Leica TCS CARS

Physical Background

Living up to Life iewa

MICROSYSTEMS



The CARS Principle

Listen to Vibrating Molecules

The CARS signal is generated from vibrational motion of the mol-
ecules in the sample. No external markers are required to get a
CARS image.

Different types of molecules have individual vibrational energies
which can be stimulated with different wavelengths. To gene-
rate the signal, two pulsed laser heams — a pump beam of shorter
wavelength and a Stokes beam of longer wavelength — simultane-
ously arrive at a defined location in the specimen.

Images taken with Leica TCS CARS are nearly free of disturbing
effects like electronic transition, bleaching and triplet state for-
mation because the optimized setup of the system includes ex-
citation in the near infrared range which utilizes photon energies
lower than the energy needed to generate electronic transitions.

Molecules in a specimen are visualized by keeping the Stokes
beam at a fixed wavelength of 1064 nm and tuning the wavelength
of the pump beam according to the molecule of interest. If the
difference between the photon energies of those wavelengths
matches the vibrational energy of the molecule, a strong CARS
signal of shorter wavelength than both the pump and the Stokes
beam is obtained. This signal is used for imaging.

Modes of CH, vibrations

CARS in a Nutshell

Semi-classically, CARS signal generation can be understood by
considering the induced vibrational motion of the molecules due to
the beat frequency between the exciting pump and Stokes beams.

The pump and the Stokes beams with frequencies , and o re-
spectively, excite the electronic cloud at the point of excitation.
This electronic cloud oscillates at the excitation frequencies; ad-
ditionally it oscillates at all possible allowed linear combinations
of the excitation frequencies such as W, 20520, 0y 0+ 20
and so on.

If the frequency component w,— also called the beat fre-
quency, matches one of the vibrational modes of the molecules
in the sample, the amplitude of the beat frequency component
resonantly enhances this particular vibrational mode. The reso-
nant enhancement of the vibration mode in the sample, in turn,
re-excites the electronic cloud at the beat frequency. Thus the
amplitude of oscillation of the electronic cloud at frequency
W, — 0 becomes comparable to that of the oscillation amplitudes
atw, and wg. Hence, the electronic cloud is expected to oscillate
at frequencies which are linear combinations of W, O and (ad-
ditionally) W, — 0.

For generating an image with CARS the linear combination of
interestis 1* w, + 0% o + 1*(% -0y = Zmp - .
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Six typical vibration modes of a CH, molecule



The relation corresponds to an oscillation with a frequency higher
than that of the pump beam. This oscillating electronic cloud in
turn radiates light at all the frequencies of its oscillation. Hence,
if appropriate optical filters are used, the light signal emitted at
2w, — o can be extracted and is called the anti-Stokes radiation.

Note that if the beat frequency W, — g does not match any of
the vibrational modes in the sample, one may expect weaker anti-
Stokes radiation due to the absence of resonant enhancement of
any of the vibrational modes. Thus by tuning the frequency of one
of the excitation beams, one can selectively image the desired
molecular species in the sample.

wCARS

1. The pump beam excites the molecules in the focus to a vir-
tual state (fig. 1). As near-infrared excitation is employed, the
molecules do not undergo electronic excitation. Consequently,
processes such as inter-system crossing, internal conversion,
triplet state formation, photo-bleaching of the sample, etc., do
not take place.

Summary

CARS is a third-order nonlinear process that involves a pump
beam at a frequency o, and a Stokes beam at a frequency of w,.
The sample is stimulated through a wave-mixing process. The an-
ti-Stokes signal at w, = 2w, — o is generated in the phase match-
ing direction as vibrational contrast at the frequency difference
Av=vsp— v between the pump beam and the Stokes beam. This
equals to the frequency of the vibrational energy of a particular
chemical bond.
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2. The molecules relax back to the first vibrational state upon
interaction with the first Stokes beam (fig. 2). Physically, this
implies that the molecular vibrations and the beat frequency
due to the excitation light sources are quantum mechanically
coupled to each other. By tuning the wavelengths of the pump
beam, various molecular vibrations can be selectively excited.
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3. In order to visualize the populated vibrational state, a probe 4. The molecules relax and return from this virtual state to the
beam (which is the same as the pump beam) is used to elevate ground state by emitting a photon. The energy of the emitted
the molecules to a new virtual state of higher energy than the photon is larger than that of the pump photon; consequently it
virtual state before. is shifted to the blue range of the spectrum and hence called

the anti-Stokes wavelength. This anti-Stokes signal is used to
image the sample (fig. 4).
Due to the coherent excitation of the molecular vibrations, the
CARS signals are 10° times as strong as the signals generated
from conventional Raman scattering. This enables video rate
CARS imaging.
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