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ABSTRACT

The Rayleigh scattering cross section for air is calculated from published experimental and
theoretical results account being taken of the dispersion of the King correction factor.
The spectral region 0.2my < X < 1.0mp is covered.

1. INTRODUCTION

In several instructive recent articles Young (1980, 198la and b,1982) has drawn attention to
misconceptions regarding Rayleigh scattering,has discussed the terminology and has surveyed
the history. As he pointed out(Young 1980) there is uncertainty in the Rayleigh scattering
cross section for air Q_ (air) because the correction factor of King (1923) and in parti-
cular its dependence on %he wavelength X have not been properly taken into account.
Accurate values of Q_ (air) are required in connection with, for example, the calculation
of the rate of photo—%issociation of molecular oxygen by solar radiation in the Herzberg
continuum. (See Nicolet et al 1982).

Ifon(X) be the refractive index of constituent X at standard temperature and pressure
(0°Cc, 760 torr) and FK(X) be the King correction factor then

2

Q0 = 3207/ Y ta - 1)? E 1)
where N 1is Loschmidt's number (cf Dalgarno & Williams 1962). The King correction factor
may be expressed

F X =1+ 2 (y(0/% (01 @
with

Y = o - ad® (3)
and

a0 = {0 + 2 ot®1/3 ()

atl (X) and al(X) being the parallel and perpendicular components of the dynamic polari=-
zability (cf Young 1980). Denoting the fractional volume abundance of X 1in dry air by
f(X) we have

i = L f
Q, (air) % (X) Q (%) (5)

where the summation is over the main constituents (nitrogen, oxygen, argon and carbon
dioxide). In order to compute Q_ (air) it is evident that accurate tabulations of both
{n(X)-1} and FK(X) against ) ar® needed.
2. REFRACTIVE INDICES
Peck and Khanna (1966) have made interferometric measurements on{n(N,)-1} at selected wave
lengths in the range 2.06mu > A > 0.468myu and have shown that their FTesults may be repres-
ented closely by

10% {a(N,) - 1} = 6855.200 + 3243157.0/(144=c"), A >0.468my (6)
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with
o =1/x (in mp) N

Abjean et al (1970) have made similar measurements in the range 0.25muy > A > 0.181lmu.
A good representation of them is

108 {n(Nz)—l} = 6998.749 + 3233582.0/(144—62) s A< 0.254mp . (8)

To cover the intermediate spectral region data points near 0.468mp and 0.254mpy were
fitted by expressions of the same form as (6) and (8) giving

108 {n(Nz)—l} = 5989.242 + 3363266.3/(144—02) , 0.468my > A > 0.254mu . (9)

A check on the precision is provided by the work of Dalgarno et al (1967) who constructed
a model dipole spectrum of N, and used it to calculate various dipole properties. They
give a table of Q (N2)/F (N ;, each entry a three digit number. For A > 0.18mu our corr-
esponding values go fiot gif%er from these by more than 1 in the last digit. Although for
X = 0.17my the difference is 3 in the last digit this signifies that the values of

{n(NZ) - 1} here differ by only 0.2 per cent.

Accurate data on {n(Oz) ~ 1} are available at 48 GHz (Newell and Baird 1965), at 0.546mu
(Kerl 1982) and in thée range 0.288mu > X > 0.198my (Smith et al 1976). They can be
represented accurately by

10° (n(0,) - 1} = A + B/(40.9-07) (10)
with A and B as follows:
A = 21351.,1 , B = 218567.0 , X > 0.546mp
20564.8 248089.9 . 0.546mpy > A > 0.288mu
22120.4 203187.6 , 0.288mp > A > 0.22lmy (11)
23796.7 168988.4 s 0.221mp > A

Dalgarno and Kingston (1960) and Bideau-Mehu et al (1973) have given expressions for
{n(Ar)-1} and {n(COz) - 1} respectively. Neither is actually needed with high precision.

As an overall test
{n(air) - 1} = )Z(f(X){n(X) -1} (12)

with X as in (5) and f(X) as given by Stergis (1965) was computed for A = 0.175(0.005)
0.23 (0.1) 0.4 (0.5) 1.0mp and comparison was made with the corresponding values obtained
from the most elaborate of the formulae of Peck and Reeder (1972) which gives an excellent
fit to the accurate data of themselves and others (Rank et al 1958, Svensson 1960,

Erickson 1962, Pack and Khanna 1962) in the range 1.69my > X > 0.23mp and also to the less
accurate early data of Traub (1920) in the range 0.215mp > A > 0.185mu. The difference at
A = 0.175, 0.180, 0.185 and 0.190mp is 0.59, 0.38, 0.24 and 0.15 per cent; for A > 195mu
the difference does not exceed 0.1 per cent. The lack of close agreement in the region

A < 0.195my (where molecular bands disturb the regularity of the dispersion) is not a
matter for concern. The calculations on Q,(air) to be reported are confined to the region
A > 0.20mp in which Schumann-Runge absorption is unimportant. Table 1 gives {n(air) - 1}
as obtained from (12) for this region.

