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ABSTRACT Rotational coherent anti-Stokes Raman spec-
troscopy (CARS) is a well-established spectroscopic tech-
nique for thermometry at pre-combustion temperatures and
atmospheric pressure. However, at pressures of several MPa,
a previous investigation revealed large discrepancies between
experimental data and the theoretical model. A re-evaluation has
been made of these data (at room temperature and in the range
1.5-9 MPa) with two improvements to the spectral code. The
first is the inclusion of an inter-branch interference effect, which
is described in detail in Paper I. The second is the use of experi-
mental S;-branch Raman line widths measured at 295 K, with
a temperature dependence extracted from semi-classical calcu-
lations following the Robert-Bonamy formalism. It is shown
that these two modifications significantly improve the theoret-
ical model, since both the spectral fits and the accuracy of the
evaluated temperatures are considerably improved.

PACS 42.65.Dr; 33.70.Jg

1 Introduction

Rotational coherent anti-Stokes Raman spectros-
copy (CARS) has since the beginning of the 1980s proven to
be an accurate method for gas thermometry at atmospheric
pressure, especially in nitrogen in the range 135-1500 K [1—
4], and in air in the range 300—2000K [5, 6]. It is thus not
surprising that rotational CARS has been used for combustion
diagnostics, since in air-fed premixed combustion the nitro-
gen concentration is high at all times, from unburned mixture
to product gas.

In normal combustion situations the range of temperature
spans from room temperature to flame temperatures. How-
ever, it is well known that the accuracy of rotational CARS
thermometry gradually decreases with increasing tempera-
ture [2,4]. The main reason for this feature is that the shape
of a rotational CARS spectrum changes noticeably in the
lower-temperature range, which can be related to the Boltz-
mann population distribution over rotational energy levels in
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the vibrational ground state at different temperatures. Since
this Boltzmann distribution is well known, there is no uncer-
tainty related to this parameter. The second most important
parameter for the temperature sensitivity of the spectral shape
is the Raman line widths, which in addition to their inher-
ent temperature dependence also have a rotational J-quantum
number dependence. Consequently, the intensity of the indi-
vidual lines is affected and subsequently also the evaluated
temperature.

The Raman lines of nitrogen are nearly purely pressure-
broadened in the considered pressure region (above ambi-
ent pressure), and thus they result from molecular colli-
sions. Although Raman-broadening coefficients can be cal-
culated within semi-classical frameworks [7-9] developed
for pressure-broadened spectral lines, they have a limited
accuracy even for key species such as N, and O, due to
the lack of precise energy-potential surfaces, especially for
close collisions. Instead, one usually has to rely on dynami-
cal scaling laws, like the ECS [10] (energy-corrected sudden)
and MEG [11] (modified exponential gap) laws that are fit-
ted to experimental data. Unfortunately, the temperature and
J-dependence of pure rotational Raman line widths have not
been experimentally well studied, as opposed to vibrational
Q-branch line widths, and some inaccuracy in the evaluated
temperature due to uncertainties in line-width data must be
expected.

For atmospheric pressure and room-temperature condi-
tions, the lines in a rotational CARS spectrum are well re-
solved, and the evaluated temperature is not strongly cor-
related to the value of the non-resonant susceptibility. This
implies that small uncertainties in this parameter do not influ-
ence the evaluated temperatures. Therefore, it is not surprising
that rotational CARS thermometry has been shown to be suc-
cessful at these conditions [3]. However, as pressure increases
further, the characteristics of the rotational CARS spectrum
change. The individual lines are broadened, and the influ-
ence of the non-resonant susceptibility on the spectral shape
increases. Further, since the line widths scale linearly with
pressure, the absolute error related to these will also increase
linearly. Consequently, the accuracy of the Raman line widths
will be more crucial for a good temperature evaluation. Yet,
we will demonstrate in this article that this feature can be
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used to test different line-width models, since both spectral fit
and evaluated temperature are more sensitive to the different
models at evaluated pressure.

The purpose of this paper is to report a re-evaluation of ro-
tational CARS spectra recorded at room temperature and in
alarge pressure range [12], using a modified rotational CARS
code. The first evaluation of these spectra revealed deficien-
cies in the model for rotational CARS spectra at high pres-
sures. The difference between best-fitted and experimental
spectra was large above 2 MPa and the evaluated temperature
had an error of up to 25 K in the range 3—9 MPa.

