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Abstract. High resolution Infrared Polarisation Spectroscopy (IRPS) and Infrared Laser Induced Fluores-
cence (IRLIF) techniques were used to probe CO2/N2 binary gas mixture at atmospheric pressure and
ambient temperature. The probed CO2 molecules were prepared by laser excitation to an overtone and
combination ro-vibrational state (12°1, J = 15) of COa, centred at 4988.6612 cm™'. IRPS and IRLIF
line profiles were recorded for several CO2/Ny binary mixtures. The observed IRLIF line shapes have
the expected Lorentzian form while the observed IRPS line shapes are narrower by a factor of two than
those recorded with the IRLIF and appear to have a Lorentzian-cubed profile. The recorded line pro-
files provide measurements of the pressure-broadening coefficient directly at atmospheric pressure. The
Full-Width-Half-Maxima (FWHM) pressure broadening coefficients are measured, based on IRLIF, to be
0.2174 +0.0092 cm ™~ ‘atm ™' and 0.1327 £ 0.0077 cm ™ *atm ™! for self- and N3 collision broadening, respec-
tively. The broadening coefficients obtained based on IRPS were measured to be ~8% larger than those
obtained with IRLIF.

PACS. 42.25.Ja Polarization — 42.62.Fi Laser spectroscopy — 33.70.Jg Line and band widths, shapes, and

shifts

1 Introduction

Quantitative detection of chemical species in the gas
phase is an important goal in environmental, industrial,
applied and fundamental sciences. Advanced laser diag-
nostic techniques offer capability for spatially resolved
instantaneous chemical species detection. Laser-Induced-
Fluorescence (LIF) and laser Polarisation Spectroscopy
(PS) have been proven to be very sensitive and offer very
good signal to noise ratio. The detected signal is, however,
strongly influenced by the self- and foreign-gas collisions,
complicating the goal of obtaining quantitative informa-
tion. LIF and PS are influenced differently by molecular
collisions, and this study focus on the effect of collisions on
the IRLIF and IRPS line shapes. The detection in the mid
infrared offers great advantages, since most molecules pos-
sess infrared-active vibrational transitions, with the ex-
ception of homonuclear diatomic molecules such as Ha,
O2, and Ny. The IRLIF technique has been a focus of
a few recent studies. For example, planar IRLF of CO
and COy were reported by Kirby et al., using IR laser
radiation around 2.3 pm [1-4]. Webber et al. reported
high-resolution absorption measurements of CO, in a flat
flame burner using a distributed-feedback diode-laser near
2.0 pm [5]. IRLIF of water at 2.7 ym, with IR excitation
at 1.39 pm, was reported by Li et al. [6].
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The use of IRPS to detect CO2 molecules in a COy/Ar
mixture at atmospheric pressure using ~2.7 pym, was re-
ported by Roy et al. [7], under saturation pump beam
condition. Alwahabi et al. reported the use of IRPS at
~2.0 pm to detect CO3 in a CO2 /N at room temperature,
under the condition of a non saturated pump beam [8]. Li
et al., using 3.4 pm, reported the use of IRPS in cold flow
and in flames to detect CHy [9] and H2O [10]. In addition,
Li et al. have demonstrated very recently that IRPS can
also be applied to larger hydrocarbon molecules in cold
flows and flames [11,12].

In present paper, we present the measurements of
IRLIF and IRPS line shapes of COy (12°1-00°0, R14),
recorded at atmospheric pressure and room temperature,
for several COs—Ny binary mixtures.

2 Theory

The non saturated IRLIF signal strength, Irrr7F, may be
given [13] by,

Itrpir = BILToN fpdFrrirr(£2/4m)enV
< [ Lwgis, )
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where B is the Einstein absorption coefficient divided by
the speed of light, I}, is the laser spectral power density
per unit area divided by the laser bandwidth, 71, is the
laser pulse length, N is the number of CO5 molecules,
fB the Boltzmann fraction of the CO2 molecules in the
00°0, j = 14 state, ¢ is the IRLIF quantum yield from
the excited state, FrryF is the fraction of the IRLIF col-
lected within the detector bandwidth, §2 is the solid angle
of the IRLIF collected, ¢ is the transmission of the IR de-
tector, n is the photoelectron efficiency of the combine IR
detection system and V is the interaction volume. The in-
tegration [ L(w’)g(w)dw reflects the overlap between the
laser line profile L(w’) and the normalized CO2 absorption
profile, g(w).

