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Absorption of silicgn lines by O, in the Schumann-Runge bands has been measured. The results
lead to some conclusions about the nature of the absorption and about the general behavior of the

spectrum.
Canadian Journal of Chemistry, 47, 1834 (1969)

Introduction

Runge bands (1750-2000 A) and in the Herzberg
continuum (A < 2424 A) were mainly performed
with light sources providing spectral emission

Early measurements, presented in Fig. 1, of the
absorption coefficient of oxygen in the Schumann—



ACKERMAN ET AL.: ABSORPTION IN THE RANGE OF SCHUMANN-RUNGE BANDS 1835

WAVELENGTH (A)

1 1800 1300 2000 2100 2200 2300 2400
10 T T T T T T T
s
MOLECULAR OXYGEN
2 F N
19
[ " -1
N © KREUSLER (1901)
5 | ® GRANATH (1929) N
4 BUISSON ET COLL. (1933)
| X VASSY (1941)
2 F -
© WATANABE (1953)
.20 o ¥ WILKINSON ET MULLIKEN (1957)
10
+—4 BETHKE (1959)
5 | O DITCHBURN ET YOUNG (1962) .
2+ ‘Jl '| -
~ |
=
o =21 1 -
~ 10 © |l| Il
s ° hp
-
5 |- \ i
i 1.'_\.
0
1k
a g
Q2 lot* 1
o l"\'-
L]
1624~ l;'(zt—' " -1
(¥ 4
o,
5 . i
wx 3§
o} —
o] - .
2 F X s . ® o “1
o A LY
a
23 * By,e 4 i
10 x o 8
o a
0] A
5r 4
a
0] xxx‘xxx
] x bo!
xy & ’
2 o xX E
X
24| 1 I [ { 1 1 1 1 1 1 | 1 1 1 1

S8 57 565 55 54 53 52 51 50 49 48 47 46 45 4k 43 &2
WAVENUMBER (1000cm 1)

Frc. 1. Absorption cross section of molecular oxygen Go, between 1700 and 2430 A. The uncertainty remaining
in the Schumann~Runge bands after measurements extendmg over a period of more than 60 years appears clearly.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 47, 1969

