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We present a systematic characterization of coherent anti-Stokes Raman scattering (CARS) microscopy.
CARS signal generation in a heterogeneous sample under a tight-focusing condition is formulated by the
Green’s function method. The CARS radiation pattern and the forward- and backward-detected CARS signals
from a three-dimensional Raman scatterer are calculated. The coherent nature of CARS image formation and
its consequences for image contrast and spatial resolution are investigated. Experimental implementations of
CARS microscopy with collinearly copropagating and counterpropagating excitation beams, forward and back-
ward data collection, and polarization-sensitive detection are described. Finally, CARS images of unstained
live cells with forward detection, epidetection, and polarization-sensitive detection are presented and com-
pared. © 2002 Optical Society of America
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1. INTRODUCTION
Imaging of chemical and biological systems based on vari-
ous spectroscopic signals is a subject of wide interest.
Fluorescence microscopy has been a powerful technique
in cell biology1,2 following the development of various
fluorescent probes2,3 and the achievement of three-
dimensional sectioning capability with confocal detection4

and multiphoton excitation.5–7 However, this technique
has two disadvantages, namely, the photobleaching of
fluorescent probes and their perturbation of cell
functions.8 Imaging based on the inherent vibrational
properties of molecules provides a direct way of chemi-
cally mapping an unstained sample. Infrared (IR)
imaging9 and Raman imaging10 are two mapping meth-
ods that are prevalent in vibrational microscopy. The
spatial resolution of IR imaging is limited by the long ex-
citation wavelength used (several micrometers), and IR
absorption of water hinders the application of IR imaging
to living cells. The shorter excitation wavelength used in
Raman imaging avoids these problems. Three-
dimensional Raman images with a high spatial resolution
were obtained with a confocal Raman microscope.11

However, this technique necessitates a high average laser
power because of the low cross section of Raman scatter-
ing and often suffers from the presence of fluorescence
background.

The difficulties in spontaneous Raman imaging can be
circumvented by multiphoton microscopy based on coher-
ent anti-Stokes Raman scattering (CARS). CARS spec-
troscopy has become the most well known nonlinear Ra-
man technique12 since the first systematic study of CARS
by Maker and Terhune in 1965.13 CARS spectroscopy
has been extensively reviewed.14–16 Briefly, CARS is a
third-order nonlinear optical process that involves a
pump and a Stokes laser beam at frequencies of vp and
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vs , respectively. The CARS signal at the anti-Stokes
frequency of 2vp 2 vs is resonantly enhanced when
vp 2 vs is tuned to a Raman band, which can be used as
the vibrational contrast in CARS microscopy. Other non-
linear optical techniques, such as second-harmonic
generation,17–19 sum-frequency generation,20 and third-
harmonic generation,21,22 have also been incorporated
with scanning microscopy. Among them, sum-frequency
generation microscopy also provides vibrational contrast,
but this technique is surface sensitive instead of bulk sen-
sitive.

CARS microscopy has several advantages. First, be-
cause CARS is a coherent process, the constructive inter-
ference of the anti-Stokes radiation makes the CARS sig-
nal not only much larger than the spontaneous Raman
signal but also directional for a sizable sample, so the col-
lection efficiency is much higher than for spontaneous Ra-
man scattering. Second, because the signal frequency is
higher than the excitation frequencies, CARS can be de-
tected in the presence of one-photon-induced fluorescence.
Third, because CARS has a quadratic dependence on the
pump field’s intensity and a linear dependence on the
Stokes field’s intensity, the signal is generated in a small
focal volume under the tight-focusing condition. Tight
focusing permits three-dimensional sectioning of thick
samples with high spatial resolution, similarly to multi-
photon fluorescence microscopy.5

Duncan et al. constructed the first CARS microscope in
1982.23 They used two visible dye lasers and a noncol-
linear beam geometry. The CARS signal was detected in
the phase-matching direction by use of a two-dimensional
detector. However, the sensitivity of this scheme was
limited for the reasons described below. Zumbusch
et al.24 reinvigorated CARS microscopy in 1999 by using
two tightly focused near-IR laser beams in a collinear ge-
2002 Optical Society of America
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ometry. The anti-Stokes signal was detected in the for-
ward direction. The tight focus reduced the excitation
volume and permitted three-dimensional CARS imaging.
That research triggered many activities recently.25–28

The reason for using a collinear beam geometry in
CARS microscopy is as follows: CARS needs to fulfill the
phase-matching condition uDku • l ! p, where Dk 5 kas
2 (2kp 2 ks) is the wave-vector mismatch and l is the
interaction length. p/uDku is the coherence length at
which the first maximum of signal is obtained. In a col-
linear geometry with forward detection, the wave-vector
mismatch is Dk 5 @nasvas 2 (2npvp 2 nsvs)#/c, where
nj and v j ( j 5 p, s, as) are the refractive index and the
frequency, respectively, for the pump, Stokes, and anti-
Stokes beams.15 Noncollinear beam geometries, such as
the folded boxcars geometry,29 were used in CARS spec-
troscopy to minimize the wave-vector mismatch and
maximize the interaction length. However, the phase-
matching condition can be fulfilled with a collinear beam
geometry in CARS microscopy because of the small inter-
action length (several micrometers) and the large cone
angle of the wave vectors of the excitation beams under
the tight-focusing condition.30 In this case the noncol-
linear beam geometry is neither advantageous nor neces-
sary. Comparing the recent implementation of CARS mi-
croscopy with collinear geometry24 and with boxcars
geometry25 reveals that the former has superior spatial
resolution and image quality.

The major disadvantage of CARS is the presence of a
nonresonant background signal that arises from the elec-
tronic contributions, which can be enhanced in the pres-
ence of two-photon electronic resonance.31 In fact, the
use of visible light in the 1982 study23 resulted in a large
two-photon-enhanced background signal that over-
whelmed the resonant vibrational signal. The use of
near-IR light in the 1999 study24 avoided two-photon elec-
tronic resonance and significantly increased sensitivity.
In the development of CARS spectroscopy several meth-
ods, including double resonance interference,32 pulse-
sequenced CARS,33 and polarization CARS,34–37 were em-
ployed to reduce the nonresonant background.

