Rotational line strengths and

self-pressure-broadening coefficients for
the 1.27-pm, a 'A,-X ®3,~, v = 0-0 band of O,

Walter J. Lafferty, Alexander M. Solodov, Catherine L. Lugez, and Gerald T. Fraser

We measured at 296 K the rotational line strengths and pressure-broadening coefficients for the 1.27-pm,
a 'A,~X?3,”, v = 0-0 band of O, with a Fourier transform infrared spectrometer using an optical path
length of 84 m, a spectral resolution of 0.01 cm ™!, and sample pressures between 13 and 104 kPa. The
integrated band strength is 7.79(17) X 107 m 2 Pa~![7.89(17) X 10 ® cm™ 2 atm '], and the Einstein
A coefficient for spontaneous emission is 2.237(51) X 10~ * s~ !, which corresponds to an upper-state 1/e
lifetime of 1.24(3) h. The pressure-broadening coefficients decrease with increasing N and range from
19 to 38 MHz/kPa (FWHM). The mean value for the transitions studied is 30.3(21) MHz/kPa
[0.1024(71) cm ™ */atm] (FWHM). The Einstein A coefficient determined here is in good agreement with
the widely accepted value of 2.58 X 10~% s~ ! initially obtained by Badger et al. [J. Chem. Phys. 43, 4345

(1965)] more than 30 years ago.
OCIS codes:

1. Introduction
The 1.27-pm (7882-cm ) a 'A,~X?3, ", v = 0-0 band
of O, plays an important role in atmospheric chem-
istry and physics. On the Earth the band is ob-
served from the ground in absorption against the
solar background! and in emission from the twilight
airglow.2 The electronically excited a 1Ag O, respon-
sible for the airglow is predominantly produced by
solar photolysis of O; by means of the Hartley bands.
This fact has led to efforts to determine indirectly O4
concentrations in the mesosphere and thermosphere
by satellite monitoring of the 1.27-um emission.
The Solar Mesosphere Explorer satellite? and the
soon-to-be-launched Thermosphere Ionosphere Me-
sosphere Energetics and Dynamics satellite4 follow
this approach. Extraterrestrial studies have also
used the 1.27-pm band. Ground-based measure-
ments of Oy variations in the Martian atmosphere
have been made by monitoring the 1.27-pm emission
from the planet.>

In addition to being a signature of O3 production,
the 1.27-pm band of O, is also important for heating
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The standard uncertainties given above are one standard deviation.
010.1320, 010.4950, 020.3690, 300.6300, 300.1030, 010.0010.

the upper atmosphere. Mlynczak and Marshallé
studied atmospheric heating by solar absorption
through the b 'S, "-X ®S_,” band system and the a
1Ag—X3 2, band and found that together these bands
contribute approximately 10% to the diabatic heating
of the middle mesosphere. The a 1Ag—X 3Eg7 band
itself is responsible for ~10% of the O,-contributed
heating of the tropopause.®

To use the 1.27-pm band for atmospheric modeling
and sensing, one must have accurate spectroscopic
parameters for the band. The need for accurate
1.27-pm parameters was addressed by Mlynczak and
Olander? in a detailed assessment of the O5; atmo-
spheric concentration retrieval discussed above.
Their analysis shows that, for altitudes between ap-
proximately 30 and 75 km, a 15% error in the Ein-
stein A coefficient for spontaneous emission by a lAg
O, gives a similar error in the retrieved O5 concen-
tration. The possibility of a large error in the ac-
cepted value for the Einstein A coefficient for a 1Ag 0O,
was recently suggested by Mlynczak and Nesbitt.8

Despite the obvious importance of the 1.27-pm
band in atmospheric studies, only a few laboratory
measurements of the absorption spectrum of the
1.27-pm band of O, have been reported previously,
mainly because of the small intensity of this
magnetic-dipole-allowed band. Evidence of the
weakness of this band is seen in the very long radi-
ative lifetime of the a 1Ag state of 7; 5 ~ 45 min, as
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Fig. 1. Fourier transform infrared spectrum of
the 1.27-pm (7882-cm™ ") @ 'A,~X 33,7, v = 0-0
band of O,. A logarithm base-e absorbance scale
is used. We recorded the spectrum at 0.01-cm ™! 0.00
resolution using a path length of 84.05 m, a sam-
ple pressure of 13.34 kPa, and a sample temper- 7800

ature of 296 K. The region near the 9@ branch is
expanded in the insert.

