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We report a theoretical description and experimental implementation of multiplex coherent anti-Stokes Raman
scattering (M-CARS) microspectroscopy using a picosecond pump beam and a femtosecond Stokes beam.
The effect of the chirp in the Stokes pulse on a M-CARS spectrum is studied. Polarization-sensitive detection
is utilized for suppression of the nonresonant background and for selective detection of spectrally overlapped
Raman bands. M-CARS spectra of liposomes in the C-H stretching vibration region were acquired. Polarization
CARS imaging of lipids in live cells based on the M-CARS spectra is demonstrated.

Introduction

Coherent anti-Stokes Raman scattering (CARS) is a nonlinear
Raman process in which a pump beam at frequencyωp and a
Stokes beam at frequencyωs are mixed in a sample to generate
a signal at the anti-Stokes frequency ofωas) 2ωp - ωs. CARS
microscopy was put forward as a vibrational imaging tool in
1982.1 High-quality three-dimensional (3D) CARS imaging was
achieved by using two tightly focused near-IR femtosecond laser
beams with a collinear beam geometry.2 A series of recent
advances have made CARS microscopy a powerful technique
for biological imaging.3-10

It has been shown that excitation by two picosecond lasers3

gives a much higher ratio of the resonant signal to the
nonresonant background in CARS microscopy than two fem-
tosecond lasers.2 This is because the spectral width of a
picosecond beam is comparable to the Raman line width and
the excitation power can be fully utilized to generate the resonant
CARS signal. High-speed imaging of live cells at an acquisition
rate of several seconds per frame (512× 512 pixels) has been
achieved by laser-scanning CARS microscopy with two syn-
chronized picosecond pulse trains.9 However, it is time-
consuming to record a CARS spectrum by tuning the Stokes
beam frequency point by point,3,5,11which makes it difficult to
follow dynamical changes in a CARS spectrum.

In this paper, we report multiplex CARS (M-CARS) mi-
crospectroscopy using a picosecond pump beam and a femto-
second Stokes beam for fast acquisition of CARS spectra of a
microscopic sample. The femtosecond Stokes pulse has a broad
spectral width that allows simultaneous detection over a wide
range of Raman shifts. The energy level diagram of CARS with
a pico/femto excitation scheme is shown in Figure 1.

In previous work of M-CARS spectroscopy,12-15 a narrow-
band picosecond dye laser and a broad-band picosecond laser
using multiple dyes were employed as the pump and the Stokes
beam, respectively. Our setup is distinguished from previous
work in that we use a near-IR laser system consisting of a
femtosecond Ti:sapphire laser synchronized with a picosecond
Ti:sapphire laser. The spectral profile of Ti:sapphire lasers is

much more stable than that of dye lasers. The use of near-IR
excitation also reduces photodamage of biological samples.
Moreover, instead of using a noncollinear beam geometry as
in previous work,12-15 the pump and Stokes laser beams are
collinearly overlapped2,16and tightly focused into a sample using
an objective lens of high numerical aperture (NA). Under the
tight focusing condition, the phase-matching condition for
forward CARS is fulfilled17 and insensitive to the laser
wavelength in a collinear beam geometry, which allows spectral
recording over a wide spectral range without changing the
alignment. The tight focusing condition is particularly suitable
for characterization of small objects such as intracellular
organelles with high spatial resolution and high sensitivity.

A major shortcoming of CARS spectroscopy is the existence
of a nonresonant background that limits the detection sensitivity.
Polarization-sensitive detection18,19 was extensively applied in
M-CARS to suppress the nonresonant background.20 It was also
used to determine the depolarization ratios of Raman bands,21

and to resolve spectrally overlapped Raman bands.22 Recently,
polarization CARS microscopy has been developed for imaging
of intracellular protein distribution based on the vibrational
contrast from the amide I band.5 In this paper, we make use of
polarization-sensitive detection in our M-CARS microscope to
suppress the nonresonant background and to reveal the polariza-
tion properties of Raman bands.

