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Abstract: A passively mode-locked ytterbium-doped large-
mode-area photonic crystal fiber oscillator operating in the vicin-
ity of zero cavity dispersion is demonstrated. The self-starting
mode-locking operation is achieved by a high contrast saturable
absorber mirror. Two mode-locking regimes with opposite signs
of net cavity dispersion are investigated. At a net cavity disper-
sion of –0.0035 ps2, the fiber laser directly generates 10-nJ laser
pulses with an average power of 630 mW at 65.3 MHz repetition
rate. The pulses can be dechirped to 78 fs by extracavity disper-
sion compensation. The pulse energy is scaled up to 18 nJ, yield-
ing an average power of 1.2 W, when the cavity dispersion is set
at 0.0035 ps2. In this regime, the laser output can be extracavity-
dechirped to 120 fs. Dynamics of pulse evolution in the fiber laser
is illustrated by numerical simulation, which agrees well with ex-
perimental results.
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Time-resolved evolution of a light pulse inside a cavity of a
mode-locked photonic crystal fiber laser operating in the net neg-
ative dispersion regime
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1. Introduction

An impressive recent progress in the development of high-
energy fiber laser sources of ultrashort pulses [1–4] owes
much to in-depth studies of pulse shaping dynamics in
fiber lasers, controlled by the balance between the group-
velocity dispersion (GVD) and the nonlinear phase shift
acquired by light pulses in a fiber. Operating regimes cor-
responding to different pulse shaping dynamics in mode-

locking fiber lasers have been obtained by varying the net
cavity dispersion. Fiber lasers with large anomalous cavity
dispersion typically function in the soliton mode locking
regime, where the pulse energy is severely limited [5]. In
the vicinity of zero cavity dispersion, on the other hand, the
pulse duration experiences a large change per cavity round
trip, which effectively scales down the peak power, thus
enabling the generation of higher pulse energies. Pulse en-
ergies in excess of 10 nJ have been obtained [6] with fiber
lasers either working in the stretched-pulse mode-locking
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[7] or self-similar pulse-evolution [8] regime. All normal
dispersion lasers support dissipative solitons [9,10], with
pulse shaping due to intracavity spectral filtering. Laser
pulses with energy of 31 nJ extracavity-compressible to
80 fs have been generated at a repetition rate of 70 MHz in
this regime [11].

Specially designed large-mode-area (LMA) photonic
crystal fibers (PCFs) [12], which combine reduced opti-
cal nonlinearity with pump confinement within a high nu-
merical aperture (NA), become very attractive for scaling
up the output average power and pulse energy of ultra-
fast fiber oscillators. In soliton-like regime, an Yb-doped
LMA PCF oscillator with a sigma cavity configuration has
been shown to allow a generation of sub-500 fs pulses
with 16 nJ pulse energy and 880 mW average power [13].
The environmental stability of the fiber laser is greatly
enhanced by using a single-polarization LMA PCF as a
gain medium [14]. Such fiber lasers have been used for the
creation of compact terahertz sources [15,16]. An LMA
PCF amplifier seeded by such fiber oscillator delivering
200 nJ laser pulses with 52 fs pulse duration at a repeti-
tion rate of 50 MHz has also been applied for femtosecond
laser micromachining [17]. In the all-normal-dispersion
regime, pulse energies approaching the microjoule level
have been achieved directly from an oscillator based on a
rod-type PCF with an effective mode-area of 4000 μm2

[18]. An Yb-doped LMA Bragg fiber can serve discrim-
inate transverse modes by the photonic band-gap effect,
offering much promise for high-energy mode-locking op-
eration [19].

Most of the recent work on LMA PCF lasers is focused
on mode locking in the regime of large positive or negative
cavity dispersion, where high-energy pulses in the subpi-
cosecond range of pulse widths can be generated. In this
paper, we investigate the mode locking of an LMA PCF
laser operating in the vicinity of zero cavity dispersion,
where the pulse duration can be reduced to several tens of
femtoseconds. At a net cavity dispersion of –0.0035 ps2,
the fiber laser directly generates 10-nJ laser pulses with
an average power of 630 mW at 65.3 MHz repetition rate.
The pulses can be extracavity-dechirped to 78 fs. At a net
cavity dispersion of 0.0035 ps2, the pulse energy is scaled
up to 18 nJ, yielding an average power of 1.2 W. In this
regime, the pulses can be extracavity-dechirped to 120 fs.
We present a numerical model, which directly illustrates
the pulse shaping mechanism in our fiber laser and pro-
vides an excellent fit for the experimental results.

