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We describe a simple multiplex vibrational spectroscopic imaging technique based on employing chirped
femtosecond pulses in a coherent anti-Stokes Raman scattering (CARS) scheme. Overlap of a femtosecond
Stokes pulse with chirped pump/probe pulses introduces a temporal gate that defines the spectral resolution
of the technique, allowing single-shot acquisition of high spectral resolution CARS spectra over a several
hundred wavenumber bandwidth. Simulated chirped (c-) CARS spectra match the experimental results,
quantifying the dependence of the high spectral resolution on the properties of the chirped pulse. c-CARS
spectromicroscopy offers promise as a simple and generally applicable high spatial resolution, chemically
specific imaging technique for studying complex biological and materials samples.

Introduction

There has been much recent interest in the development of
coherent anti-Stokes Raman scattering (CARS) microscopy for
chemically selective imaging of complex systems via endog-
enous chromophores and for quantifying the chemical content
of materials in a heterogeneous environment. CARS presents
an advantage for imaging those systems wherein fluorescent
labeling would cause large perturbations, or perhaps might not
even be possible. In this effort, numerous examples of CARS
microscopy of complex materials and biological samples have
been reported,1-3 and two thorough reviews of the field were
recently published.4,5 In addition, there have been many proof-
of-principle CARS spectroscopy efforts to increase the sensitiv-
ity of the technique in order to obtain CARS signals from low
abundance samples or from those with cross sections that are
small compared to the ubiquitous nonresonant background signal
that accompanies nonlinear spectroscopic techniques. Those
efforts include employing chirped pulses,6,7 shaped pulses,8-10

epi-detection,11 polarization schemes,12,13and heterodyne detec-
tion.14,15

CARS is a third-order nonlinear process wherein the interac-
tion of three beams,ωp andωp′ (the usually degenerate “pump”
and “probe” beams), andωs (the “Stokes” beam) generates the
anti-Stokes signal at the frequencyωas ) 2ωp - ωs. By tuning
the energy differenceωp - ωs into coincidence with a
vibrational resonance, one can achieve large enhancements in
the signal, making it much more sensitive than nonresonant
spontaneous Raman spectroscopy. Furthermore, since CARS is
a third order nonlinear process, the signal is generated primarily
at the tight focus of the overlapped incident laser beams, which
allows for depth profiling of the sample. All of these advantages
increase the selectivity and sensitivity of CARS microscopy
relative to alternative vibrational spectroscopic techniques, and
allow for high spatial resolution mapping of complex material
and biological samples.

To generate the CARS spectrum, experimental designs often
employ relatively narrow bandwidth (picosecond or nanosecond)

pulsed lasers to achieve intrinsic sample-limited spectral resolu-
tion, with the attendant disadvantages of effecting higher average
power (and increased sample heating) and of requiring frequency
scanning to generate a spectrum. This increases the acquisition
time and makes direct comparisons between peaks in the CARS
spectrum more challenging. In contrast, femtosecond pulses have
transform-limited bandwidths approaching several hundred
wavenumbers, facilitating the simultaneous excitation of mul-
tiple vibrational modes. The compromise for this multiplex
capability and increased peak power is low spectral resolution
relative to typical condensed matter sample line widths (ca. 15
cm-1), which reduces the resonant to nonresonant CARS signal,
and hence, the chemical selectivity.

An inherent flexibility of CARS spectroscopy is that the three
photons used to generate the CARS signal can be a combination
of spectrally broad and narrow incident pulses, wherein judicious
choice of those pulse widths can generate high spectral
resolution multiplex spectra, as shown by the multiplex energy
level diagram in Figure 1. Previously described multiplex CARS
methods employed broadband (femtosecond) light sources to
simultaneously excite several vibrational modes in the sample,
followed by a separate narrow bandwidth probe pulse.3,16 This
can be accomplished by using a synchronized femtosecond/
picosecond laser combination, wherein the picosecond laser
defines the spectral resolution. A disadvantage of this technique
is the necessity to synchronize the two separate ultrafast laser
systems, which substantially increases the complexity of the
experiment. Another approach negates the need for laser
synchronization by utilizing the same femtosecond laser as the
light source for all three pulses. In that case, the bandwidth of
one femtosecond pulse must be reduced. There are two simple
methods for accomplishing this. The first is to introduce a filter
into the spectrally broad beam to select a small part of the
spectrum, effectively converting the femtosecond pulse into a
picosecond pulse. This method was previously described by
Holtom et al.17 and recently employed by Kee et al.18 to achieve
high spectral resolution multiplex CARS spectra of materials
samples. The other is to disperse the pulse by a pair of prisms
or gratings and insert a physical slit into the dispersed beam to
remove a small portion of the spectral bandwidth.
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In this paper, we expand upon recently described experimental
results using a simple variation on the latter design for CARS
spectroscopy, wherein the spectral resolution of our instrument
is defined by a “temporal gate” rather than by a mechanical
slit.6 By passing a 90 fs pulse between two gratings for four
total passes, a linear chirp is induced in the pulse that temporally
stretches the pulse to 9.4 ps. The spectral bandwidth of the
chirped pulse is the same as the original 90 fs pulse, but it is
now dispersed in time, with the blue frequencies leading the
red frequencies (a negative chirp). The spectral resolution of
the chirped CARS technique arises from the fact that the CARS
signal is generated primarily when a chirped pump/probe and
transform-limited Stokes pulses overlap in time and space.
Therefore, an effective “temporal gate” is introduced into the
optical path, since the 90 fs Stokes pulse temporally overlaps
with only a small portion (in time) of the much longer 9.4 ps
pump/probe pulse. Due to the temporal chirp of the pump/probe
pulse, this temporal overlap also corresponds to only a small
fraction of the pump/probe (transform limited) frequency
bandwidth.

The effective spectral resolution of the CARS output (ωas),
in the limiting case that the chirped pump/probe (ωp) pulse is
much longer than the Stokes (ωs) pulse, is given by

where∆tS is the pulse width of the unchirpedωS pulse,∆ωp is
the spectral bandwidth of the chirpedωp pulse, and∆tp is the
pulse width of the chirpedωp pulse. The ratio of∆ωp to ∆tp is
the chirp rate of the chirped pulse, the time rate of change of
frequency over the extent of the temporally chirped pulse. The
resulting effective spectral resolution of the CARS signal,
∆ωspec, is determined by the frequency bandwidth projected by
the temporally short Stokes pulse. This simple relation ignores
the dephasing time of the vibrational state, which will limit the
achievable spectral resolution for molecular vibrations with long
dephasing times, since the chirped pulse continues to interact
with the dephasing transition. This challenge to observing high
spectral resolution was briefly mentioned by Richter et al. when
they employed chirped pulses to achieve high spectral resolution
multiplex sum frequency generation, a nonlinear surface specific
vibrational spectroscopic technique.19 This effect will be
described in greater detail later.

