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Abstract 

 

 We have developed a three-pulse non-degenerate multiplex coherent Raman 

microspectroscopic system using a white-light laser source. The fundamental output 

(1064 nm) of a Nd:YAG laser is used for the pump radiation with the white-light laser 

output (1100–1700 nm) for the Stokes radiation to achieve broadband multiplex 

excitations of vibrational coherences. The second harmonic (532 nm) of the same 

Nd:YAG laser is used for the probe radiation. Thanks to the large wavelength difference 

between the pump and probe radiations, coherent anti-Stokes Raman scattering (CARS) 

and coherent Stokes Raman scattering (CSRS) can be detected simultaneously. 

Simultaneous detection of CARS and CSRS enables us to obtain information on the 

electronic resonance effect that affects differently the CARS and CSRS signals. 

Simultaneous analysis of the CARS and CSRS signals provides us the imaginary part of 

c(3) without introducing any arbitrary parameter in the maximum entropy method 

(MEM). 
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Introduction 

Time- and space-resolved molecular information on organs, tissues and cells is vitally 

important for understanding life. Microspectroscopic techniques based on Raman 

spectroscopy provide such information from unlabeled or unstained biological systems 

in a nondestructive and noninvasive fashion [1-11]. Hence, various bio-molecular 

systems have been investigated with the use of Raman microspectroscopy. [12-18] 

Thanks to the recent advances in light source technologies, various coherent Raman 

microspectroscopic techniques have been developed for bio-imaging such as coherent 

anti-Stokes Raman scattering (CARS) microscopy [2,3], stimulated Raman scattering 

(SRS) microscopy [7,8] and optical heterodyne-detected Raman-induced Kerr effect 

(OHD-RIKE) microscopy [9]. These techniques employ a set of two narrow-band laser 

pulses (pump- and Stokes- or ω1- and ω2-lasers) for exciting a particular vibrational 

band, typically a CH stretch band, to perform video-rate vibrational imaging. However, 

these techniques are difficult to apply to vibrational imaging in the fingerprint region, 

where vibrational bands are much more congested and are hard to be resolved from one 

another. In order to overcome this difficulty, broadband multiplex CARS 

microspectroscopy has been developed recently [4,6,10]. CARS microspectroscopy 

using a nanosecond supercontinuum light source (or white-light laser source) provides 

CARS spectra and images from the whole fundamental vibrational bands including CH 
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stretches and fingerprint bands [10, 18]. Broadband multiplex CARS microspectroscopy 

enables us to perform fast, quantitative and multi-vibrational mode imaging of 

biological samples such as living cells and tissues. 

The electronic resonance Raman process enhances Raman intensities. Coherent 

Raman spectroscopy with electronic resonance has been established as a highly 

sensitive method in molecular spectroscopy [19-22]. The signal enhancement by 

electronic resonance lowers the detection limit from several tens of milli-molar to 

several tens of micro-molar [21]. Since the CARS signal is blue-shifted from the 

excitation laser and has a well-defined unidirectional wave vector, resonance CARS is 

more advantageous than spontaneous resonance Raman for spectral and spatial 

separation of the fluorescence background. So far, the resonance CARS technique has 

been employed for investigation of biological dye, pigments and chromophores such as 

cytochrome c [19,21] and β-carotene [21] in solution. Recently, resonance CARS signal 

under a microscope has also been reported [23-25]. 

In the present study, we develop a resonance CARS microspectroscopic system using 

a white-light laser source. We show that, in addition to CARS, we can also detect the 

coherent Stokes Raman scattering (CSRS) signal simultaneously using a three laser 

non-degenerate CARS/CSRS setting. Figure 1 shows schematics of the CARS (a) and 

CSRS (b) processes. CSRS is one of the third-order nonlinear processes analogous to 
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CARS [26,27]. The CARS and CSRS spectra are theoretically identical with each other 

under an electronic nonresonant condition [26,27]. On the other hand, these spectra 

become different if electronic resonance comes into play [28,29]. Owing to this nature, 

the quantitative information on the electronic resonance effect can be obtained through 

a simultaneous analysis of CARS and CSRS spectra. 

