High fidelity femtosecond pulsesfrom an ultrafast fiber laser
system via adaptive amplitude and phase pre-shaping
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Abstract: We report the generation of a 12.6W average pod@Hz repetition rate pulse train,
compressible to high fidelity 170fs pulses, fromudtnafast ytterbium-doped fiber laser system via
adaptive amplitude and phase pre-shaping.
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1. Introduction

Ytterbium-doped fibre laser systems, coupled whth ¢hirped-pulse amplification (CPA) technique, énallowed
the realization of compact ultrafast laser systpmslucing high average power at various repetitées [1]. Power
scaling in fibre CPA systems is non-trivial, becasnumber of factors can degrade the pulse fidaithe output,
such as uncompensated material dispersion, nortineand a non-uniform spectral gain profile withite width.
Due to the optical confinement and long interactiamgth of the fiber geometry, nonlinear effectgsinnotably
self-phase modulation (SPM), are a critical consitien in constructing fiber CPA laser systems. Idoer,
conventional approaches in mitigating SPM havetéitiuns; temporal stretching is physically limited the finite
size of the grating compressor, while the scalihtarme-mode-area (LMA) fibers will eventually undéne the
advantages of fiber geometry. Hence, novel appesaithmitigating SPM are necessary for further pasealing in
fiber CPA laser systems while maintaining pulselfty.

Adaptive pulse shaping allows for the generatiomigh-fidelity pulses by controlling the spectrdigse
profile [2]. However, due to damage limitations)ggushaping often needs to be implemented pritvigh power
amplification in CPA systems [3]. In fiber CPA ssssts, amplitude-only shaping has recently been dstraiad to
control the nonlinear-phase modulation induced BySat low energy [4], but it cannot compensateHigher-
order spectral phase due to the material disperglam group recently demonstrated a phase-onlyishaio
produce high-quality pulses in a high-energy filager system [5].

In this paper, we report our latest experimentaliitein generating high-fidelity femtosecond pulses
fiber CPA system by adaptive amplitude and phaseshaping [6]. A pulse shaper based on a dual-légeid
crystal spatial light modulator (LC-SLM) was implemed in the fiber CPA system for amplitude andsgha
shaping prior to amplification. The LC-SLM was camilied using a differential evolution (DE) algorith to
maximize a two-photon absorption (TPA) detectonaigroduced by the compressed fiber CPA outpiggsulWe
show that our approach compensates for both acetedulphase from higher-order material dispersiod an
nonlinear phase modulation. A train of pulses withaverage power of 12.6 W at a 50 MHz repetitate was
produced from the fiber CPA system, compressibléigh fidelity pulses with a full-width at half-mawum
(FWHM) duration of 170 fs.

2. Experiments
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Fig.1. Schematic of ultrafast ytterbium-doped fitsser setup with amplitude and phase pre-shaper.
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The experimental setup is schematically illustranelig.1. The seed source was a passively modedb¥b-doped
fiber oscillator, operated in the self-similar negi. The laser produced a train of chirped pulsés aviduration of
2 ps at a 50 MHz repetition rate, and a 16 nm spleEWHM at a 1042 nm central wavelength. The ¢edoit
produced an average power of 30 mW, correspondiray piulse energy of 0.6 nJ. The pulses from thélaisc
were amplified in a single-mode (SM) core-pumpedddped fiber, before being sent into a pulse sheiges free-
space optical circulator. The pulses were thenisémthe second pre-amplifier before being laudcino the final
amplifier, comprising a 1.7 m long double-clad LM#larization-maintaining Yb-doped photonic-crystisler,
with an active core diameter of #n (NA=0.03) and an inner cladding diameter of 200 (NA=0.55). The train
of pulses, at this point, had a maximum averageep@iv12.6 W, corresponding to a pulse energy @f 2k Finally,
a fraction of the output, taken from the Fresnéieotion of a wedge, was compressed using a pajotuf-coated
900 lines/mm holographic gratings.

The pulse shaper consisted of a 4f setup [7] aedhng a reflective configuration with a dual-layE28
pixels LC-SLM placed at the Fourier plane, allowifog the modulation of both the phase and amplitatiéhe
spectral components of the pulses. An adaptive toamntrol the phase and amplitude modulationiegdy the
LC-SLM to the pulse train was implemented to mazienthe signal from a GaAsP TPA detector, using a DE

algorithm [8]. The algorithm controlled everyNixel of the SLM, which were then interpolated ®a28 pixels at
each layer.

