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A frequency doubled tunable dye laser system with;0.4 cm21 resolution was used to measure the
integrated absorption cross sections of more than 20 rotational transitions in the O2 Herzberg I
(A 3Su

1←X 3Sg
2) 8-0 and 9-0 vibrational bands near 248 nm and 249 nm. Oxygen pressures from

200 to 800 Torr and path lengths from 5 to 25 m were employed. The measured absorbances were
fitted using a nonlinear least squares analysis and Beer’s Law to obtain absolute values for the
individual transition integrated cross sections in good agreement with a recent spectral simulation
and experimental data. By using the spectral simulation in conjunction with the present
experimental results, total oscillator strengths in reasonable agreement with literature values were
estimated for the 8-0 and 9-0 vibrational bands. ©1995 American Institute of Physics.
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I. INTRODUCTION

Recently, it was found that the laser irradiation of pur
O2 at 248 nm produces ozone, even though the thresh
wavelength for dissociation of O2 is near 242 nm.1–3 The
studies showed that the O3 formation involves two processes
initiation, which ‘‘seeds’’ the system with O3, and autoca-
talysis, which accelerates the O3 growth. Once ozone is
present, the autocatalysis appears to be due to the photo
production of vibrationally excited O2 (X

3Sg
2), which sub-

sequently absorbs a second photon during the same la
pulse and dissociates to produce still more ozone by react
with O2. The initiation process is less well-characterized, b
Shi and Barker3 found that it is independent of temperatur
and conjectured that the O2 A 3Su

1, A8 3Du , and c
1Su

2

states~which are generated by absorption near 248 nm! may
be involved in reactions with ground state O2 (X

3Sg
2) to

produce ozone and oxygen atoms,

O2~A
3Su

1 , A8 3Du , or c 1Su
2!1O2~X

3Sg
2!

→O~3P!1O3~X
1A1!. ~1!

For O2 energized with a 248 nm photon, such reactions a
exothermic and may have low activation barriers, thus e
plaining the lack of temperature dependence. Very recen
Copeland and co-workers produced specific vibrational a
rotational states of O2 (A

3Su
1) with one tunable laser and

then detected oxygen atoms by laser induced fluorescen4

essentially confirming the conjecture by Shi and Barker.
Reaction~1! may help to account for the 10%–50% dis

crepancies between model calculations~based on satellite
measurements of trace species concentrations! of atmo-
spheric odd oxygen~Ox5O1O3! and the observed abun-

a!Address correspondence to this author.
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dances. Typically, the observed Ox exceeds the calculated
concentrations and the discrepancies are greater at hig
altitudes.5–10The most important source of atmospheric Ox is
photodissociation of O2. Shi and Barker3 calculated that re-
action ~1! can contribute an additional 5%–10% Ox and the
maximum estimated contribution occurs near the stratopau

The Herzberg I system of O2 is the strongest of the three
forbidden transitions near 248 nm in O2; Herzberg I
(A 3Su

1←X 3Sg
2), Herzberg II (c 1Su

2←X 3Sg
2), and

Herzberg III (A8 3Du←X 3Sg
2). The A 3Su

1, A8 3Du , and
c 1Su

2 states of O2 are sometimes designated the ‘‘Herzbe
states’’~because they were investigated by Herzberg11! or the
‘‘ ungeradestates’’ and they are produced in the atmosphe
by absorption of sunlight and in the O-atom recombinatio
reaction to form O2. The Herzberg states and their possib
involvement in reactions similar to Reaction~1! have a ven-
erable history, as described by Slanger.12 Absorption in the
Herzberg I continuum~l,242 nm! is the main source of odd
oxygen below 80 km and the Herzberg I band system~l
.242 nm! is an important contributor to the ultraviolet nigh
airglow.13,14

The motivation for the present work is to determine th
absolute concentrations of O2 (A

3Su
1) produced by irradia-

tion with a 248 nm KrF excimer laser. By comparing th
absolute production of O-atoms to the absolute concentrat
of O2 (A

3Su
1) produced by the laser, the efficiency of Re

action~1! in competition with other processes, including th
reportedly efficient energy transfer to produce O2 (b

1Sg
1),15

can be determined. Since the excimer laser emission ban
50–100 cm21 wide and the O2 absorption is confined to nar-
row lines with small cross sections, the O2 absorbs very little
of the laser light and direct absorption measurements us
the 248 nm laser are not useful. A frequency doubled tuna
5/103(1)/6/8/$6.00 © 1995 American Institute of Physics
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7Bao, Yu, and Barker: O2 Herzberg I transitions
dye laser has sufficient resolution to carry out the measu
ments, however.