At room temperature, the Doppler line width,
Awp(FWHM), of the COs R14 line is 0.00917 cm™1,
which is more than 20 times smaller than the observed
line widths. It is clear that, based on the pressure and
temperature conditions in this study, the pressure broad-
ening is dominant, as may be seen later from Figure 2.
Therefore the term g(w) has the pressure broadened nor-
malized Lorentzian profile, given [14] as,

1

1+ (2w — w0) / (Awn + Awey + Awforeign))z |

2
Here Aw, is the natural linewidth, w is the laser wave-
length in ecm ™!, wy is the central wavelength for the transi-
tion, Awseyr and Awgoreign are the line broadening due the
self and the buffer gas collisions, respectively. Combining
equations (1) and (2), and ignoring the natural linewidth,
as it is much smaller than the collisional broadening, the
non saturated IRLIF signal strength as a function of the
laser wavelength, Ir gy rr(w), becomes

g(w) =

Itrpir(wr) = BIpt N foFrrrrr(£2/4m)

1
x enV 5 |-
(1 + (2 (wr — wo) / (Awsery + Awforeign)) )
(3)

A delta function was assumed for the laser profile in the
derivative of equation (3).

In contrast to IRLIF, IRPS detects the polarisation
change in a weak polarised probe beam due to the passage
through a gaseous medium pumped by a strong polarised
pump beam. The optical pumping of the target species
induces birefringence and dichroism, producing detectable
polarisation changes in the weak probe beam. Using two
crossed high quality polarisers in the probe beam path, en-
closing the region of optical pumping, a small polarisation
change in the probe beam can be detected. Both pump and
probe beams are tuned to optical transitions of the target
species sharing the same lower level. The pump beam may
be either linearly or circularly polarised. For the case of a
linearly polarised pump beam, typically the probe beam is
linearly polarised at 7/4 to the pump beam. Hence it can
be described as being composed equally of components
parallel and perpendicular to the pump beam polarisa-
tion direction. For the case of a circularly polarised pump

beam, the linearly polarised probe beam may be equally
decomposed into right and left circularly polarised com-
ponents.

When the polarizers are perfectly crossed and there
is no birefringent interference from windows in the path-
way of the probe beam, as in the case of this study, the
transmitted PS signal, I;pps can be written [14,15] as

2
IIRPS = Iprobe <£+ <%) G(W)> . (4)

Here Iprope is the input probe beam intensity, £ is the
extinction ratio of the polarizers, L is the length of the
interaction volume measured along the probe beam path,
A is the induced dichroism and G(w) represents the nor-
malized line shape of the CO2 absorption function. The
concentration of the COs molecules is contained within
the induced dichroism term A« [16] as

Ao = NfBU.QIf&JiW%ng&Jr (5)
Here N is the number of COs molecules, fp the
Boltzmann fraction of the CO, molecules in the 00°0,
J = l4 state, 05, j, is the absorption cross-section from .J
initial to J final, Ipymp is the pump beam intensity, Tpumyp
is the pump beam pulse length and ¢, s, is a polariza-
tion numerical factor listed in reference [16].

When PS was firstly published by Wieman and Hansch
in 1976 [15], it was reported that the PS line shapes are
Lorentzian if the Doppler width is greater the collision
width. However, Teets et al. [16] and Demtroder [14] as-
sumed that the PS lineshapes are always Lorentzian and
outlined the transmitted I;rps, based on the Lorentzian
profile as shown in references [14,16]. After 23 years
from the original work of Wieman and Hansch, Reichardt
and Lucht reported theoretical calculation of the PS line
shapes in 1998 [17]. They used direct numerical integration
of the time-dependent density matrix equation and pre-
dicted that, at larger values of the Doppler width and non-
saturated pump energy, the PS line shapes do approach
the Lorentzian limit. However, at small values of Doppler
width and non-saturated pump energy, the PS line shapes
are no longer Lorentzian but Lorentzian-cubed.

