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Abstract: A new differential imaging technique to obtain contrast
improvement in coherent anti-Stokes Raman scattering (CARS) microscopy
is proposed through a spatial spiral phase modulation in the collected signal
of CARS microscopy. A spiral phase mask makes the CARS signal from the
bulk material to be distributed in a ring centered at the detecting pinhole of a
confocal microscope resulting in a weak detected CARS signal from a bulk
material. When tiny scatters are included in the focal volume of a CARS
setup, the ring-shaped distribution of CARS field is distorted, leading to an
increase in the detected signal through the pinhole. The sensitivity and the
size selectivity of this proposed technique is studied with varying the
particle size, and it is found that this method is to be efficient in edge
detection. Simulation results obtained by finite difference time domain
(FDTD) methods show that the image contrast is enhanced by many times
as it is able to highlight the details of the specimen by suppressing the
CARS signal from a bulk or a uniform material.
©2007 Optical Society of America
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1. Introduction
Coherent anti-Stokes Raman Scattering (CARS) microscopy is increasingly being utilized in
biological imaging due to its strong optical sectioning capability and excellent chemical
selectivity [1-3]. On excitation with a pumping light of frequency ωp and Stokes light of
frequency ωs , the molecules with vibration energy level equal to ωp -ωs are resonantly excited
and radiate CARS signal of frequency ωas =2ωp-ωs. This signal is used for chemical mapping
of the biological sample in CARS microscopy. Due to the coherence properties of the CARS,
the microscopic image detected in the forward direction always suffers from strong
non-resonant background from the solvent water of the bio-samples, which carries no
chemical information of the sample and always overwhelms the signal from small scatters
[4-6]. In an epi-detection mode, the CARS waves emitted from different points in the focal
volume always destructively interfere unless interface or sub-wavelength structures are
present, leading to the CARS image which is free from non-resonant background and shows
strong size selectivity [7-10]. Epi-CARS microscope has proven powerful for high contrast
imaging of cellular membrane and other small organelles. However, the interference effect in
the epi-CARS is prominent only along the direction of the optical axis rather than in the lateral
direction; hence it is not sensitive to the nonlinear coefficient variations in the lateral
dimensions.
Since differentiating different cellular features in the focal plane is always attractive for
bio-imaging, a spiral phase excitation method was proposed to realize differential imaging for
interface highlighting and contrast improvement in CARS microscopy [11, 12]. This method
used higher order Gaussian or Laguerre-Gaussian input modes which are assumed to be
generated from propagating Gaussian beams by using spiral phase modulator. The principle
behind the method is to create a π- phase jump in the exciting lights and there by a π- phase
discontinuity in the CARS field such that the CARS signals from different points in the focal
volume can destructively interference with each other and can result in a very weak intensity.
When materials with different third-order nonlinearities are present, the phase distribution is
distorted and the detected intensity becomes strong. Theoretically, these methods have a
strong ability in highlighting the details of the sample. However, it is not easy to realize for
practical applications. First of all, to obtain higher order Gaussian beams, a spatial phase
modulator is to be used to imprint a spiral shaped phase profile on the exciting beams.
However the spectral distance between the pumping and the Stokes lights, which is
determined by the Raman shift of the target molecule, is always larger than 100nm for
imaging bio-samples, and it is not easy to modulate both the pumping and the Stokes beams
simultaneously with one spatial phase modulator due to its limited spectral response range and
related color dispersion. On the other hand, when a beam such as an LG01 mode is used as an
excitation beam, the intensity at the center is zero and most of the energy is distributed in a
ring in the focal volume. Since the peak intensity of such focal spot is ten times lower than
that of a tight focus, the efficiency of the CARS generation would be seriously reduced.
Further more, when Laguerre-Gaussian beam is used for excitation, the size of the focal spot
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is always two times larger than that of a Gaussian beam. This means that the high image
contrast of Laguerre-Gaussian excitation is obtained at the expense of a decrease in spatial
resolution and CARS generation. Additionally, the high energy of the excitation beam used in
CARS microscopy may damage the fragile liquid crystal of the phase modulator.
We have found that a modification to the CARS detection scheme which is presented in
our earlier paper [12] can resolve the disadvantages mentioned above. In this second paper,
we discuss the background suppression and contrast improvement by modulating the spatial
phase distribution of the excited CARS signal just before it is detected, instead of modulating
the illuminating signal itself as reported earlier. With this kind of scheme the sample is
uniformly illuminated so that it does not lead to a decrease in either the excitation efficiency
or the spatial resolution. In addition, since the CARS signal is only a monochromic light in the
visible range, most of the commonly used spatial phase modulator can be applied for this
scheme. This makes the differential CARS microscopic imaging much more suitable for
practical application. Further more, any possible damage to the phase modulator is also
prevented since the exciting beams are removed from the signal before it is passed through the
phase modulator.
2. Simulation setup
The schematic of the simulation setup is in Fig. 1. The pump beam is assumed to be at a
wavelength of 750 nm and the Stokes beam at 852 nm. The beams are combined together with
a dichroic mirror and focused by an objective with a numerical aperture (NA) of 0.7 to excite
the specimen. The generated CARS signal is collected by a modified confocal system. A
spatial phase modulator with a spiral-phase distribution is placed after the band pass filter to
modulate the CARS signal. The sample medium is assumed to be polystyrene particles in
water and is fixed on a translational stage driven by PZT.
Stokes