Therefore, we have further developed our model for spec-
tral calculation by two modifications. Firstly, we have consid-
ered the effect of CSRS (coherent Stokes Raman scattering)
lines on the CARS side of the spectrum. This inter-branch
interference effect is explained in detail in Paper I [13]. Sec-
ondly, we have replaced our Raman line widths, previously
approximated from vibrational Q-branch line widths, by rovi-
brational S;-branch line widths. These new line widths are
based on high-resolution Raman measurements [14—16] and
semi-classical line-width calculations following the Robert—
Bonamy (RB) formalism [9]. This second paper deals with the
new line widths and presents the results of the re-evaluation of
the data from [12].

2 Dual-broadband rotational CARS thermometry

Rotational coherent anti-Stokes Raman scattering
is a third-order optical process where three laser beams inter-
act with rotational levels in a molecule and produce a resonant
coherent signal. In CARS thermometry the signal is spectrally
resolved and the temperature is determined by a spectral fit
to theoretically calculated spectra. To attain a high accuracy,
the model for spectral calculation must be very detailed, and
especially the line shape of each rotational line must be mod-
elled correctly, as the spectral lines of a rotational spectrum
are well resolved. The details of the spectral calculation of
CARS spectra including the inter-branch interference are de-
scribed in Paper I [13].

In rotational CARS photon pairs, w; and w;, coherently
excite the molecule from level J to J + 2, providing that w; —
wsy is equal to the frequency difference between the levels.
A third photon, w3, scatters off this excited molecule and is
anti-Stokes-shifted by the same frequency difference. Con-
versely, in rotational CSRS, the molecule is coherently de-
excited from level J + 2 to J, and the third photon is instead
Stokes-shifted.

In the dual-broadband (DB) [17, 18] variant of rotational
CARS, photons w; and w; are taken from the same spectrally
broadband dye laser beam; thus multiple pairs of photons
drive each resonance. This has several experimental advan-
tages, among those a spectral averaging effect over the broad-
band dye laser profile. Another feature of the DB approach
is that CARS and CSRS lines are generated simultaneously,
since the difference w; — w; can be both positive and negative.
Simultaneous CARS and CSRS generation has been studied
earlier, both in the conventional approach [19, 20], and in the
dual-broadband variant [18].

The total third-order susceptibility for DB rotational
CARS can be written as the sum of the resonant CARS

and CSRS susceptibilities and a third term representing non-
resonant contributions [13]:

xP (@ —w3) = xS (@ — 03) + xS (@ = @3) 4 Yur . (1)

The resonant susceptibilities are calculated through the
isolated-line approximation. The resonant CARS susceptibil-
ity can be written as a function of frequency w [4] (throughout
the paper j denotes spectral line number and J rotational
quantum number):

©) 4
— = , 2
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where
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The factors above are the following; w; is the rotational
transition frequency for the CARS line j (J; = j, Jy = j+2)
and —wj; is the corresponding frequency for the CSRS line j
(Ji = j+2, Jy = j). I is the rotational Raman line width of
line j (note that the broadening for an upward and a downward
transition is the same). N is the number density, the b fac-
tor is the Placzek—Teller coefficient [21], the F factor corrects
the line strength because of the centrifugal distortion [22, 23],
¢y is the anisotropic polarisability factor [24,25] of vibra-
tional level v and the Ap factor is the normalised population
difference between the levels.

In order to account for the finite laser line width of the
pump laser and the broadband dye laser, a Kataoka—Teets con-
volution [26, 27] of the spectrum, over the laser-line profiles,
is performed. It can be done on this modified susceptibility by
writing the two resonant sums in (1) as one sum over all rota-
tional lines and then using the standard formulas given in [4]
and [13] (the first approach as explained in Paper I [13]). The
final expression for the intensity can be written as:
I(@) & (xp, + XD+ E) 6)
where D and E, denoted the resonant term and the cross-term,
respectively, are expressions that depend on both the CARS
and CSRS resonances. At atmospheric pressure essentially
only the resonant term E contributes to the intensity. How-
ever, because the three terms scale differently with pressure,
the non-resonant term and the cross-term are of the same im-
portance at higher pressures. In fact, as the pressure increases,
the cross-term contracts the spectrum around the pump fre-
quency ws, giving rise to the inter-branch interference effect
described in Paper I [13].

