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Nanosecond Pulse Generation in Lumped Normally
Dispersive All-Fiber Mode-Locked Laser
M. Zhang, E. J. R. Kelleher, E. D. Obraztsova, S. V. Popov, and J. R. Taylor

Abstract—We report an all-normal dispersion, all-fiber integrated ytterbium laser mode-locked by a single wall carbon
nanotube (SWNT) saturable absorber, with a chirped fiber Bragg
grating (CFBG) providing dispersion of 35.71 ps nm allowing
us to directly obtain nanosecond-scale duration pulses. In this
large positive dispersion regime, mode-locking is initiated by
the saturable action of the SWNT device, with pulse formation
stabilized by the combined bandwidth limiting effect of the gain
dispersion and the narrow reflection band of the CFBG.
Index Terms—Bragg gratings, fiber lasers, laser mode locking,
ytterbium.

I. INTRODUCTION

P

ASSIVELY mode-locked fiber laser sources, using saturable absorber devices, are now an accepted technology
and are widely deployed in a broad range of applications
requiring ultrashort pulses because of their compactness,
stability, and low cost. Management of the cavity dispersion
has permitted the development of robust high-power systems.
Recently, passively mode-locked fiber lasers with an all-normal
dispersion (ANDi) map were proposed to overcome the limits
imposed by operating in the soliton regime [1], allowing the
extraction of pulses with energies of hundreds of nanojoules
[2]–[5]. Initiation of a regular pulse train from noise and pulse
stabilization in ANDi mode-locked fiber lasers relies on the
intensity dependent loss provided by the nonlinear action of
a saturable absorber in combination with a bandwidth limited
gain preventing pulse spreading. Such a pulse solution is known
as a dissipative soliton [6], typically possessing a predominantly linear chirp suitable for compression to the femtosecond
regime [7].
The generation of highly chirped nanosecond pulses directly in a normally dispersive oscillator was demonstrated by
Kelleher et al., utilizing a long length (1.2 km) of normally
dispersive passive fiber providing a distributed dispersion to
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chirp the pulses on successive round-trips of the cavity, leading
to the steady-state formation of highly-linearly chirped pulses
[8]. It was also shown that the pulse duration was proportional
to the length of passive fiber, with durations from tens of
picoseconds to nanoseconds achievable for lengths from 20 m
to 1.2 km. The long, kilometer length, dispersive fiber in the
cavity lowers the fundamental repetition rate of the laser to
the 100’s kHz; such repetition rates often are not desirable in
certain applications. In the previous work, attempts to produce stable mode-locked pulses with a lumped rather than
distributed dispersion were unsuccessful, and it was concluded
that the additional nonlinearity, through the action of self-phase
modulation, provided by the long passive fiber, forming the
distributed dispersion element, was necessary to generate the
required spectral bandwidth to facilitate stable, steady-state
nanosecond pulse mode-locked operation. Here we show that
nanosecond pulses can be generated in a mode-locked cavity
where the long passive dispersive fiber is substituted with an
equivalent lumped dispersion element, but without additional
nonlinearity. This demonstrates an additional advantage of
producing desired pulse durations from shorter cavity lengths,
permitting generation of nanosecond pulses at much faster MHz
repetition rates. This result is also of interest from a fundamental dynamics perspective because it confirms that long pulse
formation in a highly normally dispersive mode-locked cavity
is affected mostly by linear dispersion rather than nonlinearity
of the fiber. We provide results of numerical simulations which
support the experimental realization of stable mode-locked
operation using a purely lumped normal dispersion to generate
nanosecond pulses from an all-fiber oscillator with a 6.6 MHz
repetition frequency.
II. EXPERIMENT SETUP
The configuration of the all-fiber laser is shown in Fig. 1.
An ytterbium doped fiber amplifier module (IPG Photonics)
was used to provide a noise seed and amplification in a band
around 1.06 m. A polarization independent in-line fiber
circulator was used to incorporate the chirped Bragg grating,
providing a normal dispersion of 35.71 ps nm , and ensured unidirectional propagation. Intensity dependent loss, to
initiate mode-locking, was achieved by using a transparent
carboxymetylcellulose film with homogeneously embedded
individual SWNTs [9] synthesized by an arc-discharge technique [10]. The SWNT-based saturable absorber device had
at 1.06 m [11] corresponding
a modulation depth of
to the second semiconductor electronic transition ( ) in the
density of states.
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Fig. 1. Schematic of the fiber laser cavity: YDFA: ytterbium-doped fiber amplifier; C: circulator; CFBG: chirped fiber Bragg grating; SWNT: single wall
carbon nanotubes; OC: output coupler; PC: polarization controller.
Fig. 3. Radio-frequency spectrum showing the cavity harmonics (red trace
shows the noise floor of the device) and inset the fundamental harmonic on a
2-MHz span.

