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Highlights:

- Joint theoretical and experimental lineshape study in the rovibrational isotropic Raman
spectrum of N2 in a bath of CO between 77 and 298 K.

- Determination of collisional broadening coefficients and line mixing coefficients
- Two different theoretical approaches have been explored: a quantum dynamical
calculation and a parametric one utilizing the energy-corrected sudden (ECS)
approximation.

- Comparison of experimental vs.theoretical results and evaluation of the effect of the
different approximations used in the calculations.
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Abstract

Measurements in the rotationally-resolved Q branch of the Raman spectrum
of the fundamental vibration (v = 0 — v = 1) of Ny perturbed by CO have
been conducted at three temperatures, 77, 195 and 298 K, in order to ob-
tain broadening and mixing coefficients for the different rovibrational lines
observed. In parallel with these measurements, calculations have also been
performed on the system at the same three temperatures to obtain theoreti-
cal values for the coefficients. The experiments have been carried out using
high-resolution stimulated Raman spectroscopy (SRS), while for the calcu-
lations two different approaches have been explored: a quantum dynamical
calculation and a parametric one utilizing the energy-corrected sudden (ECS)
approximation. Comparison between experiment and calculations show good
agreement for both the quantum dynamical and the ECS calculated values.
This is, to our knowledge, the first reported experimental determination of

collisional line broadening and mixing coefficients in the spectrum of Ny per-
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turbed by CO. We also present a brief comparison with the results of prior
calculations and with measurements conducted not long ago in the reverse
collisional system (i.e., CO perturbed by Ny).

Keywords: Collisional Broadening, Line Mixing, Stimulated Raman

Spectroscopy, Quantum Dynamical Calculations, No-CO
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1 1. Introduction

2 The collisional system formed by the molecules of CO and Ny has been
s studied by numerous authors from both the experimental and theoretical
« points of view. One of the most recent works, in which both experimental and
s calculated line broadening and mixing coefficients for lines in the () branch
s of the Raman spectrum of CO perturbed by N, were reported, was carried
7 out by some of us [1]. One common aspect in most of these works —including
s ours— is that the system has been studied almost exclusively from the point of
o view of CO as the “active” molecule (i.e., the molecule whose spectrum shows
10 the collisional effects), with Ny in the role of the perturber species. There
1 are several reasons for this: first and foremost, CO has a permanent dipole
12 moment that allows its detection and study by means of infrared (IR) and
13 microwave (MW) spectroscopies, much more common than the Raman or
12 quadrupole techniques required to record spectra of Ny. This also makes CO
15 a much better candidate for spectroscopic detection and studies in remote
16 environments (e.g., planetary atmospheres or interstellar clouds), since these
17 observations generally rely on IR and MW techniques. Environments in
18 which the presence of both CO and Ny has been detected in nature include
10 the atmospheres of planetary bodies like Earth, Titan, Pluto and Triton [2-5].
20 Earth’s atmosphere is a prime example of a planetary atmosphere in which
21 CO is present as a trace species while Ny is present in large concentrations,
2 thus making broadening data of CO perturbed by Ny very valuable for the
23 correct interpretation of any spectroscopic atmospheric studies involving the
22 molecule of CO.

25 Conversely, there are no experimental and very few theoretical studies
26 of this same collisional pair with Ny as the perturbed molecule and CO as
27 the perturber (henceforth abbreviated as the No-CO system). Besides at-
28 mospheric and astrophysical studies, there are other fields of application in
20 which the availability of accurate N,-CO line broadening and mixing data

30 would prove valuable. One of these is combustion diagnostics, in which the
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a1 technique of coherent anti-Stokes Raman spectroscopy (CARS) is commonly
32 used for temperature mapping in flames, engines and jets. This mapping is
33 frequently based on the acquisition and modelling of the Raman spectrum
s of the Ny present in combustion mixtures. CO is often present among the
35 combustion products, normally as a minor constituent of the mixture but
s in concentrations that sometimes may reach a few percent [6] and more. In
37 these cases, incorporating the line broadening and mixing caused by CO in
33 the Raman spectrum of Ny to the models would improve the accuracy of the
30 temperature results obtained. Afzelius et al. investigated this very prob-
s lem [7] by conducting CARS thermometry experiments and modelizations in
a1 mixtures of CO and Ny and concluded that “.. In particular, it is shown
a2 that the CO concentration measurement was more accurate if No—CO and
a3 CO-Njy line-broadening coefficients were included in the calculation”.

aa From a more fundamental point of view, the availability of No-CO experi-
s mental broadening and mixing data would make it possible to compare them
a6 with the results of different types of calculations, thus allowing the validation
sz of potential energy surfaces (PES) and the evaluation of different calculation
a5 methods and approximations.

a9 This article presents a joint experimental and theoretical study of the No-
so  CO collisional system, more specifically of the line broadening and mixing in
51 the Q branchof the Raman spectrum of the fundamental vibration (v =0 —
s2 v = 1) of Ny perturbed by collisions with CO. These are, to our knowledge,
53 the first experimental line broadening and mixing measurements conducted
sa on the No-CO system. Only one prior calculation exists, carried out by
ss Afzelius et al. [8] using the semiclassical Robert-Bonamy formalism.