y

y1

Filter

x1

x
z

Phase mask
Z1

Pumping

Detector

Pinhole

Dichroic Mirror
Sample stage driven
with PZT

Fig. 1 Simulation setup

3. Finite-Difference Time-Domain (FDTD) method
The generation and propagation of the CARS field in a homogeneous and isotropic medium
are governed by the wave equation [13, 14].

n 2 ∂ E (r, t )
4π ∂ 2 P (3) (r, t )
∇ × ∇ × E( r , t ) + 2
=− 2
∂2t
c
∂ t2
c

(1)

( 3)

where P ( r , t ) is the third-order nonlinear polarization, n is the refractive index of the
medium for the signal field, and c is the velocity of light in vacuum. The third-order
polarization at the anti- Stokes frequency ωas can be written as [4]

Pi ( 3) ( r , ω as , t ) = 3

∑χ

( 3)
ijkl

E Pj ( r , ω p , t ) E kP ( r , ω p , t ) E lS ( r , ω s , t )
*

(2)

jkl
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where

( 3)
is the third-order nonlinear coefficient of a medium. The time-dependant
χijkl

amplitude of pump beam and Stokes beam are represented by

E Pj (r, ω p , t )

，E

P
k

(r , ω p , t )

and E ( r , ω s , t ) . Indices j, k and l show the directions. If the distributions of the excitation
light fields (pump and Stokes beams) and the third-order nonlinear coefficient are known, the
third-order nonlinear polarization at different directions can be determined using Eq. (2), and
then the CARS distribution could be derived by solving Eq. (1).
Theoretically, the generation and propagation of CARS signal of any specimen can be
determined by Eq. (1) and Eq. (2); however, due to the complexity involved in determining
the boundary conditions, it is impossible to explicitly determine the excitation light fields and
the induced nonlinear polarization in most of experimental situations. To resolve this problem,
we propose to use the Finite Difference Time Domain (FDTD) method to simulate the
induced nonlinear polarization and the CARS scattering [15].
In the absence of free electric charge and current source in a medium of interest, the
Maxwell equations can be written as [16].
∂D
⎧
⎪ ∇ × H = ∂t
(3)
⎨
∂B
⎪∇ × E = −
∂t
⎩
where H, D, E, and B stand for magnetic field, electric displacement, electric field, and
magnetic flux density, respectively. In FDTD simulations, Eq. (3) is discretized with standard
staggered grids in temporal and spatial domains. The discretized equations for time dependent
electric fields in the FDTD simulator for 3-D coordinates are as follows [15, 16]:
S*
l

