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Abstract: With the increased interest in CH4 as a fuel for power 

generation, propulsion, and catalytic reforming, spatially and time-

resolved quantitative measurements of CH4 are increasingly needed to 

advance these technologies. Hybrid fs/ps coherent anti-Stokes Raman 

scattering (fs/ps CARS) has been demonstrated to measure temperature 

and chemical species concentrations with tens of microns of spatial 

resolution on the picosecond time scale. However, accurate time-domain 

and frequency-domain models are necessary to understand the effect of 

probe delay on the fs/ps CARS signal. In this work, a time-domain model 

was developed for the CH4 𝜈1 vibrational Q-branch validated by delay 

scans across pressures ranging from 70 Torr to 600 Torr and furnace set-

point temperatures up to 1000 K. A simple modified exponential energy 

gap (MEG) law was implemented to fit to the room temperature delay 

scans to approximate the Q-branch linewidths. It was also found that 

changing the collisional partner did not influence the time-domain decay 

of the CH4 Q-branch signal prior to 100 picosecond probe delays. 

Comparison between simultaneously measured N2 Q-branch and CH4Q-

branch spectra showed good agreement with evaluated temperatures. 
 

1. Introduction 

Hybrid femtosecond/picosecond coherent anti-Stokes Raman scattering (fs/ps CARS) is a laser 

diagnostic technique that can probe many Raman transitions simultaneously with a broadband 

femtosecond laser pulse and spatial resolution with tens of microns [1–7]. Non-resonant 

background associated with four wave mixing is avoided by delaying a spectrally narrow 

picosecond probe pulse to maintain sufficient frequency resolution. For studies of plasma-assisted 

flames and catalysis [8–11], it would be beneficial to be able to probe CH4 with the spatial and 

temporal resolutions by this ultrafast laser diagnostic technique.  

Nanosecond CARS (ns-CARS) has been used to characterize the CH4 𝜈1 symmetric stretch Q-

branch spectrum with high resolution for many decades [12–15], but only recently has a validated 

set of Raman frequencies for thermometry been available [16–18]. To our knowledge, this has not 

yet been adapted for use with fs/ps CARS, although there have been some time-domain ps-CARS 

measurements performed in an expanding supersonic CH4 jet and a fs/ps CARS time-domain 
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measurements of CH4-N2 mixtures at ambient temperature and pressure [13,19]. Accurate 

modelling of the fs/ps CARS response in both the frequency and time-domain requires knowledge 

of both the Raman transition frequencies and the linewidths of each of the transitions [2]. 

Measurement of the decay of an individual transition can be used to determine its linewidth in the 

frequency domain and vice-versa. Therefore, the fs/ps CARS signal evolution with increasing 

probe delay is sensitive to these linewidths, and there is a substantial body of literature dedicated 

toward measuring these linewidths for rotational and vibrational CARS [20–24]. For CH4 ns-

CARS measurements of the 𝜈1 Q-branch, semi-classical calculations have typically been used to 

determine the linewidths [15–17]. However, this approach is complicated and is also dependent 

on empirical data measured by IR-active modes of CH4 such as the 𝜈3 mode. Therefore, it would 

be desirable to develop a simpler linewidth model validated by time-domain CARS measurements 

of the 𝜈1 Q-branch. Previous study of the CH4 𝜈1Q-branch by fs/ps CARS treated the entire peak 

as one transition and measured its overall linewidth without considering the individual rotational 

transitions [19]. Treating the peak as a single transition may be a valid assumption at ambient 

temperature, but at high temperature or long probe delays, the influence of the rotational transitions 

will appear in the time-domain response. The probe delay scan was also only carried out to 100 ps 

and at atmospheric pressure. To validate the CH4 CARS model, a more complete set of validation 

metrics is needed.  

In this study, we use a modified exponential energy gap (MEG) fitting law [25] to approximate 

the linewidths of the rotational transitions within the 𝜈1 Q-branch. Such MEG linewidth models 

have been successfully implemented for the rotational S-branch of O2 and N2 [23,24] as well as 

for the N2 Q-branch [26]. We use the Raman transition frequencies from [18] calculated by the 

STDS software [27] and fit probe delay time series scanned up to as long as 1.6 ns. These delay 

scans were performed at room temperature and pressures ranging from 70 Torr to 500 Torr. 