The absorption cross section of O2 in this wavelength
region has been studied by several investigators, but m
did not use photoelectric techniques or they used insuffici
resolution to resolve rotational transitions. Ditchburn a
Young16 used a photographic technique to determine the
sorption cross sections between 185 and 250 n
Shardanand17 employed a more accurate photoelectric tec
nique to measure the total absorption of radiation in the 20
280 nm region for both O2 and the O2 dimer ~O4! and ex-
trapolated the absorption cross section to zero pressur
order to identify and eliminate contributions due to th
dimer. Neither of these investigations resolved rotation
structure in the band system. Hassonet al.18 derived a table
of absolute band strengths by scaling the relative meas
ment of Degen and Nicholls19 to an absolute measurement o
the ~7,0! band. Hasson and Nicholls20 then employed a pho-
tographic method to determine absolute absorption cross
tions for eight vibrational bands~v950, v854–11! of the
Herzberg I system. These measurements detected some
tional structure, but the accuracy of the results was limite
due to the use of photographic rather than photoelectric
tection. In 1989, Bates21 calculated the transition probabili
ties for several bands~v950, v850–11! of the Herzberg I
system, based on theab initio transition moment computa-
tions of Klotz and Peyerimhoff,22 but the values he obtained
are larger than the best experimental values. Recen
Huestiset al.23 used cavity ring-down spectroscopy~CRDS!
to investigate the O2 spectrum between 243 and 258 nm an
determine the oscillator strengths for all three Herzberg s
tems. These authors evaluated the literature experime
data along with their own experimental results and propos
‘‘recommended’’ values for the oscillator strengths asso
ated with each band. While the present manuscript was
preparation, we learned of new Fourier transform spectr
copy ~FTS! measurements of the Herzberg I transition int
grated cross sections carried out by Yoshino a
co-workers.24

In this paper, we report direct absorption measureme
of more than 20 rovibronic bands in the Herzberg I syste
We used a direct Beer’s law absorption method, which
very simple in concept. The data were analyzed by a lea
squares technique and a propagation of errors analysis
carried out to assess the magnitude of the statistical un
tainties. For comparison with the band oscillator streng
reported in other work, we used our results in conjuncti
with estimates25 of the contributions made by individual ro
tational transitions, according to theDIATOM spectral simula-
tion computer code.23 Calculated in this way, our results fo
the Herzberg I (A 3Su

1←X 3Sg
2) 8-0 and 9-0 band oscillator

strengths are in reasonable agreement with the oscilla
strengths ‘‘recommended’’ by Huestiset al.23

II. EXPERIMENT

The experimental apparatus is shown schematically
Fig. 1. The equipment consists of a dye laser~Lumonics
HyperDye-300! pumped by a XeCl~308 nm! excimer laser
~Lumonics HyperEx-400!, a second harmonic generatin
J. Chem. Phys., Vol. 10
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~SHG! unit equipped with a BBO crystal~INRAD
AutoTracker-II!, a multipass White cell26 with a distance of
123.0 cm between the end mirrors, a monochromato
~Jarrell-Ash Model NO3! and a photomultiplier~Hamamatsu
1P28!, and a pyroelectric detector~Molectron Model P3-01!.
A Scientech volume absorbing calorimeter power meter wa
also used to monitor absolute laser fluence.