Recently, much progress has been made toward reduc-
ing the nonresonant background in CARS microscopy. It
was reported that epidetected CARS microscopy can sig-
nificantly reduce solvent background and thus improve
sensitivity.38,39 Cheng et al. showed that using longer ex-
citation pulses (picosecond instead of femtosecond) not
only can improve the spectral resolution but also can in-
crease the ratio of the resonant CARS signal to the non-
resonant background.38 Recently Cheng et al. demon-
strated that polarization CARS microscopy permits high-
sensitivity vibrational imaging by means of efficient
suppression of the nonresonant background from both the
sample scatterers and the solvent.40

There has been a considerable amount of theoretical
work on signal generation in CARS spectroscopy with
various beam geometries.30,41–45 In all these studies a
homogeneous bulk sample was considered. However, the
situation of CARS microscopy is different in several as-
pects. First, one uses tightly focused beams for which
the paraxial approximation breaks down. Second, the
sample composed of the objects to be imaged and of the
surrounding solvent medium is heterogeneous. It is
therefore desirable to investigate the signal generation of
CARS from a three-dimensional sample with tightly fo-
cused beams to be able to understand the distinctive fea-
tures of CARS imaging. Potma et al. calculated the
forward-detected CARS signal with tightly focused laser
beams.27 However, those authors dealt only with a thick
slab sample, which provides inadequate information for
understanding the imaging properties of CARS micros-
copy. Recently we investigated the forward-to-backward
scattering ratio of CARS signals as a coherent addition of
the radiation from an ensemble of Hertzian dipoles in-
duced by pump and Stokes beams.39

For the research reported here we used the Green’s
function method to calculate the CARS signal from an ar-
bitrary sample generated with tightly focused Gaussian
beams. We present the results of our systematic investi-
gation of various experimental configurations with col-
linearly copropagating and counterpropagating incident
beams, forward and backward signal collection, and
polarization-sensitive detection. This paper is organized
as follows: In Section 2 we present a theoretical descrip-
tion of the tightly focused incident fields and of signal
generation and detection in CARS microscopy. In Sec-
tion 3 we discuss the numerical results. In Section 4 we
present the experimental implementations of CARS mi-
croscopy. Finally, we summarize our results in Section 5.

2. THEORETICAL MODELING
A. Description of the Tightly Focused Incident Fields
The focusing of a Gaussian beam is usually described
within the paraxial approximation, which is valid only
with NA/n less than 0.5, where NA is the numerical ap-
erture and n is the refractive index of the medium.46 In
CARS microscopy the pump and Stokes beams are fo-
cused into a sample by an objective lens with a high NA.
The description by the angular spectrum representation
of a tightly focused field was given by Richards and Wolf47

and was used in the research reported here. A compari-
son with the calculation under the paraxial approxima-
tion is given in Appendix A.

In CARS microscopy, pulsed beams are used to increase
the signal. Because the pulse spatial width (0.3 mm for a
1-ps pulse) is much longer than the focal length, the time-
dependent field envelope can be neglected and the pump
(Ep) and the Stokes (Es) fields can be written as

Ep~r, t ! 5 Ep~r !exp~2ivpt ! 1 c.c., (1)

Es~r, t ! 5 Es~r !exp~2ivst ! 1 c.c. (2)

We assume that both the pump and the Stokes fields are
linearly polarized along the x axis and that they propa-
gate along the z axis. The two beams are spatially and
temporally overlapped and then focused into a medium by
a lens with focal length f, as depicted in Fig. 1. The in-
cident angle, denoted a, has a maximum, amax , that is re-
lated to the NA of the lens by amax 5 sin21(NA/n). We
assume that the incident fields have a fundamental
Gaussian profile with a beam waist w0 before the lens.
The incident fields assume the following form:
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Ej
inc~a! 5 Ej0 exp~2f 2 sin2 a/w0

2!, (3)

where j 5 p, s for the pump and the Stokes fields, respec-
tively. The focal field is given in cylindrical coordinates
by47,48

Ej~r, w, z ! 5
ikjf exp~2ikjf !

2 F I00 1 I02 cos 2w
I02 sin 2w

2i2I01 cos w
G , (4)

with r 5 Ax2 1 y2. The first, second, and third rows of
the vector in Eq. (4) denote the x, y, and z polarization
components, respectively. I0m is given by

I0m 5 E
0

amax

Ej
inc~a!sin aAcos agm~a!Jm~kjr sin a!

3 exp~kz cos a!da, (5)

where gm(a) equals (1 1 cos a), sin a, and (1 2 cos a) for
m 5 0, 1, 2, respectively. Jm (m 5 0, 1, 2) is the Bessel
function. kj 5 2njp/l j is the wave-vector amplitude,
where l j is the laser wavelength. Equations (1)–(3) are
also valid for a beam propagating along the 2z direction
with kj 5 22njp/l j . Equation (4) shows that the y- and
z-polarized components result from tight focusing. For a
fundamental Gaussian beam under the tight-focusing
(NA 5 1.4) condition, maxuEyu2/maxuExu2 5 0.003 and
maxuEzu2/maxuExu2 5 0.12 in the z 5 0 plane. Moreover,
the y- and z-polarized fields are zero at the center of the
focus. The contributions of y and z components to the de-
tected CARS signal are small and are neglected in the fol-
lowing calculations.49

Because of the small excitation volume under the
high-NA condition, the spectral dispersion of the refrac-
tive index of the sample induces little wave-vector mis-
match in the collinear beam geometry.27,30 We can there-
fore safely neglect index dispersion in calculating the
CARS signal. In our modeling we assume no index mis-
match between a scatterer and its surrounding medium,
and the third-order susceptibilities of the scatterer and

Fig. 1. (a) Illustration of the tight focusing of the incident
Gaussian beams and the CARS radiation from a spherical
sample with the definitions of the parameters used in the calcu-
lation. (b) Illustration of the polarization vectors for the excita-
tion beams and the induced nonlinear polarization.
the surrounding medium are assumed to be different.
Under this assumption the tightly focused fields de-
scribed by Eqs. (3)–(5) can be used. The description of
the focal field near an index-mismatched planar interface
can be found elsewhere.48,50,51 The calculation of CARS
from an index-mismatched interface is feasible but highly
complicated. Our model based on the above assumptions
captures the essential picture of signal generation in
CARS microscopy.

B. CARS Signal Generation and Detection
CARS microscopy deals with Raman scatterers of arbi-
trary shape and size. The generation and propagation of
the CARS field are governed by the wave equation. The
solution to the wave equation of a point source can be ob-
tained by use of Green’s function. The signal from a
three-dimensional sample is then a linear superposition
of the field from each point source inside the sample. In
what follows, we begin our formulation with a general
form of the wave equation. Gaussian units are used
throughout.

The signal field induced by nonlinear polarization in a
homogeneous and isotropic medium is governed by the
following vector wave equation52,53:

¹ 3 ¹ 3 E~r, t ! 1
n2

c2

]E~r, t !

