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Abstract: We employ the finite-difference time-domain (FDTD) technique 

as a numerical approach to studying the effects of scatterers’ sizes on 

near-field coherent anti-Stokes Raman scattering (CARS) microscopy under 

tightly focused radially and linearly polarized light excitations. The FDTD 

results show that in a uniform medium (water), the full width at half 

maximum (FWHM) (transverse resolution) of radially polarized near-field 

CARS (RP-CARS) radiation is approximately 7.7% narrower than that of 

linearly polarized near-field CARS (LP-CARS) imaging, whereas the depth 

of focus (DOF) of RP-CARS radiation is 6.5% longer than LP-CARS. 

However, with the presence of scatterers in the uniform medium, both the 

FHWM and DOF of near-field RP-CARS radiation become much narrower 

compared to those of near-field LP-CARS radiation. In addition, the signal to 

nonresonant background ratio of near-field RP-CARS is significantly 

improved when the scatterer’s size is larger than a half wavelength of the 

pump light field. This work suggests that near-field CARS radiations are 

strongly influenced by the scatterers’ sizes in the medium; and near-field 

RP-CARS microscopy is superior to the near-field LP-CARS by providing 

both higher transverse and axial resolutions for three-dimensional molecular 

imaging of fine structures in biological systems. 

©2010 Optical Society of America 
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1. Introduction 

Coherent anti-Stokes Raman scattering (CARS) microscopy has received much interest for 

imaging tissue and cells owing to its outstanding capabilities of high biochemical selectivity 

and sensitivity, as well as its intrinsic three-dimensional (3-D) optical sectioning ability with 

high spatial and spectral resolutions [1–3]. Most CARS experiments and simulations utilize 

linearly polarized excitation light fields [3–9]. Very recently, radially polarized laser beams 

have attracted increasing attention because of their unique light distribution properties (e.g., a 

very strong longitudinal field component and a tighter focal spot size) in the focal region after 

being tightly focused by a high numerical aperture (NA) objective [10–12]. The unique radial 

focal field distribution thus has potential applications in high-resolution 3-D microscopy 

imaging, such as confocal microscopy [13], second harmonic generation (SHG) [14], third 

harmonic generation (THG) [15], and CARS microscopy [11]. Although the radially polarized 

CARS (RP-CARS) microscopy has been proven to be in favor of revealing longitudinally 

oriented molecules [11], the near-field distributions of RP-CARS radiation compared to 

linearly polarized CARS (LP-CARS) have yet been investigated in details. 

A number of simulation work based on geometric optics and wave optics, as well as the 

vectorial theory have shown that refractive index mismatch and focal-field distribution have 

significant effects on the far-field CARS generation [6,8]. Our recent studies [7,9] on near-field 

CARS microscopy using the finite-difference time-domain (FDTD) method also indicates that 

the excitation field distributions and intensities of near-field CARS signals are substantially 

altered by small scatterers due to index mismatch in the medium. But the generation of 
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near-field CARS signals strongly depends on the polarization direction of the excitation light 

field as shown in our previous results [9]. In the cases of CARS studies on small structures in 

cells or intracellular organelles, if the physical size of targets of interest (e.g., mitochondria, 

membranes) is equivalent to or even smaller than the wavelength of excitation light used, it is 

expected that the evanescent waves generated due to the near-field effects could dominate the 

local light fields within the molecule, and vary with a number of near-field factors such as the 

refractive index mismatch, edge effect, surface roughness, etc [16–18], which will significantly 

affect the CARS signal generations [7,9]. Hence, the near-field effects should be taken into 

account in CARS microscopy particularly on nano-molecular imaging. In this paper, we 

employ the FDTD technique to study the effect of nanoparticles’ sizes on the near-field 

distributions of RP-CARS and LP-CARS radiation under tightly focused radially and linearly 

polarized light excitation, and also compare the spatial resolution (transverse and axial 

resolutions) between the near-field RP-CARS and LP-CARS microscopy. 

2. Methods 

Figure 1 shows the schematic of the RP-CARS or LP-CARS field (ECARS) generation in FDTD 

simulations, in which the radially or linearly polarized pump (Ep) and Stokes (Es) light beams 

are tightly focused onto a spherical nano-scatterer (e.g., polystyrene beads) by passing through 

a high numerical aperture water immersion microscope objective (NA = 1.2). 

 

Fig. 1. Schematic of near-field LP-CARS or RP-CARS field (ECARS) generation under tightly 

focused linearly polarized (e.g., y-polarized) or radially polarized pump (Ep) and Stokes (Es) 

light fields through a high NA objective. LP-CARS, linearly polarized CARS; RP-CARS, 

radially polarized CARS. The calculation volume was divided into cubic cells of λp/40 at each 

step, where λp (750 nm) is the pump beam wavelength, and the wavelength of Stokes beam λs is 

chosen to be 852 nm, and then the generated CARS signal is at 670 nm, representing a resonant 

Raman shift of 1600 cm−1 of mono-substituted benzene rings stretching vibrations in polystyrene 

beads [19]. The refractive indices of the scatterer (polystyrene beads) and surrounding medium 

(water) are assumed to be 1.59 and 1.33, respectively [20]. 