Pulsed laser light in the 248–249 nm wavelength regio
was produced using Coumarin 498 dye and frequency do
bling. The dye laser was scanned at a rate of 0.02 cm21/s
with a maximum scan range of 15 cm21. The pulsed~30 Hz!
output from the SHG had a typical linewidth of;0.4 cm21

with energy'0.6 mJ per pulse.
A dual-beam arrangement was used in order to corre

for laser power fluctuations. The UV laser light was split into
two paths by the uncoated Suprasil beam splitter #1; on
beam~detected by the pyroelectric detector! monitored laser
intensity I L ; the other beam passed through the White ce
and was detected by the photomultiplier tube~PMT!. The
monochromator isolated the pulsed ultraviolet light and wa
used with wide slits in order to transmit all light in the ex-
perimental wavelength region investigated in a single sca
~<15 cm21!. The intensities of the two light beams were
recorded simultaneously in order to account for laser pow
fluctuations. Six color glass filters~F1–F6! were used as
shown in Fig. 1 to eliminate visible laser light and reduce th
ultraviolet light intensity to within the linear range of the
detectors. The linearity of the detection system was verifie
by inserting several colored glass filters with known optica
depth into the light path and monitoring the intensity of the
output signals. The signals were amplified~Tektronix
AM502! and sent to two channels of a boxcar signal averag
~SRS SR250!. The boxcar gate was set near the peak outp
voltage for each channel~;15ms! and continuous averaging
~typically 100 shots! was used. Two digital oscilloscopes
~LeCroy 9400! monitored the signals. As the dye laser wa
scanned, the two averaged signals and a ramp voltage p
portional to wavelength~from the dye laser scan-controller!
were recorded simultaneously using LabView-2 software in
stalled on a Macintosh computer. The data were preserved
computer files and processed later.

Because of the very small absorption cross section of th
Herzberg I bands, the measurements required high press

FIG. 1. Experimental apparatus. F1–F6 are color glass filters, bs 1 and b
are beam splitters.
3, No. 1, 1 July 1995



e
4

u
s

a
o
-

a
n

-
u

p
e
to
h
n

i

a

a

are
ree-

ting
laser

-

.
y,
mall

p-
ental
-
p-
ex-
ally,

2.

8 Bao, Yu, and Barker: O2 Herzberg I transitions
and/or long optical path length of the O2. We employed a
123.0 cm White cell with aluminum-coated mirrors adjust
for 4–20 passes to produce a total path length of 492–2
cm. The cell consisted of a Pyrex glass cylindrical pipe;8
cm in diameter equipped with aluminum end-plates vacu
sealed to the Pyrex cell with silicone high vacuum grea
The front end-plate had two quartz windows for incomin
and exiting light. We utilized a flowing system for our mea
surements in order to minimize O3 accumulation and we em-
ployed an electronic mass flow meter~MKS model 500-
SCCM! to control the flow rate, which was maintained
500 sccm. The cell was equipped with a capacitance man
eter~MKS Baratron 0–1000 Torr! and experiments were car
ried out with pressures ranging from 200 to 800 Torr of O2.
For conversion of pressures to concentrations, the aver
temperature was assumed to be 298 K. In all experime
ultrahigh purity ~99.993%! O2 was used as delivered from
the manufacturer~Liquid Carbonic Specialty Gas Corpora
tion!. We estimate that the average uncertainty in press
and path length was about 2%.

Because the optical components and mirrors in the o
cal train and White Cell may introduce minor absorbanc
and since the O2 absorbance is very low, it is necessary
account for the optical transmission of the system in t
absence of O2. It is also necessary to account for laser inte
sity (I L) fluctuations. This was accomplished by using a du
beam arrangement and monitoring the light intensity of bo
beams during two separate scans of the laser frequencynL .
In scan~a!, the intensity (I 0) of the light transmitted through
the empty cell was recorded, along with the laser intens
(I L). In scan~b!, O2 was present in the cell when the lase
intensity and transmitted light intensity (I ) were measured.
The results of the two scans were then combined to obt
the absorbance due to the O2,

A~nL!512
@ I ~nL!/I L~nL!#b
@ I 0~nL!/I L~nL!#a

. ~2!

In this way, corrections are applied for laser power fluctu
tions and for possible absorptions in the optical syste
which are not due to O2. Figure 2 shows [I 0(nL)/I L(nL)] a
and [I (nL)/I L(nL)] b for one of the groups of transitions in
the Herzberg I~8,0! band system with 16 passes and 80

FIG. 2. Comparison ofI ~transmittance with O2 in cell, solid line! and I 0
~transmittance with no O2 in cell, dashed line!. Experimental conditions, 800
Torr O2, path length 1968 cm.
J. Chem. Phys., Vol. 10
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Torr of O2; the absorbance derived from the same data
shown in Fig. 3. These results are in good quantitative ag
ment with absorption data obtained by Slangeret al.,27 as
discussed below.