Based on Reichardt and Lucht [17], equation (2) may
be combined with equations (4) and (5), to write the trans-
mitted I;rps signal for binary mixture as:

Itrps(wr) =

2
NfBO—?] —J LIpumprumpCJ —J;
Ip'r‘obe (f‘f’ ( ° - !

4hw

< ; )3
x 3 - (6)
1+ (2 (WL - WO) / (Awself + Awforeign))

Equation (6) describes the non-saturated IRPS signal
strength when the pressure broadening is larger than the
Doppler broadening and it is suitable for the application of
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Fig. 1. Schematic diagram of the experimental arrangement. PR, polarization rotator; BS, beam splitter; BC, beam combiner;
Chl, Ch2, signals connected to boxcar channel 1 and channel 2. The optical arrangement for both of IRLIF and IRPS are

shown.

IRPS at atmospheric pressure. In the case of Lorentzian-
cubed line shapes, it is expected that the signal intensity
responds more strongly to the laser frequency than the
Lorentzian one. To the author’s best knowledge, there has
not been any report of a systematic experimental study
of PS line shapes under the pressure broadening and non-
saturation pump beam energy, the conditions necessary
to observe the Lorentzian-cubed profiles outlined in equa-
tion (6).

3 Experimental

The optical arrangement is based on an Alexandrite flash-
lamp pumped ring cavity laser system (PAL/PRO™,
Light Age Inc.). The fundamental output of the laser
continuously covers the spectral range from 739 nm to
785 nm. A tunable, single frequency, external-cavity diode
laser (Newport 2020A) is utilized as a seeding source to
narrow and continuously scan the output frequency. The
laser produces a line width of ~0.002 cm~! at the funda-
mental, and ~150-200 mJ per pulse with 80-100 ns pulse
length. The laser system locks itself to the frequency of the
seeded source on a single-shot basis [18]. Based on stimu-
lated Raman scattering, the output laser frequency, in the
near IR range, was shifted to the mid IR range by a high
pressure cell filled with Hy gas. The optical arrangement
of the IRPS and IRLIF techniques is shown in Figure 1
and a detailed description may be found elsewhere [8].
Briefly, the second Stokes component, centred at around

2 pm, was selected and spatially overlapped with a He-Ne
laser beam by a dichroic beam combiner. Visualized by the
red He—Ne beam, the infrared beam was then directed to
a 8 mm quartz plate. The front reflection, ~4%, of the
2 pm laser radiation was directed to a 77 K CdHgTe in-
frared detector to monitor the energy of every 2 um laser
pulse. The back reflection, which forms the probe beam,
was focused by a spherical lens (f = 600 mm) and set to
pass through two fully crossed BBO polarisers. The beam
was then reflected by two aluminium mirrors to a 77 K
InSb infrared photovoltaic detector (Judson, J10D). The
main (pump) beam, was directed to pass through a calcite
polariser and then to a variable wave plate and finally to
a spherical lens (f = 600 mm). The angle between the
probe and the pump beam was set to 7°.

The IRLIF was collected perpendicular to the excita-
tion beam with two CaF, spherical lenses (f = 250 mm)
and filtered with a narrow band interference filter (centred
at 4.27 pm) before being detected by the infrared detec-
tor. The LIF signal from the InSb was first amplified in
a preamplifier (Judson, PA-9) and then integrated in the
boxcar integrator. The data were transferred and stored
in a PC for further analysis.

The flow of the COy (AGA, 99.99%) and Ny (AGA,
99.99%) gases were precisely controlled by two mass-flow
meters (Bronkhorst HIGH-TECH). The outlets of two
mass flowmeter units were connected to a long Teflon tube
of 10 m in length, to ensure complete mixing of the gases.
The binary mixture was then introduced to the middle of
an open-ended tube of 1 ¢m in diameter and 5 cm long,
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as shown in Figure 1. The system allows the study of any
mixing ratio of two gases under a constant atmospheric
pressure.