For a tightly focused linearly polarized laser beam, the focal field distribution in cylindrical 

coordinates can be expressed as [21]: 
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where A is a real constant; 2 2
x yρ = + , ϕ  is the azimuthal angle and In is given by 
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medium), and arcsin(NA )nα = . 

The longitudinal electric field component (Ez) and the radial component (Eρ) in the focal 

region of a tightly focused radially polarized Bessel-Gaussian beam can be expressed as [10]: 
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where the parameters are same as in Eqs. (1), (2) except that l(θ) is the pupil function of a 

Bessel-Gaussian beam [10]: 
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where β0 = 3/2 is the ratio of the pupil radius to the beam waist. 

We apply the finite-difference time-domain (FDTD) technique [18] to solve Maxwell’s 

equations directly in time domain through the leap-frogging scheme [7,9] for computing the 

field distributions, e.g., pump field [E(r, ωp)], Stokes field [E(r, ωs)], and CARS field [E(r, 

ωas)] of the tightly focused radially polarized pump and Stokes fields near the focal point of the 

microscope objective by incorporating the Eqs. (1)–(5) into the FDTD program developed [9]. 

Then the induced third-order nonlinear polarization at the anti-Stokes frequency, 

2
as p s

ω ω ω= − , can be calculated by [7,9]: 
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where 
(3)

ijkl
χ  is the third-order nonlinear susceptibility; i, j, k, and l run over x, y, z, respectively. 

3. Results and Discussion 

Figure 2 shows the near-field intensity distributions of RP-CARS (a) and LP-CARS (b) 

generated from pure water in the y-z plane. The intensity profiles along the lateral direction 

[Fig. 2(c)] show that the full width at half maximum (FWHM) of RP-CARS radiation is 272 

nm, which is 7.7% narrower than LP-CARS (FWHM of 293 nm). This indicates the advantage 

of RP-CARS microscopy for providing higher transverse resolution for molecular imaging. The 

above is consistent with our analytical results in RP-CARS imaging [11], showing the 

reliability of our FDTD method for CARS simulation. We also compare the depth of focus 

(DOF) between RP-CARS and LP-CARS radiations [Fig. 2(d)]. RP-CARS radiation at the 

focal region has a 6.5% longer DOF than LP-CARS (DOF of 984 nm). Although the above 

results are calculated in a uniform medium (i.e., water), they will also be valid for other uniform 

bulky media with the scatterers’ sizes being much larger than the focal spot size. 
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Fig. 2. Comparison of near-field CARS intensity distributions in the y-z plane between the 

RP-CARS (z-component) (a) and the LP-CARS (y-component) (b) generated from pure water. 

Comparison of the intensity profiles of RP-CARS and LP-CARS in the lateral (c) and axial (d) 

directions along the corresponding lines indicated in Figs. 2(a) and 2(b). 

Figure 3 shows the near-field intensity distributions of RP-CARS and LP-CARS for the 

scatterers in water with diameters of (a) 0.1λp; (b) 0.25λp; (c) 0.5λp; (d) 0.75λp; and (e) 1.0λp, 

respectively. The first and third panels represent the intensity distributions in the y-z plane for 

RP-CARS and LP-CARS, respectively. The corresponding intensity profiles along the axial 

direction are shown in the second and fourth panels. The maximum intensity of RP-CARS 

radiation increases rapidly with the increased sizes of scatterers, reaching to 120 times of that in 

pure water (second panel of Fig. 3). This is probably due to the reasons that the excitation light 

tends to be more focused onto larger nanoparticles, leading to a stronger light field distributions 

inside larger nanoparticles than those in smaller scatterers [9]. In addition, the conservation of 

the electric displacement D in the polarization (z) direction also leads to an enhanced electric 

field adjacent to the nanoparticle-water interface [22]. The intensity enhancements at both of 

the nanoparticle-water interfaces along z direction for small scatterers (D≤0.5λp) could be 

attributed to the near-field enhancements (e.g., the generation of the non-propagating 

evanescent field [7,9,22], which decreases rapidly with the increased scatterers’ sizes [7,9]. 

Similar phenomena can also be observed in LP-CARS, i.e., enhanced signals at the 

nanoparticle-water interfaces along the polarization (y) direction for small scatterers (D≤0.5λp), 

and the increase of intensity with increased scatterers’ sizes (fourth panel of Fig. 3); however, 

the maximum enhancement factor of LP-CARS intensity is 20, which is only 1/6 of that in 

RP-CARS radiation. These results show that near-field RP-CARS microscopy is more sensitive 

to the nanoparticle-water interface, which could be in favor of revealing the fine structures of 

biological samples. 
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Fig. 3. Near-field intensity distributions of RP-CARS and LP-CARS for scatterers with 

diameters of (a) 0.1λp; (b) 0.25λp; (c) 0.5λp; (d) 0.75λp; and (e) 1.0λp, respectively. The first and 

third panels represent the intensity distributions in the y-z plane for RP-CARS and LP-CARS, 

respectively. The corresponding intensity profiles along the white lines in the first and third 

panels of Fig. 3 are plotted in the second and fourth panels, respectively. 

