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The electric-dipole forbidden'aq — X3Z§ (0,0) band of gas-phase,®as been studied in absorption at
wavelengths around 1.2udn using Fourier transform spectroscopy and a long-path absorption cell. Experiments
were conducted at temperatures of 294, 243, and 200 K and at pressures in the rang®01l%6rr. Both

pure Q and a mixture of 21% @79% N, were studied, and line widths, integrated line intensities, and
integrated absorption intensities (Als) for the (0,0) vibrational band were measured. Integrated Als were
found to be independent of temperature, pressure, and gas composition, and the recommended value for the
vibrational band from the current study $: = 3.210(15)x 1024 cm molecule! (1o error) for purettO,,
corresponding to an Einstein A-coefficientdf= 2.256(10)x 104 s 1. The effect of including other oxygen
isotopomers is to increase the integrated Al value for this origin bafg te 3.226(15)x 10-2*cm molecule™.

Widths of individual spectroscopic lines decrease with increasing molecular rotational quantum number. The
temperature dependence of Lorentzian line width compongntgivhm), is well represented by the expression

y1 = y20ax(T/294 K) 08, The effects of pressure broadening of lines byake indistinguishable from those

for pure Q at the same temperature and pressure.

1. Introduction attributed to ozone photolysis in the Hartley continuum
An accurate knowledge of spectral parameters, needed to N .
describe completely molecular absorbances and emissions at O; +hv — O,(@Ay) + O(D) 1)

reference wavelengths, is of vital importance in atmospheric

sensing. Determining the radiative transfer characteristics of aand the Huggins band for wavelengths up~850 nm3+*
planetary atmosphere requires the locations, intensities, and

widths of absorption/emission lines to be well determined, and O+ hv— Oz(alAg) + o(3p) )
characteristics such as integrated line intensities may be very

sensitive to the wings or overlapping regions of spectral lines. Monitoring emission of the ga'Ag), and also (=15 prod-

The use of satellite data to probe and quantify atmospheric ;.1 of ozone photolysis thus provides a method for determining
constituents and properties such as cloud covéragmuires  iggie and upper atmosphere ozone concentrations. While
detailed information on the dependence of pressure broadening.qjisional quenching competes with spontaneous emission at
coeff_icients and line intensities on gas com_position, Spectro- |5 \ver altitudes, above 85 km the lifetime of @A) molecules
scopic band, and temperature. Even small differences betweeng getermined almost entirely by the radiative 163%e infrared
bands or among colliding molecules may have an important ¢missjon may also be used to probe atmospheric dynamics and
effect on the accuracy of analysis of such satellite measure- peteorology at midaltitudéé and is crucial to the overall

ments. ) atmospheric heat budget, since the absorption of solar ultraviolet
In the middle atmosphere (the stratosphere and mesosphere),a qiation by ozone via (1) is the primary radiative forcing
excited Q(a'Ag) is not completely quenched by collisions, and  hachanism in the mesosphére.

one of the strongest features of the day and night airglow emis- Atmospheric absorption of 94% of the 1.2 band airglow

sions is the 8\g — X% (0,0) band at 1.2Zm. During the  emjssion intensity often (with some excepti®ranits ground
day, the a X emission exhibits a peak intensity at altitudes pased observations to the study of the weaker, but less
around 50 km, with a typical concentration ofa(@Ag) attenuated, (0,1) band at 1.%81.510 Observers must usually
molecules of approximately % 10'° molecules cm®” The rely on aircraft, balloon, rocket-borHe!2or satellite instruments

intensity of the emission drops rapidly after sunset (or during a to ‘measure the (0,0) band emission; for example, the near-
solar eclipse) indicating a primary photochemical source, infrared spectrometer on the Solar Mesosphere Explorer (SME)
satellite made measurements between 50 and 9 ks .well
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In addition to processes (1) and (2), collisional cascade from in the G alAg — XSZQ (0,0) band which are of significance for
the G (blig) state is a source of {a'Ag).”*¢ The probability the correct interpretation of atmospheric airglow observations.
for optical excitation of @ on the 62;’ — X33, transition is
larger than for aX absorption by a factor 0~~400, so the 2. Experimental Section

b'S, state is readily populated by absorption of sunlightat 762 o, a—X absorption spectra were recorded for static gas
nm (the Q b—X(0,0) band center wavelength). Detailed studies samples using the long path absorption cell (LPAC) and Fourier
of the interconnected processes involved in the creation andirgnsform spectrometer (Bruker IFS 120 HR) at the Rutherford
destruction of oxygen species in the middle atmosphere haveappleton Laboratory (RAL), and these instruments have been
been performed by Miynczak and co-work&fS.If the 1.27 described in detail elsewhe#3® The broadband white light
um volume emission rate is to be used as a proxy for ozone, it source used in the spectrometer is a 150 W quartz tungsten
is essential that all the kinetic and SpGCtI’OSCOpiC parametershalogen |amp (Osram HLX64610) The interferometer of the
affecting Q(a'Ag) emission are accurately known. A photo- ET gpectrometer has a maximum optical path difference
chemical mOdéF with 26 pal‘ametel’s is needed to describe the (MOPD) of 600 cm, Corresponding to an ultimate resolution of
infrared airglow completely; the parameters include rates for g 0015 cnil. The LPAC is a gas absorption cell equipped with
photolysis, absorption, collisional quenching, and spontaneousyyhite multipass optics and consists of two concentric stainless
emission of various states ofs@,/O. Ozone levels may be  gteg| shells, with vacuum between to isolate thermally the inner
Infel'l’ed from the a|rg|0W to W|th|n 15% at a|tltudeS beIOW 92 Cylinder Containing the gas Sample_ Radiation exiting the Ce”
km, however, if just six key parameters (including the Einstein s directed through a narrow band-pass optical filter (center
Afcqefﬁcient for @ a—X spontaneous emission) are known to wavelength 1.27Zm, fwhm~ 39 nm) and is then tightly focused
within 7% accuracy. onto the element of a liquid nitrogen cooled indium antimonide
A precise evaluation of the parameters describing the'® detector. A dedicated computer controls the data acquistion, co-
- X32§ (0,0) spectral band is vital for atmospheric model adds the interferograms, and applies a fast Fourier transform
calculations of radiative transfer, heat budget, and ozone (FFT) with boxcar interferogram truncation to produce a
abundances inferred from the,@—X 1.27 um emission. spectrum.
Laboratory studies have largely focused on room-temperature A cryogenic system allows the inner vessel of the LPAC to
measurements with high~(L atm) concentrations of pure,O be cooled to any temperature between 190 and 300 K, and the
but such conditions do not coincide with the actual pressure, cell can be stabilized at a given temperature for an extended
temperature, and gas-composition conditions encountered in theperiod of time. Its central feature is a heat exchanger, which
middle atmosphere: for instance, at an altitude of 30 km, uses liquid nitrogen to cool a circulating fluid (halon 2402,
pressurep ~ 10 Torr, and temperaturé ~ 225 K819 With dibromotetrafluoroethane, freezing point 163 K) in an enclosed
major terrestrial atmospheric constituents of(W8%) and @ system. A programmable microprocessor controls a valve to
(21%)2° possible effects of oxygemitrogen interactions on  regulate automatically the liquid nitrogen flow rate. The LPAC
the atmospheric §a—X spectrum should be examined, but a mirrors are disengaged from thermal contact with the outside
careful survey of the literature suggests that previous studiesenvironment to minimize temperature-induced drift and hence
of the G a'Ag — x32; transition have dealt solely with pure  signal degradation. The temperature inside the LPAC may be
Os. regularly monitored by automatic logging of readings from
There have been long-standing uncertainties in the radiative Strategically placed platinum resistance thermometers, accurate
decay rate (described by the Einstein A-coefficient) for t0 £0.2 K. A calibrated 1000 Torr0.08% accuracy) full-
Ou(aAg).2+-28 The Einstein A-coefficient is derived from Scale capacitance manometer (MKS type 390) is used to record

integrated absorption intensity (Al) values (also commonly the LPAC gas pressure.