]t2 5 2
4p

c2

]2PNL~r, t !

]t2 .

(6)

Here PNL(r, t) is the nonlinear polarization, n is the re-
fractive index of the medium for the signal field, and c is
the vacuum velocity of light. Equation (6) assumes no
absorption of the signal field in the medium. The third-
order polarization and the generated CARS field at the
anti-Stokes frequency of vas 5 2vp 2 vs can be written
as

PNL~r, t ! 5 P~3 !~r!exp~2ivast ! 1 c.c., (7)

E~r, t ! 5 Eas~r!exp~2ivast ! 1 c.c. (8)

Substituting Eqs. (7) and (8) into Eq. (6) and defining kas
as nvas /c, we obtain the wave equation for the CARS
field under the slowly varying amplitude approximation:

¹ 3 ¹ 3 Eas~r! 2 kas
2 Eas~r! 5

4pvas
2

c2 P~3 !~r!. (9)

By using ¹ 3 ¹ 3 Eas(r) 5 2¹2Eas(r) 1 ¹¹ • Eas(r)
and ¹ • Eas(r) 5 24p¹ • P(3)(r)/« with « 5 n2, we can
recast Eq. (9) as

¹2Eas~r! 1 kas
2 Eas~r! 5 2

4pvas
2

c2 S Î 1
¹¹

kas
2 D • P~3 !~r!,

(10)

where Î is a 3 3 3 unit matrix. The exterior CARS field
can be expressed in terms of the scalar Green’s function
by54

Eas~R! 5 2
4pvas

2

c2 E
V

dVS Î 1
¹¹

kas
2 D G~R 2 r! • P~3 !~r!.

(11)
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Here R(R, Q, F) denotes the detection position (see Fig.
1) and V is the volume of the sample. The scalar Green’s
function for the CARS field is

G~R 2 r! 5 exp~ikasuR 2 ru!/4puR 2 ru. (12)

In the far field, uRu @ uru, uR 2 ru can be approximated as
uRu 2 R • r/uRu. The spherical components of the CARS
field can be written as55

Eas~R! 5 2
vas

2

c2

exp~ikasuRu!

uRu E
V

dV expS 2ikasR • r

uRu D
3 F 0 0 0

cos Q cos F cos Q sin F 2sin Q

2sin F cos F 0
G

3FPx
~3 !~r!

Py
~3 !~r!

Pz
~3 !~r!

G îR

îQ

îF

, (13)

Here îR , îQ , and îF denote the spherical components of
the CARS field. Equation (13) describes the CARS signal
from a sample with arbitrary size and shape. It is evi-
dent that the far-field CARS signal is a transverse field.

The CARS signal can be collected parfocally in the for-
ward direction by use of a second lens or in the backward
direction by the same objective lens. The collected CARS
radiation power can be calculated by integration of the
field intensity, (nasc/8p)uEas(R)u2, over the cone angle of
the objective lens:

pCARS 5
nasc

8p
E

Q1

Q2

dQ E
0

2p

dFuEas~R!u2R2 sin Q.

(14)

The integration range of @Q1 , Q2# in Eq. (14) is @0, bmax#
for forward detection, where bmax is the cone angle of the
collecting lens, and @p 2 amax , p# for backward detection.
Equations (13) and (14) permit the calculation of the de-
tected CARS signal as a coherent addition of the radiation
field from the scatterer and that from the solvent. The
model described above is generally applicable to any non-
linear coherent microscopy.

Assuming that both the pump and the Stokes fields are
polarized along the x axis, the induced polarization,
P(3)(r), in Eqs. (9)–(11) has the following form:

P~3 !~r! 5 3x1111
~3 ! ~vas , r!Ep

2~r!Es* ~r! î x . (15)

Unit vector î x in Eq. (15) indicates that P(3)(r) is polar-
ized along the x axis. The CARS field is then determined
by the first column of the matrix in Eq. (13). Pump field
Ep(r) and Stokes field Es(r) are described by Eq.
(4). x1111

(3) (vas) is a component of the third-order suscep-
tibility tensor. Away from one-photon electronic reso-
nance, x1111

(3) (vas) can be obtained from perturbation
theory56:
x1111
~3 ! ~vas! 5 hNR 1

At

v t 2 2vp 2 iG t

1
At

v t 2 ~vp 1 vs! 2 iG t

1
At

v t 2 2vs 2 iG i

1 (
R

F AR

vR 2 ~vp 2 vs! 2 iGR
G . (16)

Here t denotes two-photon electronic transitions and R
denotes Raman transitions. Aj , v j , and G j ( j 5 t, R)
represent strength, frequency, and half-width, respec-
tively. The quantity hNR represents the nonresonant
electronic contributions. Using near-IR excitation pulses
can prevent two-photon resonance, and the first four
terms in Eq. (16) can be combined into a real number, de-
noted x (3)NR.

C. Polarization-Sensitive Detection
The induced polarization in Eq. (15) contains a vibra-
tionally resonant (PR) and a nonresonant (PNR) part,
both polarized along the same direction. A general way
to suppress the nonresonant background is to utilize the
polarization difference between the electronic and the Ra-
man contributions, which can be introduced by use of a
pump beam and a Stokes beam of different polarization
directions.34–37 As shown in Fig. 1(b), the pump beam is
linearly polarized along the x axis and the Stokes beam is
linearly polarized along an angle f from the x axis. The
x and y components of PNR can be written as

Px
NR 5 3x1111

~3 !NREp
2 Es* cos f,

Py
NR 5 3x1221

~3 !NREp
2 Es* sin f. (17)

The x and y components of the resonant part can be writ-
ten in a similar way:

Px
R 5 3x1111

~3 !REp
2 Es* cos f, Py

R 5 3x1221
~3 !REp

2 Es* sin f.
(18)

Away from electronic resonance, the nonresonant part is
linearly polarized with angle u with respect to the x axis
[Fig. 1(b)]:

PNR
~3 !~r! 5 3x1111

~3 !NR~vas!Ep
2~r!Es* ~r!cos f/cos f, (19)

where angle u is related to f by tan u 5 rNR tan f. rNR

5 x1221
(3)NR/x1111

(3)NR is the depolarization ratio for the non-
resonant third-order polarization and is equal to 1/3, fol-
lowing Kleinman’s symmetry.57

The nonresonant part can be suppressed by use of
polarization-sensitive detection, for which an analyzer po-
larizer is placed before the detector to cross the linearly
polarized nonresonant signal. The resonant part of the
third-order polarization that can be detected through the
analyzer has the following form37:

P'
~3 !~r! 5 3x1111

~3 !R~vas!Ep
2~r!Es* ~r!cos f sin u~1 2 rR /rNR!.