In general, it is difficult to obtain both CARS and CSRS spectra simultaneously, 

because the CSRS signal is red-shifted from the pump (and probe) radiation, and thus 

spectrally overlapped with the Stokes radiation in the case of the two-pulse coherent 

Raman process. This difficulty is overcome by introducing the probe laser with a 

different color from the pump laser [30,31]. Figure 2 shows schematics of the 

three-pulse (non-degenerate) CARS (a) and CSRS (b) processes with the pump (ω1), 

Stokes (ω2), and probe (ω3) laser pulses. If ω3 is not equal to ω1, both the CARS and 

CSRS can be spectrally separated from the three incident laser radiations. Using a 

broadband laser source for the Stokes (ω2) radiation, multiplex CARS and CSRS 

processes take place as shown in Fig. 3 [6,10]. With use of the third probe radiation (ω3), 

the broadband CARS and CSRS spectra are obtained simultaneously at ωCARS = ω1 – 

ω2 + ω3
 and ωCSRS = – ω1 + ω2 + ω3. The phase matching conditions (kCARS = k1 – k2 

+ k3 and kCSRS = – k1 + k2 + k3, where kx corresponds to the wave vector of ωx-laser 

[26]) are simultaneously satisfied by using a microscope objective with high numerical 
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aperture [14,16]. The three-pulse (non-degenerate) CARS and CSRS spectra can thus be 

obtained at the same position/time under a microscope.  

 

Experimental 

The experimental setup is shown in Fig. 4. We used three laser pulses with different 

colors, pump (ω1), Stokes (ω2) and probe (ω3). The laser source was a sub-ns microchip 

Nd:YAG laser (center wavelength 1064 nm, temporal duration 800 ps, repetition rate 33 

kHz). A portion of the fundamental output was used for the pump pulse (ω1). The 

second portion was used as a seed for generating supercontinuum or white-light laser, 

(spectral range is 400–1700 nm) [10]. In the present setup, only the near infrared (NIR) 

spectral component of the white-light laser was used for the Stokes pulse (ω2). The 

spectral profile of the Stokes laser is shown in Fig. 5. It covered the spectral region of 

1100–1700 nm. The third portion of the fundamental output was frequency-doubled by 

a KTP crystal to generate the second harmonic (532 nm) used for probe pulse (ω3). The 

ω1-, ω2-, and ω3-laser powers were <30 mW, <20 mW and <5 mW, respectively. Three 

laser beams were superimposed collinearly using a dual (532/1064 nm) notch filter, and 

then introduced into a custom-made microscope (Nikon). They were tightly focused 

onto the sample with a 40×, 0.9 NA microscope objective. The CARS and CSRS signals 

were collected by a 40×, 0.6 NA microscope objective in the forward detection. They 
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were spectrally filtered with a dual (532/1064 nm) notch filter, and then guided into a 

polychromator (HORIBA Jobin-Yvon, iHR 320, Grating: 300 grooves/mm). Finally, the 

CARS and CSRS signals were detected by a CCD camera (Andor Technology, Newton 

920P BRDD). Since narrow-band ns-probe pulses were used for ω1 and ω3, the spectral 

resolution was determined primarily by the spectrometer. The spectral resolution was 

<30 cm−1. In order to obtain a microscopic image, the sample was placed on a 

piezo-driven xyz translator (MadCity, NanoLP-100). The CARS and CSRS spectra were 

measured by point-by-point acquisition at each sample position. The samples were 

sandwiched with a cover slip and a single concave microscope slide glass. For the sake 

of intensity correction, the CARS and CSRS spectra were divided by a non-resonant 

background [30], which was measured from the underneath cover slip under the same 

experimental conditions. 