3. Reaultsand discussions
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Fig.2. SHG FROG characterization of unshaped pulses

Firstly, the pulses from the compressor were charized without intentional shaping by the pulsepsr (by not
applying any voltage to the SLM). The separatiorthef grating pair in the compressor was adjustandgimize
the intensity of the TPA detector, resulting in etipg separation of 10.2cm. The output pulses viken
characterized using SHG FROG. In order to emphasigdow intensity structure, figure 2(a) shows slqj@are-root
of the measured SHG FROG traces, after interpolaiito a 128x128 Fourier grid. The spectral andigporal
intensities were then retrieved, as well as thejgmelay and the instantaneous frequency, frontréoe, as shown
in Fig. 2(b) and (c). The root-mean-square (rm&jenaal errors of the trace were less than 8k1Dhere is an
excellent agreement between the retrieved and meshspectra as shown in Fig. 2(b) by the blue addcurves,
respectively.

The mainly parabolic profile of the group delay whoin Fig. 2(b), and the side-lobes in the temporal
intensity profile shown in Fig.2(c), are a strongication that the dominant effect on the outpusesiof the CPA
system was the accumulated third-order dispersib@D). These results are expected, since there was n
compensation element for the TOD placed in ouresystin addition, the departure of the group delafile from
parabolic suggests the presence of nonlinear phaseHation, whose amount increases with power lelkls
increase in accumulated nonlinear phase modulatmses the side-lobes of the temporal profile todearease
monotonically, as seen in Fig.2(c).

The accumulated nonlinear-phase modulation eviitetite above characterization is expected, sinegeth
was no specific stretching of the pulses priorrtipkfication in our fiber CPA system. The estimatgaper limit of
the accumulated nonlinear phase was= 1.6rtrad, of which the contribution prior to the putdeper was Orvrad.
In this calculation, an exponential amplificatioittwa constant gain per unit length with flat spaloyain profile in
the fiber amplifiers was assumed.

Having characterized the pulses without intenfishaping, the optimization was then performed gi¢ire
DE algorithm. The algorithm controlled an increasthe number of SLM pixels, from ever{ ixel, to every &
pixel at generation 51, and finally to ever pixel at generation 101, between pixels 16 to @fithe SLM. In
addition, pixels number 12 and 116 were still colied, resulting in a final total of 51 controllgukels on each

layer of the SLM. The DE algorithm was run for 4fgherations, starting from random initial candidadtutions,
and took 65 minutes to complete.
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Fig.3. Schematic of ultrafast ytterbium-doped fitseser setup with amplitude and phase pre-shaper.

After the optimization, there was little diversiaynong the members of the population, and the Tigak
was improved by a factor of 4.3. The pulses resglfiom the optimization were characterized by $i#s FROG.
Fig.3. once again shows the square root of the $RGG trace. The rms retrieval error was less thamlD?,
which was mainly due to the large area the tracemies on the Fourier grid. The temporal FWHM & thtrieved
profile is 170 fs. Although the square-root of theasured SHG FROG trace exhibits wings that exagntb 2 ps
delay, they have very low intensity, below 0.5%¢ anost of the trace mass is concentrated at th&ercerhe
temporal profile shows a high quality pulse (ndte bgarithmic scale in this case) with the maifts@ihaving an
excellent agreement with the calculated Fouriensfa@rm-limited profile. The pedestal of the retedvtemporal
intensity is less than -20 dB everywhere, exceptife small satellite pulse att ~ -1.5 ps.

Although the DE algorithm started with random iaditandidate solutions, the optimization resublsl la
high reproducibility. The resulting applied phasel dransmission profiles showed little dependentéhe initial
condition, yielding similar compressed pulse pesfiin each case, which implies that our resulte liawe in the
vicinity of the global optimum. In order to obtaime true global optimum, more generations woulddugiired, but
with diminishing returns that may not justify thBoet. It is important to note that it is not nesasy to start from
random initial candidate solutions. It is possitiefeed a previously optimized data as one of tiiteal candidate
solutions in order to reduce the optimization time.

4. Summary

In summary, we have successfully demonstrated aptie@ amplitude and phase pre-shaping technique fo
producing high-fidelity femtosecond pulses in &fiCPA system. We have demonstrated that this itgeaiis very
robust, effective, and efficient, in compensating both accumulated phase from higher-order matdisaersion
and nonlinear phase-modulation. We did not haveetdorm painstaking characterization and desigoptimize
our fiber CPA system to produce the high-fideligyntosecond pulses presented here. This techniguédsénable
power-scaling to higher energy and/or average paterarious repetition rates. In addition to pradgchigh-
fidelity compressed pulses, this technique hagttential to produce arbitrary shaped pulses nacgds various
applications, including coherent control.
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