Chirped pulses have previously been employed in nonlinear
optical spectroscopy techniques, often as a means to more
readily extract dynamical information from excited electronic
states.20-23 The effect of chirping the femtosecond Stokes pulse

on the observed multiplex CARS spectrum when temporally
overlapped and synchronized with transform-limited picosecond
pump/probe pulses was previously described by Cheng et al.16

They noted that the overall spectral bandwidth of their CARS
signal decreased for decreased chirp rates of theStokespulse,
due to the decreased overlap of the spectral components of the
chirped pulse. However, as described below, more interesting
effects occur when theprobepulse is chirped when employing
originally femtosecond pulses for generating CARS signals,
namely, the decreased overlap of the spectral components
between the chirped probe pulse and the unchirped Stokes pulse
gives rise to the temporal gate which markedly increases the
spectral resolution compared with utilizing three unchirped
femtosecond pulses. In addition, since all of the pulses originate
from the same laser, this obviates the need for synchronizing
two separate laser systems.

Hellerer et al. recently pursued the use of chirped pulses in
CARS spectroscopy to achieve high spectral resolution and to
reduce the nonresonant background by “spectrally focusing” the
pump and Stokes pulses to a single vibrational mode by chirping
all pulses with the same chirp rate.7 In this technique, all portions
of the chirped pulses have the same energy difference at a given
delay, thereby exciting only one vibrational mode for a given
delay between the pump and Stokes pulses, trading the multiplex
advantage for high spectral resolution. This technically elegant
technique achieves high spectral resolution through the narrow
temporal overlap of the temporally dispersed frequencies in the
pump, Stokes, and probe pulses which spectrally disperses the
generated CARS signal for each arbitrarily small step in the
temporal overlap. However, the generated CARS signal is broad
due to the large energy distribution in the probe pulse, regardless
of its chirp rate. Therefore, a high spectral resolution spectrum
cannot be obtained by dispersing the generated signal onto a
CCD, but only by stepping the relative delay between the pump
and Stokes pulses (e.g., for a positive delay the “bluer”
frequencies of the Stokes pulse overlap the “redder” frequencies
of the pump pulse, decreasing the energy difference between
the pulses). This inefficiently uses the spectral intensities of the
incident pulses to generate the CARS spectrum, since large
delays are required for small Raman shifts, reducing the
tunability of the technique. In contrast, our technique obtains a
multiplex CARS spectrum with high spectral resolution over
the entire bandwidth of the femtosecond Stokes pulse in each
shot, without the use of a delay, and can use the highest spectral
intensity of the pump laser to generate the CARS signal, an
important factor since the CARS signal intensity scales as the
square of the pump power. Whereas each technique has its
respective advantages, the approach to chirped CARS spectros-
copy presented here is arguably the simplest and most versatile.

In this paper, we extend applications of this technique from
liquid hydrocarbons to the solid state, obtaining high spectral
resolution c-CARS spectra of polystyrene beads, a model system
for determining the sensitivity of this technique and its ap-
plicability for CARS imaging. Next, we simulate the chirped
CARS spectra of liquid hydrocarbons under different experi-
mental conditions to show that the combination of chirped and
unchirped pulses, wherein one pulse is temporally much shorter
than the other pulses, generates the high spectral resolution
c-CARS spectra by constituting a temporal gate. Furthermore,
we explore different chirping schemes to show that the probe
pulse must be of narrow spectral bandwidth to achieve high
spectral resolution c-CARS spectra. Finally, the role of the
chirped pulses in generating high spectral resolution spectra via
a temporal gate is explored by analyzing the real and imaginary

Figure 1. Multiplex CARS energy level diagram for the strongest C-H
stretches of polystyrene. The pump (ωp) pulse excites the sample from
the ground state into a virtual excited state. The spectrally broad Stokes
pulse (ωS) stimulates the transition from the virtual state, effecting
simultaneous excitation of several different vibrational energy levels.
Finally, the spectrally narrow probe pulse (ωp′) resolves the manifold
of excited transitions by stimulating emission of anti-Stokes photons,
which generate the observed CARS spectrum.

∆ωspec) ∆tS
∆ωp

∆tp
(1)
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components of modeled CARS spectra employing an unchirped,
broad femtosecond Stokes pulse and either chirped or unchirped
degenerate pump/probe pulses to quantify the spectral resolution
and to further understand the mechanism of generating high
spectral resolution multiplex CARS spectra. While one advan-
tage of the c-CARS technique is that the spectral resolution can
very easily be adjusted via the grating separation to match the
intrinsic line widths of the sample transitions, thereby optimizing
the chemical contrast via the ratio of resonant to nonresonant
CARS signal, the role of the chirp rate of the probe pulse in
conjunction with the dephasing time of the vibrational state on
the ultimate achievable spectral resolution will be discussed.

Experimental Section

Optical Setup (Figure 2).Femtosecond pulses for the pump/
probe and Stokes beams are generated by a home-built Ti:
Sapphire oscillator and are amplified by a regenerative amplifier
(90 fs, 1 kHz, Spectra Physics, Spitfire) before entering an
optical parametric amplifier (OPA) (Light Conversion, TOPAS)
that generates the near-infrared idler pulse for the Stokes beam
(ωs). The degenerate pump/probe beam (ωp/ωp′) is generated
by using a small amount (5%) of the s-polarized 800 nm beam
from the amplifier, which is picked off by a beam-splitter before
entering the OPA. This pulse makes four passes between two
gratings (800 nm blaze, 830 grooves/mm, Edmund Industrial
Optics), stretching the pulse in time due to the induced linear
negative temporal chirp, and resulting in the blue frequencies
of the pulse leading the red frequencies in time. The near-
infrared (2100 nm) s-polarized idler beam from the OPA is
frequency-doubled by a BBO crystal to a p-polarized 1050 nm
Stokes beam, and temporally overlapped with the pump/probe
beam by using a delay stage. The average powers of the pump/
probe and Stokes beams can be varied from 0.02 to 10 mW
and 0.02 to 2 mW, respectively. The Stokes beam is tunable
from 800 to 1175 nm, corresponding to Raman shifts from 0 to
4000 cm-1, when employing the appropriate optics for spatially
overlapping the pump/probe and Stokes pulses.

