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ABSTRACT

We take advantage of the Raman soliton self-frequeshift experienced during the propagation in aonaalous
dispersive photonic crystal fiber in order to cantiusly tune the central frequency of ultrashotsgsl We discuss the
fiber properties to be favored to obtain high posectral densities and we carry out an extensigeremental study of
the properties of the frequency shifted pulsegims of spectral, autocorrelation, and RF spectngasurements.

Keywords: temporal solitons and pulse propagation, Ramattesizay, photonic crystal fiber.

1 INTRODUCTION

Nonlinear optics in fibers provides a very wide @aaof attractive solutions in order to generate ragtical spectral
components: self-phase modulation, four wave mixiRgman Stokes generation or intrapulse Ramaresicatt. This
latest phenomenon leads to a progressive shiftrsMawer frequencies of the central frequency lafshort pulses
propagating in an anomalous dispersive fiber. Toegethis effect known as the Raman soliton selfifrency shift
(SSFS)? is an efficient way to continuously tune the wavgjth of a femtosecond source. Typical shifts ®eeral
hundreds of nanometers have been already repoiithd. first demonstrations have been carried out hiea t
telecommunication window around 1550 Aml But progresses in the design and fabrication isfastructured fibers
have also opened the way for anomalous dispersitowbl.3pm * so that it has become possible to benefit frora thi
technique at the typical wavelengths of ytterbiunped fiber oscillators and titanium-sapphire lasersn additional
advantage of the microstructure is to enable acediumode field diameter so that the nonlinear m®asder action
becomes highly power efficient.

We report here an extensive experimental studyirtgalith the optimization and the full charactetiaa of a photonic

crystal fiber (PCF)-based light source for genamtiemtosecond tunable pulses that are suitabledberent anti-
Stokes Raman scattering (CARS) microsc8pye first describe our experimental setup andrnapks qualitative

analysis that enables us to optimize our choicgbef. We then compare the experimental resultaiobt with three
PCFs and discuss the effects that limit our spesiiiét. Finally, a study of the temporal propestis carried out, as well
as measurements of the temporal and amplitudesjittethe frequency shifted pulse train.
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2. EXPERIMENTAL SETUP AND PRELIMINARY ANALYSIS

The experimental setup we have implemented is bkdtdn figure 1. We consider the nonlinear evohlutmf an
ultrashort pulse (FWHM of 190 fs, central waveldnd033 nm) having a Gaussian temporal profile. Thitse is
transform-limited and is delivered by a diode puthpassively modelocked laser (Amplitude System&silse) with a
repetition rate of 48 MHz and an average powerauft ¥V (corresponding to a maximum pulse energg®hJ per
pulse).

The ultrashort pulses are injected in a microstmact fiber having the anomalous dispersion requioedhe existence
of optical solitons.. Three different fibers commercialized by the NRMotonics society are compared: the NL-1.7-785
fiber (fiber A), the NL-1.7-765 fiberf(ber B) and the NL-1.8-710 fibefiper C) having zero dispersion wavelengths at
respectively 785, 765 and 710 nm and core diamefets” and 1.8 nrh

Light is coupled into the fiber thanks to a micride(a typical launching efficiency around 30 % chiaved). A
nanotrack device with an active feedback is usedssto optimize the long term stability of the aeviand to avoid
thermal and mechanical drifts(see subsection 3.3). Polarization plates are teedjust the power launched into the
PCF. The half-wave plate is mounted on a motorip¢ation device and is controlled via a LabVieweifiace in order
to finely tune the power. The polarizer ensures tha light is launched along a neutral axis of #@&F. Let us note that
the association of polarization plates can be adgmously replaced by an acousto-optic or an eleygitic device
which benefits from a much better response-tima thanechanical rotation mouht

At the output of the PCF, the frequency shift af fhulse is evaluated thanks to an optical specanatyzer (Anritsu
MS9710B). A long-pass spectral filter is also imsdrto remove the non-shifted residue of the pumg the filtered
signal is monitored through power measurement,cautelation signal (Femtochrome autocorrelator) Ridspectrum
signal. The results of those measurements areideddn sub-sections 3.1, 3.2 and 3.3, respectively
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Figure 1. Experimental setup.

