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Low pressure line shape study of nitrogen-perturbed acetylene transitions in the ν1 + ν3 band over a range of temperatures

ABSTRACT

Six nitrogen perturbed transitions of acetylene within the ν 1 +ν 3 absorption band have been recorded using a 3-channel diode laser spectrometer. The goal being an improved understanding of both broadening and narrowing effects of low pressure acetylene under the influence of nitrogen gas. To this end we have examined C 2 H 2 spectra using a hard collision Rautian profile over a range of five temperatures (213 K-333 K) and five pressures . From these fits we have obtained the N 2 -broadening and narrowing coefficients of C 2 H 2 and examined their temperature dependence. The experimentally measured narrowing coefficients have been used to estimate the nitrogen diffusion coefficients (D 12 ) and are presented within. The broadening coefficients and corresponding temperature dependence exponents have also been compared to that of calculations completed using a classical impact approach on an ab initio potential energy surface. We have observed a good agreement between our theoretical and experimental results. Accurate detailed knowledge of individual line parameters of the spectrum of acetylene is critical for the correct interpretation and modeling of many planetary atmospheres containing hydrocarbon molecules. The motivation behind this comes from our understanding that acetylene can be either a product or a reactant in many processes that are observed in planetary atmospheres [1][2][3][4][5][6][7][8][9]. Not only do we require good information about the self-interacting molecule but we also require an intimate understanding of perturbed interactions. One of the most important perturbers we can examine is nitrogen as this is a major constituent of many atmospheres such as Earth and Titan [7].

Table 1 shows a summary of the studies previously reporting on nitrogen perturbed acetylene to date. From the table it is easy to see that most of our information has come from studies focused on room temperature measurements [10][11][12][13][14][15][16][17][18][19][20]. However, there have been a handful of studies that examined other temperature ranges [21][22][23][24][25][26][27][28][29]. It is the examination of these temperature dependencies that are vital to improving our interpretation of atmospheric data, as most regions of the atmosphere are not at a constant temperature. Therefore by obtaining temperature dependence exponents for broadening, shift and narrowing we can improve radiative transfer models used to examine data collected from remote sensing observations.

Our choice of the particular line shape of interest we want to examine is also vital to improving our understanding of these transitions. It has been found that the Voigt profile, thought easy to fit does not always obtain the most accurate results [12,14,16,24,25,[27][28][29][30]. This is even more important when considering low pressure gas when collisional narrowing of the Doppler profile known as "Dicke narrowing" takes place [31]. The work presented here adopts the use of the hard collision Rautian line shape profile [32] to examine the temperature dependence of the N 2 -broadening and narrowing coefficients.

Present experimental measurements are compared to theoretical calculation of the collisional linewidths. The calculations presented here are the first ones performed for this system on a true potential energy surface (PES). Indeed, very recently [33] a four dimensional ab initio PES has been determined for the C 2 H 2 -N 2 system. This PES has been computed using a supermolecular method in which the interaction energies are expressed as the difference between the energy of the complex and the energies of the monomers. Namely, the coupled cluster method at a single and double excitations level with triple excitations included perturbatively, i.e. CCSD(T), has been used.

EXPERIMENTAL DETAILS

All of the experimental data presented here were recorded using a 3-channel tunable diode laser spectrometer at the University of Lethbridge. A description of the setup and its functionality can be found in Ref [27]. The New Focus Velocity laser system provides a tunable range of 1.5 to 1.57 µm and can provide a signal-to-noise ratio better than 1000. This high S/N F o r R e v i e w O n l y has proven to be very useful when examining low pressure spectra [29]. The radiation from the laser is directed through two sample chambers. The first is a temperature and pressure controlled chamber with a path length of 1.54 cm where the mixture of N 2 and C 2 H 2 was filled. The second is a slightly smaller chamber with the same path length. This chamber was filled with pure gas at room temperature and used as a calibration source.

The spectra of six transitions P (21), P (19), P (16), R (21), R (19), and R( 16) belonging to the ν 1 +ν 3 absorption band of acetylene were recorded. The gas used for the reference chamber was pure C 2 H 2 provided by Praxair with a quoted concentration of 99.6%. The gas samples kept inside the temperature control chamber was also provided by Praxair and was quoted as being 9.94% C 2 H 2 with the remaining being N 2 . Low pressure tests on the P(11) transition in the ν 1 +ν 3 band showed that the concentration was within 0.5% of the quoted value.