To generate the CARS signal, degenerate chirped pump/probe
pulses at 800 nm and the tunable unchirped near-infrared Stokes

pulse at 1050 nm are spatially overlapped with a dichroic mirror
(CVI) and temporally overlapped via a delay stage. The
maximum overall CARS signal is defined ast ) 0. The pulses
are focused by an objective (0.9 NA or 1.2 NA, Olympus) to
ca. 1µm spot size onto the sample, placed in either a 1 mm
thick cuvette or dispersed onto a No. 1 thickness (0.13 to 0.17
mm) coverslip. A matched numerical aperture (NA) objective
is used to collect the scattered CARS signal centered at 2ωp -
ωs = 650 nm, which is then dispersed by a spectrometer and
imaged on a CCD camera, collecting roughly 300 cm-1 of the
CARS vibrational spectrum in each laser shot. For imaging
experiments, the sample can be scanned through the focus by
an x,y,z translation stage (Lumina, Veeco). For collecting the
CARS signal from selected vibrations, the signal dispersed in
the spectrometer can be directed through a slit and onto a PMT,
allowing the acquisition of chemically specific images from the
sample.

Results. Initial proof-of-principle c-CARS spectroscopy
experiments on liquid hydrocarbons were recently published.6

The resonance enhancement achieved with high spectral resolu-
tion chirped CARS was shown to dominate the CARS spectrum
of liquid methanol, with only minimal spectral distortion
resulting from interference with the nonresonant electronic
CARS background, a problematic artifact of nonlinear optical
experiments. The observed peaks followed the expected shifts
when varying the Stokes frequency, confirming resonance
enhancement of the CARS signal. In addition, when the delay
between the chirpedωp pulse and theωS pulses was varied,
the temporal gate caused the overall CARS spectrum to shift
in direct proportion to the relative delay change. Since the
temporal gate selects a differentωp frequency, the center CARS
wavelength shifts because it is determined by the sum of the
vibrational frequencies and the probe frequency. Through these
experiments, it was shown that our simple chirped pulse
approach could be used to obtain high spectral resolution
multiplex CARS spectra.

Previously we reported that the narrowest observed spectral
resolution was achieved for liquid isooctane, wherein two
transitions related to the CH3 symmetric stretch appeared as
two clearly resolved and reproducible peaks, with a splitting of
5 cm-1.6 However, when directly measuring the isooctane
spectrum with a high spectral resolution spontaneous Raman
spectrometer, rather than attempting to discern the possibility
of a peak splitting from Raman library isooctane spectra,24 we
could not reproduce the appearance of a splitting of the 2906
cm-1 C-H stretch.25 Thus the apparent splitting in the c-CARS
spectrum was likely an artifact caused by the CARS signal being
slightly misaligned and/or out of focus upon entering the
spectrograph. Therefore, liquid isooctane is not a good candidate
to determine the absolute spectral resolution of the c-CARS
technique.

A reliable determination of the spectral resolution of
this technique is shown below for cyclohexane (Figure 3).
The C-H stretches at 2942 and 2923 cm-1 which are separated
by 19 cm-1 are clearly resolved. The full width half maximum
(FWHM) line widths of these transitions are 16 and 10 cm-1,
respectively. These values compare well to their measured
spontaneous Raman values of 12 and 13 cm-1 fwhm, respec-
tively. The narrow C-H stretch at 2853 cm-1 appears broader
than the measured spontaneous Raman value of 9 cm-1 fwhm,
but is still a relatively narrow 14 cm-1 fwhm. In addition, a
second “ringing” peak on the shoulder of the 2853 cm-1 peak
appears, which is not in the spontaneous Raman spectrum. Note
how the broadening is greater and the ringing more pronounced

Figure 2. Experimental design for chirped-CARS. An unchirped 800
nm “pump/probe” pulse from the amplifier passes four times between
a pair of matched gratings (G1 and G2) which generate a negative chirp
in the pulse. A portion of the amplifier pulse is picked off by a beam
splitter (BS) and sent to an OPA. The idler pulse from the OPA is
doubled with a BBO crystal, directed through a delay stage, and
overlapped spatially and temporally with the pump/probe pulse on a
dichroic mirror (DM) that transmits the “Stokes” pulse and reflects
the pump/probe pulse. Both beams are focused by an objective onto
the sample, which is scanned through the focus by anx,y,zpiezoelectric
stage. The scattered CARS photons are collected by a matched objective
and dispersed in a spectrograph onto either a CCD or PMT detector,
for collecting spectra or images, respectively.
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for the intrinsically narrower transition at 2853 cm-1. The broad-
ening of the line width as well as the ringing peak are due to
interactions of the chirped probe pulse with the dephasing
of the vibrational coherence, an effect observed for narrow
line width transitions and for fast chirp rates, which will be
discussed below. However, it can be stated unambiguously that
the spectral resolution of the c-CARS technique for a chirp rate
of ca. 5 cm-1/ps has been shown to be better than 10 cm-1.
This is a factor of 16 times better than the transform limit of
the 90 fs unchirped laser pulses (163 cm-1 fwhm band-
width).

This technique was then extended to solid-state samples,
collecting c-CARS spectra of 6µm polystyrene beads with
signal-to-noise ratios of greater than 800:1, in 4 s (Figure 4a).
Within the spectral bandwidth of the experiment, the strong
aromatic C-H stretch at 3054 cm-1 and aliphatic CH2 sym-
metric stretches at 2901 and 2851 cm-1 can be observed in
roughly the ratios expected, given the molecular structure of
polystyrene (5:3). Also observed are two weak aliphatic CH2

antisymmetric stretches at 2994 and 2968 cm-1, in good
agreement with their literature values.26 Some nonresonant
CARS signal is present around 3000 cm-1; however, the
resonant peaks dominate the broad nonresonant contribution.
A representative c-CARS spectrum of the minimal contribution
to the nonresonant background by the substrate when the focus
is moved off of a bead is presented in Figure 4b.

Originally we believed the peak at 3020 cm-1 was an aromatic
C-H vibration, as previously assigned by Jasse et al. in their
analysis of pulled atactic polystyrene (APS) films.26 However,
this pulled APS spectrum is different from other published
Raman spectra of polystyrene in the literature. Upon careful
analysis of our data, it was determined that this c-CARS peak
was actually due to a ringing caused by the interactions of
several frequencies in the chirped pulse generating CARS signals
which interfere constructively and destructively with the dephas-
ing coherent state of the molecule to generate a ringing to the
red of the fundamental CARS peak. After probing the excited
state, the red frequencies of the chirped pulse continue to probe
the coherent state generated by the first two pulses, for which
the dephasing time is inversely proportional to the intrinsic line

width of the sample,27

If the dephasing time is short (on the order of the pulse width
of the Stokes pulse, i.e., the temporal gate), then the red
frequencies of the chirped probe pulse have no effect on the
observed c-CARS signals. However, if the dephasing time is
on the order of the temporal length of the probe pulse after
time zero (e.g., 9.4 ps/2) 4.7 ps), then the red frequencies
generate new CARS signals from the dephasing molecule. This
distorts the red side of the c-CARS spectrum, showing a
pronounced exponential decay shape that is distinct from the
typical distortion observed in CARS spectroscopy when the
nonresonant CARS signals interfere with the resonant CARS
signal. In addition, due to the interfering contributions of
multiple electric fields with different phases at different times,
a ringing pattern in the c-CARS spectrum is observed to be
convoluted with the exponential decay envelope of the dephasing
transition.

