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Abstract: Spectral focusing using broadband femtosecond pulses to 
achieve highly selective measurements has been employed for numerous 
applications in spectroscopy and microspectroscopy. In this work we 
highlight the use of spectral focusing for selective excitation and detection 
of gas-phase species. Furthermore, we demonstrate that spectral focusing, 
coupled with time-resolved measurements based upon probe delay, allows 
the observation of interference-free coherence dynamics of multiple 
molecules and gas-phase temperature making this technique ideal for gas-
phase measurements of reacting flows and combustion processes. 
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1. Introduction 

Coherent anti-Stokes Raman scattering (CARS) spectroscopy using ultrashort pulses has 
emerged as one of the most promising methods for the measurement of gas-phase molecules 
in reacting flows. The ability to reduce or eliminate the nonresonant contribution that 
typically plagues CARS measurements and the high data-acquisition rates are representative 
of the advantages afforded by the use of ultrashort pulses. 

CARS using femtosecond (fs) pulses has been the focus of numerous research groups that 
employ several different experimental approaches for the study of gas-phase molecules. 
Time-resolved measurements over large time scales (>100 ps) have been used to study the 
rotational dynamics of H2 [1], perform flame thermometry [2], and determine parameters 
associated with gas-phase molecules [3]. Time-resolved measurements over short time scales 
(~10 ps) have been used to examine the effects of temperature on frequency-spread dephasing 
[4], perform thermometry in diffusion flames [5], and examine the effect of polarization 
beating between close Raman transitions [6,7]. Several frequency-domain methods have also 
been studied. For effective use of femtosecond pulses for frequency-domain measurements, 
pulse-shaping methods are often applied to enhance the spectral resolution, as demonstrated 
in single-beam CARS [8] and hybrid fs/ps CARS measurements [9]. Additionally, pulse 
shaping has been used to obtain a direct transformation of the time-domain signal in the 
frequency domain through the use of a chirped probe pulse [10]. 

The CARS approach taken in this work also employs a pulse-shaping method, with 
spectral focusing being performed by chirping the pump and Stokes pulses and then changing 
the relative delay between the two pulses to excite a single Raman transition. This allows 
broadband femtosecond pulses to be used for exciting a single vibrational level, achieving 
very high spectral selectivity. However, in these experiments the resolution is limited because 
of the nature of the probing pulse. Since the probe pulse is broad compared to the narrowband 
excitation generated by the chirped pump/Stokes pulses, the resulting CARS signal arises 
because of the interaction of the widely dissimilar bandwidths of the pump/Stokes and probe 
pulses. While the use of a narrowband probe would lead to an increase in spectral resolution, 
it would result in a significant loss of signal due to a reduction in spectral intensity. This loss 
of signal would also occur for the same reason under conditions where the chirps of the 
pump/Stokes pulses were significantly increased. While not ideal, the resolution with this 
method was sufficient to enable us to resolve the resonant CARS signals for individual 
species in a mixture, which could not have been resolved using the original, unchirped 
broadband source. Furthermore, we were able to measure the frequency dephasing that has 
been shown to be highly temperature-dependent and the polarization beating between close 
Raman modes. 

The spectral-focusing method is well established and has been used in many applications, 
particularly microscopy and microspectroscopy for high-contrast imaging [11–19]. Typically, 
the broadband pulses are chirped through the use of a grating compressor, adaptive pulse 
shaper, or optical glasses with well-known group velocity dispersion (GVD). In our approach 
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we use a pulse near 690 nm to act as the pump pulse and a pulse near 800 nm to act as the 
Stokes pulse. These pulses are both chirped using 30.5-cm-long SF-10 glass rods that 
introduce ~60900 fs2 of group delay at 690 nm and ~48600 fs2 at 800 nm. The auto-
correlation of the unchirped 690 nm probe is shown in Fig. 1(c) along with the cross-
correlation of the chirped Stokes and unchirped probe and the cross-correlation of the chirped 
pump/Stokes and unchirped probe. Typically, the total GVD of the pump and Stokes pulses is 
matched to ensure optimal signal generation. While the unmatched GVD here reduces the 
signal efficiency, it is a minimal reduction because of the close central frequencies and large 
GVD used. Figure 1 highlights the key features of the experimental setup, provides a 
schematic illustration of the principle of spectral focusing using a time-frequency diagram, 
and provides pulse-characterization information. 