2. Experimental setup

The experimental setup for the LMA PCF oscillator based
on a sigma cavity is illustrated in Fig. 1a. A segment of
0.9 m Yb-doped single polarization LMA PCF (Crystal
fiber A/S, Denmark) serves as gain medium. The intrin-
sically single-mode core has a mode diameter of 29 μm,
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Figure 1 (online color at www.lphys.org) (a) – the experimen-
tal setup of the fiber laser. LD: laser diode; DM: dichroic mir-
ror; OC: output coupling; (b) – rf spectrum of the fundamental
harmonic recorded with a resolution bandwidth of 300 Hz over
200 kHz frequency span

corresponding to a mode field area of 660 μm2. The mi-
crostructured inner cladding is 200 μm in diameter, and
the NA is 0.55 at 950 nm. This structure has a pump light
absorption of 10 dB/m. Combined with the LMA struc-
ture, index-matched stress applying parts (SAP) are in-
troduced in the photonic-crystal cladding. These induce a
birefringence sufficient to split the two polarization states
of the weakly guided fundamental mode, serving to main-
tain a single polarization in the LMA fiber. The bandwidth
of single-polarization waveguiding ranges from 1000 to
1100 nm, falling within the gain band of the Yb-doped
fiber [20]. The polarization extinction ratio (PER) of the
fiber is above 15 dB. Both fiber ends are angle-polished to
eliminate parasitic oscillation at a high pump power.

The Yb-doped fiber is cladding-pumped by a fiber-
coupled (200 μm, NA=0.22) laser diode emitting at
976 nm. The dichroic mirrors (DMs) are used to sepa-
rate the pump light from laser radiation. An optical iso-
lator with an isolation rate of 45 dB ensures the unidirec-
tional propagation of light. The rejection port of the iso-
lator combined with a half-wave plate serves as the out-
put coupler. A polarization beam splitter (PBS) together
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Figure 2 (online color at www.lphys.org) The output charac-
teristics of the fiber laser operating in the net negative disper-
sion regime. (a) – optical spectrum; (b) – pulse shape as well
as instantaneous frequency retrieved by PICASO. The dashed
red curve shows the transform limited pulse shape. Inset is the
measured interferometric autocorrelation trace of the extracavity
dechirped pulses. The red curve shows the simulated envelope of
the dechirped pulses

with a half-wave plate is inserted before the isolator in
order to enhance polarization discrimination for a high-
contrast laser output. A dispersion delay line (DDL) based
on a pair of 600-line/mm gratings with a beam incident
angle of 35◦ is used for intracavity dispersion compensa-
tion. A grating separation of 13.5 mm can precisely com-
pensate for the normal dispersion of the fiber and optical
components inside the cavity, estimated as 0.019 ps2 at
1040 nm. The total cavity length is about 4.6 m, result-
ing in a repetition rate of 65.3 MHz. The mode locking is
initiated with SESAM (BATOP GmbH, Germany), which
has a low-intensity absorption of 65%, modulation depth
of 35%, saturation fluence of 20 μJ/cm2, and relaxation
time of about 500 fs.

3. Experimental results and numerical
simulations

3.1. Negative cavity dispersion mode-locking
regime

A single pulse operation status with slightly negative cav-
ity dispersion is investigated with the separation between
the gratings in the DDL equal to 16 mm, and the corre-
sponding net cavity dispersion is –0.0035 ps2. The fiber
laser starts to feature Q-switching at a pump power of 2 W,
with transition to mode locking observed at a pump power
of 3.4 W. The direct output average power is 630 mW at
the pump power of 4.5 W and the output rate of 70%,
corresponding to pulse energy of 10 nJ. The measured
optical spectrum is shown in Fig. 2a. The spectrum de-
velops a Gaussian shape with an FWHM of 26 nm. The
direct output pulse has duration of 375 fs assuming a
Gaussian shape. The chirp of the output pulse is com-
pensated with a transmission grating pair based DDL out-
side the cavity, which induces a reduction of the average
power by 30% in the meanwhile. The measured autocor-
relation trace of the extracavity-dechirped pulse is shown
in the inset of Fig. 2b. The pulse shape and the phase of
the dechirped pulses are reconstructed by the phase and
intensity from correlation and spectrum only (PICASO)
algorithm. The retrieved pulse shape and instantaneous
frequency are shown in Fig. 2b. The pulses are nearly
transform-limited with the FWHM duration of 78 fs. The
corresponding peak power is 89 kW considering the loss
in the dechirping stage.