56 The present study has been conducted at three different temperatures and
s7 is a natural continuation of our previous work on CO-Ny in which the roles of
ss the two colliding molecules have been reversed. As such, the techniques and
s methods used in this work share many aspects with those employed in [1].

6o 'This is particularly true for the experimental procedures, which are nearly
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e1 identical to the ones used in that work. For the calculations, different approx-
sz imations not used in [1] have been introduced here. The following sections
63 give a brief overview of the methods, both experimental and theoretical, with

e« emphasis on the main differences between both studies.

es 2. Experimental

66 2.1. Fxperimental setup

67 All the spectra recorded and analyzed in the course of this work belong to
e the Q branch (Aj = 0) of the fundamental vibrational band of Ny perturbed
6o by collisions with CO. The transitions in this band are forbidden by the elec-
70 tric dipole selection rules but they are accessible by Raman spectroscopy. We
7 used the technique of quasi-continuous stimulated Raman spectroscopy (g-
72 cw SRS) to acquire the high resolution, rotationally resolved spectra required
73 for this study.

74 Our g-cw SRS setup is a two-beam experiment in which the Raman spec-
7 trum is explored by scanning the frequency difference between both laser
76 beams. The Raman signals are then detected as intensity changes in one of
77 the beams, normally denoted “probe beam”. In our setup this is the higher
s frequency beam, and the Raman signals are detected as intensity losses. This
7o variant of the technique is usually known as stimulated Raman loss (SRL).
so The experimental setup is nearly identical to the one used in our previous
a1 study of the CO-Nj collisional system [1], so for the sake of brevity we will
s2 refer to the different elements of the setup as they appear in the experimen-
83 tal section of that work and highlight only the main differences between that
s« and the present experiment.

85 The cw probe beam is generated by a frequency-stabilized Ar™ ion laser
ss locked to a hyperfine transition of 3°Te, at 18909.44611 cm ™. The pulsed
sz pump beam is generated by pulsed optical amplification of a tunable seed
ss provided by a cw dye laser. In order to reach the wavenumber region around
s 2330 cm~!, where the Q branch of the N, fundamental lies, the cw dye
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o laser is operated with Rhodamine 590 and the pulsed dye amplifier with
o1 Sulforhodamine 640. This allows the generation of pump pulses around ~
o2 16580 cm™!, thus accessing the desired Raman wavenumber difference region.
o3 The spectral distribution of the pump pulses, which constitutes the ultimate
o4 limit to the instrumental resolution of the apparatus, was measured and can
os  be approximated by a Gaussian function with ~ 0.00214£0.0001 cm™! full
o6 width at half maximum (FWHM).

o7 The broadening measurements were conducted at three different temper-
e atures, namely 77, 195 and 298 K. The same sample cell used in Ref. [1] for
9o the 77 and 298 K measurements was used here for the three temperatures.
10 The cooling chamber was left empty for the 298 K measurements and filled
11 with liquid nitrogen for the 77 K measurements. For the 195 K measure-
102 ments the chamber was connected to the forced-flow liquid Ny evaporation
103 system also described in previous works (9] and the nitrogen evaporation rate
104 adjusted until the desired temperature was reached.

105 We conducted several tests to determine the maximum pulse energy at
106 which the dye amplifier could be operated without inducing additional broad-
w7 ening or distortions in the spectral lines due to the alternating current (AC)
w8 Stark effect caused by the intense electromagnetic field associated to the laser
1o pulses. The highest safe energy level was determined to be 20 mJ/pulse,
110 which —when our focusing conditions are factored in— equates to a maximum
1 intensity of 162 GW /cm? in the focal region. This is a factor of 2 larger
12 than what was measured for the equivalent Q-branch transitions in the CO
us molecule [1], and is the intensity at which all the present broadening mea-
ue surements have been conducted.

115 One aspect of the measurements that required the introduction of espe-
ue cially tailored modifications to the setup was avoiding the presence of a con-
uz tribution from atmospheric Ny in the Raman spectra: it is a well known fact
us that when in an SRS setup the beams are overlapped and travel collinearly

119 a certain distance in open air contributions from atmospheric species, pro-
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120 vided that they have Raman-active transitions in the frequency region being
121 probed by the two beams, can be observed in the Raman spectrum. This
122 fact becomes particularly problematic when the species under study inside
123 the cell, typically at a relatively low pressure, is also present in the atmo-
124 sphere: the final result is a compound spectrum in which narrow Raman
125 lines, originating from the sample inside the cell, are riding on top of broader
126 versions of themselves contributed by molecules of the same species present
127 in the atmosphere and thus suffering from significant collisional broadening.
128 Ny, being the most abundant species in the atmosphere, is the most extreme
120 example of this problem.