 

Fig. 1. (a) Schematic layout of the experimental setup. (b) Time-vs.-frequency diagram for 
chirped pump and Stokes pulses. The excited Raman transition (ΩR) is dependent on the 
relative delay (τ12) between the two pulses. (c) Cross-correlation (black) of the unchirped probe 
and chirped Stokes, cross-correlation (green) between the chirped pump/Stokes and unchirped 
probe, and auto-correlation (red) of two unchirped probe pulses. 

2. Experimental 

A commercially available, regenerative Ti:sapphire amplifier that pumps an optical 
parametric amplifier (OPA) was used to generate the three pulses. The 690-nm pulse from the 
OPA was split to serve as the pump and probe pulses, while the 800-nm output of the 
amplifier served as the Stokes pulse. Both the chirped Stokes and the unchirped probe pulses 
propagate along computer-controlled delay arms before being focused into the test cell along 
with the chirped pump pulse through the use of a three-dimensional BOXCARS geometry to 
meet the spatial-overlap and phase-matching requirements. The CARS signal emerging from 
the probe volume is collimated and detected with a high-speed photodiode that is locked into 
the output trigger of the amplifier. This configuration was used to perform two experiments. 
In the first experiment, the delay between the pump and Stokes pulses was fixed in time, 
while the delay of the probe pulse was varied to allow observation of the coherence-
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dephasing dynamics of the Raman transitions. The coherence dynamics result from the 
simultaneous excitation of the rovibrational transitions within the Raman band. Initially, these 
transitions are in-phase; however, they begin to drift out of phase after a short time because of 
the slight differences in their frequencies, leading to the measured coherence dephasing. Since 
these dynamics are dependent on the rovibrational transitions, they are very sensitive to the 
population distribution across the various states and can be used to extract accurate 
temperature information based on the change in the dephasing rate.4,6 In the second 
experiment, the relative delay between the pump and Stokes pulse was varied and the probe 
pulse was maintained at a fixed delay; this allows the CARS spectrum to be directly mapped 
as a function of the relative pump/Stokes delay, which is essential for providing a Raman 
spectrum of the sample mixture. These two methods were combined to measure the dynamics 
of a single species in a mixture. 

3. Results and discussion 

Initially, a 10-bar, 1:1 binary mixture of O2 and CO2 was examined. The ν1 (1556-cm−1) mode 
of O2 and the ν1 (1388-cm−1) and 2ν2 (1285-cm−1) modes of CO2 can be excited 
simultaneously using a broadband source; this results in an integrated signal, which comprises 
contributions from each molecule as well as interference between the different vibrational 
modes of the molecules. Through the use of spectral focusing, it is possible to isolate each 
Raman mode individually and observe the species-dependent coherence-dephasing dynamics 
of individual molecules or the mixture. In Fig. 2(a) the mapping of the CARS spectrum as a 
function of the delay between the pump and Stokes pulse is shown for O2 and CO2. By fixing 
the pump/Stokes delay at the positions shown in Fig. 2(a) and scanning the delay of the probe 
pulse, it is possible to measure the coherence-dephasing dynamics. Figure 2(b) displays the 
measured dephasing for pure O2 and for O2 in the mixture, and Fig. 2(c) shows this 
information for CO2. 
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Fig. 2. (a) CARS response as a function of pump/Stokes delay for a 1:1 mixture of O2 and CO2 
at 10 bar. (b) and (c) Integrated CARS response as a function of probe delay for each species 
in the mixture (red) and in the pure gas (black). 