Figure 3. c-CARS spectrum of liquid cyclohexane. Note the two
clearly resolved C-H stretches at wavenumbers of 2942 and 2923 cm-1

with line widths of 16 and 10 cm-1, respectively. The narrow C-H
stretch at 2853 cm-1 appears broader than the spontaneous Raman
spectrum, but is still a relatively narrow 14 cm-1 fwhm. Therefore, the
spectral resolution of the c-CARS technique for a chirp rate of ca. 5
cm-1/ps is better than 10 cm-1. Inset: Spontaneous Raman spectrum
of liquid cyclohexane.

Figure 4. (a) c-CARS spectrum of a 6µm polystyrene bead,ωp )
800 nm,ωS ) 1037.5 nm, total integration time) 4 s (4000 shots),
S/N >800:1. Note the aromatic C-H stretch at 3054 cm-1, the two
strong aliphatic CH2 symmetric stretches at 2901 and 2851 cm-1, and
the weaker CH2 antisymmetric aliphatic stretches at 2994 and 2968
cm-1. The artifact peak at 3020 cm-1 appears due the interference of
out-of-phase CARS signals generated by the chirped probe pulse
interacting with the dephasing vibrational coherence. (b) Nonresonant
c-CARS spectrum taken off the bead. No interference was present since
there was no dephasing of the vibrational coherence interacting with
the chirped probe pulse.

∆ω(fwhm) (cm-1) ) 1
cπT2

(2)
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This effect is more pronounced for narrow-band transitions
such as the 2945 cm-1 peak of acetonitrile probed with a fast
chirp rate (ca. 21 cm-1/ps; results not shown), for which the
line width was measured to be 7 cm-1 fwhm by spontaneous
Raman and broadened to 16 cm-1 in the c-CARS experiment,
accompanied by at least seven resolvable ringing peaks. The
dephasing time,T2, for this transition is 5.4 ps,27 comparable
to the 4.7 ps present in the chirped probe pulse aftert ) 0.
Also, when the red side of the peak is isolated from other
transitions such as the 2853 cm-1 peak of cyclohexane in Figure
3, the ringing is more readily observed. However, the measured
c-CARS line width more closely matched the spontaneous
Raman line width and there was little ringing present when the
transition was probed with a slow enough chirp rate (ca. 5 cm-1/
ps).

A similar effect was observed in time-domain calculations
of chirped four-wave mixing experiments by Duppen et al.20

They noticed that an interference pattern appears for increasing
chirp rates, especially for materials with narrow line width
resonances. This pattern can be used to describe the phase of
the chirped pulse. While this might be an advantageous
diagnostic when employing chirped pulses to measure the
dynamics of a system with a single pulse dispersed onto a CCD
rather than delaying a probe pulse relative to a pump pulse,
this ringing presents a challenge when quantifying c-CARS
vibrational spectra. In addition, it reduces the advantage of
matching the spectral resolution of the technique to the intrinsic
line width of the sample in order to increase the relative
resonant-to-nonresonant background, as there are more frequen-
cies present to interfere and enhance the ringing peaks.

Initial demonstrations have been made of c-CARS imaging.
A representative chemically selective image of several 3µm
diameter polystyrene beads dispersed on a glass coverslip is
shown in Figure 5. Contrast in the image arises from the C-H
vibrational stretches in the sample. The high ratio of resonant
signal on the bead to the nonresonant signal from the coverslip
(∼20:1) generates the strong chemical contrast in the image.
After collecting an image, the stage can be moved to a specific
location in the sample to collect a CARS spectrum, as described
above. For example, when the focus is positioned on a 6µm
polystyrene bead, a high signal-to-noise (800:1) resonant CARS

spectrum is observed (Figure 4a). Moving the focus off of a
bead yields a minimal nonresonant CARS signal from the
substrate (Figure 4b). Note that there is no interference in the
nonresonant CARS signal, as expected since there is no
vibrational coherence associated with this signal and therefore
no dephasing to interact with the chirped probe pulse. Therefore,
we are able to demonstrate one of the most important proof-
of-principle measurements: the ability to obtain chemically
selective c-CARS images with good contrast and high spatial
resolution (ca. 1µm) and to collect point spectra at any location
within the sample.

Since the c-CARS signal is routed through a spectrometer
before detection for either imaging (PMT) or obtaining spectra
(CCD), it is also possible to obtain images via individual
vibrational stretches within the sample by closing a slit before
the PMT, reducing the collected CARS signal bandwidth to a
specific region. This permits spatial mapping of the CARS signal
based on the aliphatic or aromatic C-H contributions, and was
employed in the above image to collect signal from only the
aromatic contribution of the CARS signal, which also helped
improve the contrast of resonant-to-nonresonant background
signals. Now that the observed CARS response has been
calibrated for a known system such as polystyrene beads, the
chirped CARS technique shows promise to be applied to more
complex and unknown materials and biological systems for
quantification of their chemical composition, such as their
hydrocarbon content.

c-CARS: Theory and Simulations

Theoretical Background and Calculation Methods. To
model our c-CARS spectra and to better understand how chirped
pulses effect high spectral resolution multiplex spectra, calcu-
lated chirped CARS spectra were generated by numerically
integrating the nonlinear optical equations governing the CARS
signal. The basis for calculating frequency-space chirped and
unchirped CARS spectra has been previously described by
Cheng et al., which was followed closely here.16 In general,
the induced polarization in the sample can be expanded as a
power series in terms of the electric field with the appropriate
susceptibilities28

whereø(n) is the susceptibility tensor of rankn + 1. CARS is
a third-order process, therefore the third term governs the CARS
signal. Writing it in the frequency domain offers a convenient
description for taking into account the material susceptibilities.29

In this case, the third-order induced polarization is written as

where ø1111
(3) is the parallel pump/probe component of the

susceptibility;Ep(ωp), Es(ωs), andEp′(ωp′) are the electric fields
for the pump, Stokes, and probe pulses, respectively; andδ(ωp