referred to as integrated band strengtiS). A detailed The experimental technique used to obtain the ambient
summary of studies prior to 198%cites a value ofA = 2.59 x temperature (294 K) spectra was very similar to that presented
10~ s1 (corresponding to a radiative lifetime of 64.4 min) N our previous study? For the reduced-temperature measure-
based on unpublished results from Brault and Bréiiihis ments (at~243 and 200 K) a slightly lower spectrometer

value agreed with the early study of Badger etland was resolution was chosen to increase the speed efficiency of the
included in the 1996 HITRAN databadeMesospheric obser- data acquisition. The extended time periods required to reduce
vations also lend support to this valéeeThree recent studies and stabilize the LPAC gas temperature necessitated shorter scan
have, however, established a consensus for a different A-durations for this set of experimental conditions. Thus, an
coefficient: Lafferty et al33 used Fourier transform spectros-  instrument resolution (0.9/MOPD) of 0.010 ciwas chosen
2.237(51)x 10~4s! (and hence a lifetime of 744 1.6 min). cm~1 at 294 K; this was found not to degrade significantly the
We have measured integrated band strengths and Einstein duality of the recorded spectra and still enabled individual
coefficients by both FTS and cavity ring-down spectroscopy rotational I|qgs to be_ adequately resolved for a full analy§|s. As
(CRDS$* and obtainedh = 2.19(5)x 104 s~ and 2.14(7)x well as certified purity (99_.999%) pure oxygen, a gas mixture
10 s71, via the two independent techniques. Most recently, of 79% N> and 21% @, with the generic name “zero” grade
Cheah et a#? reported an integrated Al from FTS experiments Synthetic air (Air Products), was also studied. Table 1shows
that converts td\ = 2.28(5)x 104 s 1. These measurements, thep, T, and gas-composition conditions at which spectra were
although performed at a range of; @ressures, have been recorded.
restricted to ambient temperatures and to puses@nples.
The present study extends the understanding of the-X
system by analysis of spectra recorded with both purert 3.1. Baseline Corrections to Spectral he raw spectroscopic
O2/N; air samples, over a range of temperatures and pressuresdata obtained under all the conditions listed in Table 1 were
The new data reveap, T, and gas-composition trends in converted to transmittance spectra by removal of the effects of
rotational line widths, line-center frequency shifts, and intensities the band-pass filter transmission curve. This background

3. Analysis
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TABLE 1: Summary of Experimental Conditions Applicable
to the Work Presented in the Current Study?

instrument @
resolution/cm®  gas composition temp/K pressure/Torr

294.0(6) 750.1(5)
100% Q 294.0(11)  375.0(5) ®)
294.0(11)  149.9(5)

0.0058 cnt
293.8(11) 750.0(3)
21% Q/79% N, 293.8(12) 375.1(5)
293.7(4) 150.0(5) L 1
100% O 243.2(5) 750.7(4) © A l b l
241.7(8) 154.4(6) AN SR INAT Y IO IR
7865 7870 7875 7880 7885
-1
amarmon 500, 15020, Wisenmber /o
0.010 cn1t ' ' Figure 1. (a) A portion of the FT spectrum of 152 Torr of zero air,
100% G 198.7(8) 375.7(5) corrected for the band-pass filter profile ang-@s; collision induced
200.5(8) 150.4(3) absorption, but with severe oscillatory structure affecting the spectrum.
21% OJ/79% 201.8(21) 747.7(32) (b) Underlying oscillations modeled by analysis of the interferogram,
6 QI79% N 199.1(11) 143.6(8) as described in the text. (c) Final spectrum, with the background

. .. oscillations shown in part r fi h i .
a Typically 500-600 scans were co-added to produce spectra with rat wn in part (b) subtracted from the spectrum in part ()

sufficient signal-to-noise ratios. Therlstandard errors of the final . _ _ .
significant digit(s), in parentheses, are determined from the experi- ffom transmittance,T(v), at a wavenumbe® to Napierian

mentally measured variations in pressure and temperature and theabsorbance usinge(v) = —In T().
known instrumental uncertainties. 3.2. Rotational Line ShapesThere are three main constitu-
ents contributing to the overall shape of a single, unblended
elimination can, in principle, be achieved either by dividing by rotational line of Q in the a-X band recorded by the FT
a background spectrum (measured under identical conditionsspectrometer:
except with the LPAC evacuated) or by a polynomial function (i) A Gaussian line shape component, due to Doppler
which simulates the nonabsorbing background. The latter broadening, with a fwhm that varies with temperature. The
method was preferred in this study because of difficulties of calculated fwhms fof%O, at band center (7883 crt) at the
reproduction of the transmission spectrum of the filter at different experimental temperatures are 0.01712'cat 294
different pressures. The resultant spectra showed sinusoidaK, 0.01556 cm® at 243 K and 0.01412 cm at 200 K. During
baseline oscillations upon which the weak spectral features of line shape analysis, Doppler widths were corrected for the slight
interest were superimposed. The baseline oscillations, or “chan-changes with transition wavenumber.
nel spectra” resulted from multiple reflections of the spectrom- (i) A Lorentzian contribution due to collisional broadening,
eter light beam between the surfaces of plane-parallel opticsvarying with gas number density from less than 0.02tfwhm
(optical filter and windows) in the path between source and to greater than 0.15 cnhover the range of, T conditions used
detector. Attempts to minimize the baseline modulation by here.
changing the position or tilt of the optical filter were largely (iii) An instrumental line shape function which, for an ideal
unsuccessful. After removal of the gross background baseline,FT spectrometer with no additional numerical apodization, is
it is important to be able to eliminate channel spectra in order characterized by a sinc function dependent on the spectrometer
to measure line shapes and absorption intensities quantitatively optical path difference. Scans were performed at two optical
In some cases it was possible to model the oscillations by a path differences, resulting in high resolution (0.0058 &nand,
simple superposition of two or three sine waves with different for the lower temperature experiments, lower resolution (0.010
amplitudes and frequencies; sometimes the oscillatory patterncm 1) spectra.
was more complex, however, and a more sophisticated method Each unblended rotational line shape will be a convolution
was required to model the wave pattern. The frequencies of theof the inherent natural line shape (of negligible width) with the
oscillations were clearly evident as spikes in the original above functional forms. To quantify the effect of the instru-
interferograms. Numerical correction by removal of the peaks mental line shape on measured spectral lines, convolutions of
in the interferogram, although a recognized metfogias not the instrumental sinc function with Lorentzian lines of varying
used because of concerns that extensive editing of the inter-widths were fitted to unperturbed Lorentzian line shapes. It was
ferogram might remove spectral information and introduce found that the convolved line shape ceased to be well repre-
unwanted artifacts (such as distorted line shapes) into thesented by a pure Lorentzian function only when the width of
spectral domain. Instead, the interferograms were analyzed tothe central lobe of the sinc function became comparable to the
deduce the individual oscillation frequencies, and then sine width of the Lorentzian function. Even at the lowest pressures
waves of the appropriate frequencies and phases were amplitudénvestigated, the contribution of the instrumental line shape to
fitted to the spectral baselines (in regions of negligible absorp- the spectral line profiles and widths was established to be negli-
tion) using the least-squares method. The fitted waveforms weregible, and thus rotational lines were fitted only to convolutions
then subtracted from the spectra. This procedure is illustratedof Gaussian and Lorentzian components (i.e., Voigt profiles).
in Figure 1 and, though very similar in effect to editing the ~ The PGOPHER prograffiwas used to simulate individual
interferogram, did not appear to introduce spurious spectral rotational lines from the various Qa'Ag — XSZ_(; (0,0) band
anomalies or distort spectral line shapes, but did successfully spectra and then to perform least-squares fits of the experimental
eliminate the oscillatory baseline. Any effects of the underlying lines (represented as Napierian absorbance) to Voigt profiles.
O, continuum absorption were subtracted prior to determination The required input parameters were an estimated line-center
of O, monomer band intensities, so will not contribute to the wavenumber value, the known Gaussian Doppler width for a
values listed in later sections and tables. Spectra were convertedjiven wavenumber and temperature, and a first-guess Lorentzian
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Figure 2. Sample Voigt profile fit to a rotational lineXR(N"" = 7)
(notation®NAJ(N'")) recorded with 750 Torr of @at 294 K, presented 200
with the (observed- calculated) residuals. The absence of systematic
deviations in the residuals plot suggests that the line shape is adequately e e L A AL
represented by the Voigt function. Wavenumber / e’ _ Wavenumber / em’
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width. The floated parameters were the wavenumber offset (the
discrepancy between the input line-center wavenumber and the
more accurate fitted value), the fwhm of the Lorentzian Figure 3. Pure Q a'Aq — X°%; (0,0) band spectra (band head region
linebroadening function, the vertical scaling (which establishes only) illustrating the changes in rotational line width and intensity