The final step in building a spectrum is to convolute the
intensity spectrum with a suitable instrumental function to
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account for the line broadening by the spectrometer/CCD
camera system. Depending on the detection system the instru-
mental function has a Gaussian, Lorentzian or Voigt profile.

In order to deduce the temperature from an experimental
spectrum, the spectrum is fitted to a library of theoretically
calculated spectra using a Levenberg—Marquardt non-linear
least-squares algorithm. The spectral fit routine can simultan-
eously fit the temperature, the dispersion, the Raman shift of
the calibration channel and the non-resonant susceptibility.
However, to obtain a reliable fitting procedure at high pres-
sures one often has to fix the dispersion when the lines start
to overlap significantly, and also yx,, due to its strong impact
on the spectra at high pressures through the x,,- D and Xf, fac-
tors. The minimised parameter in the non-linear least-squares
fitting procedure is the sum-of-squares (SSQ):

SSQ = (UM —IP)?, (7

where I!"(I7*P) is the intensity of the theoretical (experimen-
tal) spectrum at pixel i.

3 Rotational Raman line widths

In the pressure regime above atmospheric pressure,
the Raman resonances are nearly purely pressure-broadened
when using forward Raman scattering, the Doppler contribu-
tion being so small that it can be neglected. The line widths are
thus linearly dependent on pressure for the whole range where
the ideal gas law is valid, which is the case for all pressures in
this study.

The Raman line widths affect the evaluated tempera-
ture through their inherent temperature dependence, but also
through their J-dependence that modifies the intensity dis-
tribution over the rotational lines. Thus to determine the
temperature with high accuracy, a good line-width model is
crucial.

Generally, the pressure-broadened line widths in Raman
and infrared spectroscopy have contributions from inelas-
tic transfers between rotational states, re-orientational phase
shifts due to collision-induced changes in the direction of the
molecular axis and vibrational dephasing. The total line width
can then be written in the form [28] (isotropic Q-branch, in-
frared P- and R-branches, and anisotropic O- and S-branches,
respectively):

)/J,-,Jf — J/;il.};lelastic + y;?f);;ent. + J/vib.’ Jf — Ji :EO, 1’ 2. (8)

Neglecting the rotation—vibration coupling, the inelastic
rotational transfer is very similar in the first and second vi-
brational states of N and the vibrational dephasing term is
assumed to be independent of rotational level. The elastic vi-
brational contribution is only 2.8(1.6) x 107> cm~! amagat™!
at 300 K [29]. Therefore we will disregard this contribution in
the following.

Pure rotational lines obviously do not have any con-
tribution from vibrational dephasing; thus only elastic re-
orientation of the molecular axis and inelastic transfers be-
tween rotational levels contribute. Conversely, the broadening
of isotropic Q-branch lines is independent of molecular orien-
tation; thus the re-orientational phase shifts do not contribute
to the broadening of Q-lines.

Isotropic N, Q-branch broadening coefficients have been
well studied both experimentally [30-32] and theoretic-
ally [9,28,33-35] for a wide range of temperatures and
rotational quantum numbers. However, there are only a few
high-resolution experimental studies on pure rotational or
rovibrational S-branch Raman line widths available [14—
16,36], and consequently the anisotropic re-orientational
contribution to these widths is not well known. Therefore we
have up to this date used broadening coefficients calculated
by the random-phase approximation (RPA) [10] (9), using
Q-branch isotropic line widths. The RPA assumes that the
re-orientational phase shifts can be neglected, and that only
inelastic collisions contribute to the broadening.

1
=-Yrs+vit2042) .

2
In Fig. 1 and Table 2, experimentally measured rovibrational
Si-branch (Av =1, AJ =2) line widths at 295K are com-
pared to those calculated within the RPA approximation. The
experimental line widths are a set of data from [14] measured
with inverse Raman spectroscopy (IRS), and recent measure-
ments realised in Dijon [15, 16] using a high-resolution rovi-
brational CARS method. Noticeably, these results are very
consistent with each other. The isotropic Q-branch broaden-
ing coefficients used in the RPA have been calculated with the
ECS-P scaling law using the parameters given in [4]. It should
be pointed out that the ECS-P line widths fit very well to the
experimental isotropic line widths [31].