(20)
Here rR 5 x1221

(3)R/x1111
(3)R is the depolarization ratio for the

resonant third-order polarization and is equal to the
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spontaneous Raman depolarization ratio of the corre-
sponding band.58 The value of rR is dependent on the
symmetry of the vibrational mode and is in the range of
0–0.75. Equation (20) indicates that the forward-
detected polarization CARS intensity depends on the ra-
tio between rR and rNR . When rR 5 1/3, no resonant
signal can be detected. For an anisotropic vibrational
mode (rR 5 0.75), the resonant CARS signal with
polarization-sensitive detection is 8% of the resonant sig-
nal with parallel-polarized excitation beams.

Assuming that the extinction ratio (measured as the
ratio of the maximum to the minimum signals by rotation
of the analyzer) is r for the nonresonant signal, the vibra-
tional contrast with polarization-sensitive detection is

P'
2/~PNR

2 /r ! 5 r@x1111
~3 !R/x1111

~3 !NR#2~1 2 rR /rNR!2 sin2 u cos2 u.
(21)

It can be seen that the vibrational contrast is maximized
with u 5 45°. The optimal value for angle f is then
71.6° according to the relation tan f 5 3 tan u. According
to Eq. (21) the signal-to-background ratio (vibrational
contrast) can be enhanced by r(1 2 rR /rNR)2/4 times that
with parallel-polarized pump and Stokes beams.

With suppression of the nonresonant background the
relative concentration of a specific vibrational oscillator or
species can be obtained from the square-rooted image in-
tensity. It should be noted that the linear relation be-
tween the concentration and the square-rooted image in-
tensity holds only for a homogeneous sample. The
dependence of CARS signals on the shape and orientation
of a scatterer at focus (see Subsection 3.B below) may dis-
tort the linear relationship.

3. NUMERICAL RESULTS AND DISCUSSION
In the following calculation we assume that the waist of
the incident beam matches the back aperture of the objec-
tive lens (i.e., w0 5 f sin amax ; see Fig. 1). The refractive
index is set to be 1.5. The NA of the objective lenses is
assumed to be 1.4, except for the case presented in Sub-
section 3.D below in which we study the NA dependence
of the CARS signal. We also assume that lp 5 0.9ls
5 1.1las . For example, if the pump wavelength is 750.0
nm, the CARS wavelength is 681.8 nm and the Raman
shift is 1467.0 cm21.

A. Tightly Focused Excitation Fields
For a beam propagating along the 1z axis the intensity
distribution near the focus is as shown in Fig. 2(a). The
lateral intensity profile at z 5 0 and the longitudinal pro-
file at x 5 y 5 0 exhibit a FWHM of 0.4l and 1.0l, re-
spectively. Figure 2(b) shows the axial phase shift of the
focal field. The plane-wave part @exp(ikz)# is subtracted.
A negative phase transition along the z axis can be seen.
This is known as the Gouy phase shift.46

It is interesting to discuss the effect of the Gouy phase
shift on CARS microscopy. With the tightly focused laser
beams, the phase-matching condition for CARS can be ap-
proximately revised as ukaS 2 (2kp 2 ks)ul 2 Dfg ! p.
Dfg 5 2fp 2 fs is the phase mismatch induced by the
Gouy phase shift of the pump beam (fp) and that of the
Stokes beam (fs) within the interaction length of l. Un-
der the tight-focusing condition the phase mismatch be-
cause of the dispersion of refractive index becomes negli-
gible for forward scattering, ukas 2 (2kp 2 ks)ul ' 0.
The Gouy phase shift is 2p in the region from z 5 2l to
z 5 l [Fig. 2(b)], however, where most of the signal is
generated. Consequently the wave-vector mismatch
caused by the Gouy phase shift is 2p/2lp 2 p/2ls . This
value corresponds to a coherence length of 2lslp /(2ls
2 lp), which is comparable with the axial length of the
excitation volume. Therefore a large CARS signal can be
obtained from a bulk sample in the forward direction. In
contrast, third-order harmonic generation from a bulk
medium is canceled under the tight-focusing condition be-
cause of a large wave-vector mismatch (3p/2l) associated
with the Gouy phase shift.52

B. CARS Radiation Pattern
The radiation pattern of CARS is a consequence of the co-
herent summation of the radiation from an ensemble of
coherently induced Hertzian dipoles. The angular distri-
bution of CARS signals under the tight-focusing condition
is calculated with Eq. (13). We consider a copropagating
beam geometry, i.e., both the pump and Stokes beams
propagate along the 1z axis. We set R as a constant, and
the signal is integrated over the angle F. Figure 3(a)
shows the radiation pattern of the CARS signal from
spherical scatterers centered at the focus. When diam-
eter D of the scatterer is much smaller than the pump
wavelength, the phase-matching condition is satisfied in

Fig. 2. (a) Intensity distribution on a log scale and (b) axial
phase shift of the focal field of a Gaussian beam focused by an
objective lens of NA 5 1.4.
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all directions of kas . Therefore the CARS radiation pat-
tern is symmetric in both the forward and the backward
directions, identical to that of a Hertzian dipole. With in-
creasing sample size, the CARS radiation is confined in a
small cone angle in the forward direction. The signal
from the sample with diameter 3.0lp resembles the CARS
generation from a bulk medium. Figure 3(a) indicates
that the CARS signal from a large scatterer can be effi-
ciently collected with a lens of low NA, whereas collection
of the CARS signal from subwavelength samples needs a
high-NA lens.59

The radiation pattern depends not only on the sample
size but also on the sample shape. Figure 3(b) shows the
radiation pattern of CARS from a rod sample with diam-
eter 0.2lp and length 2.0lp along the axial direction, a
spherical sample with diameter 0.78lp , and a disk
sample with diameter 0.89lp and thickness 0.1lp . Al-
though the three samples have the same volume, their
CARS radiation patterns and intensities are quite differ-
ent. The thin disk sample has a sharp paraxial radiation
pattern in both forward and backward directions,
whereas the greatest part of the signal from the rod-
shaped sample goes forward with a large cone angle than
the spherical scatterer. The shape dependence of the sig-
nal intensity and the radiation pattern can be used to
monitor the tumbling motions or conformation changes of
macromolecules with CARS microscopy.