The spectra were recorded at the following temperatures 213, 253, 296, 313, and 333 K. For each set temperature we recorded spectra at 40, 30, 20, 10, and 5 Torr. The temperature of the temperature controlled chamber was monitored by an 8-channel Lakeshore (model 218) temperature monitor and controlled by a NesLab ULT 80 chiller. The gas samples pressures were monitored by two MKS Baratron capacitance manometers with full scale reading of 10 Torr and 100 Torr. The 10 Torr gauge was used for monitoring the gas pressures inside the reference chamber and the 100 Torr gauge was used to monitor the pressures inside the temperature controlled chamber. Once thermal equilibrium was reached the sample temperatures and pressures were stable to within ±0.3 K and ±0.1% during the course of each scan [27,29]. Table 2 shows the experimental details for the R(21) transition with the other five transitions having very similar pressures and temperatures.

The recorded spectra were fit using a multispectral fitting routine [34]. This routine allows for simultaneous fitting of spectra at several different pressures for one set temperature. It also allows for the inclusion of an instrumental line shape (ILS) which is convolved with the spectral line shape of choice. In order to minimize any errors in our results we have used the same ILS as was previously discussed and verified in Ref [29]. The experimental errors associated with the measured broadening and narrowing coefficients are assumed to have the same values as those discussed in Ref [29], where we had found there to be an error no greater than 1% and 3% for our determined broadening and narrowing parameters respectively. Initial parameters for both self-and N 2 -broadening, shift, and narrowing were obtained from Refs [28,29]. The HITRAN database [35] was used for all line positions and intensities. Though not directly observed at the pressures measured here the effects due to line mixing were included within the fitting routine and were set to the values reported in Ref [27].

SPECTROSCOPIC LINE SHAPE ANALYSIS

When fitting recorded laboratory spectra it becomes very important to choose the appropriate line shape function that will mimic the physical conditions of the gas under examination. Typically for remote sensing purposes we use a Voigt line shape function which is

F o r R e v i e w O n l y
the convolution of a Lorentz and Doppler line shape function. The Voigt profile is a fast and reliable way to examine spectra of this nature. However, with the ever improving advances in signal-to-noise ratio for the new remote sensing instruments being developed the more subtle effects that were not noticeable in the past now influencing the errors in our results.

One such effect is known as "Dicke narrowing". This narrowing effect occurs at intermediate pressures when the mean free path of the molecules becomes equal to or less than the wavelength of the incident radiation. When this condition is met a simple Voigt profile will result in the retrieval of broadening coefficients that are smaller than what we would expect to observe. In order to account for this narrowing we can adopt a line shape function that includes the mechanisms of the Dicke narrowing effect.

To take into account for such an effect the soft and hard collision models are often used [32,36]. Despite the physics leading to these models being very different, it was found for the case of self-perturbed spectrum of C 2 H 2 [29] that there was no substantial difference in the residuals produced from fits of these two line shape functions to that of the experimental lineshape even though they did produce slightly different narrowing parameters. Generally, the choice of which line shape function to fit to the experimental lineshape comes down to the masses of the perturber and radiator, as was seen for the self-perturbed case [29] neither lineshape function was preferable. For the case of N 2 perturbed spectrum of C 2 H 2 it was decided to only make use of an un-correlated hard collision Rautian line shape function as the mass of N 2 and C 2 H 2 are very similar. Therefore fitting of the experimental lineshape function using the Galatry lineshape function was assumed to add no extra value to our analysis. Figure 1 shows the spectra of the P(16) line of the ν 1 +ν 3 band measured at 40 Torr. In the figure one can see that when fitting with a Voigt profile we get a 'w'-type residual which is indicative of the broadening in the Dicke narrowing regime. It is clearly shown that once we fit the data using a diffusion profile such as the Rautian we get an improved result. It was found that for the spectra recorded at 333 K the percent difference between the obtained broadening coefficients using the Voigt and Rautian lineshape functions was as high as 6%. This difference in retrieved values diminished along with the temperature as we observed that at lower temperatures (i.e. 213 K) we had only 3% difference.