III. RESULTS AND DISCUSSION

The absorption cross section can be obtained by fit
the experimental data by nonlinear least squares. The
intensity, the transmitted intensity in the absence of O2, and
that in the presence of O2 ~I L , I 0 , andI , respectively! can be
written

I L~nL!5E
0

`

w~n!dn, ~3!

I 0~nL!5E
0

`

w~n!a~n!dn'a~nL!E
0

`

w~n!dn, ~4!

I ~nL!5E
0

`

w~n!a~n!e2s~n,nL!xNdn

'a~nL!E
0

`

w~n!e2s~n,nL!xNdn, ~5!

wherew(n) is the laser line shape function,a~n! is the White
cell mirror reflectance function,nL is the central laser fre
quency,N is the absorber concentration,x is the absorption
path length, ands~n! is the total O2 absorption cross section
Becausea~n! is expected to vary slowly with the frequenc
it can be treated approximately as a constant over the s
range of integration, as shown.

We assumed that the laser line is Gaussian. Thus,w(n)
was written

w~n,nL!5w0~nL!exp$24 ~ ln 2!@~n2nL!/wD#2%, ~6!

wherew0(nL) is the amplitude andwD is the Doppler full-
width at half-maximum of the laser line. Because both Do
pler and pressure broadening existed under our experim
conditions, we assumed the O2 absorption line shape is de
scribed by the Voigt profile, which is a convolution of Do
pler and Lorentzian profiles. Because the Voigt profile is
pressed as an integral which must be carried out numeric

FIG. 3. O2 Herzberg I~8,0! band near 249 nm for the data shown in Fig.
The inverted stick figure shows the expected~Ref. 25! positions and relative
intensities of individual transitions.
3, No. 1, 1 July 1995
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9Bao, Yu, and Barker: O2 Herzberg I transitions
least-squares analysis would be prohibitively expensive
computer time. Thus, we employed a reasonably accu
closed-form approximation of the Voigt profile which lend
itself to rapid calculation and is claimed to be accurate
within 3% or less.28 For n rotational transitions, the approx
mate expression is written

s~l,l i !5(
i51

n

s i~l i !S S 12
wL

wV
DexpF22.772S l2l i1D

wV
D 2G

1
wL /wV

114@~l2l i1D!/wV#2
10.016S 12

wL

wV
D

3SwL

wV
D H expF20.4S l2l i1D

wV
D 2.25G

2
10

101@~l2l i1D!/wV#2.25J D , ~7!

wheres i(l i) is the amplitude at the center of thei th absorp-
tion line andl i is the center wavelength of the line. Th
parameterD is the difference between the nominal dye las
wavelength and the actual wavelength of a particular ro
tional transition~D is assumed to be constant for all of th
lines in a given wavelength scan!, andwV andwL are the
Voigt and Lorentzian full widths at half-maximum. The Voig
FWHM (wV) is given by the following function of the Dop
pler and Lorentzian widths,

wV5
wL

2
1A@~wL /2!21wD

2 #. ~8!

Equation~7! is expressed as a function of wavelength and
is easily transformed to a function of frequency.

In order to account for a potential ‘‘background abso
bance’’ which could be due to O2 dimers or other sources, w
added two terms to theA(nL) expression on the assumptio
that the background absorbance varied linearly with f
quency ~with slope k and interceptd! over the 15 cm21

range of a typical spectral scan,

A~nL!512
@ I /I L#b

@ I 0 /I L#a
1d1knL . ~9!