Fig. 3. (a) Far-field CARS radiation pattern from spherical scat-
terers centered at the focus with different diameters. (b) Far-
field CARS radiation pattern from scatterers centered at focus
with the same volume but different shapes (rod, sphere, and
disk). The rod has a diameter of 0.2 lp and an axial length of
2.0 lp . The sphere has a diameter of 0.78 lp . The disk has a
diameter of 0.89 lp and a thickness of 0.1 lp . Shown in paren-
theses are the intensity ratios between samples of different sizes
and different shapes. The radiation field is polarized along the x
axis. The signals were calculated with the assumption of tightly
focused (NA 5 1.4) incident beams copropagating along the 1z
axis and polarized along the x axis.
C. Forward- and Backward-Detected Signals
The forward- (1z) and backward- (2z) detected CARS
signals are calculated from Eq. (14). First we consider a
copropagating beam geometry. Figure 4(a) displays the
CARS signal as a function of diameter D of a spherical
sample centered at the focus. The forward-detected sig-
nal first grows rapidly with the increasing diameter and
then becomes saturated when the diameter is larger than
1.0lp . The backward-detected (or epidetected) signal ex-
hibits several interesting features. It has the same am-
plitude as the forward signal when scatterer diameter D
is much smaller than lp . The first maximum is reached
when diameter D equals 0.3lp . The oscillating behavior
with increasing diameter results from the interference ef-
fect associated with the large wave-vector mismatch in
the backward direction. After the second maximum, the
backward signal gradually decreases with increasing di-
ameter. For a D 5 8.0lp scatterer the backward signal
is 105 times smaller than the corresponding forward sig-
nal. Therefore the epidetection geometry provides a way
to image small features embedded in a nonlinear
medium,38,39 which is difficult to do in the forward direc-
tion because of the presence of a large forward signal from
the surrounding solvent. The epidetected signal from a

Fig. 4. (a) Forward- and backward-detected signals as a func-
tion of the diameter of a spherical sample in a copropagating
beam geometry. (b) The same as in (a) but for a hemispherical
sample located in the z . 0 region. (c) Forward- and backward-
detected signals as a function of the diameter of a spherical
sample in a counterpropagating beam geometry.
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scatterer with xsca
(3) embedded in a nonlinear medium with

xsol
(3) exhibits the same behavior but with an effective

sample susceptibility of xsca
(3) 2 xsol

(3) . The signal genera-
tion from a small scatterer provides the first contrast
mechanism for epidetected CARS microscopy.

Figure 4(b) displays the CARS signal from a hemi-
sphere located in the z . 0 region with its center at the
focus. The forward-detected signal displays the same be-
havior as that for a spherical sample. The maximum of
the epidetected signal appears when D equals 0.5lp . It
can be seen that the epidetected signal from the boundary
of such a semi-infinite sample is ;1.2% of the forward-
detected signal. However, our calculation shows that the
CARS signal from an interface parallel with the optical
axis goes forward and the radiation power is maximized
along the optical axis. The signal generation at an inter-
face perpendicular to the optical axis provides the second
contrast mechanism for epidetected CARS microscopy.

It should be mentioned that the epidetected CARS at
an interface can also arise from a mismatch of the refrac-
tive index @Re x(1)#. Backward reflection of the forward-
going CARS at an index-mismatched interface gives the
third contrast mechanism for an epidetected CARS im-
age. In practice, if the excitation beams are not focused
on the interface, the backreflected signal is defocused on
the detector and can be minimized by the use of confocal
detection. For small scatterers, the backreflected signal
is negligible compared to the episcattering signal from the
scatterer.

One way to avoid a backreflected signal at an interface
is to use a counterpropagating beam geometry. We as-
sume that the pump and Stokes beams propagate along
the 1z and 2z directions, respectively. As shown in Fig.
4(c), both the forward- (1z) and the backward- (2z) de-
tected signals evolve with the sample diameter in a simi-
lar way as the epidetected signal in the copropagating ge-
ometry, whereas the forward signal is much higher than
the backward signal. In addition, the maximum of the
forward-detected signal in the counterpropagating geom-
etry is approximately twice that of the epidetected signal
in the copropagating geometry. The counterpropagating
beam geometry provides another way to image small fea-
tures and thin films embedded in a nonlinear medium by
significantly reducing the CARS signal from the bulk me-
dium. It should be noted that CARS signals can also be
generated at the interface of two media with different val-
ues of x (3) for the counterpropagating geometry.

D. Dependence of the CARS Signal on Numerical
Aperture
We assume that the focusing and the collection lenses
have the same NA. Figure 5 depicts the forward-
detected CARS signal from a spherical sample as a func-
tion of diameter D under different NA conditions. It can
be seen that the use of a higher-NA objective lens confines
the signal generation to a smaller volume and thus im-
proves the spatial resolution. With the same average
laser power, the CARS intensity from a subwavelength
(D , lP) scatterer can be significantly enhanced by a
higher-NA objective. For a bulk sample the signal is
slightly higher when a lower-NA objective is used.
E. Coherent Image Formation and Spatial Resolution
CARS microscopy is a coherent imaging method. The im-
age intensity is a squared modulus of the coherently su-
perimposed radiation fields from different parts of the
sample. Consequently the image profile is no longer the
convolution of the objects with the intensity point-spread
function of the excitation fields as in the case of fluores-
cence microscopy.

To understand the coherent nature of CARS imaging,
we first consider a model system that contains a spherical
Raman scatterer embedded in a nonlinear medium. We
assume that the solvent has only a nonresonant contribu-
tion, xsol

(3) 5 xsol
(3)NR , while the scatterer has both resonant

and nonresonant components, xsca
(3) 5 xsca

(3)R 1 xsca
(3)NR .

The nonresonant susceptibilities, xsca
(3)NR and xsol

(3)NR , are
frequency independent, whereas xsca

(3)R is described by the
last term in Eq. (16). In the calculation we choose 2GR

5 9.2 cm21 and AR /xsca
(3)NR 5 2.0 cm21 based on the

CARS spectrum of the vR 5 1600 cm21 band of polysty-
rene (see Fig. 8 below) and xsol

(3)NR/xsca
(3)NR 5 0.6. We as-

sume that the pump and the Stokes beams propagate
along the 1z direction and that the signal is detected in
the forward direction. The pump wavelength is assumed
to be 750 nm. The image intensity at each pixel was cal-
culated by an integration of the CARS radiation field over
a spherical volume with diameter 6.0lp and centered at
the focus.