130 In order to eliminate the atmospheric Ny contribution two airtight “vac-
131 uum boxes” were designed, fabricated and incorporated into the setup. They
132 are depicted in Figure 1 together with the sample cell and neighboring op-
133 tical elements. The role of the boxes is to maintain a vacuum in the zones
132 located immediately before and after the sample cell, where the pump and
135 probe beams are overlapped and travel collinearly. They are made of Plex-
s iglas (poly methyl methacrylate) and have aluminum bases with threaded
137 holes so that the optiecs used for beam overlapping, focusing, steering and
138 final beam separation can be installed inside them and kept locked in place.
130 Their overall dimensions are roughly 25x30x35 cm (width xlength x height).
10 Both boxes are equipped with uncoated Brewster-angle fused silica windows
11 that match the ones installed on their respective ends of the sample cell. The
142 boxes are placed on the optical bench so that their Brewster windows are in
143 physical contact with the Brewster windows of the cell in order to minimize
124 the distance that the collinear laser beams travel in open air. For the entry
15 of the pump and probe beams into the first box, as well as for the exit from
16 the second box, fused silica windows are installed in the walls of the boxes
17 at perpendicular incidence. The boxes are equipped with capacitive pressure
s gauges and connected to a rotary pump that is kept in operation for the

120 duration of the measurements. The residual pressure inside the boxes when



Journal Pre-proof
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Figure 1: Detail of the sample cell and the vacuum boxes used to remove the contribution
of atmospheric Ny to the Raman spectrum. DM: Dichroic mirror. BD: Beam dump. L:
Lens.

150 the pump is in operation is typically ~ 0.1 mbar, which is low enough for the
151 broad, atmospheric Ny contribution to completely vanish from the acquired
122 Raman spectra.

153 Aside from the presence of the vacuum boxes, the only difference with
14 respect to the optical configuration used in [1] is the use of dichroic mirrors
155 instead of Pellin-Broca prisms for beam separation. This is done because the
156 relatively low dispersion of the prisms allowed some partial overlapping of
157 the two beams as they traveled in air after the second vacuum box before
158 they were completely separated.

150 The origin and purities of the gases used are the same as in Ref. [1].
160 No-CO mixtures were prepared in situ in the sample cell at room tempera-
161 ture before each measurement, and cooled afterwards for the measurements
12 conducted at lower temperatures. A 5% partial pressure of N, was used in
163 the mixtures in all cases. This value represents a compromise that allows
16+ the obtention of acceptable signal-to-noise (S/N) ratios in the spectra while
165 keeping the effect of Ny collisional self-broadening sufficiently small for it to
166 be disregarded: self-broadening coefficients for No-Ny have values that are
167 [10] between ~ 85% (at room temperature) and 91% (at 77 K) of those ob-
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1es tained in this work for Ny-CO. At 5% partial pressure this translates into
160 an underestimation of the No-CO broadening coefficients that is rougly be-
wo  tween 0.45% (at 77 K) and 0.75% (at 298 K) of the obtained values. These
i1 errors are well within the uncertainty intervals associated to the coefficients
12 reported in this work.

173 At each one of the three temperatures of reference, spectra of the Q branch
174 of the Ny fundamental were recorded at five nominal mixture pressures. With
175 some small differences, the pressures selected are essentially the same and
we cover the same intervals as those in Ref. [1]. Spectra were recorded at least

177 twice at each one of the pressures:

178 e At 77 K, total mixture pressures of 5, 15, 30, 45 and 60 mbar were
179 used. Rovibrational lines from Q(0) to Q(10) were recorded under

180 these conditions.

181 o At 195 K, total mixture pressures of 10, 25, 50, 80 and 110 mbar were

182 used. Rovibrational lines from Q(0) to Q(14) were recorded.

183 e At 298 K, total mixture pressures of 20, 50, 80, 120 and 160 mbar were

184 used. Rovibrational lines from Q(0) to Q(20) were recorded.

185 Although additional, higher rovibrational components were observed (and
18s  technically “recorded”) at all temperatures, their S/N ratio was not good
187 enough at all the pressures to allow a sufficiently accurate determination of

188 their collisional line widths.