The quality of the pulse train is evaluated by its power
spectrum, which is characterized with an rf spectrum an-
alyzer (Agilent 8560EC) via a photodiode with a 200-ps
rise time. A typical rf spectrum recorded at the fundamen-
tal frequency is shown in the inset of Fig. 1b. The 75-dB
signal-to-noise ratio reveals robust mode locking. The cal-
culated rms energy fluctuation is below 0.25%.

Numerical simulations are performed to under-
stand the dynamics of pulse evolution in this mode-
locking regime, which has been previously reported in
[21,22]. Modeling is performed by solving the nonlinear
Schrödinger equation with a standard split-step Fourier al-
gorithm for a pulse passing through a segment of gain
fiber having a Lorentzian gain profile with a 50-nm gain
bandwidth, an output coupler, a dispersion delay line, and
SESAM. Parameters of each intracavity element in our
model are identical to those in our experiments. Laser
pulse buildup is seeded in our model with white noise.

The simulation gives a direct pulse output with du-
ration of 325 fs and energy of 14 nJ. The pulses can be
extracavity-dechirped to 78 fs. The red curve in Fig. 2a and
that in the inset of Fig. 2b show the simulated output pulse
spectrum and the envelope of the autocorrelation trace of
the dechirped pulse shape, respectively. The correspond-
ing intracavity pulse dynamics is shown in Fig. 3. Fig. 3a
and Fig. 3b illustrate pulse evolution during one round trip
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Figure 3 (online color at www.lphys.org) Simulation on the
pulse dynamics of the mode-locking fiber laser operating in net
negative dispersion regime. (a) – pulse evolution of one round
trip in time domain; (b) – pulse evolution of one round trip in
frequency domain. (PCF: photonic crystal fiber; OC: output cou-
pler; DDL: dispersion delay line; SAM: semiconductor saturable
absorber mirror)

in the time and frequency domain, respectively. The pulse
duration reaches the transform limit twice per round trip as
shown in Fig. 3a, with the stretching ratio equal to 8. The
laser operates in a stretched-pulse mode-locking regime.
The asymmetric evolution of pulse shape in the time do-
main is attributed to the asymmetric pulse shape that re-

In
te

ns
ity

, a
.u

.

0.6

0.8

1.0

0.4

0.2

0

In
te

ns
ity

, a
.u

.

0.6

0.8

1.0

0.4

0.2

0

11001000 1020 1040 1060 1080

Wavelength, nm

(a) Measured
Simulated

210-1

Delay, ps

(b) Measured
Simulated

1.414×120 fs

0.6

0.8

1.0

0.4

0.2

0
0-2-4 2 4 6

1.414×1.06 fs

Figure 4 (online color at www.lphys.org) The output character-
istics of the fiber laser operating in the net positive dispersion
regime. (a) – optical spectrum; (b) – the autocorrelation trace of
the extracavity dechirped pulses. Inset, the measured autocorre-
lation trace of the direct output pulses

sults from the nonlinear absorption of SESAM. Besides
the strong stretching of laser pulses in the time domain,
the pulse spectrum also breathes significantly in the PCF
with stretching ratio of 2.2, as shown in Fig. 3b, which
can be interpreted by the interplay of SPM spectral broad-
ening and gain filtering of limited gain bandwidth. The
two effects are exactly balanced at the position inside the
fiber corresponds to the minimal spectral width as well
as transform-limited pulse duration. The maximal spectral
width is achieved at the PCF output.