⎧ E nx + 1 (i + 0.5, j, k) = A(m) ⋅ E nx (i + 0.5, j, k) + B(m)[(H nz + 0.5 (i + 0.5, j + 0.5, k) − H nz + 0.5 (i + 0.5, j − 0.5, k) )/Δy
⎪
n + 0.5
n + 0.5
(i + 0.5, j, k − 0.5) )/ Δ z
− (H y
(i + 0.5, j, k + 0.5) − H
⎪
y
n +1
n + 0.5
n
⎪⎪ E y (i, j + 0.5, k) = A(m) ⋅ E x (i, j + 0.5, k) + B(m)[(H x (i, j + 0.5, k + 0.5) − H nx + 0.5 (i, j + 0.5 , k - 0.5) )/Δz
⎨
(4)
n + 0.5
n + 0.5
(i + 0.5, j + 0.5, k) − H
(i - 0.5, j + 0.5, k) )/ Δ x
− (H y
⎪
z
⎪ E nz + 1 (i, j, k + 0.5) = A(m) ⋅ E nx (i, j, k + 0.5) + B(m)[(H ny + 0.5 (i + 0.5, j, k + 0.5) − H ny + 0.5 (i - 0.5, j, k + 0.5) )/Δx
⎪
n + 0.5
n + 0.5
⎪⎩
− (H x
(i, j + 0.5, k + 0.5) − H
(i, j − 0.5, k + 0.5) )/ Δ y
x
where A(m) = [2ε (m) -σ(m)∆t] = [2ε (m) +σ(m)∆t] and B(m) = 2∆t/ [2ε (m) +σ(m)∆t]. ε is
the permittivity of the medium, σ is the conductivity, ∆x and ∆y are the sampling distance in
space and m = (i∆x +j∆y + k∆z). The discretized equations for the magnetic fields in the

FDTD simulator can be written similarly to the electric fields as above. After a number of
leapfrog iterations using Eq. (4), the electromagnetic field will converge to a stable value
determined by the related boundary conditions. Based on this leapfrog approach in
time-domain, FDTD simulator will determine not only the steady state parameters (e.g.,
intensity distribution of light fields, phase and polarization of the localized fields), but also the
temporal evolution of these parameters. The FDTD method is utilized to determine the local
excitation light field surrounding the scatterers. Knowing the value of the non-linear
coefficient, the induced nonlinear polarization can be calculated from Eq. (2). Finally, the
scattering pattern of the CARS signals is calculated from the FDTD representation of Eq. (1)
by considering the induced nonlinear polarization as an additional radiation source for CARS
generation.
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4. CARS generation and detection
The coherent transfer function or the complex amplitude of CARS signal in the focal plane (x;
y; z) at the detector shown in the set up (Fig. 1) is given by [17]
(5)
u ( x 1 , y 1 ) = ∫∫ P ( 3 ) ( x , y , ω as ) g ( x 1 − x , y 1 − y ) dxdy
The intensity of the signal at the detector is

I Det =

δx

δy

∫ ∫ ∫∫

2

P ( 3 ) ( x , y , ω as ) g ( x1 − x , y 1 − y ) d x d y d x 1 d y 1

(6)

− δx − δy

δx and δy are the sizes of the detector pinhole in x and y directions. P (3) (x, y, ωas) is the
induced nonlinear CARS polarization in the focal plane at (x; y; z) and g(x1; y1) is the
amplitude point spread function of the collecting lens. When a collimated light beam is
normally incident on the phase modulator with a spiral phase distribution of the form exp [ iϕ ]
and focused on the plane (x1; y1; z1), the distribution of the focal field or g(x1; y1) is
remarkably different from that produced by a common lens. ϕ is the polar angle in a plane
transverse to the light propagation direction and it imprints a spiral phase modulation on the
transmitted light. A detailed study on the point spread function is given in the next subsection.
4.1 Point spread functions of excitation and collection
For a better understanding of the merits of the setup in Fig. 1, we should know the point
spread functions of both the illuminating and collecting lens as they basically determine the
distribution of the excitation field and the collection efficiency. Fig. 2(a) and Fig. 2(b) show xand y- components of the focused field and respective phase distribution inside the bulk
sample, water. It is assumed that the incident light is polarized in the x-direction. The intensity
of the x-component is much higher than the y-component. Thus only the x-component is
considered for simplicity. The focal field of the Stokes light also has a similar distribution and
2
is not shown here.
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Fig. 2 Point spread functions (PSF) of the illumination and collection lens and the
corresponding phase (bottom row). Fig. 2(a) and Fig. 2(b) corresponds to the x and y
components of the PSF of the illumination lens and Fig. 2(c) and Fig. 2(d) represents that of
collection lens. The size of each figure is 5 µ mⅹ5 µm