4 Results and discussion

The COy concentration, quantity N in equations (3)
and (6), was varied in a CO2 /N3 binary mixture. Scanning
the laser wavelength around the absorption line of the R14
(12°1 « 00°0) transition, both IRLIF and IRLPS spec-
tra were recorded for several CO3/Ny binary mixtures,
at ambient temperature and atmospheric pressure. Scans
without CO; in the sample were also preformed to accu-
rately determine the baseline of the laser excitation spec-
tra. The IRLIF and IRPS were averaged for 8 shots and it
was verified that all the measurements in this study were
preformed under non-saturation IRPS. The IRLIF and the
IRLPS signal were not collected simultaneously.

To obtain the pressure broadening parameters, the IR-
LIF signal intensity was fitted, with a Lorentzian function,
based on the Marquardt algorithm [19,20]. The fitting
procedure predicts the IRLIF intensity at the line cen-
tre, IS, 1, the transition central wavelength wg in cm™*

and the fitted FWHM collision width, Aw/7.

It was found that the IRLIF line shapes are fitted
very well with a Lorentzian function. However, the ob-
served TRPS line shapes, appear to have a stronger de-
pendence on the laser wavelength and could not be fitted
with a standard Lorentzian, unlike the case of the IRLIF.
In contrast, the IRPS line profiles are fitted well with a
Lorentzian-cubed function form. This finding agrees with
equation (6), which is based on the theoretical predica-
tion of polarisation spectroscopy line shapes reported by
Reichardt and Lucht [17]. Meeuwissen et al. [21] observed
a similar dependence in the detection of sodium atoms
in a welding plasma and a flame using polarisation spec-
troscopy. The Lorentzian-cubed dependence was also ob-
served by Bultitude et al. [22] in the high-resolution de-
generate four-wave-mixing line shapes of OH radicals in
flames.

In Figure 2, a typical Lorentzian-cubed fitting of fifty
IRPS data points is shown. A Lorentzian function, with
the same collisional width as that used in the Lorentzian-
cubed function, is also plotted to highlight the difference
between them. In addition, Figure 2 shows a Doppler line
profile, presented by a Gaussian function, for CO2 at room
temperature, and laser line shape profile. Figure 3 shows
high resolution IRLIF and IRPS scans for five different
CO2/N3 samples. Scans without COs in the sample were
also preformed to determine the baseline of the laser ex-
citation spectra. The observed width, Aw}ébg, of the IRPS
line profiles, plotted in Figure 3, appear to be half of the
observed IRLIF widths, Aw?%%.. To understand the rea-
son behind this, a general Lorentzian function form with
power n is introduced as,

n

I(w) =ag L . (N

14 (2 (w—wo)/ (Angltlision>)2

Intensity (Arbitrary)

4988.5
wavelength (cm'l)

4989

Fig. 2. Illustration of the width and shape of the spectral
profiles: a typical Lorentzian-cubed fitting to a typical experi-
mental IRPS data points, solid line; and a Lorentzian function
form, dashed line; a Gaussian Doppler profile function of CO»
with width coefficient of 0.00917 cm™" for the (12°1 « 00°0)
R14 transition at room temperature, dotted line. The sharp
peak of the left-hand-side, represents the laser line width. The
widths of all profiles are at the correct scale.

By letting I(w) = ao/2, where ag is the maximum inten-
sity at the line centre, it is easy to show that the general
relation between the observed widths, 2(w1 =ao/2 _ wo)s

and the expected collision widths, Awl can be writ-

: collision’
€1l as:
1
. n 3 it
9 (w a0/2 _ wo) = <2n - 1) Aol lision- (8

In case of IRLIF, n = 1 and therefore the observed IRLIF
width, szb[sp, will equal the collisional broadened width,
Awfolf”sion, as expected. However when n = 3, as for the
IRPS case, equation (8) becomes,

1
bs 1 2 it
Aw%é = (2d - 1) sz;llision' (9)

As the value of (2'/% —1)¥/2 approaches 0.5098, the ob-
served IRPS widths appear to be half the expected col-
lisional width, which explains why the IRPS line widths
are ~ half of those observed with IRLIF for the same bi-
nary mixture, as shown in Figure 3.