1836

0z-0IXLS°9  76900°0 o1-0T X 65°6 66 08Ty dez 06
: 12-01 X 68" 101 XS0°€  OI150°0 : . . . ¢
e-0IXI0°E  (orx 12 D) 0z-0IXSI'8  €9€10°0 sr-0Ixg6's Ve TSL o 67L9TwS Lestvs I
=0T X€9°T  92/20°0 9°01 €LSTPS I 0-8
. 0z-0T X€8°€ 61-0IX0Sy  0€5L0°0 . : €€ : LYTIPS L
corxigy  (OOIXE8E far0lX0ST 066400 s1-0IX86'S T £ 0°8T1 ¥S Lrerre uL og
. eOPXILL [aOlxshy bepi00 . . L9 . SI0IPS W6
-orx6r's (eI a RITI A AATCN or-0IX86°S  §°S L9 7801 5 LI ¥e 16 o
=01 X66°€  $9990°0 5°81 oo O
. 12-0I X 6€°€ =01 X00'%  06990°0 . . 151 . 9520 S d
e-0IXL0T (. 01%96'D) c1-0L XSSP’y PEVLO'0 1-0[%86°¢  ¥7¥T go]  L'060¥S S 10T S N3
6r-0l X¥6°€  68590°0 ) pEr 1501 $S dL 08
-0TX86°€  (*TTOI 00T 1-01X6Z°€  P6¥S0°0 sr-0IX86'S  ¥'T vz b PE0 S §960%s  WEl 08
sr-0IX6L°T  L8670°0 I'pE guecs  ul
: 12-OIX 11T c1-01XSE'T  9€6£0°0 . . b8z : .
e-0PXPLL (o orx61'T) 61-0XIS°T  86130°0 sr-00x86°6 ST per 67186 €S €566 €5 AT
61-0IXS0'§  70IS0°0 s8I 7000 7S deT 08
0-01X68°€  9€710°0 . 617 peves I
: : 0z-0IX¥6°S  98810°0 . . . . :
e-0IX9T L z2-0IXVIE 0z-0IX9T°9  98610°0 sr-0IXST'E 979 ggp  EUBEES 9'€0vES M6l
0r-01X68°8  12820°0 761 L"90% €6 L oL
. 22-01 X8T'F {o-gixage oezio:g . : 9L : pSpEEs  WIZ
e-0PXSET (o 01x90'h) 2 -0TX¥6's 9881070 sr-0IXsT’¢ 86 grr BLEEES 1°6V€ €6 a6l 0L
0z-01X[2'T  77L00°0 3180 piszes e
: : 0r-OIXTL'E  08110°0 , . . . . :
e-0IXS0TT  zz-01x0671 0z-0IX68°€  9€710°0 ar-0IXSIe Tee gge  TOIEES popEes  IC
0z-0IX¥6°S  98810°0 6°8¢ I"6v €5 6T oL
. : SOIXEP°9  $0Z00°0 . : s'¢ . 9'SETES LT
e-OLX6r'y  2e-0IX8C'8 {0y e s1-01 <1 §C 0z  V6EIES I'IpT €5 aT oL
. 0z-0I X TIL'T AOTSXN@ 86170°0 . . . . . asT
orxorr (o rE N o AT s-0IXES T €1 €1 LbLeTS v EL6 TS i 0-9
. 12-01 X€2' {oe-0xag1 gscioo . . pe : 9'7z8Ts  MIT
e=0IXL57T (ZorxTIE D) 0z-01X68°T 9811070 sr-0IX€6°T 8¢ 'y TeI8Ts £°€287S 6T 09
=00 X6L7 199900 cul semre I
: : 0z-0LXIE'H  06990°0 : . 29 . :
¢-01%66°C zz-0IX9T°¢ 0z-0IX6L'F  $EPLO 0 61-0IX¥b°9 el 6 L7708 TS 6 11S 26 6
SOIXPTH 6859070 ) $-o1 TEIS TS dL 0-s
70" 53 (L) () Z @)  (WOAY (_woay (woyh  (_woyea  our]  pueg
(19)*o ()0 (FO)y*o Ayed §
BB
I 9718V



1837

ABSORPTION IN THE RANGE OF SCHUMANN-RUNGE BANDS

ACKERMAN ET AL.

*[199 [IFUS[ WL [’y Y] UM PAUILIqo 919M SI9Y10 fsasayjuared uj UMOYS aJ1e |90 (ISUS] W £]'Z 9Y] YIM paule)qo SanjeA ILON