inferred by Badger et al.? from measurements of the
absolute integrated absorption intensity of the
1.27-pm band with a 1-m grating spectrometer and
an optical path length of 32 m. More recently, Hsu
et al.*° reported a Fourier transform infrared spec-
trum of the 1.27-pm band at pressures as high as 101
kPa and an optical path length of 18.75 m. These
measurements refined previous results that they ob-
tained!! and were used by Mlynczak and Nesbitt® to
calculate an Einstein A coefficient for spontaneous
emission of 1.47 X 10 *s™!. This A value is smaller
by a factor of 1.75 times than the widely accepted
value of Badger et al.° determined 30 years earlier.
More recently, Pendleton et al.12 challenged the Hsu
et al.1° results by presenting a reanalysis of the time
decay of the twilight atmospheric emission associated
with the 1.27-pm band. Their results support a ra-
diative lifetime in agreement with Badger et al.?
Also, Gamache et al.’® obtained results in agreement
with Badger et al.® from analysis of the solar spec-
trum.

Here we report laboratory measurements of the
rotational line strengths and self-pressure-
broadening coefficients for the 1.27-um a *A_-X 32 -
v = 0-0 band of O, using a long—path-lengtéil (84 m),
high-pressure (13-104 kPa) White cell and a high-
resolution (0.01-cm™!) Fourier transform infrared
spectrometer. Accurate line frequencies and rota-
tional constants are available for this band from sev-
eral studies, including laboratory Fourier transform
infrared emission studies at 1.27 wm,4 pure rota-
tional spectra of the ground!® and electronically ex-
cited states,6 and high-resolution stimulated Raman
studies of the electronic ground state.l” Our analy-
sis determines an Einstein A coefficient for 1.27-pm
emission by a 1Ag 0, of 2.226(50) X 10~ * s~ (uncer-
tainties are one standard deviation), which agrees to
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within ~15% with the earlier measurement of Bad-
ger et al.® The present measurement is larger by a
factor of 1.5 than the 1.47 X 10~ * s~ ! value of Hsu et
al.,19 as corrected by Mlynczak and Nesbitt.8 Our
integrated band intensity differs by ~15% from the
value used in the HITRAN9618 atmospheric spectral
database, which is based on the Einstein A coefficient
of Gamache et al.’3 of 2.59 X 10~ % s™! determined
from an analysis of the solar spectrum of Wallace and
Livingston.1®

2. Experimental

We recorded spectra using a Bomem DA3.002 Fourier
transform spectrometer coupled to a long-path
White-type absorption cell described by Tobin et al.20
We measured all spectra at 0.01-cm ™! resolution us-
ing a CaF, beam splitter, an InSb detector, and a
sample path length of 84.05 m. Five spectra were
recorded at O, sample pressures from 13 to 104 kPa
and a sample temperature of 296 K. The sample
pressures are known to 0.1%, the path length is
known to better than 0.01%, and the temperature is
known to better than 0.3%. Spectra recorded at the
lowest and highest pressures are shown in Figs. 1 and
2.

We obtained line intensities and widths by fitting
the observed transitions to a Voigt line-shape profile
with the Gaussian component fixed at the calculated
Doppler width [515 (v/vy) MHz or 0.01718 (v/v,) cm !
FWHM for v, = 7883.8 cm ']. Individual lines were
independently fitted except near the band center,
where the high line density required several lines to
be fitted at once. Because of the weakness of the
lines and the uncertainty in the baseline position, we
fitted each peak three times using different estimates
of the input parameters (i.e., linewidth, line center,
intensity, and baseline) to the fit. The reported
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Fig. 2. Fourier transform infrared spectrum of
the 1.27-pm (7882-em™ ') @ 'A~X 33,7, v = 0-0
band of O,. The conditions are the same as those
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numbers are based on the average of the three re-
sults. The slope from a linear fit of transition inten-
sity versus pressure determines the line strength of a
transition, and the slope from the fit of Lorentzian
linewidth versus pressure yields the pressure-
broadening coefficient. Owing to the lack of correc-
tion for the instrumental resolution of 0.01 cm ™1, the
pressure-broadening linewidth versus pressure plots
do not intersect at the origin. Model calculations
indicate that the neglect of the instrumental width
leads to an error of ~2% in the reported broadening
coefficients. This error is less than the typical un-
certainty on a reported broadening coefficient.