CARS microscopy provides a sensitive means of imaging
lipid membranes2,9 by taking advantage of the high density of
C-H bonds in lipids. Although lipid membranes have been
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Figure 1. Energy level diagram of CARS using a narrow-band
picosecond pump/probe beam and a broad-band femtosecond Stokes
beam.
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extensively studied by spontaneous Raman spectroscopy,23 little
is known about their CARS spectra. In this paper, we apply
M-CARS microspectroscopy to study the C-H stretching
vibration in single lipid vesicles. The recorded M-CARS spectra
are used for vibrational imaging of lipids in live cells with
polarization-sensitive detection.

Theoretical Description of M-CARS with Pico/Femto
Excitation

In our implementation of M-CARS, a femtosecond Stokes
pulse and a picosecond pump/probe pulse temporally overlapped
with the Stokes pulse are used. In the frequency domain, the
third-order polarization induced by parallel-polarized pump and
Stokes beams can be written as3,24

whereEp(ωp), Es(ωs), and Ep(ω′p) are the pump, Stokes, and
probe fields, respectively.ø1111

(3) is a component of the third-
order susceptibility. Because the spectral profile of the Stokes
beam is much broader than that of the pump beam, we first
perform the integration over the Stokes field. Then eq 1 can be
recast as

whereωs ) ωas - ωp - ω′p. The transform-limited Gaussian
pump pulse is written as

whereEp, ωp0 and ∆ωp refer to the peak amplitude, central
frequency, and spectral full width at half-maximum (fwhm) of
the pump field. For the femtosecond Stokes pulse, there usually
exists a chirp due to group velocity dispersion. In practice, it
might be preferred to introduce a chirp in the Stokes pulse to
reduce the photodamage of a sample. The effect of such a chirp
on a M-CARS spectrum should be evaluated and can be
conveniently analyzed in the frequency domain using eq 2. A
linearly chirped Stokes pulse with a constant spectral fwhm of
∆ωs can be described as25

where Es refers to the peak amplitude andωs0 refers to the
central frequency of the Stokes field. The parametera is related
to the temporal width (τ, fwhm) of the chirped pulse bya ) 2
ln2/τ2, and the parameterb is related to the ratio (R) of the
temporal width of the chirped pulse to its transform-limited

temporal width byb ) axR2-1. For a transform-limited
Stokes pulse,R equals 1.0 andτ equals 0.44/∆ωs.

ø1111
(3) in eqs 1 and 2 is the sum of a nonresonant part (ø1111

nr )
arising from the electronic contributions and a vibrationally
resonant part (ø1111

r ). Away from any one-photon electronic
resonance,ø1111

nr is a real constant andø1111
r assumes the

following form,

Here,Ωj andΓj denote the vibrational frequency and the Raman
line half-width, respectively.Aj is a constant related to the
spontaneous Raman scattering cross-section. The M-CARS
spectrum is calculated from

For polarization-sensitive detection, the polarization direction
of the Stokes beam is rotated by an angle ofφ with respect to
the pump beam (Figure 2A). Away from any one-photon
electronic resonance, the nonresonant CARS signal is linearly
polarized along the angleR determined by tanR ) Fnr tan φ.
Fnr ) ø1221

nr /ø1111
nr is the depolarization ratio of the nonresonant

CARS field and is equal to 1/3 following the rule of Kleimann’s
symmetry.26 The nonresonant part ofP(3) passing through an
analyzer polarizer along the angleæ can be written as

It has been shown that the highest signal-to-background ratio
is obtained when the angleφ is 71.6° andR is 45°.18 The angle
æ is set to be 135° for suppression of the nonresonant
background.

Figure 2. (A) Polarization vectors of the pump (Ep) and the Stokes
(Es) fields, the resonant (Pr) and nonresonant (Pnr) parts of the induced
third-order polarization, and the analyzer. (B) Schematic of the multiplex
CARS microscope. Key: QW, quarter-wave plate; HW, half-wave
plate; APD, avalanche photodiode.
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The polarization of the vibrationally resonant CARS signal
is related to the spontaneous Raman depolarization ratio, which
is 0.75 for an asymmetric band and is between 0 and 0.75 for
a totally symmetric band. For thejth Raman line,Pr,j

(3) is
polarized along an angle ofâj (Figure 2A) that is determined
by tanâj ) Fj

r tanφ. Fj
r ) ø1221

r,j /ø1111
r,j is the depolarization ratio

of the CARS band and is equal to that of the corresponding
spontaneous Raman band.19 The resonant third-order polariza-
tion passing through the polarization analyzer can be written
as