. . 61_0IX6T°S  9£070°0 L1-01 X097 . . . LE00L 9§ 213 0-L1
o'l s1-01 %5276 As-oﬁx%.m 8L210°0 L0Tx08'z ClO Tro ST00L9S /¢ goloc g 0-91
: . 61_0IXSI'9  96120°0 . . . . 89°559 95 td
corxerseorxoot  {GIXES S8E0 c-0IX08°C 6570 6670 LT'999S  gyccgoc L 091
(61-0lXTh' v TOLIOO £1-01X09°C oLt 86°5€9 96 Tdel o-LI
=01 X9L"L 61-0T XTh' [ Nﬁa-eéo.@ 8.170°0 orxogz  6U€ 96'¢  8CLE99S  TEEE99S  °u
0L X¥6'9  8L+T0°0 Li- 8¢ 06°€6005 26 0-91
610 X¥6'9  08VZ0'0 01 X 08° 65 % 701299 M
2-0T X9€" 0201 X$9°T 0L X$T'9  0£CT0°0 Lr- 69'% 60'F  €1°€299S  ¥8'8199¢ d
a1 0 X¥T'9  0£220°0 ) 0CS £6°L19 9¢ 246 0-91
0T XSS 61-01 X9b°€ 610 X¥T'9  0£270°0 L-0TX08'C  1p°0 b0  6L°E199S  8E°€19 95 146 0-91
(61-0IX06°€  66£10°0 €8 ¥ 767181 9§ 2
0L X06'€  66£10°0 10T X08°C 09°'C 69°6/F 95 A
Gi_0IX06'€ 6651070 prare 09°CLy9S TSI 0-91
e OLXVI'L  8LbT0°0 60°L 00°0LF9S N
e-0T XSE'T 0c-OI XET'T _OIXPI'L  8Lk20°0 67°8 89°L  60°LLPOS  Ib'69P9S N
a0 XVI'L  8L+20°0 oI X682 pE I ¢L'S9b9s M6
e 01 XSE'S  96170°0 Li- IS 11 09°88% 9¢ 2
101 XSE'0  96170°0 1S 11 09°88% 9¢ 2
6101 XSE'0  96170°0 ch'g 16" 58b 95 L 0-sT
61 OLX¥I'L  8$LbT0°0 7'z 00°0Lv9S  ©d
2-01 X86'1 02-01 X¥T'¥ e 01 X¥I'L  8Lb20°0 L-0TX68°C 161 99T  SLTL9Y9S  Ibeshos W
o1 OTXPI'L  8LbT0°0 10°C SL'SOp9s Y6 0-s1
Tl g1-0T X 8S" T 10T X9T' T T6EH0°0 L-0IX.8°T  81°0 81°0  61°0829S  LE0STSS  SFL 0-b1
_ : : sr-0I XS0 ¥6vSO°0 . . 'L . €20 5§ MET
c—0IXSh'S 0e-01 X 12" Aﬁ-o?z._ A a-0IXI6T  T°9 L ¥ 60 5§ £oe g Ael -
2-0IX8I"] 0z-01 XST'T 610 XPL'6  TOIS0°0 Lo0IXT6 T T'S I°s 0°9LZ 5§ 6°0LT SS gl 0-T1
61-0IX9£°C  9€710°0 808 9°€L0 S5 AT
: 12-0T X 06" T ci_0IX09°€ 9881070 . . €87 . 17960 SS d6T
e-0IXSCT ( TorxI¢ ) 10T X6L°E  93610°0 t-0Ix 671 87CE 9-L]  YVElSS 0°Zbl 56 q6l
10 X6£°S 1282070 8°c¢ 77091 5§ dLT 0-11
-0T XT0°€ 61-01 X 09" 610 X67°S  £88£0°0 L-0IX8E' T 9°0 9'0 0°8€0 6¢ b LE0 SS ds 0-01
. 12-0T X¥T' ¥ Aaéxg.m 861400 ) . c¢ . 9" bsb bS AT
e-0IX08"y  (( Jorxsz9) 1 01 XS8'%  TOISO'0 si-0IX6v°6 6L crpp LIevs 9°29b bs el 0-6
. 22-01XL8°T As-exmm; 96000°0 L1-0T X 8E°T . S°L ) £€°90¢€ bS d62 0-01
e-0IX6V T (7 0rx56°0) 61-0TX6L'T  98810°0 o0l x6r'6  C ST Lgp SEIEYS I'867 bs d6T 0-6
. e 0L XbS L . . . . . . .
0T X [L°S CioIx e 6) 0z-0IXTET 9600070 L-0TX8E' T T'I a I°S0€ ¥S £90€ bS 6t 0-01
2-0I%x88°I A:émﬁ”w 61-0IXTI'T  08I10°0 21-0I X6V°6 6% 6% L'9ET¥S 8 TET S die 0-6
12-01%90°C 610IXZI'T  08110°0 S 9 8 1€ bS diz
0z-01XL§'9  T6900°0 a1-0T X6b°6 €11 0°8ST be et
0 X b9 201 XTI'S 02-01X98°9  TZL0OO'0 £ ¢t 9°81¢ ¥S AT 0-6
»- (2201 X 05" S) er_OIXS0'E  0I150°0 s gze  €S8IPS 7ol b NG
0e-0I XSI'S  £9€70°0 o1_0I X 86°S dl
erOIXE9'T  92.70°0 0°8¢ € LST bS Al 0-8
ooz (W) (wo) o (wd) (-WIAY (_WO)Ay  (_WO)SA  (;_wd)°A  our]  pueg
sy (s)'e FO)o Mg § —




