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The CO: extinction coefficient in the 1700-3000 A region has been measured using a 2-m spectrometer
in conjunction with a multiple-path absorption cell. The results show excellent agreement with other
recent observations to a long-wavelength limit of about 1950 A. At longer wavelengths the present results
indicate considerably lower cross sections; the extinction cross section is dominated by Rayleigh scattering
in the region longward of 2035 &, with values determined reasonably accurately by calculations using
the measured refractive index and depolarization factor.

I. INTRODUCTION

The extinction coefficient of CO, in the region long-
ward of 1650 A has recently been the subject of en-
hanced interest possibly due mostly to the importance
of this region to the photochemistry of the Martian
atmosphere (cf. McElroy and Hunten!). However,
measurements in this region up to the point where
Rayleigh scattering dominates the extinction coefficient
have not been particularly well established. The
spectral position at which the Rayleigh scattering
cross section dominates extinction as well as the
magnitude of the scattering cross section have been
uncertain; although the refractive index is accurately
determined down to 2379 A (Koch?), the depolarization
factor is large (Bridge and Buckingham?) and there is
some uncertainty in its spectral stability.

Measurements in the spectral region of interest
have been made by Ogawa,* Heimerl’ Inn et al.f
and Thompson ef ¢/’ The measurements in Ref. 4
are the only available values at wavelengths longward
of 1970 & other than those presented here. Measure-
ments in Refs. 4 and 5 (1650-1820 &) and Ref. 6
(A<1750 R) all appear to be in agreement in the
1700-A region, but the values in Refs. 4 and 6 at
longer wavelengths are generally lower by 409,-509,
than those of Refs. 5 and 7 (1860-1970 ).

Further measurements in the 1700-3000-1 region
using a multiple-path absorption cell (cf. Shemansky®?)
are presented below. These results are in excellent
agreement with the values of Refs. 4 and 6 up to a
long-wavelength limit of about 1950 A. At wave-
lengths A>1950 &, the present results tend to be
lower by as much as a factor of 4 than those of Ref. 4.
It is suggested that the measurements in Ref. 4 in
this region may be affected by scattered short-wave-
length radiation. According to the discussion below,
the CO, extinction coefficient is determined reasonably
accurately by Rayleigh scattering in the A>2035-A
region, as calculated with the Ref. 2 refractive in-
dex and the depolarization factor measured at
6328 &.2

II. EXPERIMENT

The experimental arrangement has been described
in detail in earlier articles (Shemansky3?). Some

minor modifications were made to suit this particular
experiment. An absorption chamber with a variable
path length was placed at the entrance slit of a 2-m
McPherson 240 vacuum spectrometer. Two path
lengths were used for the present experiment, 4 and
20 m. The chamber was evacuated with a sorption
roughing pump, coupled with a 50-liter/sec differential
ion pump. The apparatus was outgassed at a tempera-
ture of about 90°C for a period of a few weeks, to
obtain a pressure in the region of 10~™-10~% torr. The
gas sample was Coleman instrument grade supplied
by the Matheson Company, purified by multiple
sublimation.

Three sources were used in making the measure-
ments. A xenon-filled quartz tube with an LiF window,
excited by a 100-W microwave generator, provided
a continuum for observations over the 1700-2500-A
region. A high-pressure Xe short arc illuminator
(Varian) with a sapphire window served as a high-
intensity source in the region longward of 2000 &,
where difficulties were encountered in the measurement
of the very small extinction coefficient. An Hg line
source was used for measurements at line positions
A> 2300 A.

The location of the absorption cell at the entrance
slit of the spectrometer was not ideal for the quantita-
tive observations of a continuum. However, the use
of ratio recording techniques and stable sources allowed
reasonably accurate measurements. A large dynamic
range was obtained by using pulse-counting techniques
in the entire system.

Most of the observations were made with a low
effective resolution of AN4 High-resolution
measurements at AA=0.038 X were made in the
2100-2200-A region and in the 2500-& region, in
order to determine whether the long-wavelength end
of the spectrum contained any measurable line struc-
ture. Path lengths for the observations varied between
about 2XX10% and 30 m+atm.

III. RESULTS AND DISCUSSION

The extinction coefficient (k) was determined

through the relation
Io/Iy=exp(=NI), (1)
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where I, and I are the transmitted intensities for
Na0 and N=N, respectively, N is the population
density of the absorbing molecules, and ! is the path
length of the incident radiation.