10 2.2. Experimental results

100 Figure 2 presents a view of a section of the Q branch of Ny perturbed by
101 CO at 77 K and three different total pressures to illustrate the type of spectra
102 recorded in the course of this work. Aside from the absolute wavenumbers,
103 the main visual difference with respect to the previous experiments on the
104 reverse system, CO perturbed by Ns, is the presence of the usual intensity

105 alternation between odd-j and even-j rotational lines due to the nuclear spin

9
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5% N, in CO
o Q) 77K

| v=0 — v=1
Aj=0 (Q branch)
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Prot=30 mbar
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Figure 2: First rovibrational lines of the Q branch of the Raman spectrum of Ny perturbed
by CO registered at 77 K and three different pressures. The three spectra have been
normalized using the intensity of the Q(4) line and shifted vertically.

statistics of Ny. The relevance of this alternation lies in that the existence
of ortho and para varieties limits the extent to which line interference (i.e,
line mixing) is present in the spectrum of Ny: line interference can only oc-
cur when there are collisionally-mediated transitions between the states of
the interfering lines. Since contiguous lines in the spectrum of Ny belong to
states of different wavefunction parity, there can be no interference between
them. The only possible line mixing will come from interference between non-
contiguous lines of the same parity (e.g., Q(0), Q(2), Q(4))... and Q(1),Q(3),
Q(5)...), which explains why the effect is subtler than in CO and more dif-
ficult to observe and quantify at the relatively low pressures at which these
experiments have been conducted.

Analysis of the spectra was performed using the same procedure employed

10
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2s in [1]: in the absence of velocity-dependent effects (i.e., Dicke narrowing),
200 which we have not observed in our spectra, the basic line shape would be given
210 by the convolution of our apparatus function (Gaussian), Doppler width of
au the line at the temperature at which the experiment is conducted (Gaussian)
212 and collisional width (Lorentzian), which would yield a Voigt profile with
213 a known Gaussian component. In the presence of line mixing, however,
214 the Lorentzian collisional contribution must be modified. For a case of weak
215 coupling (moderate overlapping of the lines) like the present one Rosenkranz’s
216 first order model [11]| provides an adequate profile that can be computed as
217 the sum of a Lorentzian and a dispersive function. An expression for the
218 profile is given in Equation A.3 of Appendix A.

210 The Gaussian components of the profiles have FWHMSs of 0.0035 cm™*
20 at 77 K, 0.0049 cm~! at 195 K and 0.0058 ¢ém~! at 298 K. Under our experi-
21 mental conditions these values are smaller than the collisional contributions
222 to the widths of the lines except for the lowest pressure series at each tem-
223 perature.

224 We used the same numerical procedure described in [1], which employs a
225 multi-peak fitting algorithm that takes into account the different contribu-
26 tions to the line profiles described above, to extract the Lorentzian collisional
27 widths of the individual rovibrational lines as well as their dispersive con-
22 tributions. For these last ones, the S/N ratio of the spectra and the small
220 magnitude of the interference only allowed a reliable determination for the
230 lines from Q(0) to Q(3) at 77 K. No dispersive contributions have been ob-
231 tained at other temperatures or for other rovibrational lines.

232 The final collisional broadening coefficients 7, have been determined for
233 each individual rovibrational line Q(j) at each temperature by least squares
234 fitting of a linear function to the collisional widths measured for that line
235 at all the pressures. Each coefficient is obtained from the slope of the fitted
236 function. Additionally, and by fitting the temperature dependence law

11
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Figure 3: Experimental, Quantum Dynamical Results, QDR, and ECS-calculated broad-
ening coefficients in the @ branch of the Raman spectrum of Ny perturbed by collisions
with CO measured at 77, 195 and 298 K. Error bars in the experimental data represent 1
standard error.

) =@ () 0

237 to the experimental values of our coefficients, we have also determined a
2ss set of n; exponents. The experimental broadening coefficients are displayed
230 in Figure 3 together with their calculated values obtained by means of two
2a0  different approximations described in the following sections. These sets of
21 experimental and calculated values are also presented, together with the
22 experimentally determined n; exponents, in Table 1.

243 The same linear behavior with pressure of the broadening coefficients
22 also applies, within the Rosenkranz model, to the Y} line mixing coefficients.
2es Their experimentally determined values are presented in Table 2, once again

246 accompanied by their calculated values.

12
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27 3. Calculations

248 The calculation of collisional line broadening and mixing coefficients re-
20 quires the obtention of a relaxation matrix W (see Appendix A), whose
250 elements can in turn be obtained from the state-to-state collisional rates for
251 the system. Collisional rates are derived from thermally averaged bistate to
22 bistate cross sections. If an intermolecular potential energy surface (PES) is
253 available for the system, accurate calculation of these cross-sections is possi-
25 ble, but computationally expensive. The most accurate method to determine
25 the cross sections, the close coupling (CC) method; is very time consuming
256 to the point of making the problem intractable when the kinetic energy be-
257 comes too large (see the discussions in Refs. [I, 12|). Therefore, in this
258 work we have resorted to two approximate methods. One of them is the use
250 of the infinite order sudden approximation (IOSA), which relies on several
260 quantum approximations, to supplement the full dynamical CC calculation
261 at high kinetic energies. The other one is the energy-corrected sudden ap-
262 proximation, which instead of solving the dynamical calculation relies on the
263 use of a parametric model to describe the elements of the relaxation matrix.
264 Both approaches and their application to our system are briefly discussed in

265 the following sections.