By using Eqs.~3!–~8!, Eq. ~9! can be used for leas
squares analysis of the O2 experimental data. Forn rotational
transitions in a spectral scan, there are (n14) parameters;
dL , D, k, d, ands i(nL), i51...n. Then i values were taken
from results of aDIATOM spectral simulation,25 since it pro-
vided a convenient tabulation in excellent agreement w
literature assignments for the transitions. Note that
DIATOM spectral simulation code intensities were not used
the fitting procedure and thus the present results for in
grated cross sections are completely independent of
simulations. The least squares analysis was carried ou
using a nonlinear least squares fitting code based on the
quardt algorithm,29 which generates an error matrix usef
for error propagation, or with a commercial software pac
age ~KaleidaGraph v.3.0.1, Abelbeck Software, 1993! for
Macintosh computers. The integrated absorption cross
tion was calculated by using Simpson’s rule to numerica
J. Chem. Phys., Vol. 1
in
ate
s
to

er
ta-
e

t

it

r-

e-

ith
he
in
te-
the
by
ar-
l
k-

ec-
lly

integrate Eq.~7! using the fitted Voigt parameters; the inte-
gration step size was chosen so that the numerical integr
converged to within 1%.

For all the least squares fits, we assumed that the O2
absorption line was Doppler and pressure broadened with
calculated Doppler width ofwD50.088 cm21 ~T5298 K!.
Pressure broadening is due to ‘‘optical collisions’’ which ef-
fectively shorten the lifetime of the excited state and th
parameters depend on rotational state and the nature of
collider gas. Recent Raman spectroscopic measurements
O2 self-broadening coefficients by Millotet al.30 indicate
that the pressure broadening width changes from;0.02 to
;0.09 cm21 over our experimental pressure range for th
transitions investigated. In the least squares fitting procedu
we used the pressure broadening coefficients tabulated
Table I, which are matched to the rotational transitions. Th
integrated cross section results are not very sensitive to t
assumed coefficients; when the pressure broadening coe
cients were varied by650%, the resulting integrated cross
sections varied by only about610%. Because the quoted 2s
uncertainties in the O2 self-broadening coefficients are only
;2%,30 the effects of errors in the coefficients on our derived
integrated cross sections are negligible.

The experimental absorption spectrum derived from th
data in Fig. 2 is presented in Fig. 3. The rotational transition
in this small part of the 249 nm region are assigned to th
Herzberg I~8,0! rovibronic band and we used theDIATOM
spectral simulation23,25as a guide to the assignment. Figure 4
displays a simulation showing the relative sizes of the fitte
laser width and absorptions due to peak B~see Table I! cor-
responding to the data presented in Figs. 2 and 3. In Fig.
the laser linewidth~;0.4 cm21! is greater than the assumed
Voigt width and the separation between the two transition
which contribute to peak B. The laser linewidth and Voig
widths contribute in all of the spectra to line overlap. Fo
example, only the six peaks labeled A,B,C,D,E, and F wer
resolved in Fig. 3, although ten transitions are assigned f
this region.25,31 In addition to the Herzberg I transitions in
Fig. 3, peak H is due to two O2 Herzberg III~9,0! transitions
and has been omitted from the analysis. No other detectab
transitions from either the Herzberg II or Herzberg III band

FIG. 4. Simulation showing the laser emission line and the absorption d
to peak B. The parameters were obtained by least squares fits of the d
presented in Figs. 2 and 3;nL540 103.1 cm21, wL50.0897 cm21, and
wD50.088 cm21.
03, No. 1, 1 July 1995



10 Bao, Yu, and Barker: O2 Herzberg I transitions
TABLE I. Experimental results.

Peak

Integrated cross
sectiona

~10225 cm2 cm21!

Herzberg I
transition

frequenciesb

~vacuum cm21!

Pressure
broadening
coefficientsc

~HWHM in
1021 cm21 atm21!

Recommended
integrated cross

sectiond

~10225 cm2 cm21!