Fig. 2. Measured optical spectrum.

A polarization controller was added to adjust the polarization state within the cavity to optimize long-term operation, but
was not fundamental to the mode-locking action. The output
was delivered through a 20% fused-fiber coupler to both spectral (Ando optical spectrum analyzer) and temporal diagnostics
(50 GHz Tektronix sampling scope and a photo-diode with a
15 ps rise-time).
III. EXPERIMENT RESULTS AND DISCUSSION
Mode locking was obtained at the fundamental repetition frequency of the cavity of 6.6 MHz, with a corresponding single
pulse energy of 15 pJ. The spectrum, centered at 1068.2 nm, is
plotted in Fig. 2, with a full width at half maximum (FWHM)
of 0.059 nm corresponding to a transform limited pulse duration
of 20 ps, resulting in a time-bandwidth product of 18 indicating
that the generated pulses are strongly chirped.
The contrast ratio between the lasing peak and the amplified
spontaneous emission (ASE) background is
dB, limited by
ASE generated because the laser operation wavelength, defined
by the pass-band of the CFBG, did not overlap with the peak
of the amplifier’s gain. Fig. 3 shows higher cavity harmonics
without any noticeable beat frequency shift, which would normally indicate longer-term instabilities. The mode-locked pulse
width was 1.15 ns. The pulse temporal profile is plotted in Fig. 4
fitted with a sech pulse shape. This is the expected pulse shape

Fig. 4. Experimentally measured temporal intensity profile, with a sech fit.

for a dissipative soliton as predicted by theory initially developed by Haus et al. and later by Renninger et al. [6], [12].
The mode-locking performance was dependent on the action of the SWNT saturable absorber and the filtering effect
of the CFBG, with the pulse duration defined by the large
lumped normal dispersion of the CFBG. Pulses broadened to a
nanosecond by a long length of passive fiber were reported to
possess a predominantly linear chirp [7]. However, because of
the large time-bandwidth product compression is impractical
with standard schemes, such as bulk gratings. As an example
for an input pulse with a spectrum equal to our measured
spectrum (0.059 nm), but a temporal duration two orders of
magnitude shorter (11.5 ps) the required grating separation
for a pair of bulk compression gratings with 1200 lines/mm
and an incident angle of 45 degrees would be 31 m. As the
separation scales linearly with the duration we would need over
3 km’s separation to compensate a nanosecond pulse, assuming
a linear chirp.
Numerical simulations of the laser system were carried out by
solving a modified nonlinear Schrödinger equation, excluding
higher order dispersion, shock formation and Raman terms. The
CFBG was modeled by an equivalent short-length passive fiber
with the same group velocity dispersion (GVD) and negligible
nonlinearity, ignoring higher order dispersion contributions and
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nanosecond pulses can be generated in a normally dispersive
mode-locked laser using linear dispersion alone, provided by a
chirped grating element.
IV. CONCLUSION
We have demonstrated an ANDi ytterbium-doped all-fiber
laser mode-locked by a SWNT saturable absorber generating
nanosecond pulses with a large lumped, rather than distributed
normal dispersion.
Fig. 5. Simulated spectrum, with a 0.03-nm FWHM bandwidth.
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Fig. 6. Simulated temporal intensity profile, with an FWHM duration of
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