-of-phase with the fundamental modes
along thetime axis, i.e. the time of their maxima coincides with the minima of the fundamental
mode. The next higher-order modes are again in-phase with the fundamental mode. This can
be attributed to the pulses being dark pulses with a 7 phase shift at the center of the pulses
as displayed by the pulsesin Fig. 3(b2) and 2(c2). The sinusoidal beating from Fig. 3(b3) and
2(c3) revealsitself in nearly constant first-order harmonics and a pulsed fundamental, which is
reflected in the experimental spectrogram [Fig. 4(a3)]. It should be pointed out, that although
we could not match the absolute cavity dispersion of the experiment, due to the uncertainty of
the EDFA dispersion, the dispersion separation between (1), (2) and (3) is very similar for both
experiment and simulations.

4. Discussion and conclusion

Our data demonstrates that we are able to experimentally control the output pulse-shape of the
mode-locked laser by tuning the cavity dispersion using an in-cavity pulse-shaper. The laser can
be tuned to exhibit either adark or bright “soliton-like” pulsetrain. The experimental resultsare
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supported by numerical simulations which are in excellent agreement. Our results confirm that
DFWM mode-locked lasers exhibit dark “soliton-like” pulsesin the normal dispersion regime
as shown in previous experiments [21, 30], or bright pulses in the anomal ous dispersion regime
[23]. Our results are of particular relevance with the recent reappeared interest in dark soliton
lasers. This demonstration of pulse-shape variation via an in-cavity pulse-shaper is to the best
of our knowledge the first demonstration of such ahigh degree of control over the output pulse-
shape from a mode-locked laser. We believe that the concept of an in-cavity pulse-shaper holds
great potential for achieving a high degree of control over the dynamics and the output of
passive mode-locked lasers using other mode-locking mechanisms as well.
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