Figure 4 compares the FWHM and DOF between RP-CARS and LP-CARS radiations in 

water alone, and in water and scatterers with different sizes (D = 0.1λp, 0.25λp, 0.5λp, 0.75, and 

1.0λp). Obviously, the transverse resolution of RP-CARS is much narrower than LP-CARS in 

both situations (i.e., with water alone, and with water and scatterers), giving a minimum value 

of 127 nm (D = 0.25λp), which is 23% narrower than LP-CARS and 47% of that with water 

alone [Fig. 4(a)]. The relatively large FWHM of LP-CARS in Fig. 4(a) with scatterer’s size of 

0.25λp is due to the near-field enhancements at the upper and lower surfaces of the scatterer 

[7,9] [third panel of Fig. 3(b)], which broadens the field distributions along the y-direction. 

Different from FWHM, the DOF of RP-CARS is smaller than LP-CARS only when the 

scatterers exist in the light propagation medium, and the value decreases down to 67 nm (D = 

0.5λp), which is 39% shorter than LP-CARS and 6% only of that with water alone [Fig. 4(b)]. 

These results indicate that the nano-scatterers in medium significantly reduce the focal spot 

volume in both longitudinal and transverse directions in RP-CARS and LP-CARS microscopy. 

However, this narrowing effect of CARS radiation becomes more prominent in RP-CARS 

microscopy, illustrating the advantages of RP-CARS to provide both higher transverse and 

longitudinal resolutions, particularly suited for three-dimensional imaging of fine cellular 

structures in biological systems. 
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Fig. 4. The full width at half maximum (FWHM) (a) and the depth of focus (DOF) (b) of 

RP-CARS and LP-CARS with water alone, and with water and scatterers in different sizes (D = 

0.1λp, 0.25λp, 0.5λp, 0.75, and 1.0λp). Note that the values at zero scatterer’s size means the 

scattering medium is pure water. 

Figure 5 shows the signal to background ratios (SBR) of near-field RP-CARS and 

LP-CARS radiations with different scatterers’ sizes (D = 0.1λp, 0.25λp, 0.5λp, 0.75, and 1.0λp). 

The SBR of RP-CARS increases rapidly with the increased scatterers’ sizes (up to 225 when the 

scatterer is 1.0λp). This is probably due to the fact that RP-CARS radiation tends to be more 

concentrated in the forward direction for larger scatterers [first panel of Figs. 3(c)–3(e)], 

resulting in a sharp and intense peak centered at the water-scatterer interface [second panel of 

Figs. 3(c)–3(e)]. However, the SBR of LP-CARS remains nearly unchanged (fluctuating at 

around 40) with the increased scatterers’ sizes, and this is due to the more diffuse near-field 

distributions of LP-CARS with larger scatterers [third panel of Figs. 3(c)–3(e)]. It is also 

observed that when the scatterer’s size is larger than a half wavelength of the pump light field, 

near-field RP-CARS radiation has a much higher SBR than LP-CARS; whereas the converse is 

valid when the scatterer’s size is smaller than the half wavelength of the pump light field. 

Hence, near-field LP-CARS microscopy provides a better contrast for imaging the smaller 

scatterers (D<0.5λp); while for the larger scatterers, near-field RP-CARS microscopy provides 

much higher contrast of image with higher spatial resolutions. 
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Fig. 5. Comparison of signal to background ratios (SBR) of RP-CARS and LP-CARS versus 

scatterers’ sizes (D = 0.1λp, 0.25λp, 0.5λp, 0.75, and 1.0λp). 

In this work, we applied the advanced numerical technique - finite-difference time-domain 

(FDTD) method to numerically resolve the Maxwell equations without the need of boundary 

conditions for investigating the effects of scaterers’ sizes on near-field RP-CARS and 
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LP-CARS radiations. The simulation results show that near-field CARS radiations are strongly 

influenced by the scatterers in the light propagation medium. With the presence of scatterers in 

water, the SBR of near-field RP-CARS can reach up to 220, which is 4.5 times higher than 

near-field LP-CARS (Fig. 5). The FWHM and DOF of RP-CARS and LP-CARS decrease due 

to the existence of scatterers in the medium, resulting in the reduced focal spot sizes of 127 nm 

and 164 nm in the transverse direction as well a shorter focal length of 67 nm and 110 nm, 

respectively (Fig. 4). Therefore, near-field radially polarized CARS microscopy has a great 

potential of providing higher contrast and higher axial and transverse resolutions in 

three-dimensional imaging of fine cellular structures in biological systems. One notes that the 

near-field distributions and near-field CARS imaging could be directly mapped out by using 

near-field detection schemes, such as near-field scanning optical microscopy (NSOM) [22–24], 

and nonlinear optics (e.g., tip-enhanced CARS microscopy) [17,25], which can realize 

vibrational imaging of nanostructures far beyond the spatial resolution of far-field CARS 

microscopy. 
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