1838

lines (1-4). Differences between measured values
were not clearly understood before analysis of the
rotational structure by Curry and Herzberg (5),
Knauss and Ballard (6), and Brix and Herzberg
(7), all of whom used continuous light sources and
high resolution spectrographs.

Absorption measurements by Watanabe, Inn,
and Zelikoff (8) using a hydrogen light source
showed an apparent pressure effect due to in-
sufficient resolution. They lead to an order of
magnitude of absorption intensity useful for
semiquantitative applications. Using a slightly
higher resolution and assuming the spectral line
width, Ditchburn and Heddle (9) have deduced
values of the oscillator strengths of the bands.
Such results do not agree with those of Bethke
(10), deduced from integrated absorption co-
efficients measured at high pressure, or with those
of Hudson (11), obtained recently at different
temperatures. This discrepancy has lead to the
conclusion that the line half-widths assumed by
Ditchburn and Heddle were too small.

The present article reports measurements of
the absorption coefficients of O, on more than
30 lines of atomic silicon excited in a microwave
discharge tube. Such a light source, already
described (12), presents various advantages; the
spectral lines are narrow and their wavelengths
are known with a high accuracy, the uncertainty
being less than 0.0015 A. In addition, such a
source produces practically no continuous radi-
ation.

Experimental

The spectral lines have been isolated in our experiments
using a 50 cm focal length vacuum monochromator be-
fore entering the absorption cell which was a Pyrex tube
closed at each end with a quartz lens. Two cell lengths
have been used, 217 and 401 cm. The light intensity was
monitored by an E.M.I. 6255 Cd photomultiplier. The
output was recorded for various O, pressures measured
by using mercury manometers and MacLeod gauges.

For the data obtained in the region between the 5-0
and the 17-0 band, Beer’s law is obeyed and the values
range from 1.5 x 10722 to 1.6 x 10~*8cm? and are
presented in Table I. In a few cases where the wave-
number of an O, rotational line differs only by a fraction
of a cm~* from the wavenumber of a silicon line at which
the measurement takes place, the absorption cross-
section has a negative pressure coefficient. In such cases
an inferior limit for the absorption cross-section was
obtained by extrapolating to zero pressure. For lower v’
values a positive pressure coefficient appears which has
already been reported by others (13, 14). We shall not
deal here with this part of our data.

CANADIAN JOURNAL OF CHEMISTRY. VOL. 47, 1969

Interpretation

The absorption at 56 700.25 cm™! of one of
the Si lines corresponds to the maximum of the
3P, line of the 16.0 band and the 11P, line of the
17.0 band of O, which are blended at 56 700.37
cm !, We infer, from the integrated absorption
coefficients given by Bethke and from the relative
rotational population, that these lines have an
equivalentrectangular width of  cfn 1.

This value is not in disagreement with those
given by Wilkinson and Mulliken (15), Heddle
(16), and Hudson (11). Assuming that this value
is valid for the bands that we consider here, we
have calculated the maxima of absorption cross-
section at the center of the lines which are close
to the silicon lines. We have then plotted the
ratios of the measured values ¢ to the sum of the
maximum values o, versus the distance Av in
cm ™!, weighted according to the relation

YAvo;
2.0;

The graph of Fig. 2 shows the absorption de-
pendence of the distance from the line even at
30cm™! from the line center. The error bars
indicate only the uncertainty on the measured
cross-sections. The scattering of the points can
be attributed to the uncertainty of the wave-
numbers for the bands having v’ values lower
than 12, to the assumption of a constant half-
width and to the overlapping of the bands which
affects Bethke’s values.