The point spread function and the phase distribution of the collector lens including the
effect of phase mask is shown in Fig. 2(c) and Fig. 2(d). The parameters of the collecting lens
are assumed to be the same as that of the illuminating lens. A Gaussian focal field is used for
illumination of the sample. It is obvious that the intensity of the x-component is almost zero at
the center, and most of its energy is distributed into a ring. The phase distribution is radially
antisymmetric with respect to its center. Such a focal spot with zero intensity at the center is
used for CARS excitation to suppress the background scattering from uniform (isotropic) bulk
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samples [11]. Under such excitation, the CARS signals generated at different points within the
focal volume will cancel out in the forward direction. The peak intensity of the collected
signal is about three times weaker, and the size of the focal spot is at least two times larger in
comparison to the illuminating field. This means that when this kind of focus spot is used for
CARS excitation, the efficiency of signal generation will be reduced by a factor of about 27
and the spatial resolution of the microscopy will be decreased by at least a factor of two. This
is one of the reasons why the present study suggests using a ‘radial staircase’ phase modulator
for CARS signal collection rather than for CARS excitation.
4.2 Background suppression
When tiny particles are included in the focal volume, the distribution of the excitation fields in
Fig. 2(a) would change remarkably by the effects of diffraction, index mismatch, scattering,
and the induced nonlinear polarization. In such cases, the amplitude coherent transfer function
determined by Eq. (5) would change accordingly. For easy comparison, we first study the
generation and detection of CARS signals from a uniform bulk sample, water, with the setup
shown in Fig. 1. The water is isotropic with nonlinear coefficient equal to 0.6. The amplitude
and the phase distributions of the induced nonlinear polarization at the focal plane (x; y; z) are
shown in Fig. 3(a) and Fig. 3(e) respectively, where we can find that both intensity and phase
are centro-symmetric with respect to the optic-axis. The amplitude distribution of the CARS
signal at the detector plane at (x1; y1; z1) is shown in Fig. 3(i). In the case of an isotropic
sample, CARS signal forms a ring at the pinhole of the confocal detection system lying in the
optic axis. As most of the light is blocked by the pinhole, the received CARS signal is very
weak ie the bulk CARS scattering from the uniform sample can be efficiently suppressed by
the proposed technique.
x 10 17
2.0
1.6
1.2
0.8
0.4

(a)

(b)

(c)

(d)
2
0
-2

(e)

(f)

(g)

x 1016
0.8
0.6
0.4
0.2

(i)

(j)

(k)

(m)

Fig. 3 The variation in nonlinear polarization, coherent transfer function and the corresponding
phase modulation for different particle sizes. Fig. 3 (a)-(d) show the nonlinear polarization for
water and particles with diameters 200 nm, 320 nm and 400 nm respectively. Fig. 3 (e)-(h)
show the corresponding phase modulation and Fig. 3 (i)-(m) show the corresponding coherent
transfer function. Phase distribution becomes asymmetric with increase in particle size leading
to increased signal detection through the pinhole. The size of each figure is 5 µ mⅹ5 µ m.
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Amplitude

To study the capability of the system in highlighting the details of the specimen, the
signal generation and detection are studied by including particles of various sizes in the focal
volume. For simplicity, the scatters are assumed to be spherical polystyrene beads with
different diameters, and are assumed to be at a distance of 100 nm from the geometric focal
point. The nonlinear coefficient and the diffraction index of the poly-bead are assumed to be
0.6 (1 + 0.5i) and 1.56, respectively. Fig. 3(b)-(d) show the induced nonlinear polarization at
the focal plane (x; y; z) when spherical scatters with radii of 200 nm, 320 nm, and 400 nm are
separately included in the focal volume. It is evident that the intensity of the induced
polarization increases with size of the particle. The phase distributions of the nonlinear
polarizations are shown in Fig. 3(f)-(h). The phase distribution is not symmetric anymore due
to the effects of scattering, diffraction et al. The corresponding transfer functions are obtained
and are shown in Fig. 3(j)-(m). It is found that a significant amount of energy in the
distribution is still distributed in the ring, though the ring is not a symmetric one for larger
diameter of the particle, and its intensity increases with the size of the diameter. Since the
pinhole on the detector plane is centered on the optics axis, only a part of the energy is
detected. The transverse profiles of the amplitude along the dotted lines in Fig. 3(i)-3(m) are
shown in Fig. 4, which clearly indicates an increase in the detected CARS intensity with the
particle size.
x 10
4.5
4.0
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1.5
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1.0
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0.5
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800 1600
Spatial extension (nm)
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Fig. 4 Transverse profiles of the intensity of coherent transfer function lines in Fig. 3 (i)-(m)
shows an increase in intensity of detection with an increase in particle size

