
CARS is a four wave mixing process, combining three incident 
electric fields, pump, Stokes and probe, to produce a fourth, the anti-

Coherent anti-Stokes 
Raman Scattering  

Figure 1.  Energy level diagram for the 
production of a CARS signal.  The three 
incident waves pump, probe (both of 
frequency ωp) and Stokes (ωS) combine 
to produce an anti-Stokes signal, 
frequency ωas.

Figure 2.  Schematic of the CARS system in COSMIC at The University of Edinburgh.  
The pump and Stokes beams are created by independent Ti:Sapphire lasers pumped by a 
diode pumped solid state laser.  The beams are spatially and temporally overlapped using 
a beamsplitter (BS) and the fast and slow photodiodes which provide indicator signals for 
the synchroniser.  The beams are directed onto the two-dimensional scanning mirrors (Mx, 
My)  via a Faraday Isolator and a system of lens (L), mirrors (M), neutral density filters 
(ND) and apertures (W0).
The beams are brought to a focus on the sample via a microscope objective.  After 
production of the CARS signal at the sample the signal is directed either back through the 
microscope objective where it is picked from the incident beams by a dichroic mirror (DM1) 
or continues in the forward direction through a condenser lens where it is picked off by a 
second dichroic mirror.  The CARS signal is detected by one of two photomultiplier tubes 
(PMT) which feed directly to a custom built software package where the images are 
recorded.
Within the system a bright-field microscope is included for initial alignment and focussing 
of the samples.

Optical Set-up

Theory

Benefits of CARS
● Chemical specificity
● Tight focussing condition
● Significantly reduced photodamage
● Greater penetration depth
● Relatively large signal
● No exogenous tags

Future Directions
We aim to continue to conduct a feasibility study using CARS to image 
bacteria with the hope of investigating the effect of biofilm formation 
within the bacteria on their resistance to antimicrobials.
We also hope to integrate new laser systems supplied by our industrial 
sponsor M Squared Lasers  into the current set-up with the hope of 
improving the user-friendliness of the system as well as enhancing the 
stability and simplicity of the  method.

Results
Several preliminary studies have already been conducted using the system.  Figure 3 shows the result of an investigation into the maximum 
spatial resolution achievable by the COSMIC CARS system using polystyrene beads of 2μm (3a-c) and 1μm (3d-f) diameters.
A feasibility study is currently being undertaken to determine the suitability of CARS as a method of imaging bacteria in their biofilm form.  
This study is being conducted in collaboration with the Division of Pathway Medicine at The University of Edinburgh.  Preliminary findings are 
displayed in Figure 4.

Figure 3.  Images of 2μm (a-c) and 1μm (d-f) diameter polystyrene beads 
have been made with spatial resolution as high as 90.65 ± 4.00 pixels per 
micron (ppm).  Individual beads are clearly seen with apparent three-
dimensional form.  This shadow visible at the fringe of the beads is the 
result of interference of the CARS signals from two adjoining beads.  We 
estimate the area where CARS occurs in the sample as 90.43 ± 8.10μm.
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Figure 4.  Preliminary images of E. coli strain MG1655 (a-
b) and DH10B mixed with 2μm polystyrene beads (c-d).  
The beads are visible within the samples although we are 
currently unable to achieve as good signal to background 
contrast as with pure polystyrene bead samples

Stokes.  A pump beam, of frequency 
ωp, is overlapped spatially and 
temporally with a Stokes beam, of 
frequency ωS, where it interacts with 
the sample.  When the beat frequency 
(ωp-ωS) matches a Raman active 
vibrational mode, molecules are 
coherently driven with the excitation 
fields.  This leads to the generation of 
a strong anti-Stokes signal, of 
frequency ωas=2ωp-ωS (figure 1).  The 
CARS signal is blue-shifted from the 
incident beams which allows it to be 
easily separated from them via a 
dichroic mirror.
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Abstract
Coherent anti-Stokes Raman scattering (CARS) microscopy is a 
rapidly developing method of imaging for use in complex structures.  
Here we present developments in COSMIC at The University of 
Edinburgh that are being made to develop the usability of CARS as a 
method and show its application to bacterial biofilm formation

For the study of Biofilms

Technical Targets
●Acquisition rate – 4 frames per minute
●Reduce required powers for imaging
●Optimisation of system to enable sub-micron resolution
●Imaging of single bacteria   Attempts prior to optimisation produce 

images of membrane structures not clearly resolved.
●Imaging of colonies and biofilms

Sufficient for retention of 
cell viability during imaging 

Achieved

To be attempted
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