 

Results and discussion 

Resonance CARS and CSRS spectroscopy 

Figure 6 shows the multiplex CARS and CSRS spectra of neat toluene. The intensity 

is corrected as described in Section 2. The negative and positive Raman shifts 

correspond to CARS and CSRS, respectively. The spectral coverage is over 3000 cm-1 

both in CARS and CSRS. The CARS spectral profile is similar to that of CSRS, 
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indicating that there is no electronic resonance effect for neat toluene with 532-nm 

probe. 

Figure 7a shows the multiplex CARS and CSRS spectra of 10-mM toluene solution of 

β-carotene. It is clear that the CARS signal is much stronger than CSRS. This 

asymmetry is due to the electronic resonance effect of β-carotene, which has an 

electronic absorption band around 490 nm (Fig. 7b). The vibrationally nonresonant 

signal with a broad spectral profile is also stronger in the CARS side than that in the 

CSRS side due to the electronic resonance enhancement [14,16,32,33]. The resonance 

enhancement takes place when the photon energy of the excitation laser approaches the 

electronic transition energy [26,27]. The electronic resonance effect manifests itself as 

the intensity ratio between the CARS and CSRS signals. If we map the integrated 

CARS/CSRS intensity ratio at each sample point, we can spotlight and differentiate the 

chromophore distributions from those of other non-absorbing molecules like lipids and 

proteins in biological samples. Various kinds of chromophores, carotenoids, 

hemeproteins and so on, show absorption bands in the present spectral region. 

Resonance CARS/CSRS imaging will introduce a new axis of bio-imaging with 

otherwise unobtainable information on the electronic resonances of chromophores. 

New phase retrieval method using CARS and CSRS signals 
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The CARS process is described by the third-order nonlinear susceptibility, χ(3). 

Another χ(3) process, the so-called nonresonant background, is also overlapped with the 

CARS spectra. The overall spectral profile becomes in general dispersive due to the 

interference between the CARS (vibrationally resonant component, cR
(3)) and NRB 

(vibrationally nonresonant component, cNR
(3))  [26,27] as in the following: 

 

ICARS µ cR
(3) + cNR

(3) 2
= cR

(3) 2
+ 2cNR

(3) Re cR
(3)[ ]+ cNR

(3) 2
                        (1). 

The resonant part of χ(3) is written as, 

( )å G---W
=

j jj

j
R i

A

21

)3(

ww
c                                          (2). 

Here Aj is the CARS amplitude, Ωj the jth vibrational frequency and Γj the bandwidth of 

the jth Raman mode. Ordinary (spontaneous) Raman intensity corresponds to the 

imaginary part of χ(3). Phase information of χ(3) in Eq. (2) is needed in order to compare 

the CARS spectrum with the spontaneous Raman, which is linear to molecular 

concentration and is more tractable for analysis. In order to obtain this phase 

information, various experimental and mathematical approaches have been examined 

[14,16,34]. In our previous studies, we employed the maximum entropy method (MEM) 

[10,35-37]. In MEM, an autocorrelation function obtained from a measured coherent 

Raman spectrum is extrapolated to maximize the information entropy with a fixed 

maximum lag, the order of pole, as a parameter [36,37]. This feature enables us to 
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retrieve Im[χ(3)] with high spectral resolution by means of a finite frequency range. The 

MEM analysis, however, has one arbitrary parameter, the order of pole (M), which 

should be smaller than the number of sampled points (N). The spectral resolution and 

contribution of the high-frequency noise depend on M. Namely, if M is smaller (larger), 

the spectral resolution is more (less) degraded and the high-frequency noise is more 

(less) reduced.  

Typical dependence of the retrieved Im[χ(3)] spectra on M is shown in Fig. 8 for the 

CARS spectrum of a hair sample. For M/N = 100/1340, the spectral profile contains 

lower noise but shows a spectral degradation. In particular, the peak at 1003 cm-1, which 

corresponds to the phenylalanine (Phe) residue, is broader than those of the spectra with 

higher M. The bandwidth of Phe is about 5 cm-1 for M = 1000. This value 

approximately corresponds to the spectral resolution of the present experimental system. 