5. Differential imaging and sensitivity
Through the analysis presented in the previous section, it is found that the bulk scattering from
uniform samples such as water can be efficiently suppressed as its coherent transfer function
has a distribution in the form of a ring with minimum intensity around the detection pinhole. It
is also indicated that when particles are included in the focal volume, the intensity of the
coherent transfer function shows an increase in detected signal with the particle size. This
opens up a possibility to highlight the details of the specimen and suppress the bulk scattering.
To verify this expectation, the image of a polystyrene slice in water is simulated. The
polystyrene slice is assumed to be 7 um in length and width, and 0.3 um in thickness. Fig. 5(a)
shows the image from a common CARS microscopy, and line-scan CARS intensity profiles
along horizontal and vertical dotted lines in Fig. 7(a) are displayed in Fig. 5(c) with red lines,
where the dotted and the solid lines represent intensity profiles along the horizontal and the
vertical directions respectively. We can find that the contrast is a little less than 2 in Fig. 5(a);
the image intensity of the polystyrene slice is 9 × 1016 , and the intensity of the water is
about 6.5 × 1016 . Fig. 5(b) is the image obtained from the setup in Fig. 1. The edges of the
polystyrene slice are remarkably highlighted while uniform CARS intensity inside the square
of the polystyrene sample is quite much depressed. Line-scan CARS intensity profiles along
horizontal and vertical dotted lines are also displayed in Fig. 5(c) with blue lines
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corresponding to Fig. 5(b), where the peak intensity of the polystyrene slice edge is
about 3.8 × 1015 , and the background intensity is about1.8 × 1014 , i.e. the contrast of the image
is about 20 in this case.
15

16

3

8
6

2

4

1

Amplitude(a. u.)

x 10

x 10
10

16

x 10

8

4
ⅹ10

0
0

(a)

(b)

5.0
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(c)

Fig. 5. Images obtained (a) without a phase modulation on the CARS signal provides a very
poor edge contrast compared to (b) the image obtained with a phase modulation. The size of
each image is 10 µm ⅹ10 µm. (c) Corresponding line-scan intensity profiles along the crossed
lines in CARS images in (a) and (b). The blue line represents the profile of 5(b).

The proposed method indicates the possibility to highlight the sharp edges of the
specimen by collecting the CARS signal with aperture modulated lens; however, practical
samples include not only sharp edges but also structures of different scales. To understand the
sensitivity of this method to structures of different sizes, the CARS signals are simulated with
tiny scattering particles of various sizes located at the focal spot. The particles are assumed to
be tiny polystyrene disks with thickness of 400 nm and radius varying from 100 nm to 1500
nm. The simulated results are shown in Fig. 6(a). It is evident from the graph (blue line) that
when the size of the particle increases from zero, the signal intensity also increases and
reaches its maximum when the radius is about 400 nm. A sudden decline is observed with
further increase in the radius. This can be explained as follows: when the particle is small
enough, the focal field keeps the symmetric phase distribution almost unchanged due to its
very weak influence and a low intensity is obtained with a symmetric ring pattern centered at
the axis. On the contrary, when the size is so large, it can cover the total focal spot, and the
particle is essentially regarded as a bulk material, then the detected signal becomes weak.
Comparing this result with that obtained in the previously reported spiral phase excitation
method [11, 12], we can find that the peak intensity (green curve) occurs when the radius is
about 600 nm, while that of the blue curve occurs when the radius is about 400 nm. For
practical experiment, this means that the currently proposed method is suitable for visualizing
smaller particles. At the same time, we can also find that the FWHM (full width at half
maximum) of the blue curve is much narrower than that of the green curve. This means a
more powerful size-selectivity for phase modulated collection scheme when compared to the
spiral phase excitation method. Both these two phenomenon can be attributed to size
difference in the focused field shown in Fig. 2. As described above and in Ref [12], while only
particles with scale comparable to the focus can contribute obviously to the detected signal,
the presence of any scattering particles within the focal volume can distort this ring pattern
and can give rise to an increase in the detected signal as long as these particles are smaller
than the size of the focus. Accordingly, when the focus of the common Gaussian beam it is
used as excitation to realize differential CARS imaging, the setup in Fig. 1 is sensitive to
smaller particles and has narrower response range when compared to the using of
Laguerre-Gaussian beam, which has a relatively larger focus spot (see Fig. 2).
The sensitivity of the phase modulated detection is quantitatively compared with the
common F-CARS microscopy (red line) and epi-detection method in Fig. 6(a). The intensity
obtained in F-CARS detection is twenty times stronger than that obtained through phase
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modulated collecting lens; however the intensity does not change remarkably with the size.
This means a very low image contrast in a practical perspective.
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Fig. 6(a) Sensitivity of the CARS signal to the variation of particle size in the lateral direction.
(b) Sensitivity of the CARS signal to the variation of particle size in the axial direction.

