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Time-resolved dynamics of resonant and nonresonant broadband
picosecond coherent anti-Stokes Raman scattering signals
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The time-resolved dynamics of resonant and nonresonant broadband picosecond coherent
anti-Stokes Raman scattering �CARS� signals in gas-phase media are investigated. For �135 ps
pump and probe beams and �106 ps Stokes beams, the magnitude of the nonresonant signals are
decreased by more than three orders of magnitude when the probe beam is delayed by �110 ps,
whereas the resonant nitrogen CARS signal is reduced only by a factor of 3. Investigation of these
time dynamics is important for understanding the optimal time delay for nonresonant background
suppression as well as for understanding the collisional and Doppler dependence of the resonant
CARS signals. © 2005 American Institute of Physics. �DOI: 10.1063/1.2159576�
Coherent anti-Stokes Raman scattering �CARS� spec-
troscopy of nitrogen is widely used for temperature measure-
ments in reacting flows and plasmas.1,2 In air-breathing com-
bustion environments, measurements of temperature using
nitrogen CARS have the advantage that nitrogen is present at
high concentrations almost everywhere in the combustor.
Most previous CARS thermometric measurements in gas
phase or reacting flows have been performed using nanosec-
ond laser pulses. A major limitation of nanosecond-laser-
based CARS thermometry is the contribution of the nonreso-
nant signal, which limits the accuracy and degrades the
sensitivity of the technique.3 The nonresonant background
can be suppressed by polarization selection, but this results
in a reduction of the resonant CARS signal by at least a
factor of sixteen.3

There have been relatively few demonstrations of pico-
second CARS in the gas phase, and all previous measure-
ments in both liquids and gases have been performed using
synchronously pumped dye lasers, which do not allow the
acquisition of single-shot spectra for unsteady flows.4–7 In
unsteady flows, where there is significant variation in tem-
perature and density, measurement of the CARS signal using
a tunable source such as a synchronously pumped dye laser,
optical parametric amplifier, or distributed-feedback dye la-
ser leads to a distortion of the spectra biased toward low
temperatures. This is due to the requirement of scanning the
dye lasers or the OPA for the acquisition of spectrum cover-
ing a bandwidth of �20–100 cm−1, especially at tempera-
tures relevant to combustion. We have recently demonstrated
picosecond CARS measurements using a broadband mode-
less dye laser with sufficient bandwidth to excite the full
ro-vibrational transition band in a single shot,8 thereby en-
abling nonresonant background suppression while avoiding
temperature bias in unsteady flows.

Recently, CARS thermometry using femtosecond laser
pulses has also been demonstrated.9 Both picosecond and
femtosecond CARS systems permit nonresonant background
suppression and enable the investigation of molecular-
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ensemble collisional dynamics. Relatively straightforward
substitution of picosecond lasers into well-established broad-
band nanosecond CARS systems will enable single-shot
thermometry in practical combustion environments; how-
ever, femtosecond CARS thermometry will require consider-
able further development to achieve such measurements.10

The objective of this work is to investigate the time-
resolved dynamics of the broadband picosecond resonant
pure-nitrogen CARS signal along with the nonresonant sig-
nals from argon, oxygen, and carbon dioxide. This will pro-
vide an understanding of the time frame required for effec-
tive suppression of the nonresonant contribution to the
CARS signal as well as an understanding of the nitrogen-
nitrogen collisional-Doppler dephasing and relaxation pro-
cesses in the ensemble. The dependence of the broadband
picosecond CARS signal on pressure and temperature is the
subject of ongoing research and will be addressed in a com-
panion letter. The current study is focused on determining the
appropriate delay time for the probe beam with respect to the
pump beam so as to suppress the nonresonant contribution to
the resonant CARS signal. In the liquid phase, time-resolved
observation of the resonant and nonresonant contribution to
the third-order nonlinear susceptibility using picosecond
CARS has been studied by Zinth et al.6 As expected, the
authors observed a distinct temporal behavior for the
resonant and nonresonant signals.