3. Results

The measured integrated absorption coefficients and
pressure-broadening coefficients for the individual
rotational lines of the a 'A_~X 33 _~, v = 0-0 band of
O, are listed in Table 1. éadly blended lines, which
occur mainly near the band origin, were excluded
from the table. The uncertainties are the standard
deviations (type-A standard uncertainties) from a lin-
ear least-squares fit of the intensities or linewidths as
a function of pressure.

The integrated absorption coefficient for an elec-
tronic transition between lower state j and upper
state i is given by

PPN L (1)
YT Beohe 2, + 11V

where J; is the total angular momentum of the lower
state, n is the number of molecules per unit volume,
f; is the fraction of molecules in state j, and S;; is the
line strength. The fraction f; is obtained from

Ciso opic
fi= T&?Zc (2J; + 1)exp(—E;/kT), 2)
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in Fig. 1 except for the sample pressure, which is
104.3 kPa. The small offset in the baseline is
attributed to the collision-induced absorption con-
tinuum.

8000

where @, is the rotational partition function
summed over the three spin components of the S = 1
ground state, @, is the vibrational partition function,
Cicotopic 18 the isotopic abundance of the isotopomer
studied, and E; is the energy of the lower state. The
thermal population of excited electronic states is ef-
fectively zero and is ignored. At 296 K, Q.. =
215.367 when the zero of rotational energy is chosen
so that the F{(N = 0, J = 1) level has an energy of
—0.450179 cm ! and @, = 1.0005 when the zero of
vibrational energy is chosen as the v = 0 state. For
1905, Cigotopic = 0.995186.

The line-strength factors S;; consist of sums of
transition-dipole-moment matrix elements over the
three spatial directions and over the degenerate M ;
components of the upper and lower states. We ex-
press the S;; as

S, = FLJ_ZQW’Lija 3)

where . | is a transition-moment matrix element, q,,,
is a Franck—Condon factor, and L;; is the rotational
line intensity factor. Here we follow the recommen-
dations of Whiting et al.2! and choose as our transi-
tion moment operators (., * ip,)/ 212 where ., and
W, are the projections of the transition moment onto
the body-fixed x and y axes. With this convention,
po, = Q= *2|(p, *ip,)/2"%Q = =1), and the L, for
all transitions from a given set of JJ levels sum to
6(2J + 1) (ignoring statistical weights) when the
rules of Whiting et al. are used.?? Note that our L;;
are larger by a factor of 2 than those of Balasubra-
manian and Bellary,23.24 who define p., = (Q = +2|u,
* ipy|Q = *1). Inthe above expressions for the line
strengths we ignore the effects of rotation—vibration
and rotation-electronic couplings23 on the transition
moments.

Lower-state constants needed for the evaluation of



Table 1. Rotational Line Strengths, Integrated Band Intensities, and Self-Pressure-Broadening Widths for the a‘Ag-XSEg‘ Band of O, at 296 K*?