The estimated extinction coefficient (square centi-
meters) along with earlier estimates, is shown in
Table I and Fig. 1. The measurements appeared to
be independent of path length, within the accuracy of
measurement. The results in the 1695-1800-& region
were obtained with a path length of 1.8X10~2 m-atm
at a pressure of 3.3 torr. Comparison with the results
obtained by Ref. 6 (cf. Ref. 10) show general very
good agreement over the entire overlap region, 1695~
1750 A. The measurements in Ref. 6 show structure
that is not observed in the present measurements,
but this appears to be due to the difference in resolution.
Most of the numbers agree to within 109, (cf. Fig. 1).
The measurements in the 1800-1885-4 region were
obtained with a path length of 0.73 m-atm at a pressure
of 27.7 torr. The longer-wavelength measurements
were made at path lengths of 21.4 and 29 m-atm.
The present results are in very good agreement with
those of Ref. 4 over the 1695-1940-4 region, both in

absolute value and gross structure (Fig. 1). Deviations
from the measurements in Ref. 4 in this region are
generally 109, or less. The measurements by Ref. §
(1655-1825 R) agree well with these results at 1695 4
but tend to be higher by about 209,-40% at longer
wavelengths. The measurements in Ref. 7 in the
1860-1970-A region also tend to be larger by factors
of 409,-509%, in the 1860-1925-A region, but fall
below the present results at 1950 A. There appears to
be no obvious explanation of the discrepancy with
Refs. 5 and 7, especially in view of the measurement
technique employed by Ref. 5. At wavelengths
A>1940 A, the present results tend to rapidl‘if fall
below those of Ref. 4 by factors of 1.5 at 1990 A and
4 at 2040 & (Fig. 1). In the author’s opinion, this
discrepancy in the long-wavelength region may possibly
be due to scattered short-wavelength radiation in the
case of the measurements of Ref. 4 as a result of the
experimental method, in view of similar difficulties
encountered in the present work. We discuss the
measurements in the region A>1950 A in some detail,
due to the importance of determining the contribution
of Rayleigh scattering to the extinction cross section.
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5.29-22

1836.4
6.,11-22

18U43.6
4.07-22

1850.6
2.86+22

1857.7
3.k5-22

Downloaded 06 Apr 2009 to 68.181.190.163. Redistribution subject to AIP license or copyright

; see http://jcp.aip.org/jcp/copyright.jsp



CO; EXTINCTION COEFFICIENT 1700-3000 1} 1585

TABLE I (Continued)

1858.7 1859.7 1860.7 1861.7 1862.7 1863.8 1864.8
3,h0-22 3.18-22 2.9hk-22 2.59-22 2.18-22 1.93-22 1.77-22
1865.8 1866.8 1867.8 1868.8 1869.8 1870.9 1871.9
1.61-22 1.49-22 1.44=22 1.b7-22 1.50-22 1.49-22 1.hk9-22
1872.9 1873.9 187h.9 1875.9 1876.9 1878.0 1879.0
1.50-22 1.50-22 1.50-22 1.65-22 1.81-22 1.83-22 1.79-22
1880.0 1881.0 1882.0 1883.0 1884.0 1885.0 1886.0
1.66-22 1.b7-22 1.25-22 1.14-22 1.07-22 8.99-23 8.57-23
1887.0 1888.1 1889.1 1890.1 1891.1 1892.1 1893.1
8.23-23 7.96-23 T7.72-23 7.63-23 7.60-23 7.76~23 7.95-23
1894,1 1895.1 1896.1 1897.1 1898.2 1899.2 1900.2
8.10-23 8.20-23 8.35-23 8.59-23 8.77-23 8.67-23 8.23-23
1901.2 1902.2 1903.2 190k.2 1905.2 1906.3 1907.3
7.65-23 7.08-23 6.56-23 6.10-23 5.69-23 5.38-23 5.16-23
1908.3 1909.3 1910.3 1911.3 1912.3 1913.% 191k, 4
5.00-23 4,87-23 4. 72-23 4.55-23 b.ho-23 4,31-23 4,32-23
1915.4 1916.k 1917.4 1918. 4 1919.% 1920.4 1921.4
4. 40-23 4, h9-23 k,.52.23 b.51-23 L.51-23 k. b9-23 h.34.23
1922,5 1923.5 1924.5 1925.5 1926.5 1927.5 1928.6
4,03-23 3.6L=23 3.27-23 2.97-23 2.75-23 2.62-23 2.57-23
1929.6 1930.6 1931.6 1932.6 1933.6 1934.6 1935.6
2.56=23 2.5k-23 2.50-23 2.h6-23 2.ho-23 2.32-23 2,25-23
1936.6 1937.6 1938.7 1939.7 1940.7 19k1.7 1942.7
2.22-23 2,2h-23 2.31-23 2.38-23 2.40-23 2.38-23 2.33-23
1943, 7 1944, 7 1945.7 1946.7 1947.7 1948.8 1949.8
2.29-23 2.26-23 2,22-23 2.17-23 2.13-23 2.10-23 2.07-23
1950.8 1951.8 1952.8 1953.8 1954.8 1957.5 1960.0
2.04-23 2,01-23 1.93-23 1.82-23 1.67-23 1.2-23 1.0-23
1962.5 1965.0 1967.5 1970.0 1972.5 1975.0 1977.
9.0-24 8.2-2k T.4-24 6.6-24 5.9-24 5. h-24 ».9-23
1980.0 1982.5 1985.0 1987.5 1990.0 1992.5 1995.0
L, 5=24 4,0-24 3.8-24 3.4-24 3.2-24 3.0-2k 2?gfzh
1997.5 2000.0 2002.5 2005.0 2007.5 2010.0 2012.
2.7-24 2.5=2h 2,2-24 2.0-2k 1.7-2k 1.k-2k 1.2-23
2015.0 2017.5 2020.0 2022.5 2025.0 2027.5 2030.0
2032.5 2035.0 2037.5 2100.0 2200.0 2380.0 2500.0
8.k-25 8.2-25 8.0-25 T.2-25 5.8-25 4,1-25 3?3—25
2650.0 2750.0 3000.0
2.5-25 2,1-25 1.46-25
A(R)
k‘(cnz)