The polarization M-CARS spectrum is calculated from

Experiments

The picosecond pump and the femtosecond Stokes beams
were from two Ti:sapphire lasers (Spectra-Physics, Tsunami)
that were pumped by a 532 nm continuous-wave (cw) laser
(Spectral-Physics, 10 W Millennia) and synchronized to an 80
MHz external clock (Spectra-Physics, Lok-to-Clock). The timing
jitter between the two pulse trains was around 0.5 ps. The time
delay between the two pulse trains was electronically adjustable
by the Lok-to-Clock system. To reduce the average excitation
power but keep a high peak power at the sample, the pulse
repetition rate was reduced to 400 kHz using a Pockel’s cell
(Conoptics, Model 350-160) in each beam. The picosecond
pump beam was tuned to 713 nm with a spectral fwhm of 2.9
cm-1, corresponding to a transform-limited temporal fwhm of
5.0 ps. The femtosecond Stokes beam was tuned to 900 nm
with a spectral fwhm of 160 cm-1, corresponding to a transform-
limited temporal fwhm of 91 fs. The frequency difference (ωp

- ωs) covered the spectral region of the aliphatic C-H
stretching vibration from 2750 to 3050 cm-1. The laser for the
Stokes beam can be easily converted from femtosecond to
picosecond configuration for CARS imaging with a high spectral
resolution.3

The two laser beams were collinearly combined and sent into
an inverted microscope (Nikon, TE300). A schematic of our
multiplex CARS microscope is depicted in Figure 2B. A water
objective (Olympus, UPIANAPO, 60X, NA) 1.2) was used
to focus the beams into a sample mounted on a 3D scanning
stage (Mad-city, Nano-Bio3200). The CARS signal was par-
focally collected in the forward direction with an oil objective
lens (Nikon, PLANAPO, 60X, NA) 1.4) and spectrally isolated
from the excitation beams by use of three band-pass filters
(Coherent, 35-5081, 40 nm bandwidth). An avalanche photo-
diode (EG&G, Model SPCM-AQR-14) was used for recording
a CARS image. A spectrograph (Acton Research Corp., Spec-
trapro-150) equipped with a 1800 groves/mm grating and a
liquid nitrogen cooled CCD detector (Princeton Instruments), was
used for recording the CARS spectrum of a specific position in
the sample. All the CARS spectra of samples were normalized
by the nonresonant CARS spectra of the coverglass recorded
with the same laser beams.

For polarization-sensitive detection, the Stokes beam was kept
p-polarized to the dichroic combiner and the polarization of the
pump beam was rotated from that of the Stokes beam by 71.6°

with a half-wave plate (Figure 2B). A quarter-wave plate was
used in the pump beam before the half-wave plate to compensate
the birefringence mainly induced by the dichroic mirrors. A
rotatable polarizer analyzer was used before the detectors either
to suppress the nonresonant CARS background with an extinc-
tion ratio of 600:15 or to detect a particular vibrational band
based on its depolarization ratio.

In our setup, the chirp of the 5-ps pump pulse was negligible,
whereas the femtosecond Stokes pulse was significantly chirped
because it passed through several dispersive optics, such as the
Faraday isolator and the Pockel’s cell. The temporal width was
measured to be 600 fs for the Stokes pulse before going into
the microscope. We estimate that the chirp induced by the
objective lens was negligible compared to that by the dispersive
optics mentioned above.

DSPC (1,2-distearoyl-sn-glycero-3-phosphocholine) and DOPC
(1,2-dioleoyl-sn-glycero-3-phosphocholine) powders were pur-

Pr,j
(3)(ωas,æ) ) (cosφ cosæ +

Fj
r sinφ sin æ)∫-∞

+∞
dωp ∫-∞

+∞
dω′p ø1111

r,j Ep(ωp) Es(ωs) Ep(ω′p)
(8)
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j

Pr,j
(3)(ωas,æ)|2 (9)

