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Cross-correlation frequency-resolved optical gating coherent anti-Stokes Raman scattering
with frequency-converting photonic-crystal fibers
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Photonic-crystal fibers provide a high efficiency of frequency upconversion of regeneratively amplified
femtosecond pulses of a Cr: forsterite laser, permitting the generation of subpicosecond anti-Stokes pulses with
a smooth temporal envelope and a linear positive chirp, ideally suited for femtosecond coherent nonlinear
spectroscopy. These pulses from a photonic-crystal fiber were cross correlated in our experiments with the
femtosecond second-harmonic output of the Cr: forsterite laser in toluene solution, used as a test object, in
boxcars geometry to measure the spectra of coherent anti-Stokes Raman sc@@®&Rigy of toluene mol-
ecules(XFROG CARS.
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About 30 years ago, nonlinear Raman spectroscopy berconsisted of a Gt forsterite master oscillator, a stretcher, an
efited tremendously from the application of tunable lasemptical isolator, a regenerative amplifier, and a compressor.
sources, such as optical parametric oscillafdisand dye The master oscillator, pumped with a fiber ytterbium laser,
lasers[2] were demonstrated to greatly simplify measure-generated 30—50-fs light pulses of radiation with a wave-
ments using coherent anti-Stokes Raman scatt¢@ARS),  length of 1.24um at a repetition rate of 120 MHz. These
making these measurements much more informative, effipulses were then transmitted through a stretcher and an iso-
cient, and convenient. Broadband laser sources later contrilfator to be amplified in a Nd: YLF-laser-pumped amplifier
uted to the technical and conceptual progress in nonlineagnd recompressed to the 75—-100-fs pulse duration with the
Raman spectroscof$-5], allowing single-shot CARS mea- maximum laser pulse energy up to 40 at 1 kHz. Submi-
surements. In the era of femtosecond lasers, several paraliglojoule Cr: forsterite-laser pulses with an initial duration of
trends have been observed in the development of laseibout 90 fs coupled into the central core of the PCF resulted
sources for nonlinear Raman spectroscffply One of these in the efficient generation of anti-Stokes sign@ig. 2
tendencies was to adapt broadband femtosecond pulses figirough parametric wave-mixing proces$#s—19, with the
spectroscopic purposeg$—8] and to use different spatial central wavelength of the anti-Stokes signal dictated by
phase-matching geometries to simultaneously generate cphase matching and controlled by fiber dispersion. The anti-
herent Stokes and anti-Stokes, as well as degenerate fogtokes wavelength can also be finely tuned by changing the
wave mixing signalg6,9]. The rapid progress in nonlinear intensity of the pump puls€Fig. 2) due to the nonlinear
materials, on the other hand, resulted in the renaissance ehange in the refractive index of the fiber core and the spec-
optical parametric oscillators and amplifie(®PO’s and  tral broadening of the pump pulse.

OPAs) for nonlinear spectroscopy10]. Chirped pulses Cross-correlation  frequency-resolved optical gating
[11,12 were used to probe broad spectral regions and largexFROG) [20] was used to characterize anti-Stokes pulses

ranges of delay times, suggesting efficient single-shot nongenerated in the PCF. An XFROG signal was generated by
linear spectroscopic approaches. Here we will show that

photonic-crystal fiber6PCF's [13,14 capable of generating T
ultrashort frequency-tunable pulses with a controlled chirp laser
through enhanced nonlinear-optical procesgEs, 1§ are
ideally suited for nonlinear coherent spectroscopy, offering
attractive cost-efficient solutions for the creation of novel
compact sources of frequency-tunable chirped ultrashort
pulses for nonlinear spectroscopic applications, supplement-
ing in many ways currently available OPAs and dye laser
sources.

Photonic-crystal fibers employed in our experiments were
fabricated using a standard technoldgy,14,17 and were
made of S93-1 glass with additions of S95-2 glass. The
cross-section view of PCF’s used in this work is shown in the  FIG. 1. Diagram of femtosecond CARS spectroscopy with the
inset to Fig. 1. An asterisk-shaped core of the fiber had ase of ultrashort pulses frequency-upconverted and chirped in a
diameter of approximately Zm. photonic-crystal fiber. The inset shows the cross-section view of the