. : : f . distribution as a function of temperature and pressure. No pure O
the normalized line intensity), and a vertical offset. These spectra were recorded for 243 K/375 Torr and 200 K/750 Torr. The

parameters were floated simultaneously in the fits and an 594 K spectra appear noisier due to the higher resolution of these scans.
example of a least-squares fit to a rotational line shape is shown

in Figure 2; the line shape is seen to be modeled well by a pressure and/or zero air, the maximum signal is reduced, with
Voigt profile, with apparently random residual errors. More a necessarily higher random error in the integration. These errors
sophisticated line shape functions such as Galatry and Rautiarhave been estimated from the reproducibility of the integrated
profiles have been usé&dfor rotational line analysis and band strengths and propagated into the final error estimates.
consideration of these forms is important when the spectral Finally, regardless of data analysis method, linear detector

signal-to-noise is sufficiently high to warrant*tHowever, in response is essential for accurate data acquisition because for

the current study the Voigt profile accounts for the observed the most favorable signal-to-noise conditions, peak signal

line shapes very satisfactorily. represents a reduction of as much as half in transmission of
3.3. Integrated Band Absorption Intensities. Absorption light through the spectrometer. The use of small apertures in

lines in the baseline-corrected spectra, converted to Napierianthe FT spectrometer, together with the light losses in the LPAC
absorbance, were integrated over the wavenumber range ofand transfer optics, reduced the light intensity to levels far below
interest. Integration was performed in two ways, (i) by fitting those at which InSb detector or preamplifier saturation and
Voigt profiles to unblended lines and (ii) by summing numeri- nonlinearity occurs.
cally the intensity across lines, as described in our previous The method of individual line-fitting to obtain integrated Als
study? In the latter case, care needs to be taken to ensure thatis discussed further in section 4.3. A comparison is made in
regions which are fitted as baselines are truly representative ofsection 5.2 between the accuracies, advantages, and disadvan-
zero absorbance. Neglect of the tails of Lorentzian-dominated tages of the two integration methods.
line shapes can lead to serious systematic errors: for a
Lorentzian function with fwhm 0.10 cnd, 0.6% of the spectral 4 Results
intensity lies more than 5 cmd away from the line-center All experimentally recorded spectral lines sufficiently strong
wavenumber, and 1.6% lies more than 2éraway. Often the to allow a quantitative analysis were fitted to Voigt line shape
spectral lines are spaced more closely than this. The solutionfunctions, providing values for line widths, center wavenumbers,
to baseline measurement adopted here was to fit a few widelyand integrated intensities. In practice, due to changes in the
spaced spectral regions to determine the baseline to be subtracteBoltzmann distribution of energy level populations with tem-
to establish a zero of absorbance. This method introducesperature, this allowed lines up to arouNd = 25 to be analyzed
unavoidable (random) errors in baseline levels, especially in at 294 K, and up tdN’ = 21 andN" = 17 at 243 and 200 K,
the band-head regions where the majority of the spectral respectively. The Voigt profile fitting routine did not allow
intensity lies, but was nevertheless judged to be the methodsimultaneous fitting of multiple lines with varying widths, so
least likely to introduce systematic inaccuracies in the final blended, overlapping line shapes were either not fitted at all,
integrated Al values derived by method (ii). or else fits were performed on partial line shapes that could be
There are further additional possible sources of significant attributed reliably to a single spectral line.
error in the numerical integration analysis method. Neglect of Samples of spectra recorded at various temperatures and
very weak lines which are indistinguishable from the baseline pressures of pure Qare shown in Figure 3. Line broadening
noise may lead to systematically low values for integrated band with increased pressure and more intense highestational
intensities. However, with the relatively high signal-to-noise progressions at higher temperatures are both visible. More
ratios obtained in this work, this is expected to introduce an quantifiable dependencies are revealed by individual line fits.
error of less than 0.4% in all cases (based on theoretical line The large amount of data generafédyhich encompasses line
intensities). For scans carried out under conditions of low center wavenumbers, line widths, and integrated line and band
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pressure for four rotational lines identified by the notatidJ(N'") g 0.124 I
at three separate pressures at 294 K. The values for each transition ~_ 1
have been fitted to a straight line and extrapolated bagk=td), giving Tg 0114 % l (b)
yo = 0 to within the experimental error. L 1 E
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Als at allp, T, and gas compositions studied, is available upon % : I
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most important details of our results. g 1 i
For all measurements, pressures and temperatures were § *%* %
regularly monitored. Small drifts in both these quantities were & 007_'
observed (and were exacerbated at lower temperatures by the - o
difficulties in stabilizing the conditions). A straightforward £ 0064
estimation of uncertainties was given by the standard deviation = —_— .
about the mean of the spread of values of experimental param- 0 4 8 12 16 20 24
eters. For temperature measurements there is an additional uncer- Rotational quantum number, N

tainty of £0.2 K from the instrumentation, and a further error Figure 5. Graphs displaying fitted line widths for (a) pure &nd (b)
of +0.08% for pressures. The propagation of errors into vari- zero air at 294 K. Measurements at different gas pressures have been
ables dependent on the observables was quantified usingtCOTbif?ﬁ]d tﬁ Pr?duce th? gatta EOi?tS agmi error ?afs_?hs geﬁ;?fig%?r?rthe
H H ext, with all values scaled to 1 atm. Data points wi IV S
e e e et than Sk 1 (o and 10% 1 ) e bon o fr b
S . . purposes of clarity. Line widths for lines from the various spectroscopic
siorf® (128.75+ 0.18 m) than other variables, and this error pranches are represented by the following symb@seP; @ PP; a
was neglected in overall error estimates. The final standard PQ; ¢ 9P; ¥ 9Q; ¢ °R; A RR; v RQ; O SR.
deviation errors determined f&;: values include estimates for
the errors associated with the numerical integration process,4. In practice, given that the assumption of a linear trend in
based on reproducibility, and these errors were propagated inLorentzian line width with pressure, coinciding with the graph
the same fashion. origin, is valid, the data sets for separate pressures, but otherwise
4.1. Line Widths.The Lorentzian fwhm for individual spectral  identical experimental conditions, may be combined by scaling
lines are listed in an appendix of ref 41 and are available from them all to unit (1 atm) pressure and calculating an average for
the authors for all the experimental conditions listed in Table each rotational line. If; is the pressure broadening coefficient
1. The results presented here are primarily in graphical form (i.e., y, = np) then finding the scaled line width at 1 atam
for reasons of space. For the 294 K measurements three different= y,/p, is equivalent to determining. Weighted averages of
pressures of each gasj@nd zero air) were investigated; two  y1am Values obtained from data at different pressures for each
separate pressures were studied for the subambient temperaturesotational line may then be calculated to obtain more accurate
It is expected that the measured Lorentzian line width values ofyiam (Or 7).
components at any given temperature should be proportional Figures 5-7 show the results of the above manipulations,
to the gas pressure. Under such circumstances the gradient of avith measured spectral line widths, scaled to a pressure of 1
straight line plot of Lorentzian line width versus presspigives atm, plotted against rotational quantum numhg¥)(for the
the pressure broadening coefficient for a given rotational line. six different combinations of temperature and gas composition
To assess the validity of this relationship, the fwhm line widths used in the current study. Data are plotted for a total of 9 distinct
(y) for four distinct rotational lines (from pure spectra at spectroscopic branches. Some (weaker) lines have large errors,
294 K) are plotted against pressure in Figure 4. These lines areso a cutoff criterion is needed to clarify the details of the graphs.
characterized by varying degrees of signal-to-noise and span aA 10% relative error §avdyave is the maximum included; for
wide range of rotational quantum numbers. A straight line has the highest signal-to-noise measurements most data points had
been fitted through the data points for each transition, and in errors of 5% or less, so this is the upper bound for inclusion in
all cases intercepts the graph origin to within experimental error. those cases.
Thus, the relationshigy O p is obeyed at 294 K and, by The figures show that for both the,@nd zero air data sets
inference, at 243 and 200 K. there are strong trends in derived Lorentzian line widths, which
Pressure broadening coefficients may be derived for all lines decrease monotonically with rotational quantum number. There
by measuring the gradient of plots such as those shown in Figureis also a lesser line width dependence as a function of rotational
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Figure 6. Graphs displaying fitted line widths for (a) pure @nd (b)
zero air at 243 K. All values have been scaled to 1 atm unit pressure.
Data points with relative errors greater than 5% in (a) and 10% in (b)
have been excluded from the graphs. Symbols used to denote
spectroscopic branches are the same as in Figure 5. Note the great
line widths relative to the 294 K data.