A crucial point to keep in mind in order to optimithe system is that the frequency shifted pulsesfimdamental
solitons® ** ™ This imposes a stringent relationship betweerptdrameters of the second-order disperggrihe Kerr
nonlinearity of the fiber, the peak-power of thdseuand its typical temporal duratidnit can then easily be shown that
the energy spectral densiyis directly proportional to the ratj, / y.

Therefore, in order to incread® and to achieve typical values above one pJ/nm lwhie required to CARS
experiments’, we will favor a microstructured fiber with a higiecond order dispersion at the pumping wavelength
combined with a reduced nonlinearity. Such a ch@adso beneficial to avoid the unwanted tranefeznergy towards



lower wavelengths through the generation of dispersaves™. Our choice differs from the PCF parameters that a
usually involved in the generation of octave spagrsupercontinuums where the pumping wavelengthdsen in the
vicinity of the zero dispersion wavelength (ZDW)danhere high nonlinearity is favored in order tduee the required
input power.

Note that having high second order anomalous disperand reduced nonlinearity may be hard to aeliev
simultaneously around 1030 nm with standard PCkgdesas a ZDW located at short wavelengths usueliyires a
very small fiber core diameter (typically belowuth of diameter), thus leading to a strong field aoerihent and high

nonlinearity. Alternate promising solutions alreagiist such as hollow core fibet$or solid core photonic bandgap
fibers™®

3. EXPERIMENTAL RESULTS
3.1 Frequency shifting of the pulses and limiting effects

The spectral evolution is plotted on figure 2 afurction of the initial pulse energy for each fihesed. Automated
recording of the optical spectra enables a detatledy of the nonlinear dynamics of the frequerfted solitons.

Fiber A (figure 2a) is the fiber having the lowelispersion value at the pumping wavelength. Theltiag soliton
experiences SSFS for low input powers. However, ftaguency shift is stopped around 1250 nm whenpihise
approaches the second zero dispersion wavelengthisofiber which has a concave dispersion proffledispersive
wave is generated around 1350 Hinwhich could be helpful to determine experimentaiie position of the second
ZDW *®. Remark that for this fiber multiple solitons rkg from the initial pulse splitting are genemtéor initial
energies as low as 90 pJ. We also note that themdegjected soliton may interact with the dispersisave™ *'leading
to the spectral broadening observed around 1450 nm.

Tests carried out with fiber B which exhibits a lég dispersion outlines that a single soliton carfrequency shifted

for energies as high as 160 pJ (figure 2b). Therm&DW being located at higher wavelengths, thisgpgan be
frequency shifted up to 1350 nm.
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Figure 2. Experimental evolution of the spectrdkfsity profiles according to the input energy foree different
fibers: fiber A, fiber B and fiber C (subplots aahd ¢ respectively).

Fiber C (figure 2c) is the fiber with the highespkrsion, which favors a frequency shifted solitgth higher energy.
The possibility to efficiently tune the central vedength of a single pulse over a wide range istitated on figure 3b. A
more quantitative study of the energy that canréguency shifted is presented in figure 3a and esghthe benefits of
this fiber compared to the first two ones. Indded fibers A and B, the energy that can be ‘storiedi single soliton is
limited to 40 and 60 pJ, respectively, the enesading to a frequency shift up to the second ZDVihgas an upper
limit. Fiber C does not have such a second ZDW¢tvkeinables to shift the soliton up to 1380 nm @500 cn), which

can be already enough to get access to severaltioibal frequencies of biological interest. Frogufie 2, we can also



see that the spectral width of the frequency dhiftelses is much lower for fiber C, which is favaeato a high energy
density.