- ωS + ωp′ - ωas) ensures energy conservation. Integration of
the delta function defines the relationship between the pump,
probe, and Stokes frequencies (ωas ) ωp - ωs + ωp′). Now,
each variable (ωp, ωs, ωp′, ωas) can be written in terms of the
other variables, specificallyωs in terms of ωp, ωp′, and ωas,
and therefore eq 4 becomes

Figure 5. Chirped CARS microscopy images of polystyrene beads
dispersed on a glass coverslip. The pump/probe pulse, centered at 800
nm, was chirped to 9.4 ps from an original pulse width of 90 fs, yielding
a chirp rate of roughly 21 cm-1/ps and effecting a spectral resolution
of ca. 3 cm-1. The Stokes pulse centered at 1050 nm was an unchirped
90 fs pulse of roughly 250 cm-1 bandwidth. The pump/probe power
was 30µW, although only roughly 1% was actually used to generate
resonant CARS signal via the temporal gate. The Stokes power was
20 µW. Both pulses occurred at a 1 kHz rep rate. Pixel dwell time was
50 ms/pixel. Contrast arises from the resonant aromatic C-H stretches
in the bead. (a) c-CARS image of 3µm polystyrene beads acquired in
ca. 8 min. (b) c-CARS image of 1µm polystyrene beads. The spatial
resolution in this image is approaching the limit of the spatial resolution
achievable by the 1.2 NA objectives used to focus and collect the
c-CARS signal (ca. 1µm).

P ∝ ø(1)E + ø(2)E2 + ø(3)E3 + ... (3)

P(3)(ωas) ) ∫-∞

+∞
dωp∫-∞

+∞
dωs∫-∞

+∞
dωp′ø1111

(3) (-ωas;ωp,-ωs,ωp′) ×
Ep(ωp)Es(ωs)Ep′(ωp′)δ(ωp - ωs + ωp′ - ωas) (4)
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In the calculations, the electric fields are assumed to have a
Gaussian spectral intensity envelope and can be either chirped
or unchirped (i.e., transform-limited). For our experimental
setup, the pump and probe fields are degenerate and are linearly
chirped, described by the equation30

whereEp is the peak amplitude of the field,ωpo is the central
frequency of the pump/probe field, anda andb are parameters
that describe the envelope of the electric field and the measure
of the chirp, respectively. The effect of these parameters on the
electric field is more readily apparent in the time domain

wherea describes the envelope function of the electric field
and therefore the temporal fwhm pulse width (τ) as given bya
) 2 ln2/τ2, andb describes the relative phase shift between the
frequencies in the pulse. The parametersa andb are related by
the expressionb ) a(R2 - 1)1/2, whereR is the ratio of the
chirped to transform-limited temporal fwhm pulse widths, as
defined by Cheng et al.16 For a transform-limited (unchirped)
pump/probe pulse,R equals 1.0 and

where∆ωp is the fwhm spectral bandwidth (in radians/second)
of the pulse. In this case, eq 6 simplifies to

which describes the unchirped, transform-limited Gaussian
Stokes pulse. The spectral bandwidth∆ωs determines the
multiplex spectral bandwidth for the experimental setup de-
scribed above.

The susceptibility term,ø1111
(3) , includes nonresonant and

resonant terms31

whereø1111
nr is the nonresonant electronic background suscep-

tibility, a constant far from electronic resonances, and the
resonant contribution,ø1111

r , summed over all the Raman-
active modes

whereAj is related to the spontaneous Raman cross-section,Ωj

is the Raman vibrational frequency, (ωp - ωs) is the energy
difference between the pump and Stokes pulses, which deter-
mines the resonance enhancement, andΓj is the half-line width
of the Raman transition. For isotropic media, all the different
polarization orientations for the molecular susceptibility can be

written in terms of the all-parallel case, and since the polarization
of the incident pulses does not affect the spectral resolution
arising from chirped pulses, the calculations written in terms
of the all parallel case faithfully reproduce the experiments.

The simulated CARS spectra were based on the parameters
defined by the physical constraints of the experimental design
and the sample, and the theoretical equations described above.
These include specification of which pulses were chirped and
their chirp rate, the observed line widths and vibrational
frequencies of the measured Raman transitions, and the observed
relative ratio of resonant to nonresonant background. The overall
CARS spectrum was generated by taking the squared modulus
of the induced polarization described in eq 5, which contains
both real and imaginary terms due to the molecular susceptibility
and, if the pulses are chirped, the phase of the chirp from eq 6,
as shown in eq 12,

The key for successfully utilizing nonlinear spectroscopic
techniques is to increase the contribution of the resonant
component relative to the nonresonant background. In the
present case, careful control of the grating spacing to adjust
the chirp rate can make the spectral resolution match the intrinsic
line widths of the sample, thereby increasing the resonant
component. However, as described in detail below, our calcula-
tions show that chirped pulses do not resolve CARS spectra as
cleanly as unchirped, narrow-bandwidth pulses when the experi-
ment is not in the intrinsic line width-limiting case. A similar
situation was briefly discussed by Richter et al. for using chirped
pulses to generate high spectral resolution multiplex sum
frequency signals.19 Therefore, when using chirped pulses to
achieve high spectral resolution CARS, there appears to be a
tradeoff between achieving undistorted spectra with high spectral
resolution and increasing the resonant signal by matching the
spectral resolution to the intrinsic line width of the sample. Also
as mentioned above, interference between the red frequencies
of the chirped probe pulse and the dephasing of the vibrational
coherence can result in a line-broadened, ringing c-CARS
spectrum. A time domain calculation of the chirped CARS
spectrum would be necessary to fully describe this effect due
to the inability of the frequency space representation to account
for the dephasing times of the vibrational coherence. For the
present, the frequency space calculations adequately describe
the effect of the creation of a temporal gate to achieve high
spectral resolution CARS spectra.