Figure 3. (A) Calculated CARS spectra of a model sample with only
nonresonant contribution. (B) Calculated CARS spectra of a model
sample containing three Raman bands. (C) The spectra shown in (B)
normalized with the nonresonant CARS spectra shown in (A) under
the same chirp condition. A transform-limited 5-ps pump pulse centered
at 14 025 cm-1 and a Stokes pulse centered at 11 111 cm-1 are used.
The solid lines represent the results with a transform-limited Stokes
pulse (90 fs), and the open circles represent the results with the Stokes
pulse chirped to 4.5 ps.R is the ratio of the temporal width of the
chirped Stokes pulse to that of the nonchirped Stokes pulse. The
parameters (see eq 5) for the three Raman bands areø1111

nr ) 0.5 au,Ai

(i ) 1, 2, 3)) 1.0 au,Γi (i ) 1, 2, 3)) 7.5 cm-1, Ω1 ) 2800 cm-1,
Ω2 ) 2900 cm-1, Ω3 ) 3000 cm-1.
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chased from Avanti Polar Lipids Inc. and used without further
purification. The phase transition temperatures for DSPC and
DOPC are+55 and-20°C, respectively. Multilamellar vesicles
were prepared following a recipe provided by Avanti Polar
Lipids Inc. Briefly, the powder was hydrated with distilled water.
The lipid suspension was then stirred for 30 min on a vortex.
For DSPC, the lipid suspension temperature was maintained
above the phase transition temperature during the hydration
period by using a water bath. The formation of multilamellar
vesicles with a large size distribution (from less than 1µm to
more than 10µm) was verified with a phase-contrast micro-
scope. The vesicle suspension was sandwiched between two
#1.5 coverslips separated by a 150-µm spacer. Spontaneous
Raman spectra of vesicles were recorded on a Raman mi-
crospectrograph (Jobin Yvon/Spec, LabRam) with a 1800
groves/mm grating and a 15 mW HeNe laser at 632.8 nm.

NIH3T3 cells (ATCC, CRL-1658, Manassas, VA) were
cultured in the Dullbecco’s modified Eagle’s medium (ATCC,
30-2002) supplemented with 10% bovine calf serum. The cells
grown on a chambered coverglass (Lab-Tek, #155360, Roch-
ester, NY) were used for CARS imaging without staining. All
experiments were carried out at a room temperature of 21°C.

Results and Discussion

Effect of Pulse Chirping. Using eqs 2-6, we can investigate
theoretically the effects of the chirp in the Stokes pulse on a
M-CARS spectrum. We assume that the pump field is a
transform-limited 5-ps pulse, as used in our experiment.
Nonresonant CARS spectra with a transform-limited Stokes
pulse (90 fs) and a chirped Stokes pulse (4.5 ps,R ) 50) are
displayed in Figure 3A. The fwhm of the CARS spectral profile

is reduced from 164 to 138 cm-1 upon pulse chirping that
introduces a quadratic phase profile in the Stokes pulse (see eq
4). In the time domain, this chirp effect can be explained as a
reduction of temporal overlap with the pump pulse for the
frequency components away from the central Stokes frequency.
Our calculation indicates that the fwhm of the CARS spectral
profile decreases linearly with increasingR (not shown). Next,
we consider a model sample containing three Raman bands
located in the center and at the two edges of the CARS spectral
profile. Changes in the CARS spectral profile because of the
Stokes pulse chirping can be seen from Figure 3B. However,
Figure 3C shows that the CARS spectra of the same sample
normalized by the nonresonant CARS spectra under the same
chirp condition display little difference. The above analysis
implies that one should normalize CARS spectra of a sample
by a nonresonant CARS spectrum recorded under the same
excitation condition, as we did in our experiment.

Raman and M-CARS Spectra of Liposomes.The Raman
spectrum of a mutilamellar DSPC vesicle in the C-H stretching
vibration region is shown in Figure 4A. It has been established
that the two bands at 2847 and 2882 cm-1 correspond to the
symmetric and asymmetric CH2 stretching vibrations, whereas
the two bands at 2935 and 2965 cm-1 correspond to the
symmetric and asymmetric CH3 stretching vibrations, respec-
tively.23 The two shoulders at 2860 and 2904 cm-1 arise from
the Fermi resonance between the asymmetric CH2 stretching
mode and the first overtones of the asymmetric CH2 and CH3

deformation modes at 1437.4 and 1451.4 cm-1 (not shown).
The spectrum in the 2750-3050 cm-1 region is well fitted as
a sum of seven Lorentzian bands

The obtained peak positions, strengths, and line widths are listed
in Table 1.