Note that for fiber C, the physical process thaiit the Raman SSFS is the fiber losses that mkedito the absorption
of hydroxyl groups around 1380 nm. Therefore insieg the initial energy above 250 pJ will not hédp further
enhance the energy contained in the shifted solBesides the losses (as well as in a much lessenc: the continuous
increase of the dispersidf) also manifest themselves in the progressive dseref the spectral width of the soliton
(figure 3c).

All'in all, we have demonstrated a spectral enelgysity of 8 pJ/nm for fiber C, whereas fibers Al &are restricted to
values of 1.5 pJ/nm and 2.5 pJ/nm respectively.
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Figure.3. (a) Evolution of the energy of the fregcye shifted soliton according to the input energythe three fibers
under test (PCF A, PCF B and PCF C: solid black linashdd line and mixed line respectively).
Results obtained using fiber C: (b) normalized spégtrofiles for three initial energies and  éeplution of the
spectral width (mixed line) and the spectral sfsfilid line) according to the input energy. Resol$ained for
fiber C.

3.2 Temporal characterization of the output pulse

The spectral characterization of the frequency tethifpulses in fiber C has been complemented by deahp
measurements relying on intensity autocorrelatibime results are shown in figure 4. Subplot (a)ined the high
quality of the output pulses obtained after spédilt@ring (to remove unwanted pump residue): ndbsructure or
sidelobes are noticed and the temporal profilgpgcal of the hyperbolic secant pulse. From figdreve can also notice
that the frequency shifted pulses are slightly &rdhan the initial pulses delivered by the laser.

Evolution of the temporal duration and time-bandWwidroduct of the output pulses according to thgwiwavelength
is summarized in figure 4b. These results confinat for a wide range of frequency shifts (output@langth between
1100 and 1350 nm), a nearly transform-limited higpéic secant pulse is obtained (time bandwidth pobdypically

between 0.32 and 0.38). Therefore, the strong sdewrrowing observed when the pulse reachespbetral window
of OH loss directly leads to a significant tempdredadening.
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Figure 4. (a) Autocorrelation measurements ofgpectrally shifted pulses for three frequency shifthe temporal
profiles obtained after the PCF output are compéoeithe initial pulse delivered by the laser (sdiidck line).
(b) Evolution of the temporal FWHM (solid black din hyperbolic secant shape assumed) and of the time
bandwidth product (grey dashed line) accordindghéowavelength of the output soliton pulse.

3.3 Jittersand long term stability of the source

Jitter measurements were finally carried out tackhthe system stability on two time-scales. Thertstime scale allows

for measuring the laser and shifted solitons gti@nd the long-time scale allows for measuringpthesible mechanical
or thermal drifts.

The short-term stability study is carried out bjngsthe radio-frequency methdd where the optical signal is sent onto
a suitable photodetector (5 GHz bandwidth photoglioghich signal is analyzed by an electrical speuntanalyzer
(26.5 GHz bandwidth Agilent EXAQ7). This setup aisais the power spectrum of the periodic signaffebeht kinds of
jitters can be estimated from the integration & wings of these peaks, especially amplitude améhg jitters (laser
period jitter). Although this method is now a widpread method because of its relative simplicttynay suffer from
some drawbacks including precision and lack ofdhghness in determining the different noise soufées

