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Abstract: We report on the generation of self-similar pulses from
an self-starting saturable absorber mirror (SAM) based environmen-
tally stable fiber laser comprising only polarization maintaining (PM)
fibers. Pulse energies of 1 nJ at a repetition rate of 17 MHz were obtained,
which could be externally compressed to an autocorrelation width of 280 fs.
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1. Introduction

Propagation of short optical pulses with high peak powers inside optical fibers can cause high
pulse distortions, and pulse break-up due to high non-linearities inside the fiber. Inside mode-
locked fiber lasers but also in amplifiers non-linearities are important due to the fact that the
highest alowable total non-linear phaseshift is usualy in the order of 1T or less, if the pulse
isto be compressible afterwards. In [1] and [2] it was shown that parabolic pulses with linear
chirp can be generated in high gain amplifiers. Such pulses can propagate self-similar - that is
in aform preserving manner - inside fibers with normal dispersion and high gain, even if the
total non-linear phaseshift exceeds 71. As the pulse propagates, the temporal and spectral width
increases exponentially, while maintaining alinear chirp, which can be removed afterwards. In
[1] and [3] awide range of different pulse shapes were shown to evolve asymptotically toward
the parabolic shape, but dependent on the initial shape, longer or shorter lengths of fiber were
needed for the pulse to converge.

Self-similar oscillators generating linearly chirped parabolic pulses are an interesting source
for self-similar amplifiers, asthe seed pulse from such an oscillator does not need along section
of fiber with gain to evolve into the parabolic pulse, and hence, self-similar amplifiers based on
shorter fibers can be obtained.

The pulse evolution in aself-similar oscillator differs from pulse evolution in the well known
soliton [4] and stretched pulse lasers [5]. In soliton lasers a pulse is generated which maintains
an almost constant temporal width during one round trip: the soliton. A stretched pulse laser
consists of two sections of fiber with normal and anomalous dispersion causing the chirp to
change from positive to negative and back to positive during one round trip. In the self-similar
laser, the chirp increases monotonically as the pulse propagates inside the fiber. There, the
pulse is only compressed at points inside the laser where there are no nonlinearities affecting
the pulse. Another important issue for a self-similar laser is that the pulse must experience
alarge gain per round trip with an initial almost exponential gain inside the gain medium in
order to take advantage of the spectral bandwidth of the gain medium, to shape the pulse. The
net cavity dispersion should also be positive so that the pulse is always positively chirped.

The energy achievable in soliton fiber laser systems is limited to some ten picojoules [6].
On the other hand, stretched pulse lasers with output energies from tens of picojoules to some
nanojoules have been reported [7, 8, 9, 10]. Self-similar pulse evolution inside mode-locked
fiber lasers has recently been shown to extend the obtainable pulse energy beyond the limit
found in stretched-pulse lasers [11]. Therefore, the self-similar pulse regime is an interesting
regime to investigate. However, so far, self-similar pulses have only been generated from fiber
lasers based on the non-linear polarization evolution in the ring geometry [12]. This method
does not allow the use of PM fibers because of the walk-off between light polarized along

#8647 - $15.00 USD Received 1 September 2005; revised 20 October 2005; accepted 2 November 2005
(C) 2005 OSA 14 November 2005/ Val. 13, No. 23/ OPTICS EXPRESS 9347


http://www.opticsexpress.org/abstract.cfm?URI=OPEX-13-9-3460

the two axis of the fiber. Hence, environmentally stable lasers cannot be obtained with this
geometry, as non-linear polarization evolution in non-PM fibersis sensitive to environmentally
induced changes in the birefringence of the fiber.

Environmentally stable fiber laser have, however, been reported in a variety of other config-
urations, based on both nonlinear polarization evolution [13, 14] and saturable absorbers [15].
However, as environmental instabilities in fiber lasers mainly arise from environmentally in-
duced changes in the birefringence of non-PM fibers, causing a change of the polarization
evolution, the most natural approach isto use PM fibers with the light polarized only along the
slow axis. This off cause eliminates the possibility of using non-linear polarization evolution.

2. Cavity design

In this paper we report on the generation of self-similar pulses from alinear cavity comprising
only PM fibers. Two different cavity configurations have been investigated and self-starting
self-similar pulses could be generated over awide range of parameters such as output coupling,
pump power and net cavity dispersion.