The laser system employed in our experimefiiiy. 1)  central part of the photonic-crystal fiber.
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FIG. 2. The spectrum of the anti-Stokes signal
generated in a photonic-crystal fiber by 1.24
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mixing the anti-Stokes signal from the fib&, with the  with toluene solution at a small angle with respect to each
620-nm 90-fs second-harmonic output of the Cr: forsteriteother (Fig. 1). The CARS signal generated in the area of
laser Egy in @ BBO crystal. A two-dimensional XFROG beam interaction in this noncoplanar boxcars geom@#j|
spectrogramS(w, 7) = | [“ E,(1) Esy(t—- Dexp(-iwt)dt}?, was had a form of a sharply directed light beam with a low,
then plotted in a standard waf20] by measuring the phase-matching-controlled angular divergence spatially sepa-
XFROG signal as a function of the delay timéetween the rated(Fig. 1) from the pump beams. Figurgl8 presents the
second-harmonic and anti-Stokes pulses and spectrally disaap of CARS spectra from the toluene solution measured for
persing the XFROG signal. The XFROG spectrogram showlifferent delay times- between the biharmonic pump pulses.
in inset 1 to Fig. 2 visualizes the temporal envelope, thelhis procedure of measurements, in fact, implements the
spectrum, and the chirp of the anti-Stokes signal generated MFROG techniqug20]. However, while FROG-based tech-
the PCF. A reasonable fit of the experimental XFROG traceniques[20,22,23 are usually employed to characterize ul-
was achievedinset 2 in Fig. 2 with an anti-Stokes pulse trashort pulses, our goal here is to probe Raman-active
having a duration of about 1 ps and a linear positive chirpnodes of toluene molecules, used as a test object, by means
corresponding to the phasgt)=at? with =110 ps?. The  of CARS spectroscopy.
spectrum and the phasge of the anti-Stokes pulse recon-  In the case of a positively chirped pulse from the PCF
structed with this procedure are shown in inset 3 in Fig. 2. (insets 2, 3 in Fig. £ small delay times correspond to the
The linear chirp defines a simple linear mapping betweergxcitation of low-frequency Raman-active modes-
the instantaneous frequency of the anti-Stokes pulse and tife—200 fs in Fig. 8b)]. In particular, the 1004-cm Raman
delay time 7, allowing spectral measurements to be per-mode of toluene is well-resolved in the presented XFROG
formed by varying the delay time between the pump pulse§€ARS spectrogram. This mode is excited with the second
[21]. We used 90-fs second-harmonic pulses of the Cr: forharmonic of Cr: forsterite-laser radiation and the spectral
sterite lasenat the frequencyw,) and the linearly chirped slice around the wavelength af~661 nm picked with an
pulses from the PCRthe frequencyw,) as a biharmonic appropriater [Fig. 3@)] from the positively chirped pulse
pump for the CARS spectroscopy of toluene solution. Thefrequency-upconverted in the PCF, giving rise to a CARS
frequency differencas,—w, was scanned through the fre- signal with the wavelengticars~584 nm. Raman modes
quencies of Raman-active modes of toluene molecules byith higher frequencies are probed at larger delay tifres
tuning the delay time between the pump pulgel. 3a)]. =~100-200 fs in Fig. @)].
The second-harmonic pulse also served as a probe in our We now quantify these data by fitting the experi-
CARS scheme, generating the CARS signal at the frequenoypental XFROG CARS spectrograms using the result of
wcars=2w;— w, through the scattering from Raman-active chirped-pulse  CARS  theory [21]:  Scard@wcars: 7)
vibrations coherently excited by the pump fields. The light=|[A4(8, DexpiAwf)d6|?, where Aw=wi—w, A4(6, 7)
beams with frequencies; and w, were focused into a cell «B(6) [ x (t}) By (6—ty) By (6 — 7—t1) expli[Awy— a(6- 7
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FIG. 3. (8 A diagram of femtosecond CARS spectroscopy with chirped pulses is shown on the left. The firsifiegjsencyw,) is
transform limited. The second puléeequencyw,) is linearly chirped. The linear chirp of the second pulse maps the delay time between the
pulses on the frequency, allowing the frequency differelage w, to be scanned through Raman resonareds tuning the delay time-.
(b) The intensity of the CARS signal generated in a noncoplanar boxcars geometry from toluene solution as a function of the wavelength and
the delay timer between the second-harmonic and anti-Stokes pulses used as a biharmonidg@uimmodel of the Raman spectrum,
including a doublet of Lorentzian lines and a frequency-independent nonresonant background, used in theoféfitakfiretical fit of the
XFROG CARS spectrogram.

—ty)?]}dty, B; is the envelope of thgth pulse,#=t-z/v,vis  of the experimental XFROG CARS trace deviate from the
the group velocity, which is assumed to be the same for altheoretical fit. These deviations may originate from varia-
the pulses in the celk(t,) is the Raman-resonant third-order tions in the coherent background as a function of the fre-
nonlinear-optical susceptibility, related to the full cubic non-guency. For a quantitative spectroscopic analysis, these inho-

linear susceptibilityy(ty,t,,t3), which is a function of three Mogeneities in the frequency dependence of the coherent
time arguments, by the expressiof2l] x(t;,t,,t)  Packground should be carefully measured and included in

= (ty) 8(t, ~ t,) S(t). the fit. On the other hand, the nonresonant contribution to
CARS spectral profiles can be efficiently suppresig:d, €
eby using three input pulses in the CARS arrangement instead
doublet of Lorentzian Iir_les interfering with the cpherent non-ngt;\éo(;g%; yalnnér?ﬁg Ctlvr\ll%_t:hoelo?elljiﬁqtg??ugggwf: r;tgzmg
resonant backgroundFig. 3(c)]. The frequencies of the | .conance under study.
peaks in these spectra are used as fitting parameters. The gome of the structure observed in XFROG CARS spec-
ratio of the peak value of the resonant part of the CARSyograms in Fig. @) can also be due to the temporal and
susceptibilityx'® to the nonresonant susceptibilig, was spectral structure of the anti-Stokes frequency-upconverted
estimated by measuring the intensities of the CARS signal ogignal generated by the PCF. The XFROG spectrogram of
and off the Raman resonances, yieIdi|qﬁg{|/|§(3)|z0.05. this signal, in fact, suggests the presence of irregular tempo-
The best fit[Fig. 3d)] is achieved with the Raman peaks ral and spatial modulation, which may be due to modulation
centered at 1004 and 1102 chnwhich agrees well with instabilities and the noise component typical of nonlinear-
earlier CARS studies of toluer8]. optical interactions in any PCF. The expressions for the
Although the slope of the XFROG CARS trace and posi-XFROG CARS trace presented above explicitly involve the
tions of Raman peaks can be adequately described with thaput fields, showing that the temporal and spectral structure
use of this simple model, some of the spectroscopic featuresf the anti-Stokes pulse is transferred to the CARS spectro-

As a simple model of the Raman spectrum of toluen
molecules in the studied spectral rang, we employ a
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