It has been proved both theoretically and experimentally that epi-CARS also has strong
size-selectivity. However, it is sensitive only to the structures smaller than the related light
wavelengths and its intensity oscillates with the diameter of the small particle [8]. As
described at the beginning of this paper, this size-selectivity comes from the destructive
interference between the waves emitted from different depths within the sample; in other
words, it is sensitive to the particle size only along the optical axis. The common epi-CARS
signal obtained with different particle size is shown in Fig. 6(a) with the broken line. As the
thickness of the polystyrene slabs is fixed, and only the diameter changes in the lateral
direction, the intensity of the simulated epi-CARS signal monotonously increase with the
transverse diameter and shows no obvious size-selectively. In the case of phase modulated
detection, the size-selectivity originates from the anti-symmetric phase distribution introduced
in the focal plane with a spatial phase modulator. Thus it is only sensitive to the particle size
in the lateral directions. This is the fundamental difference between the epi-detection and the
focus engineering methods.
Fig. 6(b) shows the CARS signals obtained with polystyrene slabs with various thickness
along the axial direction. The transverse diameter of the polystyrene slab is fixed to 400nm,
and only the thickness changes in the direction of the optical axis. The simulated CARS signal
obtained with the modulated collection scheme (blue line) monotonously increase with the
thickness, while the intensity of the common epi-CARS signal (broken line), shows
oscillations with increasing thickness. These results clearly show the difference in the
size-selectivity between the schemes of the commonly used epi-detection and the focus
engineering method suggested here. The red line in Fig. 6(b) is the simulated F-CARS
intensity changing with the sample thickness, which also monotonously increase with the
thickness and is ten times stronger than the signal obtained with spirally modulated collection
scheme. Based on these results, it can be reasonably concluded that the CARS microscopy
with phase modulated collection set up is much suitable and efficient for highlighting the
structures with transverse scale comparable to the size of the focal spot. When the size of the
structure is much larger or smaller than the focal spot in the lateral directions, the sensitivity
of this method decreases.
6. Discussions and Conclusion
CARS generation and phase modulated detection are numerically studied using a rigorous
simulation based on FDTD method. The background signal from a homogenous bulk sample
is completely suppressed by modulating the CARS signal into a ring pattern and using a
confocal detection system. The presence of any scattering particles within the focal volume
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can distort this ring pattern and can give rise to an increase in the detected signal through the
pinhole, thus the fine structure of the sample can be efficiently highlighted. The illumination
can be still Gaussian without any loss in intensity and spatial resolution at the focal point as
the signal is modulated only at the collecting lens. It is also found that this method is much
suitable for highlighting the specimen details with scale comparable to the focal spot of the
system while suppressing the non-resonant background signal. The numerical investigation is
done considering the effects of scattering, near-field waves, index-mismatch, and diffraction.
Spiral phase modulator has been used earlier to realize differential images in common
microscopy, where the non-uniformity of the refractive index and transmittance of the sample
are the main reasons for highlighting the fine structures [18, 19]. However, most of the
samples being examined in CARS microscopy are very thin bio-slice or cultured cell. These
kinds of bio-samples are almost uniformly transparent, and their index is always around 1.35.
Thus it is reasonable for them to be considered as uniform in terms of index and transmittance
within the focal volume, which can be only about tens nanometers in both the lateral and axial
directions. Based on this approximation, the detected differential image is mainly due to the
discontinuity of the nonlinearity χ (3) in the lateral directions, and accordingly the interpretation
of the CARS image in practical experiments becomes easy. Since the strong CARS signal can
be obtained only at positions where the nonlinearity of the sample varies rapidly in the
transverse directions, the brightest area in the detected differential image always indicates an
interface between different organelles, such as plasma membrane, cell wall et al, and the
cytosol and the nucleoplasm will appear to be dark areas on the detected image due to its
uniformity in component. Taking a lipid droplet as an example, it appears to be a bright round
disk on common CARS images; however, it will become a closed bright circle in the
differential image.
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