In Fig. 1, the two different cavity configurations can be seen. In both cases the mode-locking
mechanism is based on a semiconductor saturable absorber mirror (SAM) and highly efficient
transmission gratings have been used for intra cavity dispersion compensation. The fiber length
inside the cavity was also chosen to be the same in the two cases, and the only difference was
the choice of output coupling. In one case (Fig. 1(a)) the output coupler was a fixed fiber pig-
tailed coupler allowing for afiber based output. In the other case (Fig. 1(b)) the output coupler
was based on a bulk polarizer and a quarter-wave plate allowing a tunable output coupling.
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Fig. 1. The two different cavity designs: (a) with fiber output coupler and (b) with variable
bulk output coupler. PM - polarization maintaining, HR - high reflection mirror, SAM -
saturable absorber mirror, PBS - polarization beam splitter

The gain medium was a 31 cm long highly ytterbium doped (~ 300 dB/m absorption @
976 nm) PM fiber with a mode-field diameter of 4.8 um. The utilization of the minimal length
of gain fiber allows to decouple gain bandwidth filtering from the nonlinear evolution in the
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undoped fiber because the effect of GVD and nonlinearity can be neglected during the ampli-
fication [12]. This fiber was pumped through a thin-film PM WDM by a single mode diode
providing a maximum output power of 400 mW at awavelength of 976 nm. The passive fibers
used in the setup were Panda 980 PM fibers with mode field diameters of ~ 7 um @ 1035 nm
and a dispersion of ~ 0.024 ps?’/m. The total fiber length inside the cavity was 5.6 m for both
cavity designs and in both cases the length of the passive fiber on both sides of the gain medium
was equal in order to create symmetric conditions for the pulse evolution after the gain medium
in both directions. All the PM fibers were fusion spliced together with an estimated polarization
extinction ratio above 37.5 dB and all fiber ends were either angle polished or angle cleaved.

The SAM is commercially available [16], and is based on a non-resonant design, using a
GaAg/AlAs Bragg mirror with 27 layer pairs and 26 low temperature molecular beam epitaxy
grown InGaAs quantum wells in front of the mirror. The AR coated device has alow-intensity
absorption of 45 %, amodul ation depth of ~ 30 %, and asaturation fluence of ~ 100 uJcm?. In
a pump-probe experiment using 200 fs pulses, the recovery dynamics of the optical excitation
has been measured. The SAM shows a bi-temporal impulse response with a short relaxation
time of < 200 fs and a slower part of 500 fs. The ratio of the fast and slow parts has been
determined to 3:2. To achieve the saturation threshold a tel escope was used to image the output
of the fiber onto the SAM.

The transmission gratings used for intra cavity dispersion compensation were 1250 linesmm
gratings made of fused silica[17] with a high transmission into first order (>95%@21035 nm).
The gratings were set up in Lithrow angle (40°) with a grating separation of ~ 16 mm. A half-
wave plate was used between the gratings and the PM fiber to ensure excitation of only the
slow axis. In the case of the bulk polarizer and the quarter-wave plate as an output coupler, an
additional half-wave plate was also used to ensure excitation of only the slow axis of the fiber
after the polarizer. If the axis of thefiber itself is properly aligned to the grating or the polarizer,
the half wave plate can be removed resulting in an even simpler setup. With the fiber pig-tailed
thin-film 30:70 PM coupler used in the other configuration, a half-wave plate was no longer
necessary, asthe coupler in it self worked as a polarizer transmitting only light in the slow axis.

3. Experimental results

Special care had to be taken to align the half-wave plates to ensure excitation of only the slow
axis with a high extinction ratio. Especialy in the setup with the bulk output coupler it was
difficult to align the wave-plates accurately, as in this configuration there was no polarization
dependent loss inside the fiber. With the fiber pig-tailed coupler/polarizer in the other setup it
was much easier, as only one wave-plate had to be aligned. If the wave-plates were not perfectly
aligned, smaller or larger ripples on top of the spectrum could be observed.

Self-similar spectra, characterized by a parabolic top and with steep edges [12], with a
FWHM between 8 and 12 nm dependent on the pump power, could be obtained with anet cav-
ity dispersion of ~ 0.03 ps?. A typical output spectrum is shown in Fig. 2, where the FWHM
of the self-similar spectrum is 11.3nm. As the pump power was increased the spectral width
increased monotonically, until the threshold for double-pulsing was reached (i.e. two pul ses per
round trip). The relatively large value of the net cavity dispersion of (> 0.03 ps?) is chosen to
obtain a symmetric spectrum.

In contrast, for lower but still positive values of net cavity dispersion broader but asymmet-
ric and more structured spectra could be observed, which correspond to the stretched-pulse
regime [11]. In the following we will only focus on the self-similar regime.