Simulated c-CARS Spectra vs Experimental Results.The
above equations were used to calculate a chirped CARS
spectrum for liquid methanol (Figure 6). The pump/probe
frequency was set to 12 500 cm-1 (800 nm), originally a
transform-limited 90 fs pulse stretched to 53.1 ps by a linear
negative chirp. The Stokes pulse is defined as an unchirped pulse
at 9524 cm-1 (1050 nm) with 250 cm-1 bandwidth, comparable
to the observed spectral bandwidth of the experimental Stokes
pulse. The full-width half-maximum (fwhm) line widths of the
asymmetric (2944 cm-1) and symmetric (2836 cm-1) C-H
stretches were 34 and 21 cm-1, respectively, comparable to those
measured by spontaneous Raman spectroscopy in our lab (36
and 20 cm-1 fwhm, respectively). The relative ratio of resonant
to nonresonant background was 200:1. For liquid methanol, the
calculated c-CARS spectrum matches the experimental result
almost exactly, except for the asymmetric line shape of the 2944
cm-1 peak, which is also present in the spontaneous Raman
spectrum. Also note the lack of “ringing” in the experimental
c-CARS liquid methanol spectrum, which shows that for a slow

P(3)(ωas) ) ∫-∞

+∞
dωp∫-∞

+∞
dωp′ø1111

(3) (-ωas;ωp,-ωs,ωp′) ×
Ep(ωp)Es(ωs)Ep(ωp′) (5)

Ep(ωp) ) Ep exp[- 1
4( a

a2 + b2)(ωp - ωpo)
2 -

i
4( a

a2 + b2)(ωp - ωpo)
2] (6)

E(t) ) exp(-at2) exp[i(ω0t + bt2)] (7)

τ ) (2 ln2
π )( 2π

∆ωp
) ) (4 ln2

∆ωp
) (8)

Es(ωs) ) Esexp[-2 ln2(ωs - ωso

∆ωs
)2] (9)

ø1111
(3) ) ø1111

nr + ∑
j

ø1111
r (10)

ø1111
r (ωp - ωs) ) ∑

j

Aj

Ωj - (ωp - ωs) - iΓj

(11)

ICARS(ωas) ) |P(3)(ωas)|2 (12)
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chirp rate and broad intrinsic line width (and subsequent short
dephasing time), the ringing becomes negligible. The calcula-
tions clearly show that the chirping of the probe pulse provides
an effective narrowing of the spectral bandwidth of the original
90 fs pulse (163 cm-1 fwhm if transform limited) to less than
the intrinsic line width of the liquid methanol stretches, resulting
in the high spectral resolution c-CARS spectrum.

Calculations also closely matched the experimental results
for decreased chirp rate of the pump/probe pulses, wherein the
pulses were chirped from 90 fs to 22.4 and 53.1 ps (see Figure
7). In both cases, the intrinsic line widths of the methanol
stretches are greater than the spectral resolution of the technique,
calculated to be ca. 1 and 0.4 cm-1 for chirped pulse widths of
22.4 and 53.1 ps, respectively, by eq 1. Therefore the chirp rate
did not affect the observed line widths for all three chirped
conditions, and the traces closely overlap since they are intrinsic
line width limited. Subtle differences in the experimental results
are due to generating CARS signal from slightly different Stokes
center wavelengths, which changes the relative peak height of
the two methanol stretches.

Additionally, for the previously reported experimental results
wherein the Stokes wavelength was varied while holding the
pump/probe wavelength constant, and which confirmed reso-
nance enhancement of the chirped CARS signal for liquid
methanol stretches, the c-CARS calculations faithfully repro-
duced those results (see Figure 8).6 As the experimental results
showed, the calculated chirped CARS wavelength is the same
for each C-H resonance, even though the relative contribution
from the nonresonant CARS signal increased as the difference
between the pump/probe and Stokes wavelengths moved further
from the resonances. Additional experimental results for adjust-
ing the pump/probe delay relative to the Stokes pulse that were
previously reported were not reproduced with our calculations
since there is no provision in our current model for adjusting
relative delay between the pulses in the frequency-space
derivation of the generated CARS signal. Those experimental
results showed that changing the relative delay caused the overall
CARS spectrum to shift, and confirmed that the temporal gate
was generating the high spectral resolution c-CARS spectra in
the limiting case where the Stokes pulse is temporally much
shorter than the chirped pump/probe pulse, the dephasing time
of the coherent state is short compared to the temporal extent
of the probe pulse, and the chirp rate of the probe pulse is slow.
In our calculations the temporal overlap is always assumed to

occur at time zero (maximum signal) with no relative delay.
Future work in time/frequency space, where the relative delay
between pulses can be adjusted, will allow for further calcula-
tions of delay-based experiments, in addition to further quantify-
ing the spectral resolution when the dephasing time of the
vibrational state is long, as is the case for transitions with narrow
line widths. Nevertheless, the frequency space calculations
explain the effect of chirped pulses in generating high spectral
resolution quite well.

Chirping Scheme.To illustrate the importance of using the
correct chirping scheme for generating high spectral resolution
c-CARS spectra (i.e., the probe pulse is spectrally narrow),
experiments and calculations were performed wherein the Stokes
pulse was chirped and the pump/probe pulses were unchirped.
For this experiment, the “signal” pulse from the OPA was
doubled from 1300 to 650 nm (15 383 cm-1) to provide the
degenerate unchirped pump and probe pulses of 90 fs duration
(and thus spectrally broad). A chirped 800 nm pulse (12 500
cm-1) was used for the Stokes pulse, stretched temporally to
15.8 ps duration from the original 90 fs fwhm pulse width. The
frequency difference between the pump and Stokes pulses
matched the vibrational frequencies of the C-H stretches of
liquid methanol for resonant enhancement. However, in this
configuration, an unresolved, broad spectrum was observed for

Figure 6. Overlaid experimental and calculated c-CARS spectra for
the symmetric and asymmetric CH3 stretches for liquid methanol. A
degenerate pump/probe wavelength of 800 nm chirped from 90 fs to
53.1 ps (chirp rate ca. 5 cm-1/ps) and an unchirped 90 fs Stokes
wavelength of 1050 nm were used both experimentally and in the
calculations. Insert: Spontaneous Raman spectrum for liquid methanol.

Figure 7. Chirped CARS spectra of liquid methanol for three different
grating separations, with their corresponding measured (stretched) pulse
widths. In each case the spectral resolution achieved by the chirped
pulses is smaller than the intrinsic line widths of liquid methanol,
therefore the chirp rate does not affect the observed line widths and
thus all spectra directly overlap. (a) Degenerate pump/probe wavelength
of 804.1 nm chirped from 90 fs to 53, 22.4, and 9.4 ps and unchirped
90 fs Stokes wavelength of 1050 nm. (b) Calculated liquid methanol
spectra for the same experimental conditions.
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both the experimental and calculated CARS spectra (see Figure
9). Therefore, employing an unchirped femtosecond probe pulse
will result in low spectral resolution, the result of an incorrect
chirping scheme for generating c-CARS spectra.

This can be understood by viewing the CARS process in a
stepwise fashion. The pump (ωp) pulse can be of either broad
or narrow bandwidth, exciting many or few “virtual” states, as
Figure 1 shows for the energy level diagram for polystyrene.
The Stokes pulse can also possess either a narrow or broad
bandwidth, creating a coherence of multiple vibrational states,
the number of which depends on the spectral bandwidths of
the pump and Stokes pulses, as well as the density of Raman
active vibrational modes. If both pump and Stokes pulses are
spectrally narrow, there is no multiplex advantage since only a
small number (possibly one or none) of vibrational states are
excited. If one of the pump or Stokes pulses are spectrally broad,
then multiple states will be excited, depending on the bandwidth.
If both the Stokes and pump pulses are broad, the number of
excited vibrational energy states is determined by the convolu-
tion of the bandwidths of the two pulses (and the mode density).