Herzberg I
transition

assignmentse

(v8,v9),N,X

A 2.862.0~0.42! 40 101.041 0 42.660.8 4.93 (8,0),9,QQ2

B 72.662.6~0.92!
40 102.986 5

42.660.8
34.08 (8,0),9,QR23

40 103.080 8 34.83 (8,0),9,QP21

C 42.462.3~0.66! 40 104.951 2 42.660.8 37.74 (8,0),9,QR12

40 106.990 9 42.660.8 39.73 (8,0),9,QQ1

D 76.562.6~0.76! 40 107.337 3 42.660.8 28.05 (8,0),9,QP32

40 107.427 4 41.760.8 2.85 (8,0),11,SR21

E 8.462.1~0.48!
40 109.282 8 42.660.8 5.24 (8,0),9,QQ3

40 109.582 1 45.360.8 3.21 (8,0),7,OP23

F 5.962.1~0.44! 40 110.977 0 45.360.8 9.45 (8,0),7,OP12

I 3.762.1~0.45! 40 221.740 8 36.960.8 2.53 (9,0),21,QQ2

J 12.562.1~0.51!
40 223.564 4

36.960.8
6.89 (9,0),21,QR23

40 223.898 2 6.96 (9,0),21,QP21

K 6.362.1~0.42! 40 226.224 5 36.960.8 7.28 (9,0),21,QR12

L 17.262.1~0.65!
40 227.709 4

36.960.8
6.31 (9,0),21,QP32

40 228.381 9 12.11 (9,0),21,QQ1

M 2.362.0~0.41! 40 229.533 0 36.960.8 0.14 (9,0),21,QQ3

N 5.062.0~0.26! 40 286.558 0 36.160.8 3.44 (9,0),19,QQ2

O 19.662.1~0.35!
40 288.400 0

36.160.8
10.92 (9,0),19,QR23

40 288.697 0 11.04 (9,0),19,QP21

P 12.162.0~0.28! 40 291.001 8 36.160.8 11.60 (9,0),19,QR12

Q 22.462.1~0.36!
40 292.577 7

36.160.8
9.90 (9,0),19,QP32

40 293.140 8 17.88 (9,0),19,QQ1

R 4.662.0~0.40!
40 344.905 2 38.060.8 4.36 (9,0),17,QQ2

40 345.264 7 36.160.8 0.47 (9,0),19,SR32

40 346.765 9 38.060.8 16.22 (9,0),17,QR23

S 28.862.2~0.61! 40 347.025 6 38.060.8 16.42 (9,0),17,QP21

40 347.403 8 36.160.8 0.12 (9,0),19,SQ31

T 11.462.1~0.40! 40 349.297 9 38.060.8 17.33 (9,0),17,QR12

U 35.162.2~0.63!
40 350.991 1

38.060.8
14.54 (9,0),17,QP32

40 351.418 3 24.71 (9,0),17,QQ1

V 4.462.0~0.26! 40 396.827 5 38.860.8 5.14 (9,0),15,QQ2

40 398.707 6 38.860.8 22.51 (9,0),15,QR23

W 41.662.2~0.48! 40 398.720 1 38.060.8 0.63 (9,0),17,SR32

40 398.928 9 38.860.8 22.82 (9,0),15,QP21

X 22.262.1~0.40!
40 400.840 6 38.060.8 0.20 (9,0),17,SQ31

40 401.154 0 38.860.8 24.22 (9,0),15,QR12

40 403.000 5 38.860.8 19.87 (9,0),15,QP32Y 49.562.3~0.61!
40 403.255 4 38.860.8 31.91 (9,0),15,QQ1

aUncertainties~6s! are total estimated uncertainty, as described in the text. Values in parentheses are6s
statistical uncertainties.
bTransition frequencies from theDIATOM spectral simulation~Refs. 23 and 25!.
cFrom Millot et al. ~Ref. 30!.
dRecommended integrated cross sections from theDIATOM spectral simulation~Refs. 23 and 25!.
eSpectroscopic notation after Borrellet al. ~Ref. 31! and Yoshinoet al. ~Ref. 33!; v95lower state,v85upper
state,N5total angular momentum,X5transition type.
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have been reported in any of the spectral ranges consid
here. Minor peaks~such as peak G! show up in some of the
spectra, but their intensities are not reproducible and th
may be due to trace impurities.

The Herzberg I~8,0! absorptions near 249 nm were me
sured with path lengths ranging from 492 to 2460 cm, a
pressures ranging from 200 to 800 Torr of O2. In order to
reduce statistical errors, 3 to 9 experimental runs were av
aged to obtain each spectrum. We carried out nonlinear le
squares fitting to the assigned transitions and used
DIATOM spectral simulation as a guide in determining th
important transitions at the temperature of the experime
J. Chem. Phys., Vol. 10
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The fitted results revealed no significant reproducible ‘‘ba
ground absorption’’ and we conclude that O2 dimer absorp-
tion is negligible under our conditions. From the nonline
least squares fits, we determined the integrated absorp
cross sections for peaks A–F individually and collective
~their sum!. It is worth noting that all ten peaks assigned f
this region were included in the least-squares fitting pro
dure, but individual components of the overlapping tran
tions gave highly correlated least squares fits; the individ
components are not accurately determined and only the s
of the peak areas are significant in such cases.