Figure 4B shows the CARS spectrum of an individual DSPC
vesicle indicated in the inset image. The CARS spectrum is
different from the Raman spectrum in that the asymmetric CH2

stretching band exhibits a much lower intensity than the
symmetric CH2 stretching band. This can be explained as a
consequence of the interference between the spectrally adjacent
and overlapped CARS bands.27 In addition, all the peaks are
slightly shifted toward lower wavenumbers because of their
interference with the nonresonant CARS signal. Figure 4B
indicates that the CARS band at 2843 cm-1 corresponding to
the symmetric CH2 vibration gives the highest contrast in CARS
imaging of lipids.

We performed a least-squares fitting of the CARS spectrum
of DSPC. The integration over the spectral profile of the pump

Figure 4. (A) Spontaneous Raman spectrum (dots) of a DSPC vesicle
in the C-H stretching vibration region and its decomposition into 7
Lorentzian lines (solid). See Table 1 for the parameters. (B) Normalized
CARS spectrum (dots) of the DSPC vesicle indicated in the inset by
an arrow. The acquisition time was 1.0 s. The average powers of the
parallel-polarized pump and Stokes beams were 0.6 and 0.3 mW,
respectively. The solid curve is the fit with eq 11. The inset is a CARS
image (48× 24 µm2) that locates the lipid vesicles. This image
consisting of 512× 256 pixels was acquired with the same laser pulses
at a scanning rate of 0.5 ms/pixel.

TABLE 1: Raman and CARS Parameters for the C-H
Stretching Vibrational Bands of DSPC Recorded at Room
Temperaturea

peak position
Ωi (cm-1)

FWHM
2Γi (cm-1)

strength
ai (a.u.) Aj/øsampl

nr (cm)

2846.52 (09) 10.9 (03) 0.271 (13) 4.40 (15)
2860.41 (28) 19.3 (12) 0.287 (22) 5.14 (18)
2882.18 (11) 15.0 (05) 0.368 (18) 5.30 (27)
2904.03 (49) 29.6 (27) 0.298 (34) 6.02 (53)
2934.75 (46) 28.5 (24) 0.262 (28) 4.67 (67)
2964.8 (18) 20.1 (84) 0.040 (21) 0.20 (88)
2983.1 (13) 18.7 (37) 0.050 (14) 1.31 (77)

a Note: The numbers in parentheses are standard deviations of the
last two digits.

IRaman(ω) ) y0 + ∑
j

ajΓj/π

(ω - Ωj)
2 + Γj

2
(10)
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beam in eq 2 was neglected in the fitting. This simplification is
reasonable because the spectral fwhm (2.9 cm-1) of the pump
pulse is much smaller than the typical Raman line width (∼15
cm-1). The normalized CARS signal is calculated as

Here, øsampl
nr and øglass

nr denote the nonresonant third-order
susceptibility of the sample and of the coverglass, respectively.
Ωj andΓj were fixed as the values in Table 1. The fit with eq
11 reproduces the main features of the CARS spectrum, as
shown in Figure 4B. The fitted value forøsampl

nr /øglass
nr is 0.794

((0.003) and those forAj/øsampl
nr are listed in the last column of

Table 1.
Unlike DSPC, which is in the gel state, DOPC is in the liquid

crystalline state at room temperature. Spontaneous Raman and
CARS spectra of an individual DOPC vesicle are shown in
Figure 5. We found it difficult to perform a least-squares fitting
of the CARS spectrum of DOPC because of the line broadening.
Significant differences between the CARS spectrum of DSPC
(Figure 4B) and that of DOPC (Figure 5B) can be seen. In the
CARS spectrum of DOPC, the symmetric CH2 stretching band
displays a larger width and a broad shoulder is present on the
right side. The differences between the two CARS spectra
provides a way of distinguishing lipids of gel phase from lipids
of liquid crystal phase by CARS imaging. For example, by
tuningωp - ωs from 2915 to 2975 cm-1, the CARS signal from
DSPC in the gel phase remains unchanged whereas the signal
from DOPC in the liquid crystalline phase is reduced by 1 order
of magnitude.