The lateral CARS intensity profiles along the x axis of a
1-mm scatterer are calculated with Eqs. (13) and (14) and
are shown in Fig. 6(a) as a function of the detuning (vp
2 vs) 2 vR . It is interesting that the image contrast be-
comes much lower when vp 2 vs is positively detuned
from the vibrational frequency by several wave numbers.
This occurs as a result of destructive interference be-
tween the resonant signal from the scatterer and the non-
resonant signal from the solvent and the scatterer, which
is consistent with the characteristic dip in a CARS
spectrum31 [see Fig. 8(a) below, for example]. The high-
est image contrast is obtained with a small negative de-
tuning, in accordance with the redshift of the CARS peak
from the central frequency of the spontaneous Raman
band. When vp 2 vs is tuned away from any Raman
resonance, the contrast is still present as a result of the
different nonresonant susceptibilities of the scatterer and
the solvent. However, these effects can be circumvented
with polarization-sensitive detection that suppresses the
nonresonant background from both the scatterer and the
solvent.

Fig. 5. Forward-detected CARS signals as a function of diam-
eter D of a spherical scatterer calculated with copropagating
pump and Stokes beams and objective lenses with different NAs.
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Next we consider two adjacent spherical samples with
diameter 0.2lp . For simplicity we assume that there is
no background signal from the solvent. Figure 6(b)
shows the lateral CARS intensity profile for the two scat-
terers located in the focal plane at different separation
distances. The two scatterers are clearly resolvable
when they are separated by 0.5lp . The FWHM of 0.25lp
for each peak is below the diffraction limit of 0.61lp /NA,
owing to the nonlinear and coherent properties of CARS.
It is interesting to note the intensity modulation in the
profile that results from the interference between the sig-
nals of the two scatterers. At distance 0.3lp the coherent
superposition of the CARS signal causes the appearance
of a third peak in the middle of the two peaks for each
scatterer. Finally, the two scatterers cannot be resolved
at all when they touch each other. In this case, only one
peak shows up with a stronger intensity. Similar results
are obtained in the axial direction, as shown in Fig. 6(c).
However, the coherent addition in the axial direction
leads to an asymmetric intensity profile when the two
scatterers approach each other.

Figures 6(b) and 6(c) allow us to evaluate the spatial
resolution of CARS microscopy in terms of its capability

Fig. 6. (a) Lateral image intensity profile as a function of the
detuning from the vibrational resonance frequency, (vp 2 vs)
2 vR , for a 1-mm spherical scatterer embedded in a nonlinear
medium. (b), (c) Lateral and axial intensity profiles of two iden-
tical spherical scatterers with diameter 0.2 lp and separated by a
distance d along the x and the z axes, respectively.
for resolving adjacent Raman-active scatterers. It can be
seen that a lateral resolution of 0.5lp and a depth resolu-
tion of 1.0lp can be achieved in CARS microscopy with ob-
jective lenses of 1.4 NA. Figures 6(b) and 6(c), however,
imply that the coherent property of CARS can scramble
the spatial resolution to some extent.

4. EXPERIMENTAL IMPLEMENTATION
A. Instrumentation
We implemented CARS microscopy by using four different
configurations: (a) forward-detected CARS (F-CARS)
with parallel-polarized pump and Stokes beams, (b)
forward-detected polarization CARS (P-CARS), (c) epide-
tected CARS (E-CARS) with parallel-polarized pump and
Stokes beams, and (d) counterpropagating CARS (C-
CARS) with parallel-polarized pump and Stokes beams
and detection in the pump beam propagation direction.
Schematics of these configurations are shown in Fig. 7.

We obtained CARS images by raster scanning the
sample with respect to the fixed laser beams, using a
three-dimensional scanning stage (Physik Instrumente,
Germany) on an inverted microscope (TE300, Nikon).
The filtered CARS signal was detected with an avalanche
photodiode (Perkin-Elmer, Canada). The detection area
was ;170 mm 3 170 mm. No confocal pinholes were
used for epidetection. The F-CARS, E-CARS, and
P-CARS images were obtained with two synchronized
near-IR picosecond pulse trains at a repetition rate of 80

Fig. 7. Schematic of the configurations for F-CARS, P-CARS,
E-CARS, and C-CARS microscopes. P’s, polarizers; OL’s, objec-
tive lenses; S’s, samples; F’s, filters; HW, half-wave plate; D’s, di-
chroic mirrors.
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MHz (Tsunami, Spectra-Physics).38 The repetition rate
was reduced to several hundred kilohertz by a pair of
Pockels cells (Model 350-160, Conoptics). The CARS sig-
nal could be enhanced m2 times if the repetition rate was
lowered by m times while the same average power was
maintained. The transform-limited pulse width of each
beam was 5 ps (FWHM), corresponding to a spectral
width of 2.9 cm21 (FWHM). The pump wavelength was
tunable from 690 to 840 nm, and the Stokes beam from
770 to 900 nm. The focusing lens was either an NA
5 1.2 water objective lens (Olympus) or an NA 5 1.4 oil

objective lens (Nikon). The collecting lens is an NA
5 1.4 oil objective lens (Nikon). The C-CARS image was

obtained with two identical oil objective lenses (Nikon) on
a regeneratively amplified Ti:sapphire laser system that
pumps an optical parametric amplifier (RegA9000/
OPA9400, Coherent).39 The pump and Stokes beams
were two 110-fs (FWHM) pulse trains, at 800 and 917 nm,
respectively, at a repetition rate of 250 kHz.

B. Characterization
Polystyrene beads embedded in water were used as a
model system. We focused on two weak Raman bands, at
1601 and 1582 cm21. These two bands correspond to the
quadrant stretch of the monosubstituted benzene ring,60

with intensities comparable with those of the protein and
DNA Raman bands in the fingerprint region.

Figure 8(a) shows the F-CARS and spontaneous Raman
spectra of polystyrene in the 1550–1650-cm21 region. A
large nonresonant signal is present in the F-CARS spec-
trum. The redshift of the peaks and the dip at 1608 cm21

result from the interference of the resonant and nonreso-
nant CARS signals.31 Figures 8(b)–8(e) show the
F-CARS images of 1-mm polystyrene beads in water. The
lateral intensity profile across the bead is shown below
each image. A large background signal from water is
present in all the F-CARS images. The dependence of
the image contrast on the detuning is consistent with our
calculation [Fig. 6(a)]. As shown in Fig. 8(b), the highest
image contrast is obtained with small negative detuning,
in agreement with the shift of the CARS band peak to-
ward lower frequency. The image contrast becomes
much lower when vp 2 vs is positively detuned from the
vibrational frequency by several wave numbers [Fig.
8(d)]. This lower image contrast arises from the destruc-
tive interference between the signal from the bead and
that from water and is consistent with the characteristic
dip at 1608 cm21 of the CARS spectrum. When vp
2 vs is tuned away from any Raman resonance [Fig.
8(e)], the contrast is still present owing to the nonreso-
nant contributions of the polystyrene beads.