Since pressure and path length were both varied,
3, No. 1, 1 July 1995
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11Bao, Yu, and Barker: O2 Herzberg I transitions
possible to determine whether the results are consistent w
Beer’s law. For that purpose, the integrated absorban
[* A(nL)dnL] determined for peak C~which is due to a
single transition! is plotted as a function of the product of O2
concentration and path length in Fig. 5~background absor-
bance was omitted!. Similarly, the sum of the integrated ab
sorption coefficients for peaks A–F is presented in Fig.
The statistical errors associated with the data presented
Fig. 5 were calculated with propagation of the errors o
tained from the error matrix generated by the Marquardt no
linear least squares algorithm.

The linear least squares fit shown in Fig. 5 was weight
according to the relative errors of the individual experimen
The linear plots in both figures are representative of all of t
data and show that the O2 absorption is consistent with
Beer’s law under our experimental conditions. The slop
and statistical uncertainties of the fitted lines are the in
grated absorption cross sections for peak C and the s
of peaks A–F; ~4.24160.066!310224 cm and
~2.36560.137!310223 cm, respectively. The small negative
intercepts in both figures have low statistical significance.

These experimental results can be compared with
249 nm spectrum published by Slangeret al.,27 which covers
the wavelength range corresponding to peaks A–D. We e
tracted the data from their figure and carried out the analy
in exactly the same way as we analyzed our own data. T

FIG. 5. Integrated absorption coefficient* A(nL)dnL vs xNO2
for peak C.

The solid line is the weighted linear least squares fit.

FIG. 6. Integrated absorption coefficient* A(nL)dnL vs xNO2
for peaks

A–F. The solid line is the weighted linear least squares fit.
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results are in good agreement, as shown in Table II. There
also good agreement with the FTS measurements carried
on the Herzberg I~8,0! band by Yoshino and co-workers.24

For the Herzberg I~9,0! band system~around 248 nm!,
we measured the spectra of four groups of peaks. All of t
spectra were least-squares fitted as outlined above, but
optical path length~16 passes through the White Cell! and
O2 pressure~800 Torr! were not varied. The spectra and lea
squares fits are shown in Fig. 7. The integrated absorpt
cross sections derived from the spectra are presented in T
I along with the spectroscopic assignments and transit
frequencies of the individual rotational transitions. For com
parison, we have listed integrated cross sections obtai
from a DIATOM spectral simulation,25 which is based on the
spectroscopic parameters recommended by Huestiset al.23

for the Herzberg I transitions and assuming a temperature
300 K. The comparison shows good agreement.

We estimate that uncertainties due to pressure and p
length average about62%. Uncertainties due to fluctuations
in the base line seem to contribute about62310225 cm to
the integrated cross sections. The base line fluctuations
most apparent in Fig. 7~a!, where peak M is of the same
order of magnitude as the fluctuations. The total uncertaint
tabulated in Table I were estimated assuming that the pr
sure and path length uncertainties, the base line fluctuat
uncertainties, and the statistical uncertainties~from propaga-
tion of errors! are independent. Some observed peaks~e.g.,
peaks M, N, and R! appear to be systematically shifted from
the known transition frequencies. In most cases, this shift
due to base line fluctuations, but it is also possible that so
nonlinearity is present in some spectral scans. For peak
the integrated cross section is slightly larger when the pea
refitted by itself using a shifted transition frequency, but th
increase is of the same order as the total estimated un
tainty.

The oscillator strengthf (v8,v9) is related to the inte-
grated band absorption coefficient and the integrated ba
absorption cross section by the following expression:20

f5
mec

2

pe2 E
band

s~n!dn51.129631012E
band

s~n!dn,

~10!

wheren is expressed in cm21, * s(n)dn is the integrated
band absorption cross section expressed in cm,me ande are
the electron mass and charge, respectively, andc is the speed
of light. Random errors can be minimized by summing th
contributions from all of the transitions observed in th

TABLE II. Integrated absorption cross sections~10225 cm2 cm21!.