The probe pulse resolves the coherent superposition of excited
vibrational states. If the probe pulse is spectrally broad, it
essentially scrambles the signal from the discreet vibrational
energy levels, since multiple frequencies in the probe pulse can
resolve each vibrational energy level, thereby generating an
unresolved CARS spectrum. This will occur regardless of how
spectrally broad or narrow the initial pump and Stokes pulses
were in generating the excited vibrational energy levels.
However, if the probe pulse is spectrally narrow, either because
its transform-limited bandwidth is smaller than the intrinsic line
width of the vibrational energy levels that it is resolving, or
because the pulse is chirped to a sufficient extent that the
effective spectral bandwidth is less than the intrinsic line width,
then a resolved multiplex CARS spectrum will appear. In this
case, the narrow probe pulse acts like a narrow spectral window
that resolves a slice of each excited coherent state, either on or
off a vibrational resonance, at a spectral resolution equal to the
bandwidth or effective bandwidth of the pulse. This is the
mechanism that generates high spectral resolution multiplex
CARS spectra when employing femtosecond pulses with the
correct chirping scheme.

Modeling c-CARS Spectra.The CARS signal contains both
real and imaginary components; therefore, comparing the
relative contribution from each yields additional insight into the
structure of the observed CARS spectrum, such as the differ-
ences between achieving high spectral resolution CARS spectra
utilizing chirped femtosecond pump/probe pulses compared to
using intrinsically spectrally narrow picosecond pulses. This
comparison helps to quantify the spectral resolution of the
c-CARS technique. The temporal gate model predicts that the
probe pulse should contribute roughly 1.6 cm-1 to the achieved
spectral resolution, as determined by eq 1 (0.09 ps/9.4 ps×
163 cm-1 ) 1.6 cm-1). However, when comparing calculated
CARS spectra employing chirped femtosecond probe pulses to
unchirped picosecond probe pulses with equivalent spectral
bandwidth, the unchirped CARS spectra are slightly better
resolved than the c-CARS spectra (results not shown). Un-
chirped spectral bandwidths of ca. 3 cm-1 more closely match
the chirped probe pulse results. This can be understood by
examining the real contribution of the chirped pulse electric
field to the spectral bandwidth. When the values fora and b
for a 90 fs pulse chirped to 9.4 ps are inserted into eq 6, the
real part of the equation simplifies to the unchirped eq 9, with
(1/R) times the spectral bandwidth

Therefore, for a 90 fs pulse of 163 cm-1 fwhm bandwidth

Figure 8. c-CARS spectra obtained for different Stokes wavelengths
while holding the pump/probe wavelength constant at 801.9 nm. (a)
Experimental results wherein resonance enhancement are confirmed,
since the C-H stretches appear at the same CARS wavelength even
as the relative nonresonant contribution increases on each side of the
spectrum as the difference between the pump/probe and Stokes
wavelengths shifts off resonance. (b) Similar results for the calculated
c-CARS spectra.

Figure 9. Experimental and chirped CARS spectra of liquid methanol
employing unchirped 90 fs pump/probe pulses at 650 nm and a chirped
Stokes pulse at 800 nm stretched from 90 fs to 15.8 ps duration. The
vibrations are unresolved in both cases, showing that the probe pulse
must be spectrally narrow to achieve high spectral resolution multiplex
CARS spectra.

Es(ωs) ) Es exp[-2 ln2(ωs - ωso

(1/R)∆ωs
)2] (13)
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linearly chirped to 9.4 ps, the real component of the chirped
pulse contributes 1.6 cm-1 to the overall spectral bandwidth.
This analysis does not take into account the imaginary contribu-
tion of the chirped field to the spectral resolution, which would
be comparable to the real contribution, thereby increasing
the spectral bandwidth contribution of a chirped pulse rela-
tive to an unchirped pulse. The temporal gate model only takes
into account the real contribution, therefore it underesti-
mates the overall contribution of the chirped pump/probe pulse
electric field.

To better understand how the probe pulse determines the
spectral resolution, CARS spectra of liquid methanol were
modeled for increasing spectral bandwidths of unchirped pump/
probe pulses (from 5 to 163 cm-1), while holding the spectral
bandwidth of the unchirped 90 fs Stokes pulse constant at 163
cm-1 fwhm (Figure 10). For spectral bandwidths that were less
than the intrinsic line widths, the two vibrational peaks were
clearly resolved, as observed in the c-CARS experiments
described above. The real contribution to the observed CARS
spectrum appeared as two derivative-shaped peaks with inflec-
tion points centered at the resonance frequencies of the C-H
stretches (2944 and 2836 cm-1), similar to what is observed
for the real portion of the refractive index near absorptions
(Figure 10b). The imaginary contribution to the CARS spectrum
appeared very similar to the observed CARS spectrum, with
two peaks centered at the resonance frequencies (Figure 10c).
When the spectral bandwidth was increased, the peaks became
increasingly broader and less resolved. It is apparent from the
real contribution to the spectrum that the overall spectrum should
be less resolved, since the two derivative shaped peaks blended
into one, which would correspond to only one absorption in
the spectrum. The two peaks in the imaginary contribution
became less resolved as well. For the case where the spectral
bandwidth was equal to a transform-limited 90 fs pulse (ca.
163 cm-1 fwhm), the two transitions in the CARS spectrum
were completely unresolved, with the maximum in the observed
CARS spectrum appearing between the two transitions. Overall,
as the bandwidth of the unchirped pump/probe pulse is
increased, the simulated CARS spectrum of liquid methanol
employing three unchirped pulses smoothly evolves from having
two clearly resolved peaks to exhibiting one broad, unresolved
peak.

When performing similar calculations with chirped pump/
probe pulses with increasing chirp rates (effectively increasing
the spectral bandwidth) and an unchirped 90 fs (163 cm-1 fwhm)
Stokes pulse, it was evident that the chirp rate of the probe
pulse defines the spectral resolution of the technique, as shown
for the normalized chirped CARS spectra in Figure 11; however,
there were differences in the observed structure of the overall
CARS spectrum and in both the real and imaginary components
that generated the observed spectrum. As previously discussed
for the chirped CARS spectra experimentally measured in this
work, wherein the probe pulses were chirped by factors greater
than 100, with a corresponding chirp rate of ca. 17 cm-1/ps,
the calculations matched the experiments since the spectra are
intrinsic line width limited. However, when the pulses are only
chirped by a factor of 10, to ca. 1 ps and with a corresponding
increase in the chirp rate, the effective spectral resolution was
near 20 cm-1 fwhm, comparable to the line width of the
methanol stretches. In this case, the peaks became slightly less
resolved, but still retained their original line shape.