branch; for any given ground-state quantum numi§ér the

largest line widths are observed for tRE branch (notation
ANAJ), with narrower widths for thé€P and”Q branches, and
the smallest widths for thBQ, RR, andSR branches. Thus, for

Rotational quantum number, N"

Rotational quantum number, N"

Figure 7. Graphs displaying fitted line widths for (a) pure &nd (b)

zero air at 200 K. All values have been scaled to 1 atm unit pressure.
Data points with relative errors greater than 5% in (a) and 10% in (b)
have been excluded from the graphs. Symbols used to denote
e§pectroscopic branches are the same as in Figure 5. Note the trend of
increasing line width as the temperature is reduced, relative to the
previous figures.

remove spurious values, and a weighted least-squardsit (
0?) to all remaining data points has been carried out to derive
an average line width ratio factd®, ar. Since anyN dependence

a givenN", lines terminating at loweN' exhibit greater line to these values is masked by data point uncertainties, the

, ) : . , e o
widths than lines which terminate at higfet Shifting the®P straight-line fits have been constrained to zero slope véYsus

line widths toN" — 4 from N, and"P, "Q line widths toN" — Although it is perhaps possible to discern a slight decrease in
2 from N bunches these data much better. For these three- 9 P PS P 9

branches, this is equivalent to plotting line widths verslis Ryair with N, the trend cannot be quantified and must await
rather thanN", and for such a plot although there is then more sensitive measurements. 'Ryg;; values obtained at 294,

: P PA I : 243, and 200 K, respectively are 1.060.012, 1.012+ 0.006,
agreement between ti¥®, PP, andPQ line widths, the values

for the other branches diverge from them. Hence the branch and 1.002+ 0.005 (all errors ared).

dependence to the line width does not appear to bear a simple Figure 8 demorlstrates .that the line broadening coefficients
relationship to a single quantum number. of O a'Ag — X%, (0,0) lines by pure @and 79% N gas

4.1.1. Dependence of Line Widths on Gas Composilibe mixtures are indistinguishable within the uncertainty of the
pressure-normalized Lorentzian widths of a given rotational line Measurements presented here. Indeed, the results suggest that

from pure Q and Q/N, mixtures might be expected to differ :he meap rat'd?é'a” d'ﬁfrs from En'ty by= 1% over a wide
because the intermolecular forces and energy level structure of emperature and quantum number range.

the colliding molecules are altered when nitrogen is introduced. _4'1'2' Dependence of Line W'dths on Ter_‘nperatE[_Er. a.
To quantify this difference, averageessure-normalizetine given quantum state, the Lorentzian pressure-induced line width

width data were compared by a simple fraction, whereby the increases as the temperature is reduced. To investigate these
increase/decrease in broadening is expressed as the ratio trends, the variation of with T was expressed as the ratio

YT
Y1

_ Y
Yo

2

I:{y,air (3) Ry,T = (4)

Ratios for each temperature studied are plotted as a function ofwhereT* is a reference temperature (chosen as ambient room
N in Figure 8. An error cutoff of 10% has been applied to temperature, 294 K). Figure 9 shows plotg/efy g4 versusN'”
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Figure 8. Ratio of individual line widths,y.ilyo, plotted versus
rotational quantum number. All values falling within a 10% relative
error cutoff are included. (a) = 294 K; (b) T = 243 K; (c) T = 200

K. Weighted least-squares fits to the data return average \Rilues

of 1.000 + 0.012, 1.012+ 0.006, and 1.002+ 0.005 (Ir errors),
respectively, for the three temperatures.

for O, at T = 243 and 200 K; the graphs for zero air show

identical behavior but with larger standard errors. Once again an
error cutoff of 10% has been applied to remove spurious values,
and a weighted least-squares fit to all remaining data points

has been performed to derive an averagiependent line width

factor,ﬁﬂ. The straight-line fits have been constrained to zero
slope versudN' as, again, no clear and quantifiable rotational

dependence was found. T%,T values for 243 and 200 K are
1.159+ 0.014 and 1.394t 0.005 (I errors), respectively.
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Figure 9. Ratio of individual line widthsy+/y.94k, calculated for (a)

T = 243 K; (b) T = 200 K. All values falling within a 10% relative
error cutoff are included. Weighted least-squares fits to the data return
average Ry values of 1.159 0.014 and 1.394t 0.005 (b errors),
respectively.
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Figure 10. Average line widths Ry, expressed as ratios relative to
294 K, plotted as a function of temperature; by definition, the ratio at
294 K is unity. A least-squares fit of the data to the function: R
(T/294 K) (solid line) shows the best agreement fo= —0.85. An
estimated 8% error in this value, chosen to encompass all values, is
represented by the dashed lines, which correspomd=to—0.78 and
—0.92.
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The mean temperature-dependent width factBys are
plotted in Figure 10. The data points were fitted to a function
of the form

R =) ©)

as applied by several authors (see, for example, ref 44) to
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determine the temperature dependence of broadening coef-

2.4

ficients. Note that the least-squares fit to only three data points "R(7)
is statistically robust here because the points themselves are”; 204
weighted averages of a much larger number of independent .° R(11)
values, with correspondingly small errors. The fit returned an = 16+
index ofn = —0.854 0.07, where the quoted error in the index ~ ¢. )
encompasses the range of values required to span the data points g 21 N
as shown in Figure 10. Th&-dependent line widths can thus k= PQ(B)
be parametrized agr = y204x(T/294 K) 085 § 087 P(13)

4.2. Spectral Line Shifts.Although the rotational line center R .
wavenumbers were determined to high precision in the Voigt = P(7)
profile fits (to better thant 0.001 cnT?), no systematic line 004

T T T T T 1
300 400 500 600 700 800

Pressure p / Torr

shifts as a function of pressure or temperature were noted. In 00 200
part, the analysis was hindered by a spectrometer recalibration

made between some measurements which precluded any veryigure 11. Transition intensities measured for six distinct rotational
small shifts from being determined with confidence. Rotational lines at three separate pressures at 294 K. The straight line fits for
line shifts to both the red and the blue ends of the electromag- each transition have not been constrained to the graph origin, but
netic spectrum have previously been observedii(ittthe b—X nonetheless coincide closely with it.

and Schumann Runge bands, respectively) but appear not be dth K L for limit b
significant in the @ alA, — X32§ (0,0) band. Line center and thus makes no approximations for limiting case (a) or (b)

wavenumbers derived from the Voigt profile fits for all ?ehaVIort. No;[je thatdalt?ougiht.the'p?rtltlgn function 'frf' e? 3 'St
experimental conditions are available in ref 41 or from the emperature dependent, relative intensities are unatiected at a

0

authors for all measured-X (0,0) rotational lines.