The difference between the S; line widths and those cal-
culated from the RPA is the contribution from re-orientational
phase shifts, and as can be seen this on average constitutes ap-
proximately 10% of the total width at 295 K. It is thus well
motivated to investigate how these different widths affect the
temperature determination from rotational CARS spectra and,
since the collision line widths scale linearly with pressure,

RPA __ _ rotinelastic
Yig+2=VYii+2

®

70 4 N
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4 K.\.\+\ -
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0O 2 4 6 8 10 12 14 16 18
Rotational Quantum Number (J)
FIGURE 1 Rotational line widths (half-widths at half-maximum) as

a function of rotational quantum number. (4+) and (OJ) Experimen-
tal rovibrational Si-branch line widths from [14] and [15, 16], respec-
tively. (H) Rotational line widths approximated from Q-branch line
widths [4], using the RPA [10]. (®) Pure rotational Sy line widths cal-
culated using the semi-classical RB approach (see Sect.3). (A) The
estimated elastic part of the rovibrational S; line widths, cf. (8) (note:
ImK=10"3cm™")
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e (K) (a) 97.1

o (&) (a) 373

dyj (KA?) (b) 0.268 x 10°

ej (KAS) (b) 0.196 % 10°

[r1i] = |r2;] (A) (b) 0.55

010720 esucm™2) (©) -1.4

Bo (cm™1) (d) 2.0006

TABLE 1 Atomic and molecular parameters for nitrogen. (a) These mo-

lecular values result from a fit of a Lennard—Jones 6-12 potential to the
isotropic atom—atom potential developed up to the fourth order. (b) [37].
(o) [38], (@) [39]

J RPA S [14] 81 [15,16] RB
0 59.6 66.32 (1.52) 59.0
1 50.9 61.57 (3.50) 55.5
2 50.5 59.60 (1.00) 53.7
3 50.0 56.32 (1.19) 52.3
4 49.2 54.17 (1.27) 51.1
5 48.3 52.14 (1.23) 50.0
6 47.1 50.85 (0.83) 49.0
7 459 49.59 (0.94) 48.1
8 44.5 49.04 (0.95) 49.05 (1.00) 47.1
10 41.6 46.67 (0.63) 46.20 (0.19) 443
12 38.5 42.78 (0.45) 42.67 (0.78) 40.6
14 354 39.90 (0.83) 39.74 (0.06) 36.0
16 323 35.18 (0.82) 35.06 (0.70) 30.8
18 29.5 30.99 (1.59) 25.6
TABLE 2  The rotational line widths of Fig. 1 (HWHM in mK atm™1)

CARS at room temperature and high pressure is very suitable
for such a study.

In order to evaluate the temperature from the rotational
CARS spectra, we need information regarding the tempera-
ture dependence in the region around 295 K. The temperature
dependence of rovibrational Raman line widths of N, has re-
cently been studied [15, 16], but only for a few rotational lines
and at higher temperatures. Therefore, we have performed
semi-classical calculations following the Robert—Bonamy
formalism, with the purpose of deriving a temperature-
dependence around 295 K for each J-value.

The semi-classical RB formalism has already been used
to calculate rotational nitrogen line widths (see [9]), but let
us here recall the main features tied to this model. Starting
from the Anderson [7] and Tsao—Curnutte [8] theory, called
the ATC, the two main improvements are the exponential form
of the second-order differential cross section (which avoids
the unphysical cut-off procedure of the ATC theory), and the
use of a curved trajectory governed by the isotropic potential
(instead of the straight line in the ATC model). Within this ap-
proach, the line width associated with the optical transition
i — fis written as

np
Vip = 5 jZQ/z f v f(v)dv / 2mbdb{1 —expl—Sa(b, v. 2)1)
2 0 0

(10)

where n;, is the number density of perturbing molecules, ¢ is
the speed of light, g;, the population of the j, state of the
perturber, v the initial relative velocity, f(v) the Maxwell—
Boltzmann distribution of velocities and b the impact param-
eter. The differential cross section S, (b, v, 2) is expanded to

the second order with respect to the intermolecular potential,
and it is a function of b, v and of the quantum number of the
perturbing molecule (here denoted 2) [9].