266 3.1. Dynamical calculations

267 In Ref. [1] we performed quantum dynamical calculations on the CO-N,
28 potential energy surface (PES) of Liu et al. [13]. As shown in [1] and [12] this
260 PES is accurate enough for producing pressure broadening coefficients. For
270 the present work we have completed these calculations up to a total energy of
o ~500 cm™! using the close-coupling method! and by additional calculations
222 at 600, 700 and 800 cm~! using the IOS approximation as implemented in the
2z MOLSCAT code [14]. Our previous work [1] was devoted to CO perturbed by

'In order to perform CC calculations between 315 and 500 cm™*

step for the total angular momentum J from 2 to 4.

we used a varying

13
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a7za No. Rovibrational quantum numbers with subscripts 1 and 2 were associated
a5 with CO and Ny respectively, in particular for the bistate to bistate kinetic
216 energy dependent cross sections, o (j172 — jij4; Ekin). Since the PES is the
a7 same for the present study we just have to affix subscripts 1 and 2 to the
27s No and CO molecules. The CO molecule is in its ground vibrational state
a7o - while the Ny molecule can be either in its ground or first excited vibrational
280 states. However, because the Ny molecule is quite rigid owing to its triple
281 bond, the No-CO PES depends only weakly on the Ny vibrational state, thus
282 scattering calculations consider both molecules in their ground state. We
2s3  therefore disregard any vibrational effects.

284 Since the MOLSCAT code provides us bistate-to-bistate cross sections at
285 various kinetic energies we first introduce a partial pressure broadening cross

286 section as:
Uppb(jlijS Ekzn) = Z Za(jljZ — ji]év Ekm) (2)
J1# gh

2s7 As in [1] we first extrapolate the bistate-to-bistate cross sections up to 2000
2.s cm ! and then performi a thermal average at a given temperature 7" over the

280 kinetic energy distribution to obtain a partial pressure broadening coefficient:

Yern (1,42 T) = Y > R(juja = j13; T). (3)

]1#]1 .72

200 where R(jijo — jijs; T) is a bistate-to-bistate collisional rate. Finally, the

201 (total) pressure broadening coefficient of a ((j1) line is given by:
Y T) =Y pli2)app(i, G2 T).- (4)
J2

202 The reader can compare the derivation of Eq. (4) with equations (A.1) and
203 (A.2). Because our calculations are not reliable for high rotational quantum

20a  numbers (too few points) or bistate to bistate cross sections are not available

14
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205 (more precisely when the rotational energy Ej j, exceeds ~300 cm™') we

172
206 assumed that the partial pressure broadening coefficient for j, > 7 can be
207 deduced from the ones for jo, < 7. This approximation has been successfully
208 applied before for many interacting pairs |1, 9, 10, 12, 15-18].

209 In the following we call the results obtained with this method the QDR
300 set for quantum dynamical results. Pressure broadening coefficients derived
300 from this set are given in Table 1. Due to the various approximations done, a
302 limited grid in energy, the use of the IOSA, a polynomial extrapolation of the
303 bistate cross sections, the extrapolation of the partial pressure broadening
304 rates for jo > 7, we do not expect our results to be accurate by more than
ss 10% at room T. At 195 K we estimate our results to be accurate within

506 about 5% and to a few percents at 77 K.

07 3.2. Parametric calculations

We now briefly describe the alternative semi-empirical method we have
used. This method is based on the Infinite Order Sudden Approximation
(IOSA). The IOSA allows a separation of angular couplings and dynam-
ics. It has been thoroughly discussed in the literature ([19-21]. Within the
IOSA bistate rate constants are derived from thermally averaged, over the
Maxwell-Boltzmann kinetic energy distribution at a temperature 7', down-

ward inelastic cross sections to the ground state j; = jo = 0:
R(jijs — jiJa) = (251 + 1) (272 + 1)
2 2
Ji L1 gy jo Lo Jj
X 201+ 1)(2Ls 4+ 1
LIZLQ(l L, )<ooo)<ooo

x R(LiLy — 00) (5)

s Because the I0S approximation ignores the rotational energy spacings (i.e.
so0  the IOS invokes the energy sudden approximation) there is no difference

;10 between the total energy and the kinetic energy. As a consequence, the

15
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s detailed balance principle is not satisfied. Following DePristo et al. [22] Eq.
sz (5) is used for deexcitation transitions (i.e. those for which Ej;, > Ej ;)
s13 while upward rates are obtained by imposing the detailed balance.