S, S, I' (FWHM)
Transition 100"m 2Pa? 10 %cm™2 atm ™! 10 °m2Pa? MHz kPa ! cm !atm™?
SR(3) 0.966(9) 0.979(9) [1.362] 7.41(7) 32(2) 0.107(5)
*R(9) 1.024(6) 1.037(7) [1.247] 7.79(5) 29(2) 0.099(5)
SR(11) 0.87(1) 0.89(1) [1.049] 7.79(9) 30.9(7) 0.104(2)
SR(13) 0.718(9) 0.727(9) [0.824] 8.0(1) 30.3(9) 0.103(3)
*R(15) 0.518(8) 0.525(8) [0.606] 7.8(1) 29(2) 0.099(8)
SR(17) 0.37(1) 0.37(1) [0.418] 8.0(3) 23(5) 0.08(2)
SR(19) 0.219(7) 0.222(8) [0.271] 7.3(2) 25(3) 0.09(1)
"R(1) 1.61(2) 1.63(2) [1.868] 7.80(9) 37.6(7) 0.127(3)
"R(3) 1.86(1) 1.88(1) [2.177] 7.73(5) 32(1) 0.108(3)
"R(7) 2.05(2) 2.08(2) [2.395] 7.74(6) 31(1) 0.105(4)
"R(9) 1.90(1) 1.93(1) [2.213] 7.75(6) 31(1) 0.103(3)
"R(11) 1.622(3) 1.644(3) [1.894] 7.70(1) 29.7(7) 0.100(2)
"R(13) 1.31(1) 1.33(1) [1.508] 7.79(6) 29(2) 0.099(5)
"R(15) 1.00(1) 1.01(1) [1.121] 7.97(8) 30(1) 0.102(5)
"R(17) 0.669(8) 0.678(9) [0.780] 7.7(1) 26.6(9) 0.090(3)
Q1) 0.43(1) 0.43(1) [0.629] 8.0(2) 39(3) 0.131(9)
"Q(5) 1.351(9) 1.369(9) [1.720] 7.87(5) 32(1) 0.109(4)
"Q(7) 1.50(1) 1.52(1) [1.880] 7.77(7) 32(1) 0.107(4)
"Q(9) 1.469(9) 1.488(9) [1.828] 7.71(5) 30.0(5) 0.101(2)
"Q(11) 1.29(1) 1.31(1)[1.618] 7.58(7) 32(1) 0.108(4)
"Q(15) 0.834(5) 0.845(5) [0.999] 7.79(4) 25(1) 0.085(3)
"Q(17) 0.577(5) 0.585(5) [0.705] 7.59(6) 26.8(9) 0.091(3)
"Q(19) 0.400(1) 0.405(1) [0.465] 7.93(2) 29(3) 0.097(9)
9R(17) 0.303(8) 0.307(8) [0.368] 7.2(2) 28(1) 0.096(4)
9R(19) 0.178(6) 0.180(6) [0.243] 6.4(2) 19(1) 0.066(5)
9Q(13) 2.42(8) 2.45(8) [2.373] 9.3(3) 29(1) 0.099(3)
9Q(15) 1.55(2) 1.57(2) [1.824] 7.8(1) 29.4(2) 0.0994(8)
9Q(17) 1.05(1) 1.07(1) [1.302] 7.38(8) 28(1) 0.095(4)
9Q(21) 0.549(8) 0.556(8) [0.541] 9.3(1) 27(2) 0.090(6)
9P(17) 0.2(1) 0.2(1) [0.293] 7(5) 24(5) 0.08(2)
PQ(7) 1.17(1) 1.19(1) [0.241] 7.75(7) 32(1) 0.107(4)
PQR(9) 1.22(1) 1.24(1) [1.334] 7.75(9) 31(1) 0.105(4)
PQ(11) 1.15(2) 1.17(2) [1.258] 7.9(1) 31.5(1) 0.1064(4)
PQ(13) 0.973(8) 0.986(8) [1.072] 7.93(7) 30(2) 0.103(6)
PR(15) 0.754(8) 0.764(8) [0.839] 7.93(9) 29.0(9) 0.098(3)
PR(17) 0.543(8) 0.551(8) [0.607] 8.0(1) 30(2) 0.100(6)
rQ(19) 0.395(5) 0.400(6) [0.409] 8.6(1) 26.7(2) 0.0901(8)
PR(21) 0.23(1) 0.23(1) [0.257] 8.0(4) 33(2) 0.112(8)
PQ(23) 0.139(6) 0.141(6) [0.152] 8.3(3)
PP(5) 0.514(5) 0.521(6) [0.618] 7.60(8) 31.3(9) 0.106(3)
PP(7) 0.76(1) 0.77(1) [0.922] 7.5(1) 28(4) 0.09(1)
PP(9) 0.900(8) 0.912(8) [1.058] 7.82(7) 32.3(7) 0.109(3)
PP(11) 0.881(5) 0.893(6) [1.039] 7.82(5) 31(2) 0.106(5)
PP(13) 0.762(5) 0.773(6) [0.911] 7.73(5) 29.5(7) 0.099(2)
PP(15) 0.60(1) 0.61(1) [0.727] 7.6(1) 27(3) 0.092(9)
PP(19) 0.301(8) 0.305(8) [0.365] 7.7(2) 29(2) 0.098(5)
PP(21) 0.209(9) 0.212(9) [0.232] 8.4(3) 28(1) 0.093(4)
°P(5) 0.16(1) 0.16(1) [0.174] 7.2(6)
°P(7) 0.32(8) 0.33(1) [0.336] 7.9(3) 31(3) 0.11(1)
°P(9) 0.38(1) 0.38(1) [0.426] 7.6(2) 31(2) 0.104(8)
°P(11) 0.373(5) 0.378(6) [0.442] 7.3(1) 28.4(9) 0.096(3)
°P(13) 0.354(8) 0.359(8) [0.402] 7.8(2) 28(4) 0.09(1)