The more realistic curved-trajectory model in the RB
model requires the inclusion of short-range contributions to
the intermolecular potential (contrarily to the ATC). An im-
proved description of the N>—N, potential is obtained by
adding an empirical ‘atom-atom’ potential, Vyom_atom, t0 the
electrostatic quadrupole—quadrupole contribution, Vy, o,, cf.
(11). The parameters d;; and e; of the ‘atom-atom’ part
have been determined independently from second virial coef-
ficients experiments [37].

di; e
V =Vp,0, + Vatom-atom = Vg,0, + Z % —— v
Miaj  Tiioj

ij
Y

In (11), r1;2; denotes the distance between the i atom of
molecule 1 and the j™ atom of molecule 2. The atom—atom
part is then expanded in terms of the distance r between the
centres of gravity of the two molecules and of the spherical
harmonics tied to the orientations of both molecules in the mo-
lecular frame (see Fig. 2). Finally, the intermolecular potential
is written as

V =dn Z unim (Y} 61, )Y, " (02, ¢2) - 12)

Lilhm

The Y;" functions are the spherical harmonics and the u;,1,
functions are the radial functions for the respective order of
the spherical harmonics. The expansion has been performed
up to the fourth order (powers 10 and 16 of r), and for /; and I,
varying from O to 2 (there are only even /; and /, for homonu-
clear molecules, or equivalently only even to even or odd to
odd transitions are allowed). The u;, 1,,, radial components are
given in [9].

The pure rotational line-width calculations have been re-
alised using the molecular parameters given in Table 1. In
Fig. 1, the line-width values are compared to the RPA ap-
proximation and experimental data mentioned above (see also
Table 2). It is seen that the RB calculations systematically
underestimate the broadening. We therefore propose to use
the experimental values at 295 K and to extrapolate these
using the temperature dependence given by the RB calcula-
tion, which was done in the temperature range 250 to 350 K,
by steps of 20 K. The dependence of the calculated broaden-
ing coefficients on temperature in this range is linear to a very
good approximation; thus we use a linear extrapolation of the
experimental values at 295 K:

v +2(T) = AJ)(T —295) + B(J, 295) (13)

where the B(J, 295) coefficient is the experimental line width
at 295 K (cf. Table 2) and A(J) is the temperature coefficient
reported in Table 3. This procedure allows us to build a library
of line widths, valid in a region around 295 K, which will be
used in the following.
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Molecule 2
6 r 6, /‘\
> Z
Molecule 1 \. J O
Y

FIGURE 2 Orientation and radial coordinates for two interacting linear
molecules. The angles 6; and 9, are the angles between the molecular axes
and the Z axes, and the angle ¢; — ¢, is the relative twist of the two molecules
about the intermolecular Z-a axis. The intermolecular distance is denoted
by r

J A(J) (1073 em™'K~'amagat™")
0 0.0393

1 0.0421

2 0.0456

3 0.0477

4 0.0483

5 0.0488

6 0.0497

7 0.0518

8 0.0557

10 0.0669

12 0.0813

14 0.0943

16 0.1038

18 0.1078

TABLE 3  Temperature coefficients A(J) from a linear fit to semi-classi-

cally calculated (RB) line widths, cf. (13) (note: y ( 1073 cm™! amagat’l) =
y (1073 cm™ ! atm™1) T (K)/273.15)

4 Experimental

The experimental data that we have evaluated has
already been presented in [12]. A short summary of the experi-
mental conditions is given below.

The pump beam w3 was supplied from a dye laser (using
dye Rh610), operated in narrow-band mode (0.2 cm™'), and
the two broadband beams, w; and w», from a single dye laser
(using dye DCM) with a spectral bandwidth of ~ 120 cm™!
centred around 630 nm. The pump laser was tuned to the
sodium D, line at 589.0nm and an atomic filter of sodium
vapour was used to suppress residual stray light from the
pump laser that propagated along the path of the generated
CARS signal [40]. The phase-matching scheme was a planar
BOXCARS beam configuration, with two broadband beams
of equal intensities and one narrow-band beam.

The generated rotational CARS signal was filtered from
unwanted radiation originating from the broadband beams
and the narrow-band beam by using long-pass dichroic mir-
rors, apertures, short-pass filters and the already mentioned
atomic sodium filter. The signal was then focused onto the

entrance slit of a spectrometer and spectrally resolved at the
output slit where an unintensified and back-illuminated CCD
camera was placed. We measured the resulting instrumental
spectral line broadening from the spectrometer/CCD system
from nitrogen reference spectra recorded at room temperature
and atmospheric pressure. The slit function was found to be
purely Gaussian with a full width at half-maximum (FWHM)
of 1.45cm™"!. For a more detailed description of the experi-
mental setup, see [12].

