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Abstract: We report the generation of 830 nJ energy fromoalerlocked all-normal dispersion
fiber laser featuring large-mode-area photonic tatyBbers. After external compression, 550 fs

pulses with 1.2 MW peak power are demonstrated.
OCIS codes(140.3510) Lasers, fiber, (140.7090) Ultrafasetas(060.5530) Pulse propagation and solitons.

1. Introduction

High-power femtosecond laser sources are versébitds for numerous applications ranging from materi
processing on a sub-micrometre scale to high-fiiHgisics. Developing compact and robust oscillatfréigh
energy femtosecond pulses has therefore generatmuoly sresearch interest during the past decadenigad
significant advances in the field. In particulanpressive performance levels, with microjoules giesrand up to
hundred watts average powers, have been achievbdthin-disk lasers based on Yb-doped crystals Abjother
promising solution for energy scaling in mode-latkascillators is rare-earth-doped fibers. Fiberedasources
exhibit very high gain per pass, excellent thermpteal properties and high mechanical stability mgkhem very
suitable for high-power applications. The fundaménhallenge for ultrafast fiber lasers relies ba tontrol of the
excessive nonlinearity which hinders a self-comsisipulse evolution at high-energy levels. To s@r&nt, the
pulse energy can be scaled by increasing the anobungt positive cavity dispersion, which tendstale down the
peak power inside the fiber core by stretching phése during its propagation. This is the principlederlying
stretched-pulse [2] and similariton lasers [3]. Bloecently, new routes for energy scaling of mantdeed fiber
oscillators have been opened with the developmeatl-mormal dispersion fiber lasers [4-5]. In orde achieve
self-consistent pulse evolution, such lasers nesttamg pulse shaping mechanism which could beigeavby a
passive spectral filter [5] or by combination offsenplitude modulation with gain filtering [4]. Meover, the
employment of low-nonlinearity large-mode-area pindt crystal fibers (PCF) enables significant powealing.
This has been demonstrated recently in all-nornigpedsion laser configurations using different puthaping
mechanisms [6-8]. Notably, the extension of thigprapch to photonic crystal rods opens the road sidy-
picosecond microjoule-class fiber sources [9-10]tHis communication, we report the generation ightenergy
sub-picosecond pulses from a highly normal dispersiber laser featuring a Yb-doped rod-type phatamystal
fiber and a large-mode-area photonic crystal fiidre use of a long passive fiber allows controllthg total net
cavity dispersion. Preliminary results show that¥f average power at 15.5 MHz repetition rateresponding
to more than 830 nJ pulses.

2. Experimental setup

The experimental setup of the passively mode-lodkest oscillator is shown in Fig.1. The gain fibsonsists in a
95 cm long Yb-doped photonic crystal fiber withimgte-mode core diameter of 80 um. The laser casitpounted
in sigma-configuration around a polarization-seéwmsitisolator. The large-mode-area photonic crystaér is
cladding-pumped with a fiber-coupled laser diodétémg 50 W at 976 nm A 7 m long passive LMA micagsture
fiber with a core diameter of 2fm is inserted inside the cavity, leading to a totlity dispersion of about 0.152
ps2. Insertion of the passive fiber after the ottpaupling allows controlling both the dispersiondathe
accumulated nonlinear phase along the cavity. Pasaibde locking is achieved using a fast saturablkeorber
mirror (SAM). The SAM has a low-intensity absorptiof 30 %, a modulation depth of 20 %, and a stitma
fluence of 12QuJ/cnt with a relaxation time 0£500 fs. The anti-resonant design of the SAM stmgcensures an
absorption bandwidth of more than 45 nm.
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Fig. 1: Experimental setup of the chirped-pulseifibscillator

3. Experimental Results

The laser produces a stable self-starting pulse &taa repetition rate of 15.5 MHz. Preliminargu#s show that
13W of average power, corresponding to 830 nJ,dcbel achieved. The laser delivers highly-chirpezbg@cond
pulses with about 10 nm spectral widths. The tydaser outputs obtained for an average power diVl&e shown
in Fig. 2. The spectrum is centered around 1028wawelength with a spectral width (FWHM) of 9.3 nihe
optical spectrum presents a typical steep edgepeswith a parabolic top. The autocorrelation tramasurement
shows that the pulse duration is 27.6 ps assumsegh? pulse shape [Fig. 2(b)]. The output pulsesztra-cavity
dechirped to 550 fs duration using transmissiortinga [Fig. 3]. This duration is 1.7 times highdrah the
transform-limited duration calculated from the gpam (327 fs). The corresponding peak power is érighan 1.2
MW. The radiofrequency measurements reveal a gogaditude stability of the output pulse train. Thelge to
pulse energy fluctuations are estimated to betless0.04 %. We note that the current laser perdoicas are only
limited by the pump power.
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Fig. 2: Typical output spectrum and (b) output pudsitocorrelation. Inset, dechirped pulse autotziioa

The output pulse parameters are less sensitiieetoutput coupling ratio compared to the laserigométion based
on resonant SESAMs [10]. This suggests that puilapiag is dominated by the saturable absorber meatity with
negligible contribution from nonlinear polarizaticevolution. To check this hypothesis and study taser
potentialities for energy scaling, numerical sintigias were performed considering the laser sethagve on Fig. 1.
Pulse propagation along the gain fiber is describpethe extended nonlinear Schrédinger equatiorchvhiicludes
the effects of dispersion, Kerr nonlinearity antlsated gain with a finite bandwidth of 45 nm. Abstion of the
SAM is described by the rate equation model witelaxation time of 500 fs. The results obtaineddocurate laser
parameters are depicted on Fig. 2. Numerical resu# in good agreement with experiments and rehaalpulse
shaping is dominated by the amplitude modulati@violed by the SAM in combination with gain filtegnsee Fig.
3. The pulse lengthening happening along the paddder is partially compensated by the spectrataveng
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happening along the gain fiber. This behavior igegoed by the high net cavity dispersion. Indeadeition of a
long passive fiber enables temporal pulse broadepist behind the gain fiber. This contributes torease the
amplitude modulation induced by gain filtering whiacts on highly-chirped pulses. The complete psklé
consistency is insured by the contribution of tihév5 We note that the monotonic evolution along plaesive fiber
indicates that the cumulated frequency-chirp isnfyaiinear. The negligible SPM endured along théndier
allows maintaining the linear chirp which is paitiaemoved by the SAM action. The temporal evalatalong the
cavity resembles that of the self-similar laser. [Bhe parabolic-top output spectrum is an addifigignature of
self-similar pulse evolution (Fig. 2). Moreover,merical simulations predict that stable pulse sohg do exist for
more than 10 pJ intra-cavity pulse energy, revegaiigreat potential for energy scaling.
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Fig.3 : Pulse evolution inside the cavity in thedpal and temporal domains.

4. Conclusion

In conclusion, we have demonstrated the generafitrighly-stretched 27 ps pulses with up to 83@&ndrgy from

a highly normal dispersion laser featuring largeecmicrostructured fibres. The output pulses arererlly
dechirped to 550 fs duration with 1.2 MW peak pawdumerical simulations reveal that pulse shapisg i
dominated by the gain filtering action in combioatiwith the amplitude modulation in the SAM. Moretails on
the energy scaling potential of this source willdiscussed in this communication.
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