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Abstract: A spatio-spectral phase-matching theory is intoadl It is used to improve broadband
modelocking of a Ti:sapphire laser with a tunabhancement of >15dB at long wavelengths

while maintaining a good beam profile.
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1. Introduction

Ultrashort pulse lasers continue to have tremendoysact in science and technology. Especially pabgi
modelocked lasers assisted by the Kerr nonlineaity widely-employed in various broadband systeftjs [
Moreover, self-phase modulation (SPM) due to iravity materials and the interplay with cavity disgien, which
is often engineered by dispersion-compensatingamsirfe.g. double chirped mirrors (DCMs), and sgbc&ahaped
output couplers (OCs) make it possible to obtaselaoutput spectra broader than the gain bandwifithe gain
medium [2-6]. Therefore, with an ultrabroadbandngaiedium, such as Ti:sapphire, octave-spanningtispbave
been demonstrated using DCM pairs (DCMPs) [2] aadi@ble OC [3-4]. The generated spectral wingside the
gain bandwidth have great importance in enabliegdency comb generation [3] and sub-two-cycle apticises
[5] directly from the oscillator, which benefits maapplications such as optical metrology and segedf optical
parametric amplifierfor attosecond science [7].

Despite the great experimental accomplishment of-dgcle Ti:sapphire lasers, broadband spatiotempora
characteristics of Kerr-lens mode-locked (KLM) lessstill fail to be precisely described and expdginEspecially
the spectral wings were often considered as nammeesg waves that occur in an uncontrollable manvitr poor
beam quality [6,8]. Therefore, performing a rel@lanalysis and further optimization for such lagersachieve
broadband spectra and good beam profile are stifiti;mrelying on experimental observations. In fake wings
and the ripple structures on the spectra can blaieegl by a general phase-matching process betasetfiton-like
wave and a dispersive wave. In this paper, we dist¢he spatio-spectral phase-matching processoadband
soliton mode-locked lasers.

2. Theory

In a mode-locked laser in the soliton regime, tineutating pulse only gains a fixed amount of noelr phase and
does not change its shape after each round-tripieMer, unlike a real soliton which always maintaihe pulse
shape during the propagation due to the balancePdfl and group delay dispersion (GDD), the shapethad
spectrum of the pulse travelling inside the lasaiity change dramatically within each round-trigs@, in addition
to SPM and GDD, the soliton-like mode-locked putsg@eriences loss, gain, and higher order dispemioimg
propagation. Since the impact of loss, gain, amghdri order dispersion per round-trip are usuallplsin steady
state, they can be treated as perturbations tepeidiion-managed soliton whose dynamics is stilidated only by
SPM and GDD. These perturbations lead to radiatibmlispersive waves. The low intensity dispersivavey
propagates around the cavity with only linear e@ffdike dispersion and diffraction. When the phegetributed by
the linear effects equals the nonlinear phase éeqerd by the soliton wave, the newly generated existing
dispersive waves will coherently add up, resultingresonantly enhanced peaks in the spectrum. Tasep
matching process described here is similar to séy@mevious works, Kelly sideband generation [8jrd-order-
dispersion-induced resonance [10], and fiber-optierenkov radiation [11].

In the solid-state laser cavity, the Kerr effect anly induces coupling between longitudinal modiesSPM but
also transverse modes via self-focusing. The dispemwave from soliton perturbation at each wavgtlercan be
viewed as a superposition of transverse modeshdnitear propagation regime, higher-order modgzeence
more Gouy phase than lower-order modes, which léa@s mode-dependent phase-matching condition. Were
assume that the soliton is mainly in the fundaniemtesverse mode due to the mode matching withptimap
beam. Therefore, the phase-matching conditiontisfieal when the phase of the soliton-like wavehwitspect to
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the center wavelength per round trip equals toptieese of the linear dispersive wave. That is, lguireng that the
nonlinear phaseéy, is matched to the linear phase contributed by thity dispersiong, and the mode-dependent
round-trip Gouy phaséc.uy gy One can write a general phase-matching condiiionLaguerre-Gaussian beam
assuming radial symmetry with radial indgx

¢NL+ ¢Gouy, R'I+2m7[: ¢D+(2p+ I)¢Gouy, RT (1)

Commonly observed spectral peaks in the spectrajsvi5] can be predicted by the phase-matchingriyhd@
analyze the mode structures and the spectral peaksiumerically setup a laser cavity using the elisjpn and
reflectivity calculated from the real mirror desigfil2]. The cavity is operated at a nearly disperdiee point
around the center wavelength. The stimulated spmcénd the overall round-trip cold cavity phaser&&® nm are
shown in Fig. 1. The simulation result shows a gagteement of the spatio-spectral enhancementthétiphase-
matching condition.
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Fig. 1. The resonant peaks near 650 nm of the abenlispectrum. (bottom) cavity round trip phaseue to dispersion. The color
plots on the right show the beam profile corresjrugtb the phase-matched wavelengths.