The experimental data consist of room-temperature spec-
tra recorded at atmospheric pressure and up to 44 MPa. We
have chosen to re-evaluate the spectra below 10 MPa, because
in this range the rotational lines are still resolvable and the
spectral line fit can be studied. The data consisted of three
spectra at each pressure, and each was averaged over 200 laser
shots.

The atmospheric pressure spectra were of low quality be-
cause of a bad signal-to-noise ratio and because of problems
with ASE (amplified spontaneous emission) at high Raman
shifts originating from the narrow-band dye laser. Although
we used these spectra to fit the instrumental broadening func-
tion, the actual values of the temperatures of these spectra are
not reliable. At higher pressure the signal-to-noise ratio im-
proved and the problem with ASE decreased to a negligible
level.

5 Results and discussion

The temperature evaluation was done with three
different models. As reference we used the old CARS
code with only anti-Stokes lines included and the RPA
line widths (model 1). Further, we evaluated the spectra
with a new code including both CARS and CSRS lines
using RPA line widths (model 2) and in addition rovibra-
tional S; line widths (model 3). We chose to fix the disper-
sion to an average value of fitted dispersions from spectra
at different pressures. The value of the non-resonant sus-
ceptibility was fixed to a constant value. Several values
of x, have been reported in the literature, e.g. (0.78 &+
0.18) x 1077 cm™3 erg~' atm~! at 298 K [41]. However, we
have chosen a value by assuring a good fit at high Raman
shifts (above 200 cm™"), where the non-resonant term is more
pronounced than the resonant term. The same value could be
used for all pressures, but a slightly different value was found
for model 1 (0.65 x 1077 cm™3 erg~! atm™' at 298 K) com-
pared to models 2 and 3 (0.60 x 10~!7 cm ™3 erg~' atm~! at
298 K). This is probably due to the influence of the CSRS in
the latter models. The parameters that were allowed to vary
were the temperature and the Raman shift of the calibration
channel.

In Fig. 3, the resulting temperature profiles as a function
of pressure are plotted. We can establish that the inclusion
of CSRS lines in the spectral calculation increases the tem-
perature by up to 30 K (or 12%), and by at least 5 K (1.5%)
over the whole pressure range. With the new rovibrational S
line widths the temperature increases slightly more, and the fi-
nal temperature profile is close to the true temperature up to
7 MPa. Above this pressure the temperature increases, and we
have not been able to explain this behaviour with the present
model.
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330 the old model and that our new model improves the fits signifi-

350 ] ° cantly, while evaluating a temperature in good agreement with

] the real value. It should be pointed out that a better fit could be

. 3104 / achieved with model 1 if the non-resonant susceptibility was

x . ® fitted, but the fit was then worse at high Raman shifts where

o 300 ./.‘.7./-/'\ there are no resonant peaks and the temperature was still not
% 590 ] ./o\.\././' i . affected by more than ~ 3 K'. '

o 1o * There is clearly a large influence from the CSRS contri-

Q 280 \ / bution, even at Raman shifts as high as 50—100 wavenumbers

QE, ] * * (far from the interfering Stokes lines). Further, the improved

= 270 \‘ spectral fit when using rovibrational line widths, as opposed

260 e to line widths approximated from Q-branch line widths, sup-

ports the assumption that there is a large re-orientational con-

Pressure (MPa)

FIGURE 3 Temperature as a function of pressure, evaluated with three dif-
ferent models. (#) Old model (CARS lines), (®) new model (CARS and
CSRS lines) and line widths approximated with the RPA and () new model
with experimental Sj-branch line widths

In Fig. 4, an experimental spectrum, the best-fitted spec-
trum and the difference spectrum are plotted at 3.0 and
7.0 MPa, using the three models as explained in relation to
Fig. 3. It is evident that the spectral fits are very poor using

tribution to the S-branch line widths. However, theoretical
calculations of the re-orientational effect indicate a small con-
tribution [34], in fact less than 1 mK atm™~! for J > 2. Yet, the
high-resolution measurements in [14—16] indicate a contribu-
tion of 10 mK atm~' and our results support these measure-
ments. Obviously more theoretical and experimental effort is
needed on this point.