Off-diagonal relaxation matrix elements are then given by [19]:

2
g . 1 L1 g ~
Wi i) = =20+ 1YL+ 1) ( 0 0o ) R(Li = 0), ©)
Ly
s1ie - with the help of an effective one body rate:
R(Ly = 0) =) (2Ly+ 1)R(Iy Ly — 00). (7)

Lo

In order to correct for the energy defect of the IOS method, or that the
molecules do rotate during a collision; DePristo et al. [22] introduced the
Energy Corrected Sudden (ECS) method. Corrected downward rates are
expressed through:

R(j1j2 = jija) = (27, + 1) (255 + 1)
2 2
i Ly jo Ly g4
X 20, +1)(2L, + 1
e ><000)(000
X A(j1ja; L1L2)*R(L1Ly — 00), (8)

where at this point we are not concerned about the "exact" expression of
the adiabaticity factor A. Again, excitation rates are calculated by invoking
detailed balancing. Starting from Eq. (8) it is not possible to derive an
equation similar to Eq. (6) because of the dependence of the adiabaticity
factor with the rotational quantum number j,. Following many previous

works dealing with diatom-diatom systems [23-26|, we assume that Eq. (6)

16
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is transposable to the ECSA:

W('j) = —’;j—'%<2j< + DY L + DAGL?QLT) (9)

J L#0

a5 where the subscripts “1” have been dropped since this is the standard ECS
s1s  expression for a diatom-atom system. The Q) (T) are effective one-rotor rate
sz constants from level L to the level 7 = 0 at a given T, also called in the
a1 literature the basic rates. The detailed balance, p(7)W (), j) = p(3)YW (4,5'),
a9 has been enforced in Eq. (9) since js (j<) stands for the larger (resp. smaller)
320 value of (j,'). The adiabaticity factors write:

O

) (10)

;21 where for the 2’s we have used the form proposed by Bonamy et al. [27]:

-1
Q; = [1 + 1—12 (wj7j270)2} . (11)
s22 hwj j_o is the energy difference between the level j and the next lower acces-
223 sible one (j — 2 because of the ortho-para species of Ny). 7. is the effective
324 duration of a collision that may be expressed in term of the scaling length /.
325 since (. = 0,7., with v, the mean relative speed at T'. Setting ¢, = 0 returns
26 the IOSA for a diatom-atom system.

327 In conjunction with the ECSA, the basic rates were modeled using a

22 simple power law [23, 26]:

A(T)

G = re

(12)

320 In addition, similarly to the usual power law for the pressure broadening co-

a0 efficient, the temperature dependent scaling parameter A(7") can be written
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s [23]:
To\ N

A(T) = A(T) () (13)
sz where T is a reference temperature (296 K in our case). Therefore our fitting
;13 parameters are A(Tp), N, the exponent o and the scaling length /..
334 We first performed a global nonlinear fit of the four parameters to the
333 whole set of experimental values at all temperatures, and obtained o = 0.94,
s lo=12A N=12and A(T,) = 34.3 107 cm~! atm . Since in this kind of
337 problem there is always going to be a certain correlation between the fitted
;38 values, we explored an alternative approach based on performing a sequence
330 of more restricted fits: firstly, for each temperature we fitted a system with
a0, {. and A(T) as free parameters, obtaining & = 0.93 and ¢. = 1.08 Aat 77
se K, a=1.03and (., =1.01 A at 195 K, and o = 1.13 and £, = 0.94 A at 298
a2 K associated A(T) values are not reported. Averaging the values of a and
a3 {, at the three temperatures one obtains a = 1.03 and £. = 1.01 A, which we
saa  adopt as temperature-independent values for these parameters. With these
a5 two fixed, one can fit again the expressions to the experimental data at each
us one of the three temperatures to obtain fitted values for A(7"), which turn
sar out to be A(TTK) = 220.23, A(195K) = 71.02 and A(298K) = 47.25 in 1073
ss cmatm™!. Finally, fitting for LnA(T), with A(T) given by Eq. (13), leads
49 to an exponent' N =1.15 and A(Tp) = 46.06 1073 cm ™" atm™'. The final set
0 of parameters obtained through this sequential procedure is thus a = 1.03,
s (= 1.00 A, N = 1.15 and A(Tp) = 46.06 107 cm™" atm™'. With the
2 exception of A(T)), these values are close to the ones obtained by means of
353 the global four-parameter fit.
354 The values obtained for the broadening coefficients using the parameters
355 issued from this sequential fit are reported on Fig. 3 and Table 2. Overall,
6 they compare well with the values deduced from the experimental measure-
357 ments.
358 Figure 4 compares the fitted ECS basic rates, '(L;T), with the effec-

350 tive rates, é(L — 0;T), coming from our quantum dynamical calculations
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Figure 4: Comparison of effective one body rates. The Q'(L;T) are obtained from the

ECS A(T) fit and Ry designates R(L — 0;T) as given by Eq. (7) and derived from our
QDR set.

ss0 (Sec. 3.1). This comparison is surprisingly good, justifying a posteriori the
1 diatom-atom ECS method used in the present study and in many works in
32 which fitted one body basic rates where used, without any support of dynam-
363 ical calculations, t0 model pressure broadening and line mixing coefficients
s [24-26, 28].