3 See text.

Downloaded 06 Apr 2009 to 68.181.190.163. Redistribution subject to AIP license or copyright; see http://jcp.aip.org/jcp/copyright.jsp



F16. 2. CO; extinction and scattering
cross sections 1800-3000 A. Curve @,
calculated CO, Rayleigh scattering cross
section (see text); curve (2), present
measurements with Xe microwave source;
curve (3, present measurements with Xe
short arc source; continuous line indicates
continuous measurements at resolution
AA=0.038 A. Dashed line indicates
interpolation  between  low-resolution
measurements at indicated points. Tri-
angled points are the measurements of
curve (3 minus 3.3X1072 cm? (see text).
Curve (@, best fit line drawn through
measurements with Hg line source at the
indicated squared points. Curve (®, cal-
culated N, Rayleigh scattering cross
section. Circled cross at 2536 A indicates
measured cross section using Xe short
arc source.
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Curve O of Fig. 1 is the present estimated real
extinction coefficient. Extinction in the regionA> 2035 &
is due virtually entirely to Rayleigh scattering, ac-
cording to these results. Curve (2) shows a plot of the
measured extinction coefficient using the Xe microwave
powered source. The structure on this curve in the
long-wavelength region was reproducible and not
simply due to measurement noise. The presence of
structure beyond the limiting energy for dissociation,
A>2273 &, led to speculation as to whether it originated
in gas impurities, scattered short-wavelength emission
in the I spectra, or in discrete absorption due to a
possible low-lying triplet state of CO. (cf. Dixon™).
Measurements were then made using an Hg line source
as a possible measure of the presence of discrete
absorption features. These results, at four line positions,
were lower by an approximate factor of 2 as shown
in Fig. 2 (curve (®). The presence of discrete absorption
features was thus considered a distinct possibility
at this point in the experimental measurement sequence.
Measurements were then made at high resolution,
AN=0.038 X, as mentioned earlier, using a Varian
Xe short arc source. The use of this source was con-
sidered necessary in order to eliminate possible con-
tributions from scattered short-wavelength radiation
and to provide a bright source for high-resolution
measurements in the A>2000-A region. The Xe micro-
wave source was very much brighter at wavelengths
A<2000 A than at longer wavelengths, For this reason