As each samples consists of two species, the
quantity Awfgltlision contains the self-collision broaden-

ing Awco,—-co, and foreign gas collision broadening
Awco,-N,- The widths obtained from the fitting routine
are related to the self and foreign gas pressure broad-
ening by Zco,-co,, the number of collisions between
C0O2—COg, and Zco,-N,, the number of collisions between
CO2—Ny, as

it
Ziotal Awf(,”isi(m = Z00,-C0, Awco,-CO,

+ Zco,-N, Awco,—n,.  (10)

Here Z;,tq; is the total number of collisions.
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Fig. 3. Typical high-resolution IRLIF and IRPS spectra, shown in dots, for N2 /CO2 ratios of 0.41, 21.65, 49.70, 76.67 and
177.77 labelled as (a), (b), (c), (d) and (e) respectively. The Lorentzian, in case of IRLIF and Lorentzian-cubed, in case of IRPS,

function fits are shown in sold lines.
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Table 1. Self- and Na-pressure broadening coefficients for CO2 at 295 K. The values of the Lennard-Jones collision rate constant,

Krs, are also listed.

Collider gas Aw. FWHM Rotational Ref. 101K,
(em™'atm™1) Quantum Number J (cm® molecule™ s71)
CO2 0.2174 + 0.0092 14 This work-IRLIF 3.605
0.2380 + 0.0152 14 This work-IRPS
0.2260 + 0.016 14 [25]
0.1946 24 [24]
0.1744 34 [24]
N2 0.1327 £+ 0.0077 14 This work-IRLIF 3.444
0.1407 £+ 0.0122 14 This work-IRPS
0.1508 24 [24]
0.1430 34 [24]
To obtain Awco,—co, and Awco,-N,, equation (10) 2
may be rearranged as e
1 :
<fCOQ—COQ> Awggltlision = AWCO2*CO2 “3
=
N (ZZcoiN) Awco, n,s (1) e
CO;—COy S
where fco,—co, is the CO2—COs collision-fraction defined ES
as the number of collisions between CO3—CO5 divided by 4

the total number of collisions, Z;,¢q-

The number of collisions, Z, was calculated using
Lennard-Jones collision rate constant, K j, as discussed
by Troe [23]. The calculated values of K, ; are listed in
Table 1. _

The quantity (Awfgltliswn/fcorcoz) was then plot-
ted against (Zco,—N,/Zc0,—Co,) as shown in Figure 4.
A weighted least square linear fitting routine was used to
fit the data and the best fitted line is also shown in Fig-
ure 4. The intercept and the slope of the fitted line directly
represent the Awco,—co, and Awco,—N, respectively.

Our measured value of Awco,—-co, is 0.2174 £+
0.0092 cm~'atm ™' and 0.2380 & 0.0152 cmm~'atm ™! ob-
tained from IRLIF and IRPS respectively. Based on IR-
LIF, the measured value of Awco,-n, is 0.1327 £0.0077,
which is smaller than the 0.1407 £ 0.0122 value measured
by the IRPS. The self-collision broadening Awco,—co,,
and the Ny collision broadening, Awco,-n, for the rota-
tional quantum number J = 14 line and listed in Table 1.
Our measured pressure broadening values have an error in
the range of 4—8%, which was reported by the line-width
fitting routine and linear fitting procedures. The measured
value of the collision broadening based on the IRPS are
~1.09 times larger that those measured with IRPLF for
the same collision pair, as shown in Figure 4.