“One standard uncertainties are given.

®Numbers in brackets are HITRAN96 values!? in units of 10~¢ cm

L;, Q,, v;;, vo, and E; are obtained from the Hamilto-
nian of Rouillé et al.,'” whereas upper-state rota-
tional constants are determined by a fit of the
microwave measurements of Hillig et al.2¢ to B and
D;. The band origin is taken from the results of
Amiot and Verges.*

2 atm™ L.

Using Egs. (1)—(3), one can determine the theoret-
ical fractional contribution of each rovibronic transi-
tion to the total integrated band strength for v = 0,
160, by dividing the calculated rovibronic line inten-
sities by the sum of all the calculated line intensities.
Dividing the experimental line strength by its frac-
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tional contribution gives a value for the integrated
band strength S, consistent with the observed inten-
sity of the line. The integrated band strengths S,
determined from each of the individual lines are
listed in Table 1. Theoretically, we expect the frac-
tional contributions of the °P, ?Q, ‘R, 9P, "Q, °R, PP,
@), and "R subbands to the total integrated band
intensity to be 0.032, 0.103, 0.083, 0.044, 0.135, 0.104,
0.075, 0.230, and 0.195, respectively. Consistent
with these fractional intensities, the dominant tran-
sitions in Figs. 1 and 2 arise from the 7@ branch.

An alternative procedure for determining the inte-
grated band strength by summing of the experimen-
tally determined absorption coefficients of the
individual lines, as performed by Hsu et al.,1° can
lead to significant errors, depending on the signal-to-
noise ratio of the measurements. For example, we
calculate that Hsu et al.1° included only approxi-
mately 95% of the theoretical band intensity in their
sum, which was limited to lower-state N values of 23
or less. Another alternative approach that involves
numerical integration of the observed spectrum can
lead to errors because of the poor signal-to-noise ratio
and the difficulty of specifying the baseline precisely,
owing to the weak collision-induced absorption back-
ground, particularly at the higher pressures.

A weighted average of the S, listed in Table 1 (with
the weight factor proportional to the square of the
reciprocal uncertainty on the S, value) gives 7.75(17)

X 107 m 2 Pa ! [7.85(17) X 10 ®° cm 2 atm™ ! or
3.166(69) X 102* cm molecule '] for the 1nte§1"ated
band strength of the v = 0-0 component of *°0, at
296 K, where the pressure units refer to a sample of
O, of natural isotopic composition. Including contri-
butions from the other isotopic forms by assuming
that the matrix elements of the transition-moment
operator are isotope independent gives an integrated
band strength of 7.79(17) X 10 *m 2 Pa ' [7.89(17)
X 107° em 2 atm ™! or 3.182(69) X 10~ 2* cm mole-
cule !]. This S, value corresponds to an Einstein B
coefficient of 61.0(14) m? J ! s™! and an Einstein A
coefficient of 2.237(51) X 10~ * s~ ! for the v = 0-0
component of the band. In the calculations of the
Einstein A coefficient we used an upper-to-lower-
state degeneracy ratio of 1.5, as discussed by Herz-
bergzs> and Mlynczak and  Nesbitt.® The
corresponding upper-state 1/e lifetime is 1.24(3) h.