Below we present the expressions used to retrieve the N 2 -broadened half-width and narrowing coefficients temperature dependences:
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In equations ( 1) and ( 2) the reference pressure and temperature are p o = 1 atm and T o =296 K, respectively. γ o N 2 and β o N 2 are the retrieved N 2 -broadened half-width and narrowing coefficients at the reference pressure p o (1 atm) and reference temperature T o (296 K). γ and β are the measured broadened half-width and narrowing coefficients of the spectral line at the total sample pressure of p and temperature T. The total sample pressure p = p N 2 +p self and χ is the ratio of p self to p. n and n' are the temperature dependence exponents of the broadened half-width and narrowing coefficients. The use of equation (2) for examining the temperature dependence of the narrowing coefficient has been justified by the work of both Li et al. [37,38] and Povey et al. [29]. It is important to note that equations ( 1) and ( 2) are merely approximations that will become less valid with increasing temperatures [39]. Using a hard collision Rautian line shape model we have examined the N 2 -broadening and narrowing parameters for six transitions in the ν 1 +ν 3 band of C 2 H 2 . The line parameters were obtained by using a weighted multispectrum analysis software [34]. For one set temperature multispectrum fits were performed on the set of spectra recorded for different pressures. The software uses a non-linear fitting routine to optimize the line parameters by minimizing the residual. For each line examined a simultaneous fit of the intensity, N 2 -broadening and N 2narrowing was completed. The shift was also fit simultaneously however due to the low pressures of the sample gas the results for the shift were not ideal for publication.

Modeled N 2 -Broadend Line Width

In this work we calculate the linewidths of C 2 H 2 infrared spectral lines (electric dipole absorption) broadened by N 2 in the frames of the classical impact approach of Gordon [40,41] for isolated lines (no pressure-induced interference). To model translational and rotational motion of C 2 H 2 and N 2 molecules we use 3D exact classical equations of motion which describe the collision of two rigid linear molecules.

The dynamics were performed on the four dimensional ab initio potential energy surface of Thibault et al [33]. For technical (and computing) reasons this PES has been developed, from 2 to 21 Å, over 85 bispherical harmonics [42,43]. Such a large expansion is required because of the steepness of the repulsive part of the potential at short range: a region of major importance for the calculations of pressure broadening coefficients for temperature greater than about 100 K.

Classical calculations were done for three temperatures of the C 2 H 2 -N 2 mixture: 213 K, 296 K and 333 K and are shown in Figure 2. Exact classical 3D dynamics of C 2 H 2 -N 2 collisions was described by 17 first-order Hamilton differential equations in body-fixed coordinates [44]. Spin statistical weights of perturbing N 2 molecules were taken into account in usual way. Initial intermolecular distance was set large enough (15 Å) to exclude starting interaction between molecules. Other collision parameters (initial conditions for trajectory calculations) were selected via a Monte-Carlo procedure. Uniform sampling was applied to the directions of rotation and initial orientations of both molecules in 3D space. A very effective algorithm of impact parameter b sampling [45] was used in Monte-Carlo calculations which reduces the 

N 2 -Broadening of Acetylene Transitions

Table shows the N 2 -broadening coefficients measured for all five temperatures. A comparison of our experimental results to those of the theoretically determined line widths from section 3.1 can be seen in Figure 3. From the figure it can be seen that both sets of data agree with each other quite well with a maximum relative difference no greater than 7%.

Figure 4 shows the results of our room temperature N 2 -broadening coefficients and a comparisons with previous measurements reported in the literature. As can be seen in the figure the linewidths that were retrieved in this study agree reasonably well with most of the previous work completed to date.