365 Finally, the line mixing parameters, Eq. (A.4) can be evaluated starting
366 with the basic rates or our QDR set. Table 2 gathers our results and compare

3s7 them with our experimental values.

s 4. Discussion

360 The first conclusion that can be extracted from Figure 3 is that QDR
370 calculations are able to reproduce the experimental data with reasonable
sn accuracy. In fact the agreement is quite good at 195 and 298 K, while at
sz 77 K the calculations underestimate the experimental coefficients by ~ 10%

s13 between j = 1 and j = 4. This deviation is larger than initially expected, but
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N P
J Y;

77K 195 K 298 K

Exp. QDR ECS QDR ECS QDR ECS

-1.9(2
1.2(2
-0.18(6) -0.13 -0.01  -0.13 -0.12  -0.09 -0.11
02(1) 024 030 000 000  -0.01 -0.02

0 -2.35 -2.95 -1.00 -1.15 -0.66 -0.80
1
2
3
4 0.35 0.38 0.04 0.05 0.01 0.01
3
6
7

-1.15 -1.26 -0.50  -0.55 -0.32  -0.40

0.37 0.38 0.05  0.06 0.01 0.02

0.35 0.35 0.06 0.07 0.02 0.03

0.33 0.31 0.07  0.07 0.03 0.03
Table 2: Experimental (Exp.) and calculated (QDR and ECS) Rosenkranz line mixing
coefficients Yjp for the first Q(4) lines in the fundamental band of the Raman spectrum of
N, perturbed by CO at 77, 195 and 298 K. Units are atm™. Numbers in parentheses are

given in units of the last digit of the main value they refer to and represent 1 standard
€error.

a4 not unusually so: in faect, a very similar discrepancy between experiment and
375 calculations, in this case performed using a combination of the close coupling
srs and coupled states (CS) methods instead of CC+IOSA, was observed in the
srr reverse CO-Ny system at 77 K. Figure 7 in Ref. [1] illustrates these differences
sis which are, like those in the present work, especially noticeable for the lines
;79 between j = 1 and j = 4 at 77 K and have magnitudes of ~10% of the
30 experimental value.

381 The calculations based on the ECS approximation are able to reproduce
32 the experimental data satisfactorily. The fact that the measurements are
33 well reproduced for the whole range of rovibrational components and at the
;e three temperatures with fixed (pre-fitted) values for a and ., by just fitting
;s the temperature dependence of the scaling parameter A(T), indicates that

s the ECS model is indeed able to provide reasonably accurate values for the
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sz elements of the relaxation matrix in this system.

388 Both approximations seem to be able to reproduce the line mixing coef-
s ficients at 77 K with the exception of the first one Y7, but the small size of
300 the experimental data set and the large uncertainties associated to the values
301 limits the usefulness of this comparison.

302 As for how our results compare to those obtained by other authors, the
303 only available data set is the one obtained by Afzelius et al. [8] by means of
30« semiclassical Robert-Bonamy (RB) calculations at 295 and 1000 K. N,-CO
305 broadening coefficients are displayed in Figure 7 of their article with no ac-

1 -1

306 companying numerical values: at 295 K, and starting at ~ 0.070 cm ™" -atm

507 for Q(0), the value of the coefficient drops sharply for Q(1) and then decreases

Latm™!

308 smoothly and slowly for increasing values of j, reaching ~ 0.045 cm™
300 around Q(14). Aside from a small dip around Q(1) that is not clearly visible
a0 in our data, both the magnitude and overall tendency and rate of change of
a1 their broadening coefficients look similar to those in our experimental data.
a2 No deeper conclusions can be extracted without access to the numerical data.
403 Finally, it is interesting to compare our N,-CO broadening coefficients
a4 with the ones we obtained in our previous work for the reverse system, CO-
as No, since the molecular interaction is governed by the same intermolecular
as forces. Figure 5 shows this comparison using our CO-Ny bibliographic data
a7 |1]. Disregarding extreme points, which are affected by larger errors, it is
a8 evident that the general behavior of the coefficients and their 57 dependence is
a0 the same for both systems at the three temperatures, with the main difference
a0 being the magnitudes of the coefficients themselves: Ny-induced broadenings
a1 in the spectrum of CO are ~ 20% larger than CO-induced broadenings in
a2 the spectrum of Ny at the three temperatures. This may result surprising
a3 at first glance considering the similarities between the two molecules: they
sa  are isoelectronic, have the same mass, very similar rotational constants (B,
a5 in the ground electronic state is ~3.5% larger for Ny than for CO) and only
ae  slightly (~10%) different vibrational frequencies. CO has a permanent dipole
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Figure 5: Comparison of Raman Q-branch experimental broadening coefficients for the
N»-CO system (this work) and the CO-Ny system (taken from [1]) at 77, 195 and 298 K.
Error bars in the experimental data represent 1 standard error.

a7 moment but it is rather small (~ 0.1 D), so it can be considered an “almost
a1 homonuclear” molecule.