It might be argued that the pressure broadening coef-
ficient measured from the IRLIF and IRPS are the same
within the experimental (and fitting) error range of ~4-
8%. However, in the light of Figure 4, it seems that the
pressure broadening coefficients obtained from the IRPS
are always ~7-9% larger than those obtained by the IR-
LIF for the same collision pair. This may be due to the

Zco: N f Z

C0,-C0,

Fig. 4. Pressure broadened fitting parameter, Awéngw versa
the ratio of Zco,-co, over Zco,-n, plot. Awé%Qsz based on
IRLIF and IRPS are denoted by (O0) and (a), respectively. The
error bars are three times the error values reported by the line
shapes fitting routine. The weighted leased square linear fitting
for the IRLIF and IRPS are presented by sold and dashed lines
respectively.

fact that we used a focused pump beam in the IRPS
study to obtain a reasonable signal to noise ratio for the
IRPS signal which is ~8 times weaker than the IRLIF sig-
nal. One reason behind the weak IRPS signal is the very
small absorption cross-section, of the (12°1-00°0) oy5. 14
transition, which is ~1000 times weaker than the funda-
mental (00°1-00°0) o5, 14 transition. As the IRPS signal
strength scales with the power four of OJp—Jis the IRPS
signal is much weaker than the IRLIF signal. For this rea-
son the IRLIF has a higher signal to background ratio of
~60 compared to ~8 for IRPS. We conclude, therefore,
that the small differences observed from the two different
techniques might be due to a very weak power broaden-
ing process, which may slightly influence the line profile
recorded using IRPS.
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There has been strong interest in the measurements of
the pressure broadening coefficients of COg in the ~2 pym
spectrum range, as it is important for laser sensing [25-27].
These studies are based on the use of high-resolution ab-
sorption spectroscopy. Although absorption spectroscopy
offers high resolution in term of wavelength, it lacks the
control of the high pressure needed for the measurements
of pressure broadening coefficients, especially for the self-
broadening. This is because when CO, is used at pressure
above ~2 Torr the absorption features are saturated even
for intra-cavity detection [26]. Therefore, it has been nor-
mal practice to measure the self-broadening coefficient at
lower pressure and scale the values up.

Using diode laser Absorption Spectra (AS), Corsi et al.
reported a measurement of COs self-collision broaden-
ing and collisional broadening with Ny from j; = 22
to j = 44 [24]. Their (FWHM) Awco,—co, vales were
0.1946 cm~! and 0.1744 cm~?! for j = 24 and j = 34,
respectively, which shows a very weak inverse depen-
dence on the rotational quantum number J. Our values
of Awco,-co,, for J = 14, is slightly larger than the
values obtained by Corsi et al. for J = 22—44 as ex-
pected. Furthermore, Valero et al. [25] reported a mea-
sured value of Awco,—co, of 0.2260 for J = 14. Our val-
ues of 0.217440.0092 cm~! and 0.238040.0092 cm~! agree
exceptionally well with Valero et al. values. Our measured
value of for Awco,-nN, (J = 14) is 0.1327 4 0.0077 cm ™!
and 0.1407 #+ 0.0122 cm~! using IRLIF and IRLPS re-
spectively. These values agrees very well with the value of
0.1508 cm ™! and 0.1430 cm™!, for J = 24 and J = 34
respectively, reported by Corsi et al.

5 Conclusions

This work represents the first experimental observa-
tion of polarisation spectroscopy line shapes under pres-
sure broadening and non-saturation conditions. High-
resolution IRLIF and IRPS spectra for binary mixtures
of CO2—Ns were recorded using a single-mode, pulsed
Alexandrite laser system. It was found that all the
recorded IRPS line shapes are Lorentzian-cubed as pre-
dicted by Reichardt and Lucht [17] and not Lorentzian as
assumed by Teets et al. [16] and Demtréder [14]. The self-
and Ns-pressure broadening coefficients were calculated
from the recorded line shapes at 760 Torr. Our measured
values of Awco,-co, agree exceptionally well with the
reported values by Corsi et al. [24] and Valero et al. [25].
However, our measured value of Awco,—n, for j = 14, is
6% smaller than that reported by Corsi for line j = 24.
The measured collision broadening values using IRPS are
on average ~1.09 larger than those measured with the
IRPLF for the same mixture, which might be due to a
very weak power broadening process. The techniques pre-
sented facilitates the measurement of the self-broadened
coefficient directly at atmospheric pressure.

The work was supported by the Swedish Research Council and
the Swedish Energy Administration. The first author would
like to thank the University of Adelaide for the support through
the study leave program.
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