3. KING CORRECTION FACTORS AND RAYLEIGH SCATTERING CROSS SECTIONS

Laser measurements have been carried out which lead to the values of F (Nz) at 0.6328mu
(Bridge and Buckingham 1966) and at 0.5148mp, 0.4880mu and 0.4579mu (A%ms et al 1975).
Using the second order polarization propagator approximation Oddershede and Svendsen (1982)
have performed calculations in the region from the long wave length limit to 0.2mp. The
agreement between theory and experiment is to rather better than 1 per cent. The combin-
ation of the results may be represented by

F (N,) = 1.034 + 3.17 x 1062 . (13)

Laboratory work gives FK(OZ) at 0.6328mu (Bridge and Buckingham 1966) and at 0.4880
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(Rowell et al 1971). Albertson et al (1980) have calculated the O_ frequency dependent
polarizabilities by the multi configurational time dependent Hartre%—Fock approximation.
Later Yeager et al (1981) obtained more accurate vertical excitation gnergies and tota} _
oscillator strengths for the prime trans%tions: those from the X °I state to the B %
and E I states and to the three lower ~“I states. They also gave Ethe original value$
of these entities so that the appropriate corrections may readily Ee_made to the polar-
izabilities calculated by Alberton et al (1980). The X “L - B °r , that is Schumann-
Runge, transition is of paramount importance. Instead of gbtaininguthe contribution which
this broad system makes to all(0,) just from the vertical excitation energy and total
oscillator strength it was judged best to use the measured cross section curve for the
Schumann-Runge continuum (Ackermann et al 1970) and the individual Schumann-Runge band
oscillator strengths (Yoshino et al 1983 for v' < 12. Allison et al 1971 for v' > 12).

In fact however this does not change the derived anisotropies y(0,) very much: thus at
0.2 my where the change is greatest it increases Y(0,) by only 6 per cent (and hence
increases FK(O ) by only 2 per cent). The mean polarizabilities a(0,) were obtained from
{n(0,) - 1} an% are virtually exact. The calculated values of F_(0O } at 0.6328mu and
0.48§Omu are 1.11, and 1.11_ in close agreement with the laboratory values 1.10. and 1.10
respectively. A%though the correction is of little consequence all were arbittarily
multiplied by the factor 0.992 as a gesture towards utilizing the information provided by
experiment. This yields

4

F (0,) = 1.096 + 1.385 x 107362 + 1.448 x 10744 . (14)

The difference between (13) and (14) stems mainly from oxygen being unlike nitrogen in
having a strong parallel transition of rather low excitation energy. If the Schumann-
Runge transition did not contribute to the anisotropy FK(OZ) would be 1.01 through the
spectral region considered.

The amounts of argon and carbon dioxide in air are so low that the values of F_(Ar) and
FK(COZ) scarcely matter. They were taken to be 1.00 and 1.15 (Alms et al 197%) respectively.

Table 1 gives the derived Rayleigh scattering cross sections for air Q_(air) (probably
accurate to about 1 per cent) and also the effective King correction factors for air
Fé(air) defined to be such that

(321273 ¥°2%) fa(air) - 1}° Fl(ain) = Q(ain) . (15)

As may be seen the dispersion of Fﬁ(air) is appreciable. Note that a small contribution
to Fﬁ(air) arises because

2 (16)

Fo(ain) = 2 £00 (n® - 11/(n(ain) - 1}
is not precisely unity. The value of F_(air) is 1.0015 through the infra-red and visible
spectrum, falling to 1.0010 near 0.3mp and to 1.0002 near O0.2mp (where n(NZ) and n(02)
have become almost equal).

ACKNOWLEDGMENTS
I thank Professor Marcel Nicolet for bringing the problem of Rayleigh scattering by air to

my notice (persuasively). I also thank Mrs. Norah Scott for her help with the computing
and SERC for supporting her under Grant SGD6958.



Short Paper 789

REFERENCES
Abjean, R., Mehu, A. and Johannin-Gilles, A. (1970) Interferometric measurements of

the refractivities of nitrogen and argon. C. R. Acad. Sci. B 271, 411-414.

Ackerman, M., Biaumé: F. and Kockarts, G. (1970) Absorption cross sections of the

Schumann-Runge bands of molecular oxygen. Planet. Space Sci. 18, 1639-1651.

Albertsen, P., Jgrgensen, P. and Yeager, D. L. (1980). Frequency dependent polariza=-
bilities in a multiconfigurational time dependent Hartree—Fock approximation.

Molecular Physics 41, 409-420.