Various harmonics spectra (1st, 10th, 20th, 308th 4nd 50th harmonics) are recorded for diffespactral shifts (an
example of those electrical spectra is providedigure 5a). Results of amplitude and timing jittare summarized in
figure 5b and 5c respectively. Almost constangigtof 0.15% in relative amplitude and ~300 fdrimetare estimated for
two resolution bandwidths (RBW - 300 and 30 Hz) aam& consistent with previous results demonstrated
telecommunication wavelengtfis Our experimental values have been found verylainto the jitters of the initial
oscillator itself, so that we can conclude thatthwour choice of fiber parameters (fiber C), thenlmear process
involved in the SSFS does not degrade the pulgailse stability of our device. Note that havingdiseconfiguration
where a single pulse is frequency shifted is berafito prevent soliton-to-soliton interactions asdbsequent
degradations leading potentially to so-called roguents.
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Figure 5. (a) Radio-Frequency spectra, obtainecf@BW of 30 Hz . Spectral power relative to theiearfrequency
(dBc/Hz) vs. carrier offset frequency. (b) Amptiaijitter of the frequency shifted soliton as adtiom of the
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The long-term study is carried out as the fibeedtipn can suffer from mechanical drift of the labimg device®. A
several tens of minutes long power monitoring isgrened with and without a Thorlabs’ Nanotrack gyst(an actuated
piezoelectric flexure stage). The results are shawnfigure 6 and outline the clear improvement gtdguby the
Nanotrack system that prevents a continuous poeetedse observed when no feedback is provided.
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Figure 6. Output power monitoring over a timespdrb® min. Results obtained in latch and tracking enade
compared (grey and black line respectively).

4. CONCLUSION

We have reported an extensive experimental studyingewith the optimization and the full charactation of a
photonic crystal fiber (PCF)-based light sourcedenerating femtosecond tunable pulses that atebdeiifor coherent
anti-Stokes Raman scattering (CARS) microscopyrtiStafrom a commercial femtosecond oscillator gpieg at
1033 nm and which delivers 20 nJ/ 190 fs Gaussarsformed-limited pulses, we have taken advantégiee soliton-
self frequency shift (SSFS) that induces througm&a scattering a continuous shift of the centratedength of any
ultrashort pulse propagating in a silica fiber.

As a first optimization step, we have experimegtdéisted the performance of three commercially lalsld PCFs

exhibiting distinct group velocity dispersion (GVRjaracteristics. The spectral profile of GVD hasib found to

highly impact the range of tunability of the SSHBgess, the presence of a second zero dispersiegiength being a
physical limit. Consequently, a single zero disersvavelength has been favored in our setup. Vafube anomalous
dispersion also affects the Power Spectral DeflBi§D): as frequency shifted pulses are fundamentidbns, the PSD
is directly proportional to the ratio of the GVD evthe nonlinearity. Using high dispersion valuetta pump

wavelength, we have achieved a 300 uW/nm PSD, wbigtell above the requirement for CARS microsc¢aypund

50 uW/nm). Note that a high dispersion fiber alsaitb the generation of additional solitonic sturets as well as the
energy transferred in blue shifted dispersive waagethat a good conversion efficiency from the pumphe frequency
shifted signal can be obtained (around 30% in asel

Regarding the spectral shift that we have achiegethaximum frequency shift of 340 nm has been obthiwhich
enables to probe up to 2400 ¢niThe tunability is achieved by simply adjusting thower launched in the PCF and a
close to linear dependence of the frequency skifsus the initial power has been recorded. Thebilityarange has
experimentally been limited by the OH absorptiontled fiber, constraint that should be easily rendowéth newly
designed low-OH PCFs. Autocorrelation measurembate confirmed that the frequency shifted pulses ragarly
transform limited with an output pulse durationl®0 fs.

Additional measurements based on radio-frequen&) §Rectrum analysis were finally carried out idearto estimate
the level of amplitude and timing jitters of thetput pulses. 0.15% intensity noise and 300-fs tgmijtter for any
wavelength shifts of the femtosecond soliton phigee been demonstrated, those values being quitiusto the jitters
of the initial oscillator. The long-term stabilibf the system has been found to be limited by teehanical drift of the
injection device, which can be overcome by usidgeglback loop. All the various measurements dowe baen found
to be highly reproducible, which confirms that thiavelength tunable soliton source is stable. Castiwith a stage of
spectral compression (that can eventually be emfthby adequate parabolic shapfy this source should be fully
suitable for future applications in the contexC#RS microscopy.
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