The laser wavelengths in the current experiment are se-
lected to excite the rovibrational transition manifold of the
nitrogen molecule while being nonresonant to argon, oxygen,
and carbon dioxide. The nearly transform-limited frequency-
doubled �135 ps output of a Nd:YAG regenerative amplifier
at 532 nm is used for the pump and probe beams, and the
�106 ps output of a broadband modeless dye laser at
606 nm is used as the Stokes beam. The temporal pulse-
widths of the laser beams, measured with a Hamamatsu
streak camera �Model C5680-21/M5676�, are shown in Fig.
1. Each profile is averaged over ten laser shots. The solid
lines shown in Fig. 1 are Gaussian envelopes fitted through
the data points and are shown to indicate the deviation of the

laser pulsewidths from Gaussian profiles. Further details on
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the design and performance of the broadband picosecond
CARS system are described elsewhere.8

For these experiments, a CARS polarization is induced
in the medium by the narrowband pump and the broadband
Stokes beams by overlapping them both spatially and tem-
porally. A variable-delay probe beam is then used to investi-
gate the induced polarization. The energy level diagram of
the resonant and nonresonant contributions to the CARS sig-
nal is shown in Fig. 2.1,4 The nonresonant signal appears as a
broad background that interferes with and distorts the CARS
spectrum. The contribution from the nonresonant back-
ground is highest when all the laser beams are overlapped
temporally and can significantly affect temperature accuracy,
especially in hydrocarbon-rich environments due to the high
nonresonant susceptibility of hydrocarbon compounds.

A typical room-temperature CARS spectrum in pure ni-
trogen and a nonresonant spectrum in pure argon averaged
over 100 laser shots are shown in Fig. 3; these spectra are
acquired with all laser beams arriving at the probe volume

FIG. 1. Temporal profiles of the Nd:YAG and dye-laser beams acquired
with a Hamamatsu streak camera. The solid lines are Gaussian profiles fitted
through the data points. The profiles are shifted temporally for clarity.

FIG. 2. Energy-level diagrams of the resonant and nonresonant processes

that contribute to the CARS signal.
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simultaneously. The nitrogen spectrum represents the over-
lapping Q-branch transition in the v=0→v=1 band in the
ground electronic level. Modulation in the nonresonant spec-
trum is due to etalon effects from the dye cells of the mod-
eless dye laser. The time-resolved resonant CARS signal in
pure nitrogen and the nonresonant signal acquired by flowing
pure argon, oxygen, and carbon dioxide are shown in Fig. 4
as a function of the time delay between the pump and probe
beams. Each data point represents the integrated signal over
an entire spectrum, such as that shown in Fig. 3, for a fixed
time delay between the pump and probe beams. From Fig. 4,
it is evident that the magnitudes of all the nonresonant sig-
nals are decreased by more than three orders of magnitude
when the probe beam is delayed by �110 ps with respect to
the pump beam. Note that the full width half maximum tem-
poral envelope of the Stokes beam is �106 ps while that of
the pump or probe beam is �135 ps, as shown in Fig. 1. The
magnitude of the resonant CARS signal is highest when the
beams are overlapped temporally due to the nonresonant
contribution to the resonant CARS signal. The signal decays
as the probe beam is delayed with respect to the pump beam
due to dephasing of the pump/Stokes-induced polarization.
At approximately 130 ps, the slope of decline in the signal

FIG. 3. A typical room temperature CARS spectrum in pure nitrogen and a
pure nonresonant spectrum in argon averaged over 100 laser shots.

FIG. 4. Time-resolved resonant and nonresonant signals as functions of
pump-probe time delay displaying the behavior of the resonant and nonreso-

nant CARS signal.
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changes, indicating the disappearance of the nonresonant
contribution to the CARS signal.

The data in Fig. 4 indicate the magnitude of the CARS
signal is reduced by a factor of 3 while the nonresonant
signal is reduced by over three orders of magnitude at
�110 ps. Beyond 130 ps, the signal decays exponentially
with �=63 ps due to collision-induced dephasing and rota-
tional energy transfer.11 The oscillation of the signal after
�500 ps is due to the constructive and destructive interfer-
ence between the CARS signal generated from different rovi-
brational transitions excited by the broadband CARS system
dictated by the phase differences between them.

In summary, we demonstrate that the broadband picosec-
ond CARS system described here can be used to suppress the
nonresonant contribution preferentially while enabling
single-shot measurements typical of broadband nanosecond-
laser-based systems. In future work, the time-resolved study
described here will be extended to include the effects of
Doppler and collisional broadening for a wide range of
temperatures and pressures.
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