From the magnitude of the Einstein A coefficient
we can also determine the value of the transition-
moment matrix element. From the definition of p |
given above we find that

1 [64m'v,? )
41TE h KL Gus (4')
0

where v, = 7883.76 cm ™! is the v = 0-0 band origin.
For a magnetic-dipole-allowed transition we obtain a
Value of q,, 1/2pdl =2.21(3) X 10726 J T 1[2.38(3) X
10 2 up]. Ifwe assume hypothetically that the tran-
sition is electric-dipole allowed, we obtain a transi-
tion moment of 7.3(7) X 103> C m [2.20(2) X 10~ ° D].

The weighted average of the tabulated pressure-
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Fig. 3. (a) Observed and (b) calculated spectra in the @-branch
region of the @ 'A,-X ?S_.7, v = 0-0 band of O,. A logarithm
base-e absorbance scale is used. The experimental spectrum is
the same as that in Fig. 2. The simulation uses a Voigt line-shape
profile with an N-dependent Lorentzian linewidth, as described in
the text; a Gaussian Doppler FWHM of 0.01718 (v/v,) cm™* for v,
= 7883.8 cm !, and an integrated band strength of 7.75 X 10~ ¢
m~2Pa~! for a path length of 84.05 cm and a pressure of 104.3 kPa.

broadening coefficients I' in Table 1 gives a self-
broadening coefficient of 30.3(21) MHz/kPa
[0.1024(71) cm™ !/atm] (FWHM) at 296 K. This
pressure-broadening coefficient is in good agreement
with the value of 30(3) MHz/kPa (FWHM) deter-
mined by Hsu ef al.1° at 300 K. Closer examination
of the data in Table 1 reveals that the pressure-
broadening coefficients vary with rotational angular
momentum approximately as

=T+ AN'N"+1) +J'(J +1)—4]/2, (5)

where 'y = 33.6(3) MHz/kPa [0.1137(9) cmfl/atm]
and A = —0.019(1) MHz/kPa[—6.4(5) X 10 °cm !/
atm] at 296 K for N” = 23. The measured average
pressure-broadening parameter and line strength
were used to simulate the @-branch region of the
spectrum, as shown in Fig. 3. Examination of Fig. 3
indicates that the average broadening and line-
strength values lead to peak intensities for most of
the lines between 7880 and 7890 cm !, which are
slightly too high. The peak intensities between
7870 and 7880 cm !, however, are in good agreement
with the simulation.



4. Discussion

The present Einstein A coefficient of 2.237(51) X 104
s ! is in reasonable agreement with the widely ac-
cepted value of 2.58 X 10~ *s~ ! determined by Badger
et al.® from laboratory measurements with a 1-m
grating spectrometer that had a sample optical path
length of 32 m, and it is also in reasonable agreement
with the 2.59 X 10~ *-s ! value determined by Gama-
che et al.13 from an analysis of the solar spectrum of
Wallace and Livingston.?® The radiative lifetime ob-
tained from the present measurements is also in good
agreement with the approximately 1-h lifetime in-
ferred from analysis of the time dependence of the
1.27-pm atmospheric emission by Pendleton et al.,'2
Gattinger and Vallance Jones,2¢6 and Evans et al.2?
Our A value is in poor agreement with the 1.47 X
10~* s~ ! value of Hsu et al.,'° as corrected by Mlyn-
czak and Nesbitt.2 The Hsu et al.1° value is clearly
too low to be consistent with the results from the
numerous atmospheric studies, as noted by Pendle-
ton et al.12

The origin of the error in the Hsu et al.1° study is
not clear; however, their most recent measurement
gives an integrated band strength that is larger by
a factor of ~2 than a measurement that two of the
authors reported earlier!! at a reduced signal-to-
noise ratio using the same spectrometer. Note fur-
ther that our sensitivity is higher, largely owing to
the longer path length of 84 m compared with the
18.75-m path length used by Hsu et al.1® An indi-
cation of our higher sensitivity is the ability to ob-
serve the collision-induced absorption background,
as shown in Fig. 2, which was not seen by Hsu et
al.10 Indeed, future efforts will be directed at fur-
ther characterizing the contribution of the collision-
induced absorption to the radiative lifetime of the
upper state.

The authors acknowledge Aaron Goldman for shar-
ing results from his research with us. This study
has been partially supported by the NASA Upper
Atmosphere Research Program.
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