Using Equation (1) we have calculated the temperature dependence of the N 2 -broadening coefficients. Both experimentally and theoretically determined N 2 -broadening temperature dependence coefficients n are shown in Table 4 and plotted in Figure 5. In Figure 5 we compare our current results with those found by Rozario et al. [28] and Campbell et al. [26]. Our coefficients of line broadening temperature dependence n reasonably match previous work done for larger values of the quantum number |m|. We immediately notice that as |m| becomes smaller we have more deviation from both the theoretical work presented in this paper and that of Campbell et al. [26]. However, it is important to note that the work done by Campbell et al. [26] where they have smoothed out their results agrees quite well with the proposed theoretical calculations presented here. From Figure 5 it can be seen that for the R-branch transitions we have much better agreement than we get for the P-branch transitions. It is our belief that the initial parameters used for the self-narrowing obtained from Ref [29] have allowed for less error to be introduced into the results obtained for the R-branch transitions. However, for the P-branch transitions we had to make the assumption that initial self-narrowing coefficients were similar to those obtained for the R-branch. At this moment we don't know of any published work showing both the m and temperature dependence of the self-narrowing coefficients for P-branch transitions. In our previous study [29] we determined that only transitions recorded at pressures below 40 Torr were strictly in the Dicke narrowing regime. Therefore only spectra recorded at 40 Torr and below were recorded for this analysis. Figure 6 shows the relationship of the pressure dependent narrowing coefficient for the P( 16) line of the ν 1 +ν 3 band at 296 K plotted against the N 2 partial pressure of the chamber. It is clear from the figure that we have a linear relationship with pressure. This justifies our examination of the narrowing effects in this pressure region.

N 2 -Narrowing of Acetylene Transitions

Table 5 shows the N 2 -narrowing coefficients obtained from fitting the lineshape with the hard collision Rautian profile. The room temperature N 2 -narrowing coefficients from Table 5 are compared in Figure 7 to the values obtained for both self-and N 2 -narrowing by Povey et al. [29], McRaven et al. [14], Dhyne et al. [24,25] and Valipour and Zimmermann [16]. From the figure we see that all studies report similar results. Each of the previous studies that examined both self-and N 2 -narrowing [14,16] report the N 2 -narrowing coefficients to be smaller than the self-narrowing coefficients. This is what we also observe when we compare our previous work [29] with the present results.

The exponents n 1 ' for temperature dependence of N 2 -narrowing are given in Table 5. These temperature dependence coefficients are plotted in Figure 8 along with self-narrowing temperature dependence coefficients from Ref [29]. From the figure it can be seen that the obtained temperature dependence is very similar and for the most part they agree to within one standard deviation of each other.

Diffusion Coefficients

Based on our previous study [29] we have equated the narrowing parameter β o N 2 to the dynamic friction coefficient β o diff in an attempt to estimate the nitrogen diffusion coefficient and its temperature dependence. The dynamic friction coefficient β o diff can be expressed by the following equation [37,46]:

, 2 12 mcD T k B o diff π β = (3)
Here k B is the Boltzmann constant, T is the temperature in kelvin, m is the mass of acetylene molecule, c is the speed of light and D 12 is the nitrogen diffusion coefficient for acetylene.

The mass diffusion coefficient for a gas mixture can be estimated in a general sense using the following equation [47,48]:
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where M 1 and M 2 are the molecular weights of C 2 H 2 and N 2 respectively, T is the temperature in kelvin, p is the pressure in atmospheres, ε D = 3/8 as shown in [47]; T 12 is a reduced temperature equal to k B T/ε 12 ; ε 12 is the depth of the isotropic potential and σ 12 is the finite distance at which the intermolecular isotropic potential is zero. From the ab initio PES [33] values of ε 12 = 88.8 cm -1 and σ 12 = 4.015 Å were deduced and used. Finally, Ω 12 (1,1) is a dimensionless reduced collision integral, a function of the reduced temperature; values are tabulated in [47].

Using our obtained β o N 2 narrowing coefficients in equation ( 3) we calculated D 12 for all the temperatures examined and have presented them in Table 6. The temperature dependence of the nitrogen diffusion coefficient was determined using equation ( 4) and was plotted in Figure 9. A comparison of the experimentally estimated, through equation ( 3), nitrogen diffusion coefficients to those obtained by equation ( 4) shows a similar trend in the temperature dependence of the nitrogen diffusion coefficients. However, unlike in our previous work [29] where it was determined that our diffusion coefficients were slightly lower than those obtained theoretically, we see that now our values are slightly larger than what is found using equation ( 4). This result indicates that β o diff > β o N 2 which implies that we found less narrowing as expected on the basis

β o diff = β o N 2
.Such a result was also found in the work done by Wehr et al [49] for the CO-Ar system. We also should expect to see that for the P-and R-branch transitions the diffusion coefficients are similar (for a given m or J" value). In Figure 9 we do in fact see this for the P(21) and R( 21) transition. The fact that we don't see as close agreement between the P(16) and R (16) as well as the P (19) and R (19) may in fact be due to neighboring spectral features that are not properly accounted for as there are many weak transitions in this spectral region. However, it does indicate the need for a closer examination of both self-and N 2narrowing coefficients for both P-and R-branch transitions on a larger scale than what is presented here.