Since the bandwidth of Phe is much smaller than the instrumental spectral resolution, 

the retrieved Im[χ(3)] spectrum is not broadened for M > 400. On the other hand, in the 

cases of M = 1000, high-frequency artificial noise contributes to the spectral profile. In 

order to obtain the optimum value of M, we need further independent spectral 

information. CSRS provides such information as shown below. 

Under an electronic nonresonant condition, the Im[χ(3)] spectra obtained from the 

CARS and CSRS processes should be identical with each other [26,27]. Therefore, 
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CSRS provides independent experimental information on a spectrum that should be 

exactly the same as the corresponding CARS spectrum. The optimum value of M can be 

determined by minimizing the difference between the retrieved Im[χ(3)] CARS and 

CSRS. The results of a proof-of-principle experiment using solvent are shown in Figure 

9. The spectrum (N = 1024) of ethanol is analyzed with the MEM for different values of 

M  [35,36]. Since ethanol has no electronic resonance under the present experimental 

condition, the spectral profile retrieved from the CARS and CSRS should be identical 

with each other. We evaluate the amplitude differences at 1024 points between the 

retrieved CARS and CSRS Im[χ(3)] spectra in the region of 800–1600 cm-1. Figure 9 

shows the M-dependence of the sum of the 1024 amplitude differences between the 

retrieved CARS and CSRS Im[χ(3)] spectra. It shows a minimum around M = 688. The 

retrieved Im[χ(3)] spectra for M = 450, 688, and 750 are shown in Fig.10a–c. As the 

value of M increases, artificial noise due to MEM analysis becomes prominent. It 

originates from the oscillatory structures in the CARS and CSRS spectra. The period of 

the oscillatory structure in CARS is longer than that in CSRS. They are presumably 

caused by the difference in the detected wavelength region (CARS: approximately 490 

– 510 nm, and CSRS: approximately 555–580 nm). It is clear that the spectral profile 

for M = 688 gives the best of the three. So far, in the MEM analysis, the order of M has 

been empirically determined in advance such as the value from N/3 to N/2 [38] to 

suppress the high-frequency artificial noise. In the present analysis, we employ a value 
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of M (M = 0.67N) that is larger than empirically used values. It means that the optimum 

value can be found by taking into account the spectral resolution and the noise reduction 

simultaneously. 

This new technique of MEM is applied to the CARS and CSRS spectral imaging. 

The sample is oil-in-water (O/W) emulsion. A commercially available mayonnaise is 

used. Figures 11a, c, and e show the results of M-dependence of the sum of amplitude 

differences between the retrieved CARS and CSRS Im[χ(3)] spectra for three different 

positions in the sample. Although the signal intensities are different from the three 

points, the dependence shows a minimum around M = 630. Based on the M-dependence, 

we fix the value of M to 630 and retrieve the CARS spectra. The retrieved spectral 

profiles for the three positions are shown in Fig. 11b, d, and f. The spectral profiles are 

similar to one another, showing typical spectral profiles of lipids. The reconstructed 

image is shown in Fig. 11g for the CH bend modes. The spatial inhomogeneity of the 

O/W emulsion is visualized with a clear vibrational contrast. Note that the intensities in 

retrieved Im[χ(3)] spectra are proportional to molecular concentrations and therefore the 

image in Fig. 11g represents the real distribution of the molecules containing the CH 

bend modes (this is not the case with CARS imaging). We also reconstructed the images 

for values of M, 340 (close to an empirical value, N/3), and 750 (an extreme value) 

shown in Fig 11h, and i, respectively. The image contrast for M = 340 looks similar to 

that for M = 630. It is consistent with Fig. 11a, c, and e, in which the order of pole from 
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340 to 630 gives a similar value. On the other hand, the artificial spots due to the noise 

in the spectrum are found in Fig. 11i. Simultaneous measurement of CARS and CSRS 

provides us with more reliable spectral and spatial molecular information without any 

arbitrary parameter in the MEM analysis. Although the new technique of MEM is 

applied to the sample under the electronic nonresonant condition in the present study, a 

similar approach can also be made for a sample with electronic resonance. As shown in 

Fig. 7a, the CARS and CSRS signals show intensity difference due to the electronic 

resonance effect. Therefore, we need to introduce an M-independent additional scaling 

parameter in order to compensate for this intensity difference due to resonance. 