It is interesting that the F-CARS images in Figs. 8(b)–
8(e) show a weak dip about the beads (see the dip at the
distance of 3.5 mm in the intensity profile). The dip
might be the result of destructive interference between
the CARS field from the scatterer and that from the sur-
rounding solvent. Another reason for the dip might be
the mismatch of the index of refraction between the scat-
terer and the solvent, which distorts the foci of the exci-
tation fields and reduces the forward-detected signal.

High vibrational contrast was obtained by P-CARS mi-
croscopy by efficient suppression of the nonresonant back-
ground from the scatterer and the solvent. For the 1582-
and 1601-cm21 bands of polystyrene the depolarization
ratio was measured with a Raman spectrometer (Jobin-
Yvon–Spec; LabRam) to be 0.71. An extinction ratio of
600 for the nonresonant CARS signal was achieved with
NA 5 1.4 objective lenses. Thus the contrast can be en-
hanced by a factor of 150 according to Eq. (21).

Figure 9(a) shows the P-CARS spectrum of polystyrene.
It is evident that the nonresonant background is effec-
tively suppressed and that the P-CARS peaks coincide
with the spontaneous Raman peaks. Shown below the
spectrum are three P-CARS images, at 1582, 1600, and
1652 cm21, of the same 1-mm polystyrene beads spin
coated onto a coverslip and covered with water. The lat-
eral intensity profile across the bead is shown below each

Fig. 8. (a) F-CARS and spontaneous Raman spectra of a poly-
styrene film spin coated onto a coverslip. The F-CARS spectrum
was taken with an average pump power of 780 mW and an aver-
age Stokes power of 390 mW at a repetition rate of 100 kHz. The
pump frequency was fixed at 13 325 cm21. The Raman spec-
trum was recorded on a Raman spectrometer (Jobin-Yvon–Spec,
LabRam). The F-CARS spectrum (solid curve) was simulated by
Eq. (16). The parameters for the two Raman bands were set as
v1 5 1601 cm21, v2 5 1582 cm21, G1 5 G2 5 3.5 cm21, A2 /A1

5 0.3, and xNR
(3) /A1 5 0.55 cm. The pulse widths of the pump

and the Stokes beams were chosen to be 2.9 cm21. Shown below
the spectra are the F-CARS images of 1-mm polystyrene beads
upon a coverslip and covered with water. The pump and Stokes
powers were 0.6 and 0.3 mW, respectively, at a repetition rate of
400 kHz. The size of each image was 5 mm 3 3 mm, and the ac-
quisition time was 96 s for each image.
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image. Efficient reduction of the nonresonant water sig-
nal results in a signal-to-background ratio of better than
50:1 [Fig. 9(c)], which is much higher than that in the
F-CARS image with parallel-polarized incident beams
(Fig. 8). It should be noted that no P-CARS signal from
the weak Raman band of water near 1620 cm21 was de-
tected. The ratio of the peak intensity with vp 2 vs
5 1600 cm21 [Fig. 9(c)] to that with vp 2 vs
5 1582 cm21 [Fig. 9(b)] is about 2:1, consistent with the
P-CARS spectrum of polystyrene shown above the im-
ages. When vp 2 vs was off resonant (1652 cm21), the
signal shown in Fig. 9(d) was 20 times weaker than that
with vp 2 vs tuned to 1600 cm21. We believe that this
residual contrast results from the birefringence of both
the excitation and the signal fields induced at the nonpla-
nar and index-mismatched interface between polystyrene
beads and water, similar to the contrast mechanism of po-
larization microscopy. This contrast has no spectral se-
lectivity, and one can distinguish it from the vibrational
contrast in a P-CARS image by tuning vp 2 vs away
from the Raman resonance. With vp 2 vs tuned to the
1000-cm21 band, 200-nm polystyrene beads embedded in
gel could be detected with a signal-to-background ratio of
5:1 in our experiment.

High-sensitivity imaging of small features was
achieved with E-CARS microscopy by significant reduc-
tion of the solvent background signal. Figure 10(a)
shows an E-CARS image of three adjacent 200-nm poly-
styrene beads embedded in 2% agarose gel. vp 2 vs was
tuned to the aromatic C—H vibration at 3052 cm21. A
signal-to-background ratio of ;40:1 was obtained. The
source of the background is the dark counts. The back-

Fig. 9. (a) P-CARS spectrum of a polystyrene film taken at an
average pump power of 2 mW and an average Stokes power of 1
mW at a repetition rate of 400 kHz. The pump frequency was
fixed at 13 325 cm21. Shown below the spectrum are P-CARS
images of 1-mm polystyrene beads upon a coverslip and covered
with water. The pump and Stokes powers were 1.2 and 0.6 mW,
respectively, at a repetition rate of 400 kHz. The size of the im-
age was 4 mm 3 4 mm, and the acquisition time was 160 s for
each image.
ward CARS signal from bulk water was undetectable in
our experiment. The epidetected signal from the polysty-
rene beads resulted from a lack of destructive interfer-
ence of the backward CARS because the bead size was
much smaller than the excitation wavelength. As the
pump wavelength used for this image was 710 nm, the
bead diameter of 200 nm was near 0.3lp , where the first
maximum of the E-CARS signal was reached [see Fig.
4(a)].

The lateral intensity profile in Figure 10(a) shows that
the adjacent 0.2-mm beads separated by 0.5 mm can be
clearly resolved, indicating a lateral resolution of better
than 0.5 mm. By moving a water objective lens (NA
5 1.2) with a stepping motor, we obtained the axial
CARS intensity profile of a 200-nm polystyrene bead,
with a FWHM of 750 nm (data not shown). This result
indicates that the axial resolution of CARS microscopy is
;1.0 lp under the tight-focusing condition.

C-CARS microscopy provides another way to image
submicrometer features embedded in a nonlinear medium
with high sensitivity. Figure 10(b) shows a C-CARS im-
age of 500-nm beads upon a cover glass and covered with
water. vp 2 vs was tuned to the Raman band at 1600
cm21. A signal-to-background ratio of ;10:1 was ob-
tained by effective suppression of the background signal
from the surrounding bulk medium. Compared to that in
E-CARS, implementation of the spatial overlap of the two
foci of the pump and Stokes beams is more difficult in
C-CARS microscopy.