Moreover, our comparison between the binary diffusion coefficients as given by equation (4) and our effective (or optical) diffusion coefficient retrieved by our lineshape analysis cannot be completely satisfactory for the following reasons. First, but this is not the main reason, equation ( 4) is a first order approximation [47,[START_REF] Mccourt | Non equilibrium phenomena in polyatomic gases[END_REF]. Secondly, paraphrasing Varghese and Hanson [START_REF] Varghese | [END_REF] "the two parameters (the mass diffusion constant and the effective diffusion coefficient) appear in different contexts in the theory and hence do not have the same physical significance…". More recently, Wehr et al [49] have also pointed out that both coefficients are related to (or take into account) different collisional mechanism (in addition, many studies found large discrepancies between these two kinds of coefficients, see Refs. in [49]). Therefore, one can only expect a rough agreement between these coefficients and such spectroscopic analysis can only provide an order of magnitude of the true binary diffusion coefficient. 

CONCLUSION

Using a 3-channel tunable diode laser system we have for the first time examined the temperature dependence of N 2 -narrowing coefficients for six transitions in the ν 1 +ν 3 absorption band of acetylene. The N 2 -broadening that was obtained while examining the hard collision Rautian line shape profile agrees very well with the theoretical calculations presented here. The full classical values calculated on the very first complete four-dimension ab initio PES [33] for the C 2 H 2 -N 2 system are very encouraging and will allow us to compare the methods for determining pressure broadening coefficients for this system like was recently done for similar systems (N 2 -H 2 , N 2 -N 2 , C 2 H 2 -H 2 , see Refs [52][53][54]). In addition, careful comparisons of both our N 2 -broadening and narrowing coefficients with previous studies have shown strong agreement with each other.

For a more physical interpretation of the narrowing effects in our low pressure spectra we should consider two main effects. The first one is the Dicke narrowing effect discussed in detail in this study. The second contribution to line narrowing arises from the effects of molecular speed-dependence on collisional line broadening. Using our software we were unable to quantify individual contributions to line narrowing. Any analysis that takes into account both Dicke narrowing and speed-dependent collisional broadening would have to be done carefully as to avoid any fitting error due to the highly correlated nature of these two effects. Figure 6: The pressure dependent narrowing coefficient β N 2 for the P(16) and R(16) transitions at 296 K as they vary with the partial N 2 pressure. 