 

Conclusions 

We have developed a simultaneous measurement system of CARS and CSRS. Two 

unique possibilities are explored. First, the resonance coherent Raman process is 

investigated. For a b-carotene solution, electronic resonance enhancement differs 

between the CARS and CSRS processes. Second, combined analysis of the CARS and 

CSRS spectra leads to a new phase retrieval method in the MEM analysis of coherent 

Raman spectra. The optimum order of the pole (M) can be determined without any 

arbitrary procedure. This new phase retrieval method is applied to coherent Raman 

imaging of a model O/W emulsion system (mayonnaise). Using the optimum order, the 
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vibrational image is clearly reconstructed. Simultaneous measurement of CARS and 

CSRS provides us with more reliable spectral information without any empirical 

parameter. 
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Figures 

 

Fig. 1. Diagrams for (a) CARS, ωCARS = 2ω1 - ω2 and (b) CSRS, ωCSRS = 2ω2 - ω1. ω1 - 
ω2 = Ω denotes a vibrational frequency and υ the vibrational quantum number. 

 

 

Fig. 2. Diagrams for (a) nondegenerate CARS, ωCARS = ω1 - ω2 + ω3 and (b) 
nondegenerate CSRS, ωCSRS = - ω1 + ω2 + ω3. ω1 - ω2 = Ω denotes a vibrational 
frequency and υ the vibrational quantum number. 

 

 

Fig. 3. Diagrams for broadband multiplex (a) CARS and (b) nondegenerate CARS and 
CSRS. 
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Fig. 4. A schematic diagram of the setup of the broadband multiplex CARS/CSRS 
microspectroscopy. 

 

 

Fig. 5. SC spectrum obtained with a NIR spectrometer (intensity uncorrected). The 
CARS/CSRS spectral coverage (wavenumber difference between the pump and SC) is 
>3500 cm-1. 

 

 

Fig. 6. The broadband multiplex CARS/CSRS spectrum of neat toluene. 
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Fig. 7. (a) The broadband multiplex CARS/CSRS spectrum and (b) absorption spectrum 
of β-carotene in toluene. 

 

 

Fig. 8. (a) A CARS spectrum of a hair and (b) retrieved Im[χ (3)] spectra with different 
orders of pole M. The dash line in Fig. 8b indicates 1003 cm-1. 
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Fig. 9. The order of pole dependence of the difference between the Im[χ(3)] spectra 
obtained from CARS and CSRS of ethanol solution. The data points were N = 1024. 

 

 

Fig. 10. (a) The retrieved Im[χ(3)] spectra of ethanol solution for M = 450 and their 
difference Im[χ(3)] spectrum; (b) M = 688; (c) M = 750. 
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Fig. 11. (a), (c), and (e) show the results of M-dependence of the sum of amplitude 
difference between the retrieved Im[χ(3)] spectra of CARS and CSRS for three different 
positions at the sample which correspond to i, ii, and iii indicated in Fig. 12g, 
respectively; (b), (d), and (f) show the retrieved Im[χ(3)] spectra for M = 630 which 
correspond to Fig. 12a, c, and e, respectively; (g) the image was constructed for the CH 
bend modes (1420-1460 cm-1) at the fixed value of M = 630; (h) M = 340; (i) M = 750. 
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The scale bar corresponds to 10 mm. The exposure time for each pixel was 200 ms, and 
each image consists of 41 x 41 pixels, corresponding to 20 x 20 μm. Overall 
measurement time was approximately 5 min. 