4.3. Line Intensities.Integrated intensities (or cross sections)
for each unblended rotational line were calculated directly from
Voigt profile fits to the line shape, or can be derived by numeri-
cal integration across spectral lines. These values are tabulate
in full in ref 41 and constitute a more comprehensive survey

single temperature. As pointed out by Gamache &P ahd
Lafferty et al.3 a knowledge of relative intensities for individual
lines allows the integratetbandintensity to be determined. If
the theoretical (fractional) contribution of a line to the overall

&)and intensity i, and the measured integrated line intensity is

Snt, then the integrated Al for the entire band is

than previous determinatiof$33-35As was the case for the line
widths, it is necessary to check that the integrated line intensities
scale linearly with pressure. Figure 11 shows measured transition
intensities for a selection of rotational lines at 294 K, plotted . . . .
versus pressure, and demonstrates the linear relationship. Thérabl? 2 I|§ts cor_nputed_ fractlc_)nal line intensities and, for all
theoretical strength of each line is given by the slope of the rotational lines with sufficient signal-to-noise to warrant a quan-
straight line fit, having units cm? Torr ! or cnr2 atntL. In titative analysis, gives banfl, values calculated from eq 7.
practice, rather than determining slopes of graphs for each rota- Although thes,f“ values '”f?”?d from individual line intensi-
tional line, the equivalent procedure of dividing line intensities ti€S show considerable variations (as should be expected for
by pressure and taking a weighted average of the results was/alues derived from line intensities with relatively large errors)
used. In order that measurements for different temperaturesthe average of the many determinations in Table 2 provides a
could be compared directly, the final results were scaled to rell_able estimate ofSy. Table 3 brings togethe_r t_h? error-
molecular concentration, giving line intensity units of cm Weighted average of the band strengths from individual line
moleculel. intensities and compares the values with those determined

The integrated line intensities are given in a general form by from simple integration of the spectral intensity across the O
the relatioR:45 a'Ag — X33, (0,0) band performed as described in our
previous pape#! The close correspondence of the numbers
derived from the two analysis methods justifies approximations
such as the invariance of the electronic and vibrational parts of
the transition moment with rotational quantum number. Grand
weighted averages of ti&, values from all experimental con-
ditions for both methods used are also derived and are presented
in Table 3 with corresponding Einstei and B coefficients.

It is apparent from Table 3 that there is a small but
guantifiable discrepancy between the values determined by the
two integration procedure§; is consistently found to be larger
when calculated using individual fractional line intensities than
when numerical integration of the whole absorption band is used.
In addition, the standard errors of the me&p: values,
propagated in the usual way, are not mutually inclusive of the

discrepancy between the values. This suggests a significant (3
tors#6 S}, for the transition: |R|2 = S}, 1} |Re 243 4%) systematic error in one or both of the methods used to

The program PGOPHER computes relative line intensities, determine the integrated band intensities. The most likely
with due account of changes in the Boltzmann factor with explanation is an unforeseen neglect of small absorbances in
temperature. The program computesnHbondon factors by the numerical integrations of the band contours, such as the
expansion of the rotational and electronic angular momentum long tails of Lorentzian absorption lines, resulting in band
parts of the molecular wavefuntion in a Hund’s case (a) basis strengths that are too small. The statistical averaging of numbers

()

o 87°1,C g'e PO
I 4me, 30 Q(T)

’1 - exp(— %)]mﬁ ©6)

where I3y is in units of cm molecule. v is the transition
wavenumber (in cmb), |, is the isotopic abundance of the
species in questiorC is the number density of the molecular
species (in molecules c), g" is the lower state degeneracy,
the first exponential term contains the Boltzmann factor for the
rotational energy levet(J'"), Q(T) is the internal partition sum,
andR is the transition dipole moment. We make the approxima-
tion that the electronic and vibrational (FrareRondon) parts

of R (Rey) are constant for a given vibronic band, with the
rotational line-dependent part given by thértthondon fac-
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TABLE 2: Integrated Band Strengths Sy (10-2* cm molecule™?) Determined from Individual Line Intensities for a Range of
Temperatures and Gas Mixture$