In the discussion so far, we have neglected the possibility
that the experimental conditions could affect the inter-branch
interference. We have however noticed that the relative in-
tensities of the CARS and CSRS branches can be altered by
changes in the experimental setup, and we believe it might
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be due to the slightly different phase-matching conditions.
For example, if there is a spatial dispersion of the signal at
a narrow entrance slit of a spectrometer, the inter-branch in-
terference could be affected. In fact, a scaling of the CSRS
susceptibility by a factor of ~ 0.8 resulted in a temperature
profile closer to 295 K and a slightly better spectral fit. Thus,
such possible effects should be kept in mind while designing
the experimental setup and during the evaluation of experi-
mental data.

We conclude that a correct modelling of pure rotational
CARS spectra at pressures up to 7 MPa and room temperature
needs to account for the interference from the CSRS branch
and the use of as accurate as possible rotational broadening
coefficients. However, at pressures above 7 MPa our model
still does not evaluate a correct temperature and the line fit is
degrading. Although the reason for the discrepancy is unclear,
one may speculate about two different effects, both related to
the increasing line overlap with increasing pressure. The first
is a narrowing effect similar to that observed in a collapsed
vibrational CARS spectrum [42], which is due to the coup-
ling of rotational levels by inelastic collisions. In that case the
isolated-line approximation used in this paper does not apply.
However, according to Tam and May [43] this effect should
not occur for nitrogen until pressures of around 20 MPa. An-
other potential explanation is related to the spectral signature
and the evaluation procedure. It is clear that the temperature
evaluation from a rotational CARS spectrum is related to the
intensity distribution over the rotational lines. Consequently,
when the line character vanishes the temperature sensitivity is
less. Thus, for instance, even small systematic errors related
to the experiment may influence the evaluated temperature to
alarger extent. For example the division of the rotational spec-
tra with a non-resonant spectrum, in order to compensate for
the finite bandwidth of the broadband laser, would probably
be more critical in this case and the quality of the non-resonant
spectra more important. To which extent this can affect the
evaluated temperature is unclear.

An interesting question, in the context of rotational CARS
thermometry in internal combustion engines, is whether the
inter-branch interference needs to be taken into account at
such conditions. Our analysis indicates that this effect cannot
be neglected when the resonant and non-resonant suscepti-
bilities have the same order of magnitude. That is, when the
pressure is high or at moderate pressures and high tempera-
tures. However, in a practical measurement in engines, part of
the CARS spectrum at low Raman shifts has to be cut away
because of problems with rejection of stray light originating
from the pump laser. It is thus not obvious how the interfer-
ence from CSRS lines would affect such measurements. In the
near future, we plan to re-evaluate part of the data from previ-
ous engine measurements in order to investigate this issue.

6 Summary

A re-evaluation of temperature from published
pure rotational CARS spectra of nitrogen [12] recorded at
room temperature and at pressures in the range 1.5-9 MPa has
been performed with an improved rotational CARS code. The
improvements to the code consist of (i) considering the inter-
ference of CSRS (Stokes) lines on the CARS (anti-Stokes)

side of the spectrum and (ii) replacing the collision Raman
line widths, previously approximated from Q-branch line
widths, with more appropriate rovibrational S} -branch broad-
ening coefficients.

In Paper I [13] the inter-branch interference was de-
scribed. It is an effect originating from the interaction between
the resonant CARS, resonant CSRS and the non-resonant sus-
ceptibilities. It has been shown that the inclusion of the CSRS
lines in the spectral calculation increases the temperature by
up to 30K (12%) in the range 3—7 MPa, and improves the
spectral fit even at large Raman shifts (up to 100 cm™!).

In this paper we have focused on the collision Raman
line widths. The pure rotational or rovibrational Raman line
widths have a contribution from re-orientation of the molecu-
lar axis during the collision, an effect that does not contribute
to the isotropic Q-branch. In the absence of pure rotational
line-width data, we have used rovibrational S;-branch line
widths, the approximation being reasonable as the vibrational
dephasing is negligible. We have shown that the fit between
theoretically calculated CARS spectra and experimentally
measured ones is improved further with the new line widths,
and the evaluated temperature is also improved at pressures up
to 7 MPa.
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