Polarization CARS Spectra and Imaging of Lipids.Figure
6 shows a series of polarization M-CARS spectra of the same
DSPC vesicle (see the inset of Figure 4B) at different polariza-

tion directions of the analyzer. With the analyzer polarization
along they axis (æ ) 90°), the 2882 cm-1 band becomes
prominent and the symmetric CH2 stretching band at 2847 cm-1

disappears (Figure 6D). With the analyzer polarization along
the x axis (æ ) 0°), the 2847 cm-1 band is clearly detected
(Figure 6B). A least-squares fitting of the spectrum recorded at
æ ) 45° (Figure 6C) using eqs 7-9 and the parameters from
Table 1 gives depolarization ratios of 0.21 and 0.70 for the 2847
and 2882 cm-1 bands, respectively. The above results imply
that varying the orientation of the analyzer allows selective
detection of these spectrally overlapped vibrational modes based
on their different depolarization ratios.22

When the analyzer polarization is perpendicular to that of
the nonresonant field (æ ) 135°), the nonresonant background
is effectively suppressed (Figure 6A). The asymmetric CH2

stretching band at 2882 cm-1 does not show up because its
polarization is close to that of the nonresonant CARS signal.
However, the symmetric CH2 vibration band shows a high
signal-to-background ratio. This indicates that polarization
CARS permits vibrational imaging of lipids with a high contrast.

Polarization CARS imaging of lipids in a live NIH3T3 cell
is demonstrated in Figure 7. We tunedωp - ωs to symmetric
CH2 vibration at 2847 cm-1, the maximum position in the
polarization M-CARS spectrum shown in Figure 6A. The
nonresonant background from water and cellular organelles such
as the nucleus was effectively suppressed. The lipid-rich features
in the cytoplasm exhibit a high vibrational contrast, as can be
seen from the intensity profile below the image.

Figure 5. (A) Spontaneous Raman and (B) normalized CARS spectra
of an individual DOPC vesicle in the C-H stretching vibration region.
The CARS spectrum was acquired in 1.0 s with the parallel-polarized
pump and Stokes beams at the same powers as in Figure 4.

ICARS(ωp-ωs) )

(øsampl
nr

øglass
nr )2|1 + ∑

j

(Aj/øsampl
nr )

Ωj - (ωp - ωs) - iΓj
|2

(11)

Figure 6. Polarization-resolved multiplex CARS spectra of a DSPC
vesicle at different angles of the polarization analyzer (æ). The average
powers of the pump and the Stokes beam were 1.2 and 0.6 mW,
respectively. The integration time for each spectrum was 2.0 s. The
dashed curve in (C) is the fit with eqs 7-9 and the parameters in Table
1.
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Conclusions

We have demonstrated multiplex CARS microspectroscopy
using a femtosecond Ti:sapphire laser synchronized with a
picosecond Ti:sapphire laser. We have shown that the chirp in
the femtosecond Stokes pulse reduces the width of the non-
resonant M-CARS spectral profile but induces little distortion
to a M-CARS spectrum of a sample normalized with the
nonresonant CARS spectrum recorded with the same pulses.
Our setup allows high-speed spectral characterization of mi-
croscopic samples with high spectral resolution. We recorded
the CARS spectra of DSPC vesicles in the gel phase and DOPC
vesicles in the liquid crystalline phase, which provide valuable
information (e.g., line profile and peak position) for CARS
imaging of lipids. We have shown that polarization-sensitive
detection can be used in the M-CARS microscope for effective
suppression of the nonresonant background and for selective
detection of the spectrally overlapped Raman bands. Guided
by the recorded M-CARS spectra, we demonstrated high-
sensitivity polarization CARS imaging of lipids in live cells.

Note Added in Proof.After submission of this work, Mu¨ller
et al. reported multiplex CARS microscopy using a similar laser
system in J. Phys. Chem. B.2002, 106, 3715. However,
polarization-sensitive detection was not used to suppress the
overwhelming nonresonant background.
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Figure 7. Polarization CARS (æ ) 135°) image of a live NIH3T3
cell by use of 5-ps pump and Stokes beams at average powers of 1.3
and 0.9 mW, respectively.ωp - ωs was tuned to 2847 cm-1 with the
pump frequency at 14 048 cm-1. The image consisting of 256× 256
pixels was acquired at a scanning rate of 1.0 ms/pixel. The intensity
profile along the line in the image is shown below the image.
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