294 K 243 K 200 K

ANAJ J' N lyy f Snt (O2) St (air) lyy f Snt (O2) St (air) lyy f Snt (O2) St (air)
op 18 19 91.303 0.00187 3.848 52.018 0.00129 3.968 25.902 0.00079
op 16 17 133.48 0.00273 3.421 84.809 0.00211 3.468 48.34 0.00147 3.943
op 14 15 180.43 0.00370 3.194 126.35 0.00314 3.553 4.745 81.25 0.00247 3.143 3.503
op 12 13 223.57 0.00458 3.102 170.54 0.00424 3.240 2.666 121.93 0.00370 3.048 3.085
op 10 11 250.26 0.00513 205.53 0.00511 3.267 2.659 161.01 0.00489 3.287 3.839
op 8 9 246.21 0.00504 3.030 215.13 0.00535 3.143 2.916 181.99 0.00552 3.267 3.212
op 6 7 199.9 0.00409 3.414 3.955 183.66 0.00457 3.412 5.078 165.35 0.00502 3.239 3.467
op 4 5 109.39 0.00224 2.920 104.44 0.00260 3.000 98.61 0.00299 3.262 4.969
PP 25 25 39.432 0.00081 15.071 0.00037 3.766 45756 0.00014
PP 23 23 71.28 0.00146 2.647 31.467 0.00078 11.422 0.00035
PP 21 21 120.68 0.00247 3.195 60.822 0.00151 3.134 26.015 0.00079
PP 19 19 190.93 0.00391 3.160 108.57 0.00270 3.260 5.982 53.936 0.00164 2.689
PP 17 17 281.34 0.00576 3.177 178.41 0.00444  3.363 3.354 101.45 0.00308 3.190 3.247
PP 15 15 384.35 0.00787 3.154 3.293 268.64 0.00668 3.128 3.125 172.33 0.00523 3.137 3.298
PP 13 13 483.42 0.00990 3.300 2.828 368.05 0.00915 3.201 2.993 262.51 0.00797 3.185 3.096
PP 11 11 553.54 0.01134 3.314 3.091 453.69 0.01128 3.194 3.525 354.56 0.01076  3.215 3.016
PP 9 9 56554 0.01158 3.276 3.068 493.17 0.01227 3.247 3.013 416.18 0.01263 3.227 3.002
PP 7 7 49473 0.01013 3.264 3.215 453.62 0.01128 3.217 3.105 407.37 0.01237 3.286 3.115
PP 5 5 33264 0.00681 3.055 2.918 316.93 0.00788 3.210 3.024 298.48 0.00906 3.225 3.157
PP 3 3 104.87 0.00215 102.61 0.00255 3.369 99.873 0.00303 3.185 4.827
PQ 22 23 80.905 0.00166 4.197 35.783 0.00089 2.740 13.018 0.00040
PQ 20 21 138.55 0.00284 2.901 69.959 0.00174 2.913 29.993 0.00091
PQ 18 19 222.25 0.00455 126.62 0.00315 3.423 3.997 63.051 0.00191 3.253 4.216
PQ 16 17 333.14 0.00682 3.138 3.373 211.67 0.00526 3.107 2.893 120.65 0.00366 3.318 3.314
PQ 14 15 465.11 0.00953 3.246 3.412 325.71 0.00810 3.211 2.951 209.45 0.00636  3.267 3.330
PQ 12 13 601.91 0.01233 3.302 3.399 459.16 0.01142 3.253 3.396 328.28 0.00997 3.245 3.400
PQ 10 11 716.67 0.01468 3.234 3.768 588.56 0.01464 3.252 3.278 461.09 0.01400 3.263 3.037
PQ 8 9 7751 0.01588 3.295 3.229 677.25 0.01685 3.234 3.253 572.95 0.01739 3.324 3.079
PQ 6 7 74247 0.01521 3.209 3.127 682.15 0.01697 3.236 3.315 614.15 0.01864 3.261 3.249
PQ 4 5 590.69 0.01210 3.221 3.056 563.95 0.01403 3.198 3.251 532.49 0.01617 3.314 3.169
PQ 2 3 285.13 0.00584 3.197 3.355 279.58 0.00695 3.298 3.050 272.85 0.00828 3.286 3.364
QQ 27 27 46.638 0.00096 3.553 15.254  0.00038 3.8179 0.00012
QQ 23 23 166.18 0.00340 73.362 0.00182 3.081 2.520 26.628 0.00081
QQ 21 21 28555 0.00585 4.077 3.748 143.91 0.00358 61.553 0.00187 3.479
QQ 19 19 459.92 0.00942 3.319 2.918 261.54 0.00651 3.304 2.908 129.92 0.00394 3.190 3.403
QQ 17 17 692.94 0.01419 3.220 3.290 439.43 0.01093 3.253 3.260 249.88 0.00759 3.310 3.231
QQ 15 15 973.82 0.01995 3.220 3.191 680.64 0.01693 3.245 3.275 436.63 0.01326 3.228 3.277
QQ 13 13 12714 0.02604 3.190 3.172 967.94 0.02408 3.166 3.160 690.37 0.02096 3.203 3.178
Q 9 9 1688.6 0.03459 3.121 1472.5 0.03663 1242.6 0.03772
Q 7 7 1669.7 0.03420 3.220 3.193 1531 0.03808 3.261 3.336 1374.9 0.04174  3.248 3.198
Q 3 3 917.62 0.01880 3.235 3.181 897.83 0.02233 3.314 3.238 873.89 0.02653 3.280 3.231
R 20 21 81.816 0.00168 41.311 0.00103 3.414 17.711  0.00054
R 18 19 133.56 0.00274 3.276 76.096 0.00189 3.316 37.891 0.00115
CR 16 17 204.6 0.00419 2.864 130 0.00323 3.361 74.096 0.00225 3.065
QR 14 15 293.63 0.00601 3.190 205.62 0.00511 3.480 132.22 0.00401 3.554
QR 8 9 573.18 0.01174 3.223 500.83 0.01246 423.7 0.01286
R 2 3 570.27 0.01168 3.307 2.965 559.16 0.01391 3.341 3.156 545.7 0.01657 3.342 3.236
p 22 21 63.8 0.00131 2.917 32.225 0.00080 13.821 0.00042
P 20 19 101.49 0.00208 3.200 57.838 0.00144 2.914 28.811 0.00087
op 18 17 150.59 0.00308 3.347 95.707 0.00238 3.163 54.57 0.00166 2.692
op 14 13 264.49 0.00542 3.318 201.8 0.00502 144.31 0.00438 3.340
op 10 9 32456 0.00665 3.311 283.62 0.00705 239.97 0.00729
RR 1 1 1012.6 0.02074 3.218 3.188 1005.5 0.02501 3.172 3.251 996.79 0.03026 3.253 3.223
RR 3 3 1179.8 0.02417 3.217 3.152 1154.4 0.02871 3.204 3.217 1123.6 0.03411 3.229 3.107
RR 5 5 1293.6 0.02650 3.234 3.204 12325 0.03066 3.274 3.196 1160.8 0.03524 3.225 3.233
RR 7 7 1298.7 0.02660 3.212 3.123 1190.8 0.02962 3.300 3.220 1069.4 0.03246 3.228 3.208
RR 9 9 1199.8 0.02458 3.242 3.274 1046.2 0.02602 3.225 3.191 882.91 0.02680 3.226 3.219
RR 11 11 1026.1 0.02102 3.239 3.162 841.02 0.02092 3.269 3.216 657.26 0.01995 3.260 3.187
RR 13 13 816.18 0.01672 3.227 3.181 621.4 0.01546 3.192 3.311 443.2 0.01345 3.230 3.139
RR 15 15 605.84 0.01241 3.214 3.206 423.44 0.01053 3.213 3.231 271.64 0.00825 3.259 3.014
RR 17 17 420.72 0.00862 3.219 3.018 266.8 0.00664 3.250 3.271 151.71 0.00461 3.309 3.255
RR 21 21 167.34 0.00343 3.299 3.211 84.338 0.00210 3.210 2.764 36.074 0.00110 3.004 5.213
RR 23 23 96.109 0.00197 3.414 42.428 0.00106 3.878 15.4 0.00047
RR 25 25 51.928 0.00106 3.454 19.847 0.00049 6.0256 0.00018
RR 27 27 26.417 0.00054 3.194 8.6404 0.00021 2.1626 0.00007
RR 29 29 12.663 0.00026 2.585 3.5032 0.00009 0.7125 0.00002
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294 K 243 K 200 K
ANAJ N I35 f St (02) St (air) I35 f St (02) St (air) Iy f St (02) St (air)
R 2 1 262.15 0.00537 3.177 3.439 260.82 0.00649 3.188 3.585 259.17 0.00787  3.328 2.903
R 4 3 616.18 0.01262 3.218 3.017 604.1 0.01503 3.312 3.296 589.45 0.01789 3.244 3.227
RQ 6 5 84125 0.01723 3.230 3.393 803.16 0.01998  3.253 3.256  758.33 0.02302 3.285 3.182
RQ 8 7 942.08 0.01930 3.217 3.291 865.58 0.02153 3.261 3.331 779.33 0.02366  3.275 3.146
RQ 10 9 929.44 0.01904 3.250 3.189 812.19 0.02020 3.254 3.182 687.19 0.02086  3.247 3.117
RQ 12 11 830.61 0.01701 3.196 3.307 682.23 0.01697 3.196 3.188 534.57 0.01623 3.231 3.191
RQ 14 13 681.81 0.01397 3.306 520.2 0.01294 3.409 372.01 0.01129
RQ 16 15 518.22 0.01061 3.178 3.374  362.99 0.00903  3.205 3.163 233.48 0.00709  3.200 3.299
RQ 18 17 366.58 0.00751 3.192 3.171 232.97 0.00579 3.292 3.181 132.84 0.00403 3.259 2.815
RQ 20 19 242.18 0.00496 3.201 2.961 138.02 0.00343 3.076 2.605 68.75 0.00209 3.111 2.907
RQ 22 21 149.79 0.00307  3.200 3.439 75.659 0.00188 3.252 3.390 32.45 0.00099  3.109
RQ 24 23 86.905 0.00178 3.384 38.451 0.00096 3.142 13.995 0.00042
RQ 26 25 47.361 0.00097  3.009 18.143 0.00045 5.5235 0.00017
RQ 28 27 24.273 0.00050 3.223 7.957 0.00020 1.9972 0.00006
SR 2 1 52431 0.01074  3.307 3.123 521.64 0.01297 3.370 3.236 518.34 0.01574  3.315 3.071
SR 4 3 639 0.01309 3.259 3.349 626.47 0.01558 3.336 3.258 611.29 0.01856  3.289 3.164
SR 6 5 698.89 0.01432 3.563 667.24 0.01660 3.246 630 0.01913 3.394
SR 10 9 639.3 0.01309 3.260 3.305 558.65 0.01390 3.214 3.217 472.67 0.01435 3.249 3.243
SR 12 11 543.68 0.01114 3.270 3.180 446.55 0.01111  3.269 3.079  349.9 0.01062 3.224 3.092
SR 14 13 430.43 0.00882 3.262 3.173 328.41 0.00817 3.276 3.024  234.85 0.00713 3.237 3.226
SR 16 15 318.26 0.00652 3.261 2.955 222.93 0.00554  3.346 3.307 143.39 0.00435 3.238 3.515
SR 18 17 220.3 0.00451 3.231 2.890 140.01 0.00348 3.162 5.115 79.828 0.00242  3.068 3.769
SR 20 19 143.01 0.00293 3.394 3.341 81.5 0.00203 3.288 40.597 0.00123 3.679
SR 22 21 87.181 0.00179 3.155 2.846 44.035 0.00110 3.169 18.887 0.00057
SR 24 23 49.969 0.00102 3.225 22.109 0.00055 8.0471 0.00024
SR 26 25 26.951 0.00055 2.675 10.324 0.00026 3.1432 0.00010

2 The branch labels and rotational quantum numbers for the lines studied appear on e sfthe computed rotational line strength (from
PGOPHER arbitrary units) at the specified temperatures the fractional contribution of this intensity to the total band intensity (determined by
summing all theoretical intensities fdr< 100). Integrated line intensities measured fera@d zero air have been divided by the respedtivaues
to deriveSy; values for each rotational line.