3.2. Positive cavity dispersion mode-locking
regime

By decreasing the separation of grating pair, the net cavity
dispersion approaches zero. The output rate has to be re-
duced in order to keep stable mode-locking operation. In
this regime, the fiber laser easily switches to bound state
or harmonic mode-locking operation at high pump power.
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High energy pulsed operation can be achieved again at
a slightly positive net cavity dispersion. The mode-locking
regime at a net cavity dispersion of 0.0035 ps2 is inves-
tigated, and the corresponding separation of the grating
pair is equal to 11 mm. The direct output average power
is 1.2 W at the pump power of 6.4 W and the output rate of
90%. The corresponding pulse energy is 18 nJ. The mea-
sured optical spectrum is shown in Fig. 4a. The spectrum
develops sharp edges, and has a FWHM of 25 nm. The di-
rect output pulse has duration of 1.06 ps assuming a Gaus-
sian shape, as shown in the inset of Fig. 4b. No satellite-
pulses have been detected in a 50 ps scanning range of the
autocorrelator. The output pulse is highly chirped, and can
be extracavity-compressed to 120 fs, as shown in Fig. 4(b.
The peak power of the dechirped pulses is 106 kW consid-
ering the loss of DDL.

The pulse dynamics of this mode locking regime is
also numerical investigated. The simulation gives a di-
rect pulse output with duration of 0.92 ps and energy of
15 nJ. The pulses can be extracavity-dechirped to 120 fs.
The red curve in Fig. 4a and Fig. 4b show the simulated
output pulse spectrum and dechirped pulse autocorrela-
tion trace respectively. The asymmetry of the spectrum is
also achieved in the numerical simulation, which is due to
the nonlinear absorption by SESAM. The sidelobes of the
autocorrelation trace indicates the uncompensated nonlin-
ear chirp at the wings of pulses. Fig. 5 reveals the corre-
sponding intracavity pulse evolution dynamics. As shown
in Fig. 5a, the pulse broadens and compresses itself mono-
tonically in the fiber and in the DDL, respectively, with the
stretching ratio equals to 3.5. The spectrum keeps a steep-
edged shape and show neglectable stretching in the round
trip evolution.

The laser has shown characteristics of self-similar op-
eration in this mode-locking regime, where the pulse du-
ration evolves monotonously in the active fiber, and the
pulse spectrum approaches a parabolic shape. The finite
gain bandwidth of the long active fiber ultimately limits
the self-similar evolution of laser pulses in the cavity, and
also prevents further scaling of the pulse energy.

In summary, the pulse dynamics shows significant dif-
ference for a LMA PCF laser operating in the vicin-
ity of zero cavity dispersion with contrary signs. In the
stretched pulse mode locking regime which corresponds
to slightly negative cavity dispersion, soliton formation
dominates pulse shaping dynamics. Sub-100 fs pulse dura-
tion is achieved due to soliton compression effect. On the
other hand, the pulse energy is limited by soliton break-
up. In the positive dispersion regime, soliton formation is
effectively avoided, and the pulse energy can be greatly
scaled up, while the pulse duration can’t be compressed
down accordingly. Additionally, Gain filtering of the long
fiber restricts the pulse shortening in both regimes. Pulses
with higher energy and shorter duration can be obtained by
adding a long piece of passive LMA PCF for pulse stretch-
ing and by reducing the active fiber length as long as the
highly doped LMA PCF is available.
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Figure 5 (online color at www.lphys.org) Simulation on the
pulse dynamics of the mode-locking fiber laser operating in net
positive dispersion regime. (a) – pulse evolution of one round
trip in time domain; (b) – pulse evolution of one round trip in
frequency domain. (PCF: photonic crystal fiber; OC: output cou-
pler; DDL: dispersion delay line; SAM: semiconductor saturable
absorber mirror)

4. Conclusion

In conclusion, an Yb-doped single polarization LMA PCF
laser mode-locked in the vicinity of zero cavity dispersion
is investigated. The self-starting mode-locking operation is
achieved by high contrast saturable absorber. At a net cav-
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ity dispersion of –0.0035 ps2, the fiber laser operates in the
stretched pulse regime and directly generates 10-nJ laser
pulses with an average power of 630 mW at 65.3 MHz
repetition rate. The pulses can be dechirped to 78 fs by
extracavity dispersion compensation. When the net cavity
dispersion is set at 0.0035 ps2, the fiber laser shows charac-
teristics of self-similar operation, where the pulse energy
is scaled up to 18 nJ, yielding an average power of 1.2 W,
and the pulse can be extracavity-dechirped to 120 fs. The
numerical simulation illustrates the pulse evolution in this
LMA PCF laser operating in such mode-locking regimes.
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[20] T. Schreiber, F. Röser, O. Schmidt, J. Limpert, R. Iliew, F.
Lederer, A. Petersson, C. Jacobsen, K. Hansen, J. Broeng,
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