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Spontaneous Raman Scattering

Raman effect:
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Coherent Raman Scattering

Interesting fact:

The CARS phenomenon was first reported
in 1965 by P. D. Maker and R. W. Terhune,
two researchers of the Scientific Laboratory
at the Ford Motor Company.

However, the name “coherent anti-Stokes
Raman spectroscopy” was assigned almost
ten years later, by Begley et al. at Stanford
University in 1974.
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Nonresonant Four-Wave Mixing (FWM)

Four-wave mixing (FWM) due to
off-resonant Raman modes and
instantaneous electronic

response as a background.
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What do femtosecond lasers have to offer?

¥ Simultaneous excitation of multiple Raman modes

The first advantage is the large spectral bandwidth of the preparation
pulses. This permits access to multiple Raman modes without tuning the
laser frequencies. Such multiplicity is essential for specificity of the
technigue. The larger the Raman frequency span covered, the more
information is gained for the analysis from a single measurement.

M Discrimination between Raman-resonant CARS signal and FWM
The spectral amplitude and phase of the laser pulses can be manipulated
for further refinement of the output and mitigation of the nonresonant
background and associated noise.

M Suppression of FWM via probe timing

The short pulse duration (<100 fs), which is smaller than a typical
dephasing time of laser-induced molecular vibrations (~ 1 ps), allows for
monitoring of the free-induction-decay dynamics of the excited molecules
while effectively suppressing the nonresonant FWM contribution, since
the latter process is instantaneous.
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Discrimination between CARS and FWM
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Discrimination between CARS and FWM
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Discrimination between CARS and FWM

FWM CARS FWM + CARS
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Hybrid CARS Technique

Efficient broadband excitation and
frequency-resolved probing, multi-channel
detection => comprehensive species-
specific information.

The technique is relatively insensitive to
signal amplitude fluctuations.

Mitigation of non-resonant FWM and
straightforward discrimination of the
resonant response against the non-
resonant one.
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Experimental Implementation

Backscattering geometry
Pump laser
Regenerative amplifier [~] (Evolution)
~1 gJ/puIse, 1 kHz rep.rattg 40 fs _I DS?2 M1 \M2
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BS — beamsplitter, DS1,2 — delay stages,
BPF+SPF — a set of band-pass and
short-pass filters, L1-5 - lenses,

G1,2 — gratings, M1,2 — alignment
mirrors, CCD-charge coupled device.
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Hybrid CARS Technique

Dr. Hans Stauffer’s group (lowa State Univ.)

B. D. Prince et al., “Development of
simultaneous frequency- and time-resolved
coherent anti-Stokes Raman scattering for
ultrafast detection of molecular Raman spectra”,
J. Chem. Phys. 125, 044502 (2006).

Dynamics of vibrational energy flow

Dr. Hiro-o Hamaguchi’s group

(Univ. of Tokyo, Japan)

H. Kano and H. Hamaguchi, “Dispersion-

compensated supercontinuum generation

for ultrabroadband multiplex coherent anti-

Stokes Raman scattering spectroscopy”,

J. Raman Spectroscopy 37, 411 (2006).
Science 316, 13 April 2007, p. 265. Impulsive CARS microspectroscopy

Sukesh Roy (Innovative Scientific Solutions)

S. Roy et al., “Time-resolved dynamics of
resonant and nonresonant broadband
picosecond coherent anti-Stokes Raman
scattering signals”, Appl. Phys. Lett. 87, 264103
(2005).  Combustion diagnostics
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Backscattered CARS on NaDPA

Why NaDPA? NaDPA is an easy-to-make substitute for CaDPA present in spores.

Parameters:
Pump - 712-742 nm, 2.0 ml/pulse
Stokes - 803 nm, 3.9 ml/pulse

Probe - 577.9 nm, FWHM~0.7 nm, ~0.5 m)/pulse
Int. time is 1 sec.

Fig. Spontaneous Raman
spectrum of NaDPA powder.
Excitation — at 532 nm.

D. Pestov et al., Science 316, 265 (2007).
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Backscattered CARS on NaDPA

Parameters:
Pump

712-742 nm,
2.0 ml/pulse

Stokes
803 nm,
3.9 ml/pulse

Probe

577.9 nm,
FWHM~0.7 nm
~0.5 ml/pulse

Int. time is 1 sec.

D. Pestov et al., Science 316, 265 (2007).
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Bacillus Subtilis Spores
spontaneous Raman data

Images of Bacillus subtilis spores
acquired by Xi Wang at the

Microscopy and Imaging Center, 3
Texas A&M University. <
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Scanning Electron Microscopy Raman spectra of individual Bacillus spores
obtained with 488 nm excitation. The
species of each spore is given in the figure.
(The figure is adopted from A.P. Esposito et
al., Appl. Spectroscopy 57, 868 (2003))
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Backscattered CARS on Spores

Parameters:
Pump

712-742 nm,
2.0 ml/pulse

Stokes
803 nm,
3.9 ml/pulse

Probe

577.9 nm,
FWHM~0.7 nm
~0.5 ml/pulse

Int. time is 2 min.

D. Pestov et al., Science 316, 265 (2007).
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Optimizing the setup...

(D) BEFORE: pump - 712 nm, Stokes — 805 nm, probe — 578 nm
NOW: pump - 1280 nm, Stokes — 1620 nm, probe — 805 nm

The experimentally obtained CARS spectrograms (left) and processed
CARS-versus-FWM profiles (right) acquired with a pullet of B. subtillis
spores for different FWHM spectral bandwidths of the probe pulse.
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Hybrid CARS on Bacillus Subtilis Spores:
single-shot measurements

Pump -1, =1.25 mm, 4 m)/pulse, beam diam. = 36 mm;

probe - | ,, = 805.8 nm, 3 m)/pulse, beam diam. = 32 mm;

Stokes - | ; =1.54 nm, 4 mJ/pulse, beam diam. =43 nm (a); | ; = 1.56 nm, 4 mJ/pulse (b).
Estimated sample volume — 10% spores.
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Hybrid CARS on Bacillus Subtilis Spores:
pump/Stokes energy dependence

The dependence of the CARS signal on the energy of the pump (a) and Stokes (b) pulses.
Other parameters are: | ;= 1.24 nm, | = 1.54 mm, | ,, = 805.7 nm, Dw, =30 cm™.
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Take-Home Message

Hybrid CARS is a promising technique that has a great potential for real-time

detection and chemically-selective imaging applications. .. on Bacterial Spores

In particular, we demonstrated real-time
detection of bacterial spore in the backscattering
configuration. From our experiments, the major
Raman lines of Bacillus subtilis spores (~104
spores) in the fingerprint region can be retrieved
in a few laser shots.

... on Gases ... on Liquids ... on Solids
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