TABLE 3: Results for Integrated Band Strengths of 160,

alAg — X3Z; (0,0) Spectra Recorded under Various
Experimental Conditions, Determined by Two

Complementary Methods

Sn/1072cm molecule?

concn of Q/ fromindividual from band

mol m~3 line strengths integration
100% Q, 294 K 40.907(70)  3.211(18) 3.119(31)
20.458(68) 3.119(46)
8.175(29) 3.123(98)
21% QJ/79% N;, 294 K 8.597(31) 3.177(58) 3.167(94)
4.300(14) 3.14(14)
1.720(05) 3.16(21)
100% Q, 243 K 49.496(86)  3.207(31) 3.007(48)
10.247(38) 3.15(11)
21% GJ/79% N, 243 K 10.395(22)  3.176(71) 3.03(12)
2.067(17) 3.13(18)
100% Q, 200 K 30.32(11) 3.232(38) 3.086(56)
12.146(42) 3.23(12)
21% GJ/79% N, 200K 12.47(11) 3.21(14) 2.86(19)
2.430(13) 3.19(24)
av Spe 3.210(15) 3.091(43)
EinsteinB coeff (cn? erg s7Y) 0.06145(28) 0.05918(82)
EinsteinA coeff (10 s™) 2.256(10) 2.173(31)

different gas compositions, pressures or temperatures. The
Einstein coefficients for the Oa'Ay — X32§ (0,0) transition

are thus observed to be invariant to these parameters over the
range of conditions studied.

5. Discussion

5.1. Line Widths. The broadening of spectral lines by
homogeneous processes gives rise to Lorentzian line shapes,
and the width of each line is inversely related to the lifetimes
of the molecular states involved in the transition. If the spectral
broadening is caused by collisions between molecules then the
average time between collisions may be approximately equated
with the lifetime of a state; i.e., the degree of pressure
broadening is a measure of the rate of change of rotational
guantum numbers. A more rigorous theoretical prediction of
line broadening and line shift parameters for particular molecular
systems is a problem of substantial computational complexity.
Anderson theoy/#8 has been used to calculate pressure
broadening coefficients for many molecular systems, most
successfully for linear molecule®-*°where the intermolecular
potential is well-known. Alternatively, the theory may be used
to infer unknown multipole moments from accurate spectro-

a For Sy, values calculated from fractional line strengths, weighted SCOPIC measuremerts.

averages of the data in Table 2 (with propagated errors) are presented The N dependence of the Lorentzian line widths presented
for each gas mixture and temperature studied. Also presented are then section 4.1 is the most comprehensive quantitative analysis
results for numerical integrations of complete band contours; since thesecarried out on the @a—X (0,0) band system. Many previous

results were not pressure scaled they are displayed as a function of ga
concentration as well as composition and temperature. The minor

Awuthors have assumed a constisindependent value for the

systematic differences between values derived from the two methods

pressure broadening widths, though Lafferty e¥alid ascribe

are discussed in the text. Quoted errors represent one standard deviatiort duadratic function (to a noisier data set than those presented
taking into account all known sources of uncertainty.

used to generat8,; values from isolated line intensities should

remove systematic errors for that case. It should be noted that

no significant differences arise in measured value§gffor

here) of the form

y =70+ LAIN'(N'+ 1)+ NN +1)— 4] (8)

whereyog and A, are fitted constants. Although this formula
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allows for differential broadening of lines with the sariNg

but from different branches, it fails to reproduce the magnitudes
or trends of the observed room-temperature line widths from ]
the current study using the preferred fitted constants of ref 33. 1
The N dependence to the line widths extracted from our data
and exhibited in Figures 57 is not well represented by a
quadratic formula like eq 8.

Line widths in the (2,0), (1,0), and (0,0) bands of the O
b12;r — X3, transition have been more thoroughly investi- -4 4
gated due to the greater strength of this electronic transition. In
all cases, a similar trend of decreasing line width with increasing -5 1
N" was observed, with line width magnitudes for a giwéh
depending upon the rotational branch. For thexi0,0) band 5 6 7 8 9 10
(the so-called A band) a systematic difference of measured R (Angstroms)
rotational line widths was found between branéféime widths Figure 12. Ab initio long-range potentials (adapted from refs 58,59)
of PP andPQ transitions exceed those for tf&R and RQ for four orientations of the @X°%;) — O(X°Z;) system, plotted as
transitions involving a commoN'"") though a very recent study  functions of the center-of-mass separations. The H and X geometries
reported no difference®d.fwhm Lorentzian line widths in the produce indistinguishable po_tential curves. A s_ignificant well extends
b—X (0,0) band lie in the range 0.11 cfatm for N = 1 to ouE}o large 10 A) separaﬂo_n_and is approximately 12 meV (100
0.07 cnttatnT ! for N" = 29 at 296 K and thus are comparable cm™) deep at the potential minimum.
to those in the &X (0,0) band at room temperature. Because
of a lack of data for the-aX system, the A band values were
used in the previous HITRAN databdseo describe the
broadening of aX rotational lines.

Line width values for the X (1,0) band? (the B band) are
approximately 10% greater than for the-X (0,0) band, but
show the same rotation-dependent trend. Values for th¥ b
(2,0) ban& (y band) concur with those from the A band, but
show larger vari_ations_ as a_function I‘d‘l': Pressure-broadened also recently been proposed in a study of line broadening of
widths for rotational lines in the predissociated Schumann o O b—X (0,0) band to account for the similar rotational
Runge (B, — X®%)) system of Q have been investigated  state dependence of the line width in this band.
for pressures of 1060 atm® In contrast to other @bands, no An important factor in collisionally induced rotational transi-
significant dependence of line width on rotational quantum tions will be the anisotropy of the intermolecular potential,
number was observed, with fwhm remaining constant at around pecayse rotational transitions may only be induced by an angular
0.2 cnr* atm . dependence to the interaction. The typical intermolecular

Amano et aP° probed the pure rotatidN = 7 < 6 transition distance characterizing a collision may be crudely estimated
within the G (@'Ag) » = 0 manifold by submillimeter-wave  using the hard sphere gas kinetic model. The collision frequency
spectroscopy and deduced a fwhm pressure-broadening coefat 1 atm pressure and 294 K is approximatety 1.53 x 10?8
ficient of ~0.10 cnt* atnr™. Both self-broadening and N m2 s x o, whereo is the collision cross-section. A typical
broadening effects were investigated, with little difference in value for pressure broadening in the ®-X (0,0) band is 0.10
magnitudes observed between the two gas mixtures. The authorgm1 at 1 atm and 294 K. Assuming the Lorentzian width is
noted that, to a good approximation, the pressure broadeninginversely proportional to the molecular state lifetimevalues
of a rotational line in an electronic transition can be taken as of r = 5.3 x 10 ls andz= 1/r = 1.9 x 109s ! are implied.
the mean of the values for the upper and lower states. The pureHence an effective cross-section= 1.2 x 10718 m2 may be
rotation ground state ¥, N = 7 — 6 line is broadened by  derived. This corresponds to a hard-sphere center-to-center

tors to the line widths (at least at the lowest valuedlafhich
exhibit the largest widths). Since the energy spacing between
consecutive rotational levels is approximately proportional to
N, nonresonani-changing collisions will be most efficient at
low N since the translational energy release or gain is minimized.
Thus, as collisions preferentially relax or excite molecules with
small angular momenta, the measured line widths are greatest
in any given branch for minimunN. This interpretation has

0.108 cntl atnrt (fwhm)%GA simple average of the'Agy and collision distance 0f~6.3 A, and the extended range of this
X3z, values implies rotational line widths in the saieange interaction is consistent with the fact that we were unable to
of ~0.104 cnt! atnt? for the @ a—X (0,0) band. This resolve any spectral lineshifts with increasing pressure because
compares favorably with the results presented herein @g., of the dominance of impact over van der Waals type broadening.
(N =7 <7) has width 0.098 cmt atn?, PQ(N = 6 < 6) has Figure 12 shows ab initio intermolecular potentials for four
width 0.101 cm! atm?, for O, at 294 K). distinct geometries of @X3%) — Ox(X%%;) interactiong®°