Peak Slangeret al.a Present workb
DIATOM spectral
simulationc

A 4.8 2.8 4.93
B 61.7 72.6 68.91
C 41.4 42.4 37.74
D 64.6 76.5 70.63

aReference 27.
bSee Table I.
cReference 23.
3, No. 1, 1 July 1995



FIG. 7. ~a!–~d! Four groups of transitions in the O2 Herzberg I~9,0! band near 248 nm~800 Torr O2, path length 1968 cm!. The inverted stick figures show
the expected~Ref. 25! positions and relative intensities of individual transitions.

12 Bao, Yu, and Barker: O2 Herzberg I transitions
tor
s
s
in-
nd
re
a-
e-
e-

are

t

present work corresponding to a particular vibrational ban
The oscillator strength for the entire band requires integra
ing s~n! over the whole band, but we measured only a fe
groups of transitions and each group makes only a sm
contribution to the entire band. Given the relative contribu
tion of each group however, it is possible to use our data
estimate the total oscillator strength for each vibration
band. The relative contribution of each group can be es
mated from theDIATOM spectral simulation23 results pro-
vided to us by Huestis25 for each rotational line in the
Herzberg I~8,0! and~9,0! bands at 300 K. From the simula-
tion results, we determined the relative contribution of eac
group of peaks measured in our experiments and estima
d.
t-
w
all
-
to
al
ti-

h
ted

the total band integrated cross sections and oscilla
strengths which are presented in Table III along with value
from the literature.23 Note that our integrated cross section
are the result of least-squares fitting and are completely
dependent of the spectral simulations. Based on our data a
the spectral simulation, the estimated oscillator strengths a
in reasonable agreement with the other experimental me
surements and the recommendations listed in Table III. B
cause the accuracy of the relative group contributions d
rived from the spectral simulations is not well known,23 only
statistical errors based on our integrated cross sections
presented in the table.

As mentioned in the Introduction, absorption of sunligh
TABLE III. Herzberg I oscillator strengths~units of 10210!.

Band
(v8,v9)

Photographic
Hassonet al.a

Revised
photographic
Hasson and
Nichollsb

Calculated
Batesc

Cavity ring
down

Huestiset al.d
‘‘Recommended’’
Huestiset al.d

Present
worke

~8,0! 1.63 1.39 2.23 0.88 1.60 1.7160.05
~9,0! 1.85 1.40 2.64 1.08 1.78 1.6660.05

aReference 18.
bReference 20.
cReference 21.
dReference 23.
eBased on the results in Table I andDIATOM spectral simulations, as described in the text~Ref. 25!. Uncertainties
~61s! are based only on the integrated cross sections measured in the present work; the spectral simulation
uncertainties are not known.

J. Chem. Phys., Vol. 103, No. 1, 1 July 1995
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13Bao, Yu, and Barker: O2 Herzberg I transitions
by O2 (X
3Sg

2) to produce O2 (A
3Su

1) can result in odd
oxygen production, if O2 (A

3Su
1) reacts with O2 (X

3Sg
2)

according to Reaction~1!. The present oscillator strength es
timates and the other experimental determinations are c
sistently lower than the calculated values,21 which were the
basis for the odd oxygen production rates estimated by
and Barker.3 If the present results are used, the estima
production of O2 (A

3Su
1) must be reduced by about hal

The Ox production estimates must be reduced still furth
because it was assumed that the only fate of O2 (A

3Su
1) is

to react according to Reaction~1! and it is now known that
this is not its only fate. Bednareket al.15 recently reported
that the quantum yield for physical quenching of O2 ~A 3Su

1,
v58! to produce O2 ~b 1Sg

1, v50! is ;0.25 and Copeland
et al.4 have reported that the O-atom quantum yield is le
than unity for several vibrational bands in the Herzberg
system. The original estimates for Ox production peaked at
about 6%~relative to photodissociation of O2! near 50 km.
Revised estimates would be less than half as large and
source of Ox becomes essentially insignificant. Othe
explanations12,32 have been offered for the differences b
tween model calculations and actual observations ofx
abundances. Although molecular oxygen and ozone o
contain two and three atoms, respectively, these ‘‘pure o
gen’’ chemical systems are very complex, due to the com
cated interactions among the many reactive states involv
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