  half. The impact parameter was bracketed within the range of (0-12) Å. All the calculations were made using the approximation of mean thermal velocity (MTHV) which greatly reduces CPU time. In MTHV approximation all initial relative velocities of colliding molecules are set equal to their mean thermal relative velocity 8 B being the Boltzmann constant and µ = 13.487, µ being the reduced mass of the C 2 H 2 -N 2 pair). The statistical error of calculated linewidths (i.e. RMS error of Monte-Carlo averaging over initial conditions of collisions) was kept for different values of temperature T and rotational quantum number J" generally at the level less than 1%.
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Table captions Table 1 : Summary of previous studies examining acetylene broadened by N 2 . Table 2: Sample of experimental conditions for the R(21) transition. Table 3: N 2 -Broadening coefficients for five different temperatures obtained using an uncorrelated hard collision Rautian line shape model. The normal convention of m = -J" for the P branch and m = J"+1 for the R branch is used. Table 4: Comparison of theoretical and experimental results obtained for N 2 - broadening coefficients at 296 K and temperature dependence exponents n 1 . Table 5: N 2 -Narrowing coefficients for the five recorded temperatures using an un- correlated hard collision Rautian line shape model. The last column shows the temperature dependence terms obtained from the data in the table and equation (2). Table 6: Estimated N 2 -Diffusion coefficients obtained from equation (3).
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	F o r R e v i e w 2ν 5 -ν 5 N 2 ,He 296 ν 4 +ν 5 -ν 4 N 2 ,He 183.2,198.2 2ν 5 -ν 5 N 2 ,He 183.2,198.2 F o 253.4(3) 5.267(5) 10.668(11) 20.131(20) F o F o F o ν 4 +ν 5 N 2 , air 296 r 30.185(30) r r r ν 4 +ν 5 N 2 173.2-273.2 ν 4 +ν 5 N 2 298 ν 4 +ν 5 N 2 173.2-298.2 ν 1 +ν 3 H 2 , N 2 ,D 2 , air 295 ν 1 +ν 3 C 2 H 2 , N 2 296 ν 1 +ν 3 N 2 195, 373, 473 R e v i e w R(21) 40.409(40) 295.8(3) 5.264(5) 10.324(10) 19.839(20) 30.013(30) 40.364(40) 5.170(5) 10.250(10) R e v i e w R e v i e w R e v i e w	Q(1)-Q(35) Q(1)-Q(35) Q(1)-Q(35) 4 4 4 P(31)-R(20) 4 P(1)-R(23) P(17)-R(22) R(11)-P(23) P(31)-R(27) P(11) P(25)-R(25) 4 4 4 4 4 4 4 4	[19] [23] [23] [11] [24] [12] [25] [13] [14] [26]
	ν 1 +ν 3 ν 1 +ν 3 ν 1 +ν 5	N 2 , O 2 , CO 2 N 2 C 2 H 2 , N 2 , Ar 312.7(3) N 2 , O 2 ,He,	O n l y P(26)-P(22) P(31)-R(33) O n 19.910(20) 296 213-333 296 4 30.087(30) 4 39.286(39) 4 O n O n O n R(0)-R(7),Q(7)-Q(29) l y 5.499(5) 4 10.898(11) 4 l y l y l y	[20] [28] [15]
	ν 1 +3ν 3	Ar, Ne, 332.5(3)	298 21.153(21)	P(17)-R(22) 4	[16]
		Kr, Xe	29.983(30)	4	
			40.022(40)	2	

-Narrowing Coefficients β o N 2 (cm -1 atm -1 ) and Temperature Dependence n 1 '

  

			Retrieved N 2				
	Line	m	213 K	253 K	296 K	313 K	333 K	n 1 '
	P(21) -21 0.0279(9) 0.0225(7) 0.0182(6) 0.0177(6) 0.017(5) 1.146(78)
	P(19) -19 0.0273(9) 0.0232(7) 0.0184(6) 0.018(6) 0.0173(6) 1.076(81)
	P(16) -16 0.0256(8) 0.0239(8) 0.0217(7) 0.021(7) 0.0203(6)	
	R(16) 17	0.0212(7) 0.0186(6) 0.0165(5) 0.0157(5) 0.015(5) 0.773(9)
	R(19) 20	0.0211(7) 0.0188(6) 0.017(5) 0.016(5) 0.0153(5) 0.721(29)
	R(21) 22	0.0225(7) 0.0209(7) 0.0187(6) 0.0173(6) 0.0163(5) 0.719(82)
			F o					
			r				
			R e v i e w			
					O n		
						l y	

-Diffusion Coefficients D 12 (cm 2 sec -1 )

  

	Line	m 213 K	253 K	296 K % Difference 313 K	333 K
	P(21)	-21 0.129(4) 0.190(6) 0.275(9)	43.37%	0.300(10) 0.331(11)
	P(19)	-19 0.132(4) 0.185(6) 0.272(9)	42.74%	0.326(10)
	P(16)	-16 0.141(5) 0.179(6) 0.232(7)	32.77%	0.253(8) 0.278(9)
	R(16)	17 0.170(5) 0.231(7) 0.304(10)	48.73%	0.338(11)
	R(19)	20 0.171(5) 0.228(7) 0.295(9)	47.22%	0.332(11) 0.370(12)
	R(21)	22 0.160(5) 0.206(7) 0.268(9)	41.82%	0.307(10) 0.345(11)
		F o F o F o F o F o F o F o F o F o			
		r r r r r r r r r		
		R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w R e v i e w
					O n O n O n O n O n O n O n O n O n
					l y l y l y l y l y l y l y l y l y
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