The solid line represents Rice’s formula (17)
for the shape of a line broadened by predissoci-
ation. To obtain the best fit of this curve with our
data the half-width hasto be fixed at 1.4 cm™2.

Av(cm™!) =

Conclusion

A line half-width of 1.4 cm™!, which must
be chosen to obtain the best fit to the data
mainly at large values.of Av where it has the
largest influence on the ratio ¢/c;, indicates that
the band oscillator strengths given by Bethke
may be too low by as much as a factor of two or
three at least for the v’ values smaller than 12.

No continuous absorption underlying the
bands on which we report in this article can be
deduced from our measurements. The data re-
ported here enforce the old idea of Flory (18)
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relating to the predissociation of the oxygen
molecule in the Schumann-Runge bands.

A synthetic absorption spectrum can be com-
puted using a line half-width of 1.4 cm™?! and
Bethke’s values for the band oscillator strengths.
It exhibits minima and maxima of absorption
cross-section which lead to unit optical depth in
the atmosphere between altitudes at 25 and
120 km. The deduction of precise values will
only become possible when the position of the

lines and the strength of the bands has been
accurately determined.
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An outline discussion is given of some of the complications in the measurement of absorption cross
sections which arise from finite instrumental bandwidths. Application is made to data on O, and N,

from the literature.
Canadian Journal of Chemistry, 47, 1840 (1969)

Introduction

In a recent paper (1) we have shown that
published absorption cross sections obtained at
maxima or minima could be in error by as much
as a factor of two, and that published line and
band profiles are probably erroneous because of
a failure to take into account the effects of finite
instrumental bandwidths. In this paper we should
like to present some measurements that we have
performed on N, (2), and O, (3) at high reso-
lution, and to show that another consequence of
poor resolution is a loss of information regarding
the physical processes that accompany the
absorption. :

Results

Molecular Oxygen

We would like to discuss the molecular oxygen
results first. Our initial aim was to study the effect
of temperature on the absorption of oxygen in
the Schumann—Runge system, at an instrumental
bandwidth of 0.075 A. The results of our study of
the dependence of the continuum on temperature
were published some time ago (4). The depen-
dence of the band structure is more complicated
as is indicated in Fig. 1, which covers the spectral

This work was supported by the United States Air
Force under contract number FO4695-67-C-0158.

2Present address: The Joint Institute for Laboratory
Astrophysics, The University of Colorado, Boulder,
Colorado 80302.

range from 1878 to 1894 A. All three absorption
traces were obtained with the same concentration
of oxygen in the absorption cell, thus the effects
that one sees are due entirely to the redistribution
in the ground vibrational and rotational levels.
The curve at 600 °K is of special interest as the
fraction of molecules in the v'* = 1 state at that
temperature is 0.0234, and yet the 9-1 band
obviously gives rise to more absorption than the
6-0 band. This fact reflects the large increase in
Franck-Condon factors from the v’ = 0 to the
v"”" = 1 levels due in part to the relatively large
(0.4 A) difference between the internuclear
separations of the ground X33, and the
excited B3Y,~ electronic states. One of the most
important findings of the analysis was that all of
the upper vibrational levels from v = 3 to 17
were subject to predissociation, the individual
rotational lines having half-widths varying from
0.5 to 2.3 cm ™. Predissociation in these bands
explains the failure, thus far, to observe fluores-
cence in the Schumann-Runge bands in the upper
atmosphere, and provides an additional source of
atomic oxygen between 65 and 95 km, both atoms
of which will be left in the *P state with kinetic
energies of up to 1 eV. We have recently measured
this photodissociation rate in the laboratory, as a
function of column height,at both 200 and 300° K
and the resulting atomic oxygen production rate
for the CIRA 1965 standard atmosphere (12) is
shown in Fig. 2. The curve shown with the Schu-