Additionally, we use the parameters determined from the MEG model and fit high temperature 

spectra and delay scans in a tube furnace set to temperatures up to 1000K and pressures from 70 

Torr to 600 Torr. With this set of data, we can validate the CH4 fs/ps CARS model and extend the 

capabilities of fs/ps CARS to CH4 quantitative sensing and thermometry. 

  

2. fs/ps CARS Model and Experimental Methods 

The theory for calculating fs/ps CARS spectra is outlined in [2] and will not be discussed in 

detail here. We take an approach similar to [28], to fit the calculated time-domain response of the 

fs/ps CARS model to the measured delay scans of the probe pulse. In this work, the transition 

frequencies and intensities from [18] were imported into the CARS code, and subsequently 

reduced for a given temperature. All Raman frequencies with an intensity below a threshold of 

0.3% of the most intense Raman transition as filtered out. This was done to reduce the 

computational cost to calculate a CARS spectrum, as the original line list contained over 1.7 

million transitions. For a rotational temperature of 295 K, the line list was reduced to 336 

transitions and contained only Q-branch transitions originating from the vibrational ground state. 

For a rotational temperature of 1000 K, the line list was reduced to 5900 transitions. Spectra were 

calculated at time delays equivalent to twice the sampling frequency of the experimental data to 

minimize computation time while providing sufficient time resolution for fitting. All spectra were 

calculated on the GPU nodes of the Princeton Adroit research computing cluster. A MEG model 

was implemented to approximate the linewidths of the transitions within the 𝜈1 Q-branch using 

the following expressions [2,25]: 
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Γ𝑗𝑖 = 𝑝𝛼𝑓(𝑇) (
𝑇

𝑇0
)

−𝑛

(1 +
𝑎ℏ𝜔𝑣+1,𝐽𝑖

/𝑘𝐵𝑇𝛿

1+𝑎ℏ𝜔𝑣+1,𝐽𝑖
/𝑘𝐵𝑇  

 )
2

×  exp (−βℏ(ωv+1,Jj
− 𝜔𝑣+1,𝐽,𝑖)/ 𝑘𝐵𝑇)   (1) 

Γ𝑖𝑗 = Γ𝑗𝑖
2𝐽𝑖+1

2𝐽𝑗+1
exp (ℏ (𝜔𝑣+1,𝐽𝑗

− 𝜔𝑣+1,𝐽𝑖
) /𝑘𝐵𝑇)        (2) 

Γ𝑗 = ∑ Γ𝑖𝑗𝑖≠𝑗              (3) 

𝑓(𝑇) =
1−𝑒−𝑚

1−𝑒−𝑚𝑇/𝑇0
             (4) 

where Γ𝑗𝑖 is the upward collisional transition from the ith rotational state Ji to the jth rotational state 

Jj, Γ𝑖𝑗is the downward collisional transition of the rotational states from Jj to Ji, Γ𝑗 is the linewidth 

of a transition out of rotational energy level Jj, p is the pressure, T is the temperature, 𝛼, 𝛽, 𝑛, and 

𝛿  are adjustable parameters in the least-squares fitting, 𝜔𝑣+1 ,𝐽𝑖
 and 𝜔𝑣+1,𝐽𝑗  are the frequency 

terms representing the rotational energy gap, and f is a temperature dependent function with an 

additional fitting parameter m. The energy gap is calculated for each rotational energy level by the 

following expression for rotational energies of spherical top molecules [29]:  

 

𝐸𝐽 = 𝐵𝐽(𝐽 + 1) − 𝐷𝐽2(𝐽 + 1)2         (5)  

 

where B and D are the rotational and centrifugal distortion constants of CH4. For the room 

temperature spectra calculated in this study, T0 was set to 295 K, 𝛿 =1 and n = 0. Additionally, in 

the calculations, p and 𝛼 were combined into a single variable, 𝑝𝛼. Both simplifications reduce 

the number of fitting variables down to just 𝑝𝛼 and 𝛽. A spectral library was built using the 

calculated spectra using a range of 𝑝𝛼 and 𝛽 values for the room temperature data. The best fit for 

𝛽 was found by fitting the 300 Torr delay scan, and the other pressures were only fit for 𝑝𝛼. The 

high temperature spectra were calculated using the best fit 𝛼 and 𝛽 terms to the room temperature 

measurements. The spectral library was then utilized in a least-squares fit of each of the measured 

probe delay scans, with 𝛼, 𝛽, as well as a shift in the time axis as the free variables.  