the presence of measurable contributions by short-
wavelength radiation scattered inside the spectrometer
during observations of the Iy spectrum in the A> 2000-3
region, was a distinct possibility; the short arc source
produces negligible radiation shortward of 2000 A
The high-resolution measurements in the 2100-2200-
and 2400-2500-2 regions displayed no detectable
structure, in sharp contrast to the measurements usin
the Xe microwave source. Measurements at 100-
intervals in the 2000-2900-A region with the short
arc source are shown as curve (® in Fig. 2. Although
these measurements fall below curve (2), they remain
significantly larger than the Hg line measurements
(curve @). The conclusion then was that the differences
between curves () and (@) were due to scattered short-
wavelength radiation in the measurements with the
xenon microwave source. The only plausible explana-
tion for the approximately constant difference between
curves (® and (@ appears to arise in the differences in
image sizes; the short arc and microwave sources filled
the field of view of the absorption cell whereas the Hg
line source was much smaller in effective area. This sug-
gests that small changes in image focal position in the
region of the spectrometer entrance slit, caused by the
introduction of ~1 atm of gas, may account for the
disparity with the Hg line measurements. The difference
between the measurements of curves @ and (9 amounts
to approximately 2%, error in the Io/Iy ratio.
Curve @) of Fig. 2 is the Rayleigh scattering cross
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section for CO; calculated using the relation (Heddle'?)
o= (1287%/30) [ (6+3ps) /(6—Tpn) ],  (2)

where o is the cross section for unpolarized incident
radiation, ay is the isotropic part of the polarizability,
and p, is the normal depolarization ratio. The refractive
index for CO. has been accurately determined to a
lower-wavelength limit of 2379 & (Ref. 2). However,
there is some uncertainty in the calculated Rayleigh
scattering cross section, since the depolarization
constant is large and has been measured only in the
long-wavelength region. The cross section, calculated
with the reference 2 refractive index and the value of
p» determined from the measurements in Ref. 3 at
6328 A, is shown as curve 1 of Fig. 2. The depolarization
term in Eq. (2) is about 1.14 (p,=0.0774). Curve @
lies approximately constant 0.8X10-% cm? bhelow the
Hg line measurements and an average of about
3.3X10~% cm? below the xenon short arc measurements
(curve ®). The triangled points are the short arc
measurements after subtraction of 3.3X10% c¢cm? and
illustrate the remarkably good conformity to the shape
of the Rayleigh scattering curve in the 2100-2900-3
region. It is therefore suggested that the extinction
coefficient in the 2100-2900-A region is due virtually
entirely to Rayleigh scattering; at 2000 A there is an
obvious substantial contribution by absorption. In
order to confirm the conclusion that the discrepancy
in extinction measurement was an artifact of the
absorption cell alone, a measurement with N, as the
scattering gas was made at 2536 A with the xenon
short arc source. Extinction by N, is entirely due to
Rayleigh scattering in this region, and the cross section
is judged to be well determined because of the small
depolarization constant.®®>% The measured value
was ~3X 105 cm?, compared to the calculated value
of 1.2X10-% cm? (cf. Fig. 2, curve (3)). Thus measure-
ments with the absorption cell with ~1 atm of gas
tend to place an upper limit on the actual cross section,
A lower limit for CO, can be obtained by accepting
the refractive-index measurements of Ref. 2 and
computing Eq. (2) for p,=0. The lower limit estimate
at 2500 A, for example, is then 2.8X107% cm?, whereas
the upper limit obtained from the measurements with
the Hg line source (curve (®) is 4.1X10~% cm? It
therefore appears that the calculated CO; scattering
cross section with an assumed constant depolarization
factor as measured at 6328 & (curve @), is approxi-
mately correct with an uncertainty of about the
difference between curves () and (@ (0.8X10~% cm?).
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Thus the estimated cross section above ~2040 A
given in the table and by curve @ of Fig. 1 is the
calculated Rayleigh scattering cross section.

The estimated cross section in the 1950-2000-3
region has a greater uncertainty than the values in
the remainder of the spectrum, since the short arc
measurements could not be extended below 2000 A.
However, it was judged that scattered short-wavelength
radiation would make a negligible contribution at
1950 A in the Xe microwave measurements. At 1950 &,
the extinction coefficient was an order of magnitude
larger and the relative source intensity was much
brighter than the corresponding quantities at 2000 A.
The values between 1950 and 2000 A are thus a rough
interpolation.

Thus according to the interpretation of the measure-
ments presented here, the CO. extinction coefficient
appears to be fairly well established at wavelengths
up to about 1950 &, although there is no clear reason
for the 409,-509% discrepancy with Refs. 5 and 7.
The extinction coefficient above 2040 A appears to be
due almost entirely to Rayleigh scattering with some
reasonably small uncertainty in the magnitude.
Further measurements in this longer-wavelength region
would be of interest in view of the disparity between
the present measurements and those of Ref. 4.
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