Allison, A. C., Dalgarno, A. and Pasachoff, N. W. (1971) Absorption by vibrationally

excited molecular oxygen in the Schumann-Runge continuum. Planet. Space Sci.

19, 1463-1473.

Alﬁg: G. R., Burhnam, A. K. and Flygare, W. H.(1975) Measurement of the dispersion in
polarizabilities anisotropies. J. Chem. Phys. 63, 3321-3326.

Bideau-Mehu, A., Guern, Y., Abjean, R. and Johanninjgilles, A, (1973). Interferometric

determination of the refractive index of carbon dioxide in the ultra violet region.

Optics Communications 9, 432-434.

Bridge, N. J. and Buckingham, A. D. (1960). The polarization of laser light scattered

by gases. Proc. Roy. Soc. A 295, 334-349.

Dalgarno, A., Degges, T. and Williams, D. A. (1967). Dipole properties of molecular

nitrogen. Proc. Phys. Soc. 92, 291-295.

Dalgarno, A. and Kingston, A. E. (1960). Refractive indices and Verdent constants of

the inert gases. Proc. Roy. Soc. A. 259, 424-429.

Dalgarno, A. and Williams, D. A. (1962). Raman and Rayleigh scattering of Lymana by

molecular hydrogen. Mon. Not. Roy. Astron. Soc. 124, 313-319.

Erickson, K. E. (1962). Investigation of the invariance of atmospheric dispersion with

a long path refractometer. J. Opt. Soc. Amer. 52, 777-780.

Kerl, K. (1982). Determination of mean molecular polarizabilities and second virial

coefficients of gases by scanning-wavelength interferometry. Z. Phys. Chem. 129,
129-147.
King, L. V. (1923). On the complex anisotropic molecule in relation to the dispersion

and scattering of light. Proc. Roy. Soc. A 104, 333-357.

Newell, A. C. and Baird, R. C. (1965). Absolute determination of refractive indices

of gases at 47.7 giga herz. J. Appl. Phys. 36, 3751-3759.



790 Short Paper

Nicolet, M., Meier, R. R. and Anderson, D. E. (1982). Radiation field in the

troposphere and stratosphere. Planet. Space Sci. 30, 935-983.

Oddershede, J. and Svendsen, E. N. (1982). Dynamic polarizabilities and Raman

intensities of CO, N2 HC1 and C12. Chemical Physics 64, 359-369.

Peck, E. R. and Khanna, B. N., (1962). Dispersion of air in the near infra red.

J. Opt. Soc. Amer. 52, 416-419.

Peck, E. R. and Khanna, B.N. (1966). Dispersion of nitrogen. J. Opt. Soc. Amer. 56,

1059-1063.

Peck, E. R. and Reeder, K. (1972). Dispersion of air. J. Opt. Soc. Amer. 62, 958-962.

Rank, D. H., Saksena, G. D. and McCubbin, T. K. (1958). Measurements of the dispersion

of air from 3651 to 15300 Angstroms. J, Opt. Soc. Amer. 48, 455-458.

Rowell, R. L., Aval, G. M. and Barrett, J. J. (1971). Rayleigh-Raman depolarization of

laser light scattered by gases. J. Chem. Phys. 54, 1960-1964.

Smith, P. L., Huber, M.C.E. and Parkinson, W. H. (1976). Refractivities of H_ , He, O_,

2’ 2
CO and Kr for 168 < X < 288nm. Phys. Rev. A, 13, 1422-1434.

Stergis, G. G. (1965). in Handbook of Geophysics and Space Environments (Ed. S. L. Yalley)

Atmospheric composition §6.1, New York, McGraw-Hill Book Co.
Svensson, K. F., (1960). Measurements of the dispersion of air for wavelengths from 2302

to 6907 A.  Ark. Fys. 16, 361-384.

Traub, W. (1920). Dispersion of air in ultra-violet. Ann. Physik 61, 533-548.

Yeager, D. R., Olsen, J. and Jgrgensen, P. (1981). Evaluation of MCRPA (MCTDHF) electronic

excitation energies, oscillation strengths and polarizabilities: application to 02.

Int. J. Quantum Chem: Quantum Chem. Symp. 15, 151-162.

Yoshino, K., Freeman, D. E., Esmond, J. R. and Parkinson, W. H. (1983). High resolution
absorption cross section measurements and band oscillator strengths of the (1,0)-(12,0)

Schumann-Runge bands of O Planet. Space Sci. 31, 339-353.

2"
Young, A. T. (1980). Revised depolarization corrections for atmospheric extinction.

App. Optics 19, 3427-3428.

Young, A. T. (198la). Rayleigh scattering. Appl. Optics, 20, 533-535.

Young, A. T. (1981lb). On the Rayleigh scattering optical depth of the atmosphere.

J. Applied Meteorology.20, 328-330.

Young, A. T. (1982). Rayleigh scattering. Physics Today 35, 42-48.