The highest output pulse energy was obtained from the setup with the bulk output coupler,
where the output coupling could be tuned. For a high output coupling coefficient the highest
pulse energies of 1 nJ were obtained with a repetition rate of 17 MHz. The value of 1 nJis
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Fig. 2. Solid curve: Typica output spectrum on a linear scale of the laser operated in the
self-similar regime (net cavity dispersion ~ 0.03 ps?). Dotted curve: numerical simulation.
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Fig. 3. Autocorrelation trace of the externally compressed pulse at a pulse energy of 1 nJ
with an autocorrelation FWHM of 280 fs. Inset: Uncompressed output pulse with an auto-
correlation FWHM of 8.2 ps.

smaller than what have very recently been obtained with a self-similar ring laser [11], where
more degrees of freedom is available to optimize the output pulse energy. However fewer de-
grees of freedom highly simplifies finding the self-similar regime. In [11] the optimal pulse
energy was also found to be highly sensitive to the cavity length, and it is expected, that higher
pulse energy can also be obtained if the cavity length of this cavity is optimized.

The chirped self-similar output pulse had a duration of 7.2 ps (8.2 ps FWHM on the back-
ground free autocorrelator) (see Fig. 3), but could externally be compressed to an autocor-
relation FWHM of 280 fs on the background free autocorrelator. The pulse duration can be
calculated from the width of the autocorrelation by assuming a transform limited self-similar
spectrum of the compressed pulse (deconvolution factor 1.33) and is evaluated to be 210 fs.
From the actual measured spectrum a deconvolution factor of 1.65 is numerically calculated
assuming no chirp. It shows that even if the experimental spectrum only dlightly deviates from
the parabolic shape asin our case, the deconvolution factor changes significantly. Thus, an even
more optimistic pulse duration of 170 fs can be evaluated.

The scan range of the background free autocorrelator was 150 ps, but to check for multiple
pulsing and to ensure that there was only a single pulse in the output, a 25 GHz photo diode in
combination with a 50 GHz sampling oscilloscope providing a scan range from 30 psto 60 ns
has been used.
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Self-similar spectrasimilar to the spectrum shown in Fig. 2 were also obtained from the setup
with the fiber pig-tailed coupler. The output pulse energy was ~ 0.12 nJ, which could be exter-
nally re-compressed to an autocorrelation FWHM of 350 fs . Due to the fixed output coupling
of 30%, which is lower than in the other setup, no flexibility was given to find the regime of
higher pulse energy and shorter pulses. Additionally, an extraloss of 30% is introduced inside
the cavity due to the fact that the coupler is passed in both directions. Neverthel ess, by optimiz-
ing the outcoupling ratio it should be possible to obtain even better results with the advantage
of an alignment-free fiber output.

To make sure the laser operatesin the self similar regime some inspections have to be made.
Firstly, the spectrum should of course exhibit aself-similar shape, which isfulfilled in our case.
Secondly, an important condition for self-similar evolution is that pulse is aways positively
chirped inside the cavity, and with a minimum pulse duration after the intra cavity gratingsjust
before entering the fiber [11]. The negative dispersion given by the grating pair used for exter-
nal compression (~ -0.36 ps® (double pass)) was higher than of the pair used inside the cavity.
In addition, only half the length of intra cavity fiber is passed before the pulse is coupled out,
indicating that the pulse is still highly positively chirped before entering the fiber after the intra
cavity grating pair. As the dispersion from this point on inside the cavity is positive until the
pulse again reaches the intra cavity gratings, this point must be a minimum point. Hence, the
pulse is not completely compressed during propagation inside the cavity and therefore main-
tains its shape. As an additional verification, a numerical simulation of the cavity was carried
out. Each segment was treated separately by solving the nonlinear Schrodinger equation with
the parameters of our experimental setup [12]. In Fig. 2 the simulated spectrum can be seen to
be in good agreement with the measured spectrum. In the simulation the pulse exhibits self-
similar pulse propagation [11] and is always positively chirped.

In both configurations the laser was self-starting and immediately jumped back into the same
mode-locked state without any external perturbationsif, for instance, switching the laser off and
on again. It has previously been shown, that SAMs exhibiting a bi-temporal impulse response
can fulfill both requirements of self-starting and symmetric spectra [18]. Furthermore, the use
of PM fibers made the laser stable toward environmentally induced changes to the birefringence
of the fiber. The fibers could be twisted and moved around while maintaining a stable mode-
locked output. Thiswas verified by observing auniform train of pulses using afast photo diode
and an analog scope.

4, Conclusion

In conclusion, we have demonstrated, for thefirst time to our knowledge that a self-starting self-
similar oscillator can be obtained with a linear cavity where a SAM is used as the nonlinear
mode-locking mechanism. Further, the oscillator was intrinsically environmentally stable, as
only PM fibers were used. Pulses with an energy of 1 nJ at a repetition rate of 17 MHz are
obtained, where the pulse duration is characterized to be 7.2 ps. The self-similar spectral profile
iscentered at 1035 nm with awidth of 11.3 nm. These pulses have been externally compressed
to a pulse duration of 280 fs autocorrel ation width.
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