For pulses chirped by a factor of 3 to 0.25 ps with a
corresponding chirp rate of ca. 650 cm-1/ps, the effective
spectral resolution of 60 cm-1 was greater than the fwhm line

width of the transitions (ca. 20-40 cm-1). The real contribution
lost most of its derivative shape and was positive for most of
the spectrum (Figure 11b). The origin of the “shoulder” at 3054
cm-1 in the CARS spectrum is now apparent as a result of the
distortion in the real contribution on the blue end of the
spectrum. Similarly, the imaginary spectrum was distorted as
well (Figure 11c), becoming more derivative shaped with the
opposite sign of the real contribution, including an inflection
point at 2885 cm-1, which resulted in the prominent “center”
peak in the CARS spectrum at that frequency. A negative
imaginary contribution to the CARS spectrum was a counter-
intuitive result and a marked difference from the spectra of the
imaginary components for the unchirped CARS spectra in Figure
10.

Figure 10. Calculated CARS spectrum of liquid methanol plus the
real and imaginary components for unchirped pump/probe and 90 fs
(163 cm-1) Stokes pulses. For all three panels, the spectral bandwidth
fwhm for the pump/probe pulse was the following: 5 cm-1, black; 25
cm-1, red; 50 cm-1, green; and 163 cm-1, blue. (a) CARS spectra with
unchirped pulses of increasing spectral bandwidth for the pump/probe
pulses. The vibrational transitions become increasingly less resolved
as the spectral bandwidth increases beyond the intrinsic line width. (b)
The real component of the unchirped CARS spectrum. The spectra
smoothly evolve from two separate derivative shaped peaks into one
for increased spectral bandwidth of the unchirped pulses, ultimately
contributing to an unresolved CARS spectrum. (c) The imaginary
component of the unchirped CARS spectrum. The spectra smoothly
evolve from two resolved peaks to one unresolved peak for increased
spectral bandwidth of the unchirped pulses.
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In the limiting case of an unchirped probe pulse, both the
real and imaginary contributions were smoothly varying, and a
completely unresolved CARS spectrum appears. Therefore,
when employing chirped pump/probe pulses to achieve high
spectral resolution CARS spectra, the effective spectral resolu-
tion needs to be less than the intrinsic line widths of the
transitions, otherwise a distorted CARS spectrum will appear.
These modeled spectra show that chirped pulses do not resolve
CARS spectra as cleanly as unchirped, narrow-bandwidth pulses
when the experiment is not in the intrinsic line width-limiting
case.

This difference in these two approaches to achieving high
spectral resolution is explained by the fact that for unchirped
multiplex CARS, a narrow spectral bandwidth pulse is required

to achieve high spectral resolution, using only a few frequencies
to map out the transition. However, in chirped multiplex CARS,
having a slow chirp rate (5 cm-1/ps) over the transition is
effectively the same as using fewer frequencies in the pulse.
More explicitly, the chirp rate of the probe pulse times the
temporal pulse width of the Stokes pulse defines the spectral
resolution, since that determines the number of frequencies
present to resolve the vibrational coherence. In general, this
holds true when the dephasing of the vibrational dephasing is
taken into account. If the dephasing time is 1 ps, only ca. 5
cm-1 of the probe pulse contributes to the signal. In the case of
a long dephasing time of the vibrational coherence (e.g., 5-10
ps), this decay contributes significantly to the temporal gate and
the spectral resolution is now a convolution of the Stokes pulse
width and the dephasing time. When that spectral bandwidth is
sufficiently less than the intrinsic line width of the transition in
the sample, the observed c-CARS spectrum is intrinsic line width
limited. However, pulses with a fast chirp rate will have many
rapidly varying frequencies over the spectral bandwidth used
to project the vibrational coherence, causing distortion of the
c-CARS peak and low spectral resolution. Therefore, to achieve
high spectral resolution and cleanly resolved c-CARS spectra,
the chirp rate of the probe pulse times the Stokes pulse width
needs to be less than the intrinsic line width of the transition.

Conclusions

We have shown that the two-pulse chirped-CARS technique
allows for very simple control of experimental spectral resolution
and chemical selectivity. The novelty of the technique is that it
renders explicit bandwidth reduction unnecessary, instead
exploiting only the chirp of the probe pulse to achieve high
spectral resolution. As with other multiplex CARS techniques,
by dispersing the CARS signal onto a CCD, we can observe
the entire (ca. 300 cm-1) CARS spectrum in a single laser shot
without the need for adjusting the delay of the pulses, thereby
allowing for reliable direct comparisons between peak intensities
within the broadband region of interest. Through the use of
diffraction gratings to induce the linear chirp, we can readily
adjust the experimental spectral resolution to match the sample
line widths, thus optimizing the ratio of resonant-to-nonresonant
CARS signals through more efficient use of the laser power.
However, as described above, distortions to the spectra can occur
if the pulses have too fast of a chirp rate in relation to the
dephasing time of the molecule, which can then result in an
interference pattern with an exponential decay envelope function
appearing on the red side of the CARS signal. Calculated chirped
CARS spectra match the experimental results quite closely and
yield insight into how the chirped pulses achieve high spectral
resolution through mapping out the real and imaginary contribu-
tions to the total CARS signal. The simplicity of this experi-
mental design enables high spectral resolution CARS spectra
to be easily obtained with femtosecond laser systems; c-CARS
should prove useful for high spatial resolution imaging with
chemically selective contrast.
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Figure 11. Calculated CARS spectrum plus the real and imaginary
components for chirped pump/probe and unchirped 90 fs (163 cm-1)
Stokes pulses. For all three panels, the pump/probe pulse was chirped
from 90 fs to 9.4 (∼3 cm-1 spectral resolution; black), 1 (∼20 cm-1;
red), 0.25 (∼60 cm-1; green), and 0.09 ps (∼163 cm-1, unchirped;
blue). (a) CARS spectrum for increasing chirp rate (decreasing effective
spectral resolution) of the pump/probe pulse. The spectral resolution
of the CARS spectrum decreases and the two transitions in liquid
methanol become increasingly unresolved. (b) The real component of
the chirped CARS spectrum. For increasing chirp rate, the real
contribution becomes increasingly positive and distorted until the pulse
is no longer chirped. (c) The imaginary component of the chirped CARS
spectrum. For increasing chirp rate, the imaginary component becomes
more derivative shaped and increasingly distorted, until the pulse is
no longer chirped.
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