The fs/ps CARS setup is shown in Fig. 1 and is similar to the setup in [3]. The pump/Stokes 

photons were generated by focusing 1.5 mJ of a Ti:Sapphire regenerative amplifier into a hollow 

core fiber (Femtolasers). The output of the fiber was a supercontinuum laser pulse with a pulse 

width of less than 7 fs and 0.6 mJ of total pulse energy. The large bandwidth of the laser pulse 

made the CH4 𝜈1 Q-branch at 2916 cm-1 accessible without a third Stokes beam from an optical 

parametric amplifier (OPA).  A picosecond laser with a pulse width of 65 ps and pulse energy of 

3 mJ operating at 20 Hz was used as the probe beam. The oscillator of the picosecond laser was 

phase locked to the oscillator of the femtosecond laser. The beams were cylindrically focused into 

sheets and crossed at a 5-degree angle in a 2-beam phase matching configuration. The resulting 

CARS signal traveled with the probe beam and was separated using an angle-tuned short wave 

pass filter. The CARS signal was then imaged onto the slit of the spectrometer (Horiba) and 

detected with a CCD camera (Andor) water-cooled to -80 ° C. For the room temperature 

measurements, the plasma cell from [30] was used with the electrodes removed. For the heated 

experiments, an 860 mm long quartz tube with a 57 mm inner diameter was placed in a tube furnace 

(Carbolite) and sealed with O-rings between the tube and the N-BK7 windows. The set point 

temperatures were 500K, 800K, and 1000K and pressures were varied from 70 Torr to 600 Torr. 

Gas flows were controlled by mass flow controllers (MKS), and flow rates were set to 500 SCCM. 

The cell pressure was set by a downstream manual needle valve. The delay between the picosecond 

laser and the femtosecond laser was controlled electronically (Colby Instruments), and the 
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maximum delay achievable was limited by the signal-to-noise ratio at the end of the probe delay 

scan. Delay scans were performed for all measured pressure and temperature conditions.  

 
Figure 1. The experimental setup for the heated CARS.  CM: plano-concave cylindrical mirror, 

f =400 mm, CL: plano-convex cylindrical lens, f = 400 mm, SL: plano-convex spherical lens, 

f = 400 mm, CL2v, CL2h: plano-convex cylindrical lenses, f = 400 mm, 75 mm. HWP: Half-

wave plate 

3. Results and Discussion 

  The time delay scans spectrally integrated across the CH4 𝜈1 Q-branch at room temperature 

were plotted in Fig. 2 as well as the fits. Overall, the coherent beat patterns matched well across 

all pressures. Additionally, the beat patterns dampened as the pressure increased, which the model 

also predicted. However, as pressure increased, the fits worsen slightly, particularly in the 100 to 

200 ps range for the 500 Torr case. This could be an artifact of approximating the linewidths using 

a MEG model rather than using a more sophisticated linewidth model. Overall, the fitting was 

satisfactory, and the 𝛼 parameter was plotted as a function of pressure as shown in Fig. 3. The 

fitted 𝛼 for the lowest pressure case was approximately 20% higher than for the other pressure 

values. As a result of the variation in 𝛼,  a linear fit to 𝑝𝛼 was used as a function of pressure for 

the high temperature fits. The resultant expression for 𝛼 is as follows: 

 

𝛼 = 5.41 × 10−3  𝑝−1 +  3.85 × 10−4       (6) 

 

From Eq. 6, this results in a 1/p (where p is in Torr) dependence for 𝛼 to reproduce the fitted 

values. This result was likely because each time delay scan was fit separately and then each best 

fit was used to determine 𝛼.  
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Figure 2. Fitted time delay scans for the CH4 𝜈1 Q-branch for T = 295 K and pressures of 70 Torr 

(a), 150 Torr (b), 300 Torr (c), and 500 Torr (d).  