C. Live Cell Imaging
Chemical mapping of living cells is one of the major ap-
plications of CARS microscopy. It is useful to compare
the performance of F-CARS, E-CARS, and P-CARS in live
cell imaging. Figure 11 shows the F-CARS, E-CARS, and

Fig. 10. (a) E-CARS image of 0.2-mm beads embedded in 2%
agarose gel; pump frequency, 14 183 cm21. The pump and
Stokes powers were 2.5 and 1.8 mW at an 800-kHz repetition
rate. The image size was 3 mm 3 2 mm, and the acquisition
time was 80 s. (b) C-CARS image of 0.5-mm beads in water.
The pump and Stokes beams were two 110-fs pulse trains at 800
and 917 nm, respectively. The pump and Stokes powers were
100 and 50 mW, respectively, at a repetition rate of 250 kHz.
The image size was 3 mm 3 2 mm, and the acquisition time was
126 s.
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P-CARS images of unstained epithelial cells with vp
2 vs tuned to the fingerprint region of the Raman spec-
tra of biological molecules.

F-CARS necessitates using low excitation power.
However, the F-CARS signals from the cellular compo-
nents are overwhelmed by the large water background, as
can be seen from the intensity profile below the image.

E-CARS greatly improves the image contrast by means
of efficient suppression of the water background.38,39

Epidetection, however, cannot discriminate the nonreso-
nant background from the scatterers. The spectral selec-
tivity of E-CARS microscopy is poor when the nonreso-
nant signal from xsca

(3)NR 2 xsol
(3)NR exceeds the resonant

signal from xsca
(3)R . E-CARS can be used for vibrational

imaging with strong resonant CARS signals, for example,
imaging of live cells based on the C—H stretching vibra-

Fig. 11. (a) F-CARS image of unstained epithelial cells. vp
2 vs was tuned to 1579 cm21, with the pump frequency at
13 330 cm21. The pump and Stokes powers were 0.4 and 0.2
mW at a 400-kHz repetition rate. The image size was 72 mm
3 72 mm, and the acquisition time was 12 min. (b) E-CARS
image of unstained epithelial cells. vp 2 vs was tuned to 1570
cm21, with the pump frequency at 13 333 cm21. The pump and
Stokes powers were 2.0 and 1.0 mW at a 400-kHz repetition rate.
The image size was 75 mm 3 75 mm, and the acquisition time
was 12 min. (c) P-CARS image of an unstained epithelial cell.
vp 2 vs was tuned to 1650 cm21, with the pump frequency at
13 324 cm21. The pump and Stokes powers were 1.8 and 1.0
mW at a 400-kHz repetition rate. The image size was 50 mm
3 30 mm, and the acquisition time was 8 min. Shown below
each image is the intensity profile along the line indicated by the
two arrows.
tion when the resonant signal is much larger than the
nonresonant background because of the high density of
the C—H modes.

P-CARS can suppress the nonresonant background
from both the scatterers and the solvent. Figure 11(c)
shows the distribution of proteins in an epithelial cell
based on the P-CARS contrast of the amide I band.40 De-
tuning vp 2 vs from the amide I band results in faint
contrast, which proves the spectral selectivity. The back-
ground shown in the intensity profile of Fig. 11(c) arises
from leakage of the excitation beams and the residual
nonresonant signal.

5. CONCLUSIONS
In this paper we have presented a systematic theoretical
description and experimental characterization of CARS
microscopy. We have developed a theoretical model of
CARS signal generation from an arbitrary Raman scat-
terer by tightly focused Gaussian beams based on the
Green’s function method. This model is generally appli-
cable to signal generation in any nonlinear coherent mi-
croscopy. Our calculations provide a quantitative de-
scription of the contrast mechanisms and the imaging
properties of CARS microscopy.

CARS imaging is distinctively different from fluores-
cence imaging because of its coherent nature. Coherent
summation of CARS from different parts of the sample
and the interference between resonant and nonresonant
CARS signals determine the image intensity. Our ex-
perimental results demonstrate that collinear CARS mi-
croscopy gives a lateral resolution of better than 0.5 mm
and a depth resolution of 0.75 mm with tightly focused ex-
citation beams.

F-CARS microscopy produces a large signal at low ex-
citation power. However, the resonant F-CARS signal is
often overwhelmed by the nonresonant background from
the scatterers and the solvent. The E-CARS and
C-CARS beam geometries introduce a phase mismatch,
which acts as a size filter that effectively rejects the sig-
nal from the bulk solvent. E-CARS and C-CARS signals
arise from small scatterers or from interfaces of two siz-
able media that have different values of x (3). The
E-CARS signal could be complicated by backreflection of
the forward CARS signal at an interface. C-CARS avoids
the backreflection problem, but its implementation is
more difficult. P-CARS microscopy efficiently reduces
the nonresonant background from both the scatterers and
the solvent. In practice, the scatterers could induce some
birefringence for the excitation field and the signal field
and produce an additional contrast [see Fig. 9(d)] that is
frequency independent and can be distinguished from the
vibrational contrast by tuning of the laser frequency.

The various beam geometries and detection schemes
described in this paper can be applied under different cir-
cumstances. F-CARS is suitable for vibrational imaging
based on certain modes (e.g., C—H stretching vibration)
with a large resonant CARS signal. P-CARS provides a
general method of vibrational imaging with high contrast.
E-CARS permits high-sensitivity imaging of small fea-
tures embedded in a nonlinear medium. Our experimen-
tal implementation has demonstrated the exciting possi-
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bilities of high-sensitivity and noninvasive chemical
mapping of living cells and composite materials by CARS
microscopy.

APPENDIX A
In this appendix we check quantitatively the difference
between the paraxial approximation and the angular
spectrum representation in calculations of nonlinear opti-
cal signal generation. Under the paraxial approxima-
tion, the focus field for a fundamental Gaussian beam at
wavelength l is given by46

E~r, z ! 5 E0

w0

w~z !
expF2

r2

w~z !2G
3 expH iFkz 2 h~z ! 1

kr2

2R~z !
G J , (A1)

where w(z) 5 w0(1 1 z2/z0
2)1/2 is the beam waist, R(z)

5 z(1 1 z0
2/z2)1/2 is the wave-front radius, h(z)

5 arctan(z/z0) is the Gouy phase shift, and z0
5 kw0

2/2 is the Rayleigh range. w0 is calculated as
0.61l/(NAA2 ln 2), where NA 5 1.4. The ratio of
forward- to backward-detected CARS signals for a sphere
centered at the focus calculated with Eq. (A1) and that
with Eq. (4) is shown in Fig. 12. The two curves overlap
for small samples with diameters smaller than 0.75 lp .
However, a large difference shows up for large samples.
As the E-CARS signal from bulk is not detectable in our
experiment, the calculation with an angular spectrum
representation gives a better description of the experi-
mental observation.
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