A qualitative explanation for the general trend of decreasing The long-range part of the potential is shown to emphasize the
line width with N is obtained from energy transfer arguments. extent of the attractive well, which is significant at large
For rotation-changing collisions, the bigger the translational internuclear separations. The anisotropy of the potentials is evi-
energy change the less likely the relaxation or excitation processdent from the variation for the various geometries for approaches
becomes. Hence the most efficient collisions will involve exactly closer than 10 A. Further ab initio studiésf the G:—0, system
resonant rotational-to-rotational energy transfer. The rate of have also concluded that significant angular anisotropy is present
collisional energy transfer (and hence the contribution to in both Ox(a'Ag) — Oz(aAg) and Q(X3Z;) — Ox(a'Ag) dimer
broadening) will thus be greatest for the most populatéelels, potentials at long range.

i.e., will coincide with the peak of the Boltzmann distribution. The almost exact equivalence of line widths measured from
If this effect were to dominate, the plots pfversus rotational spectra of pure @and Q/N, mixtures implies that the addition
angular momentum would exhibit a peak Mt~ 8 at room of molecular nitrogen as a collision partner makes no difference
temperature. In fact the line widths decrease monotonically with to the @ a—X line broadening efficiency when compared with
N, suggesting that resonant collisions are not the only contribu- self-broadening at all temperatures studied. This is probably in
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large part due to the similarity of the intermolecular forces in
the G—0, and Q—N; systems, although the latter have not

Newman et al.

TABLE 4: Integrated Absorption Intensities and Einstein A
Coefficients for the 10, a’Aq — X®E; (0,0) Band®

been the subject of ab initio calculations so quantitative
comparisons cannot be made. Both &d N lack a dipole

moment, and consequently weaker quadrupole and dispersion

interactions are expected to dominate the intermolecular interac-
tion potentials, so the £-0, and Q—N; potentials should have
a similar form, anisotropy, and range.

Differences between £and N-broadened widths have been
observed for rotational transitions in othep Bands. Several
lines of the A band have been subjected to analysis withO
N,,%2 and Hé&3 as collision partners. These studies revealgd N
broadening coefficients 70% greater than for the self-broaden-
ing case, while the He-broadened widths wet25% smaller.
More comprehensive studies of line-broadening in the A band,
however, showed very similar line widths for pure &nd for
O, diluted in N, (differing at most by~3%) %51 The effect of
N interactions on the ©b—X (1,0) band has also been
investigated by CRD$! N,-broadening was found to exceed
self-broadening by around 12% implying slightly different
intermolecular interaction potentials.

The temperature dependence of the (average) broadenin
coefficients, as represented by the indexn eq 5, is best
described byn —0.85 + 0.07, which is judged to be
approximately rotation-independent. This analysis demonstrate
a broadly similar decrease in line width with temperature in
the O a'Aq — X3% (0,0) band system as is observed for other
moleculest*65-68 The simplest starting point for consideration
of the temperature dependence of spectral line broadening i
once again the kinetic theory of gases which predicts a collision
frequency for each molecule(z pT ~%5. Since the line width

S

exptl  S./107%*cm A coeff/

method molecule? 10“*s™! exptl conditions ref

FTS 3.210(15) 2.256(10) pure;@nd 21%:79% this
0O,:N, mixtures; work
T=200-294 K,
p = 140-750 Torr

FTS 3.11(7) 2.19(5) pure OT = 298 K 34

CRDS  3.05(10)  2.14(7)  pureTr =298 K 34

FTS 3.166(69) 2.225(51) pure;d = 296 K, 33
p = 98-780 Torr

FTS 3.247(80) 2.28(5)  pure;r = 299 K, 35

p=98-795 Torr

aValues reported in the table are those published from 1998 onward.

complex formation. The-aX transition borrows intensity from

the collision induced electric dipole—a (Noxon) transition

because of a component dﬂj state character mixed into the

ground X% state®®7° We note, however, that the effect

should be small for the (sub) atmosphere pressures used in this
tudy, and will contribute most to an enhanced collision-induced
,—0O, dimer absorption underlying the— band; this is

clearly detectable at higher pressures, but appears to be a distinct

gphenomenon from the highly structured @onomer absorption.

The integrated band absorption intensity values derived in
this work are in good agreement with measurements by Lafferty
et al33who determine®y; = 3.166(69)x 10-2*cm molecule?
from fractional line intensities fot®0O,, and with our values
derived previously from FTS and CR$A very recent studs$?
of Oz a'Ag — X3 (0,0) line parameters was performed by

results presented here have been normalized to unit pressurer,ecording spectra of.pure oxygen over a range of pressures (but
the exponent would be expected to be close 0.5 if the not temperatures) with a 107 m path cell and FT spectrometer.
molecules behave as hard spheres. Any real molecular systemThe (_:onclusmns reached are largely the same as those coptamed
will depart from the hard sphere model due to interactions via Nerein, though the accuracy of the parameters obtained is less
the intermolecular potential energy surface. A simple model for than in the current work, and quantum number dependent trends
the variation of line width with temperature, taking account of 1N line widths were not so clearly established. An integrated

terms in the interaction potenti4predicts that individual line ~ Pand absorption intensity ofiy = 3.247(80) x 107%* cm
widths will conform approximately to the relation molecule’ was obtained from direct integration of the band

contour, again supporting the results published from 1998
onward. These post-19%8; values and the associated Einstein

A coefficients are summarized in Table 4. The individual line
data from Brault and Browp which were reanalyzed by
Gamache et & by the fractional intensity method, returned
an average valu§, = 3.69 x 1072* cm molecule®. This
determination, and many of the others made over the past
decade, lie far outside any sensible error estimate based on the
most recent results discussed above.

»(T) O T (@FD/(2@-1) (9)
for a predominant interaction potential of the forrf.. Thus,
for dipole—dipole interactionsd = 3) the indexn ~ —1, for
quadrupole-quadrupole termsy(= 5) dominatingn ~ —0.75,
and for dispersion forceg|(= 6) n &~ —0.70. The expectation
that a quadrupotequadrupole interaction will dominate the-©
O, and Q—N; potentials is therefore in broad agreement with
the experimentally determined value ot —0.85. The relative merits of the two alternative techniques used to
A high-resolution study of the Pb—X A band obtained derive integrated band intensities from absorption spectra
improved Einstein coefficients and line widths at 296 and 198 deserve consideration. Numerical integration of the whole band
K.% These results were analyzed to derive an exponent for theis relatively straightforward to apply, and does not rely on the
temperature dependence of the line widthnot= —0.674(8). availability of unblended spectral lines. Furthermore, this method
More recently, exponents for the A band that change with requires no prior knowledge of the theoretical forms for the
increasing\' from —0.77 to—0.60 have been reportétiThese line strength factors. However, the discrepancies between the
values differ somewhat from the present determination, but it data sets obtained by the two methods suggest that the
remains unclear how far parallels should be drawn betweenintegration process suffers from small systematic errors, most

different electronic bands.
5.2. Line Intensities. A major accomplishment from this
study of Q a'Ay — X3%; (0,0) line intensities is improved

probably caused by difficulties in accurately specifying the zero
absorption baseline. It may be possible to reduce these problems
by careful measurements of baselines in vacuo before or after

integrated band absorption intensity values and Einstein coef-measurements. The use of ratios of integrated and fractional
ficients (see Table 3). The findings that the absorption intensities line intensities is more complex, requiring very many isolated

are straightforwardly proportional to gas concentration have beenline fits and theoretical band simulations. Nevertheless, it has
questioned previously by Minaev, who invoked a mechanism the great advantage of providing a large number of statistically
for enhancing the-aX transition at higher pressures by collision independent values which may be averaged to obtain a
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satisfactorily small standard error. This lack of systematic bias parameters describing the intensity of the &Ay — X352,
makes the fractional intensity procedure more reliable in the (0,0) transition and should remove inaccuracies relating to this
current study, and hence the valGg = 3.210(15)x 10 24 transition from future atmospheric spectral databases.

cm molecule? is recommended. With the very small fractional
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