 

 
Figure 3. The fitted 𝛼 after dividing the p𝛼 values by their respective pressure. 

 

Next, the effect of exchanging 90% of the pure CH4 gas mixture at 500 Torr for a different gas 

was explored. This was to understand how the collisional partner affects the decay rate of the CH4 

Q-branch. As seen in Fig. 4, changing the collisional partner with Ar and N2 had little effect before 
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100 ps, marked by the vertical bar. In [19], it was found that varying the CH4 mole fraction did not 

modify the measured linewidth. These time delay measurements were carried out up to 100 ps, 

which was not long enough to see any differences in the time-domain dephasing. However, in the 

present study, the influence of the mixture composition is evident at longer delays. From Fig. 4, 

the pure CH4 mixture has the fastest decay and is followed by N2 and Ar, respectively.   

 
Figure 4. Probe delay scans of pure CH4, 10% CH4 – 90% Ar, and 10% CH4 – 90% N2 mixtures 

at 500 Torr, 295 K.  

   

Finally, the potential for performing fs/ps CARS thermometry using CH4 is demonstrated in 

Fig. 5. The tube furnace set point was 1000K and the pressure was maintained at 70 Torr. The gas 

mixture was pure CH4. Using the linewidth model developed from the room temperature spectra, 

a spectrum with 30 ps delay was fit in the frequency domain. The early probe delay allowed for 

frequency-domain fitting without much influence from the time-domain behavior of the CARS 

signal. The fitted temperature in Fig. 5 was 940 K. The reason for the discrepancy between the 

tube furnace setpoint and the fitted temperature was most likely due to heat loss from inside the 

tube furnace to the ambient. The center of the tube furnace, which was specified to be at the 

setpoint temperature, was located approximately 200 mm downstream from the focus of the CARS 

beams. This was because a sufficiently long focal length cylindrical mirror was not available to 

focus the pump/Stokes beam to the center of the furnace. Therefore, at the probed volume, the 

temperature may not be as high as the setpoint temperature. N2 vibrational CARS and CH4 

vibrational CARS spectra were measured at each temperature setpoint in 10% CH4/90% N2 

mixtures at 500 Torr for benchmarking purposes. These spectra were simultaneously acquired by 

taking advantage of the large bandwidth of the supercontinuum pump/Stokes beam. As seen in 

Fig. 6, the temperatures determined by the CH4 Q-branch and N2 Q-branch spectra are within 17% 

of each other. Each data point is a temperature evaluated for the CH4 Q-branch at a different probe 

delay. At the intermediate temperature, the variance in the two temperatures is the largest, which 

indicates that further improvements in the time-domain modelling are necessary.  
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Figure 5. Fitted frequency domain CH4 spectrum at 70 Torr, tube furnace set point of 1000 K. 

The fitted temperature was 940 K.  

 

 
Figure 6. Comparison of CH4 Q-branch and N2 Q-branch temperatures evaluated from 

simultaneously acquired vibrational CARS spectra. 

 

4. Conclusions and Future Work 

In this study, a time-domain fs/ps CARS model was developed for the CH4 𝜈1Q-branch, and 

thermometry was demonstrated with frequency-domain fitting. It was found that a MEG linewidth 

model performed satisfactorily for room temperature probe delay scans across a pressure range 

from 70 to 500 Torr. Previous work demonstrated that the CH4 𝜈1Q-branch did not vary its time-

domain response with changes in CH4 mole fraction of the mixture. In this study, we showed that 

the CH4 Q-branch does not have a significantly different decay rate before 100 picoseconds. 

However, after this time scale, the mixture effects on the time-domain signal do appear, and 

measurements made in this regime will need to consider additional collisional effects on the signal. 

Finally, a CH4 spectrum measured in a tube furnace, where the fitted temperature was lower than 

the furnace set-point. It was argued that the measurement location was not at the center of the 

furnace, so heat loss to the edges of the cell could have caused the mismatch. N2 vibrational fs/ps 
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CARS spectra were measured simultaneously with the CH4 CARS spectra for all temperature set-

points to benchmark CH4 thermometry. The temperature measurements were in good agreement 

and were within 17% of each other.  
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