a19 In order to understand the difference in the magnitude of the broaden-
a0 ing coefficients for these two systems, it is helpful to look first at the values
a1 of these same coefficients for the CO-CO and N,-N, self-perturbed pairs.
222 Looney and Rosasco [29] performed RB calculations on these systems, which
w23 were later revisited by Afzelius et al. [8]. The results, which used potential
a4 energy surfaces with parameters adjusted to better reproduce the experi-
a5 mental data already available for the systems, are presented in Figure 7 of
a6 Afzelius’ article: at 295 K, the broadening coefficients in the Q branch of the
»27 Raman spectrum are considerably larger (~ 50%) for CO-CO than for N,-Ny.
a2s  More importantly, the authors identified the quadrupole-quadrupole symme-
a20 try interaction in the PES as the dominant one in both systems: according to
a30 their calculations, the dipole-dipole and dipole quadrupole interactions only

as1 account for less than ~10% of the pressure broadening coefficients in low and
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sz intermediate Q(j) lines (j < 12) in the CO-CO collisional system, and up to
sz 20% for j = 18 [29]. Since the electronic quadrupole moment of CO is larger
s3s than that of Ny (—1.9 x 10720 esu vs. —1.4 x 1072% esu), this fact by itself
a3s would be enough to explain the larger broadening coefficients of CO vs. Ny
a3 in the case of self collisions. Following the same line of reasoning, one would
a37  also expect the same quadrupole-quadrupole term to dominate the interac-
a8 tion between a molecule of CO and a molecule of Ny, and thus the broadening
30 coefficients of the CO-Ny and N,-CO systems should show values that are in
a0 between those of the two self-perturbed systems. Indeed, broadening coeffi-
a1 cients calculated for the heteromolecular pairs are also presented in the same
a2 aforementioned figure and clearly show that the overall magnitude of the
a3 coefficients follows the sequence CO-CO>C0O-N,>Ny-CO>Ny-Ny, matching
aaa our experimental results for the two intermediate systems. Notice, however,
a5 that the quadrupole-quadrupole interaction argument applies equally to CO-
as N and to No-CO, since the collision is the same for both systems, and thus
a7 it does not explain the difference observed between them.

448 The key element to the different behavior of the two heteromolecular
as9  systems seems to lie in the restriction imposed to the molecule of Ny by the
so  symmetry of its nuclear wavefunction (i.e., the existence of ortho and para
i1 Ny species): if as a consequence of a collision a molecule of Ny changes its
ss2 rotational state it will have to obey the rule Aj = £2, +4, ... to preserve
a3 the symmetry of the wavefunction. Thus, transitions that follow the dipole
asa selection rule Aj = +£1 as a consequence of a collision are forbidden for Ny,
ass but allowed for CO, which is not bound by the same symmetry restriction.
ss6  As stated above the dominant interaction in a collision between a molecule
ss7 - of CO and a molecule of Ny is described by the quadrupole-quadrupole term,
ass - which will only induce Aj = +2 transitions, but interactions like the dipole-
a0 quadrupole or dipole-spherical coupling terms, although smaller, do exist
w0 and will give rise to additional Aj = 41 and other transitions that are only

61 allowed for the molecule of CO. To summarize, when a CO molecule in a given
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s> rotational state j and a molecule of Ny in j” collide the CO molecule has a
a3 larger number of accessible channels leading to other rotational states than
sss  the Ny molecule, and some of these channels (Aj = £1) involve a smaller
s6s energy gap than the ones accesible to Ny. The end result is that in a collision
a6 between a CO and an Ny molecule the overall probability of experiencing a
a7 rotationally inelastic collision is higher for CO than it is for Ny, leading to

a8 larger collisional broadening coefficients for CO-Ny than for N,-CO.
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sz Appendix A. Relaxation matrix elements and line coupling coef-

474 ficients

a75 In the following we denote an isotropic Raman transition from an initial
are  state j; to a final one having the same rotational quantum number j; by the
a7 line |j1j1)). In this case an off-diagonal relaxation matrix element, coupling
ars  this line with another one defined by ji (j; # j1), is nothing but minus a

are weighted summation of rate constants [19]:

(W) = W 7)) = =D pl Z R(jijs — jids), (A1)

J2

a0 where the p’s are the population of the perturbing molecule at a given tem-
a1 perature T. A diagonal term, representing the collisional half width at half
sz maximum (HWHM) of a Lorentzian line profile, is in turn given by the (ex-

a3 act) sum rule:

Wi, 51) = Z W (51, j1) (A.2)

315£]1
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asa A simple profile which takes into account the coupling between the lines

sss forming a band is the Rosenkranz [11] profile:

1) = Y5 o) (A3)

J

sss  where we ignore the shift in our rigid rotators approximation. In Eq. (A.3)
7w is the pulsation of observation, S; are the line intensities, w; are the central
s frequencies of the unperturbed lines, I'; are the collisional HWHM, W (4, ),
w0 and finally Y} are the first order, in pressure, line mixing coefficients. The

a0 latter are given by:

Y; :2ZM. (A.4)

— W; — Wy
i'#i Y
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