For O2 the expected exponential decay is observed for both the pure gas and the mixture. 
In CO2 the signal remains nearly constant because of the overlap of multiple vibrational 
modes. This also results in a beating pattern that can be observed in both the pure gas and the 
mixture with very good agreement. These results are consistent with those in the literature.7 
Additionally, the good agreement between these curves for the pure gas and the gas mixture 
indicates that it is possible to measure the decay for a specific species in the mixture without 
the influence of the other species, which is extremely valuable for temperature measurements. 
In temperature measurements with broadband excitation, the various Raman modes of species 
interfere, creating a decay that has contributions from each mode as well as the mixing of the 
modes. This decay is further complicated by the influence of the relative concentrations of 
each species, making it challenging to extract accurate temperature information. With the use 
of spectral focusing, the species can be excited individually, allowing their temperature-
sensitive decays to be measured free from interference due to other species in the mixture. 
Figure 3 shows the measured decay for a 1-bar 1:1 mixture of O2 and CO2 and pure O2 and 
CO2 at temperatures of 300, 500, and 700 K. For O2 we observe the expected increase in 
decay rate as additional modes are populated at elevated temperatures and very good 
agreement between the mixture measurement (Fig. 3(a), solid lines) and pure-gas 
measurement (Fig. 3(b), filled circles). The accuracy and precision of time resolved 
measurements for thermometry is typically 2-3% in temperature ranges of 300-2400K. As 
with the data at elevated pressure, we see very different behavior for the CO2 and O2. Again, 
very little change occurs in the overall decay, but an increase in the amplitude of the slow 
oscillation is observed as the temperature is increased. 
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Fig. 3. Integrated CARS response as a function of probe delay for a 1-bar, 1:1 mixture of O2 
and CO2. (a) Measurements at 300, 500, and 700 K with selective excitation of O2 in the 
mixture (solid lines) and in the pure gas (filled circles). (b) Measurements in the same 
temperature regime with selective excitation of CO2. 

In addition to CO2 and O2, a 10-bar mixture with a 2:2:1 ratio of nitrogen (N2), carbon 
monoxide (CO), and acetylene (C2H2) was examined. The use of a broadband excitation 
source would result in the simultaneous excitation of ν1 (2330 cm−1) of N2, ν1 (2145 cm−1) of 
CO, and ν2 (1975 cm−1) of C2H2 and a measured CARS response containing information from 
all three species. Again, the application of the spectral-focusing technique allows individual 
modes of each of the three species to be resolved independently, as shown in Fig. 4(a). It is 
also possible to measure the coherence-dephasing dynamics for each of these three species 
independently, as shown in Fig. 4(b)–4(d). Furthermore, the beating pattern that occurs as a 
result of interference between two vibrational modes of different species can be measured. 
Figure 4(e) illustrates that when the delay between the pump and Stokes pulses is such that 
the excitation frequency lies between two vibrational modes, a beating pattern can be 
observed after ~2 ps of delay. The oscillations at ~5 THz correspond to the difference 
frequency between the ν1 mode of CO and the ν2 mode of C2H2. The modulation depth of 
these beat frequencies has been used to determine the relative concentrations of the species 
[6]. 

#171834 - $15.00 USD Received 3 Jul 2012; revised 6 Sep 2012; accepted 11 Sep 2012; published 26 Sep 2012
(C) 2012 OSA 8 October 2012 / Vol. 20,  No. 21 / OPTICS EXPRESS  23395



 

Fig. 4. (a) CARS response as a function of pump/Stokes delay for a 2:2:1 mixture of N2, CO, 
and C2H2 at 10 bar. (b)–(d) Integrated CARS response as a function of probe delay for each 
species in the mixture (red) and in the pure gas (black). (e) CARS response at position (e) in 
Fig. 4(a), showing the beating between the ν1 mode of CO and the ν2 mode of C2H2. 

4. Conclusion 

To summarize, we have shown that simple spectral-focusing methods based upon the chirping 
of broadband pulses with optical glass can be applied to gas-phase CARS. This method not 
only allows the CARS signal to be mapped directly as a function of the relative delay between 
the pump/Stokes pulses but also is capable of resolving spectral features that are not 
observable with broadband sources. Furthermore, we have shown that by using spectral 
focusing to select the appropriate delay for excitation of a single vibrational mode and 
scanning the probe delay, it is possible to observe the temperature-dependent coherence 
dephasing for an individual species in a mixture. This method provides a simple way to 
determine temperature in reacting flows and combustion processes based on a single gas-
phase species by eliminating any contribution to the coherence dephasing that may be present 
because of additional interfering species. 
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