3. Optimization of laser spectrum and experimentatlemonstration

To demonstrate the spectral enhancement, we adutifinial phase profile to the intracavity roungtphase that
provides phase-matching for the wavelength rangaral 1140 nm: the cold cavity phase increases aB00enm
linearly and the dispersion is perfectly comperngéelow 900 nm. The simulated spectrum with thiicietl phase
feature shows a significant enhancement as high5a8 when compared with the case with zero nettgavi
dispersion over the whole wavelength range [13]adidlition, the overall spectrum results in a 48&sform-
limited pulse width, which is even shorter thanttoe zero dispersion case, which would result 5n5fs transform-
limited pulse width. Therefore, we designed anditalted a 5% PMOC based on a multilayer dieleadating.
Multilayer dielectric coatings have large desigaefilom and the presented technique provides a geswdution
which can be adapted to lasers with vastly diffeigain media. The red curves in Fig. 2(a) showdaleulated
group delay (GD) and the induced net phase of MO®®@. By decreasing the cavity dispersion by theivajant of
0.83mm optical path length of BaRhe design phase can be achieved with a phaggirgmp from 900nm to
1200nm, see Fig. 2(a). The measurement resultsrslmblue are in good agreement with the desigmesishown
in red.

The PMOC was tested in a commercial 85MHz ultrattbead Ti:sapphire laser (Thorlabs Octavius-85M)
where DCMPs are used to compensate the materjgmisn including two adjustable Bakedges for dispersion
fine tuning. Fig. 2(b) shows the experimental sgecBince the intracavity enhancement process sedan the
coherent build-up between the already existingalisipe wave in the cavity around the phase-matebedtlength
and the newly-generated dispersive wave after eaaid-trip, the process becomes weaker when thigydags or
output-coupling is high. Therefore, the output dowp coefficient should not be too high. Furthermothe low
output coupling window should stretch over the ghamtched wavelength range to maintain the phasehing
enhancement while supporting good beam quality.rédecurve in Fig. 2(b) shows only a 15dB differefhetween
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the central maximum spectral content and the sgleatings around the phase-matched wavelength 00rirh4
which is much higher than the current state-ofeage even when using only a 1% OC of ~25dB [3].ofding to

the phase-matching theory, the ripples on the speran be explained by the phase ripples inducedhby
intracavity DCMPs. In addition, the phase ramp wéthalmost linear slope makes it possible to comit phase-
matched peak by slightly changing the cavity disjwer without compromising the stability and spddi@ndwidth.

By changing the insertion depth of the Bakedge, the phase-matched peak can be continutwséd from
0.97um to 1.06um. In Fig. 2(b), the optical patlfiedence of Bak between the red spectrum and the purple one is
only ~0.2mm, corresponding to 7.6°fsf GDD at 0.8um. Thus, we can obtain stable ojmeratvithout
compromising the stability and spectrum within tiegn bandwidth much, which is ideal to optimize dieg of
ytterbrium-doped pump laser systems used for paraamnplification and frequency conversion of ffieSapphire
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Fig. 2. (a) Design GD and corresponding net induced pfrasecurves), measured GD and corresponding netédiphase (blue
curves), and GD of 0.83mm Bakb) The reflectivity of the PMOC (gray curve) athe experimental spectra. The spectral peak can
be continuously tuned from the red curve to theleuone by increasing the insertion depth of Ba€dges.

Optimization strategies based on a better undetistgnof cavity dispersion control and intracavityirmr
designs for broadband lasers will be discussed:cthe cavity phase can be engineered to enhancspibetral
density especially in the spectral wings where phaatching is achieved; the corresponding outputpiing
wavelength range should be expanded to cover theheth wavelengths for better enhancement and beaifityqg
The tunable spectral wings in our design potentinénefits several applications as seeding of apparametric
amplifiers and the stabilization of the direct @pphire frequency combs. Even-broader spectra fament state-
of-art lasers could thus be possible for pursulmgter pulse generation.
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