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Experimental verification of Rayleigh scattering cross sections
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The cavity-ringdown technique is applied to measure Rayleigh extinctions of Ar, Ny, and SFs in the 560—

650-nm region at 294 K.

agree within an experimental uncertainty of 1% (for SFg, 3%).

OCIS codes: 290.5870, 290.5840.

A century ago Lord Rayleigh formulated a theory of
light scattering by ideal gases that not only explained
the molecular origin of atmospheric scattering and the
blue color of the clear sky but also provided a quantita-
tive expression for the amount of light scattered.! In
modern formulation the Rayleigh scattering cross sec-
tion o) [cm?] for a single molecule is given by**
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where v is the frequency [em™'], N is the molecular
density [em?®], n(, is the refractive index, and Fy,) is
the King correction factor. The factor [n{,, — 11/[n{,) +
2], an effect of the local electrostatic field that is known
as the Clausius—Mossotti or the Lorentz—Lorenz fac-
tor, is proportional to N. Because of this proportion-
ality one must be consistent in choosing the values of
ne) and N. The King correction factor is defined as
Froy = (6 + 3p,)/(6 — 7p,), where p,, is the depolariza-
tion ratio of natural or unpolarized light and accounts
for the anisotropy of nonspherical molecules.’

Equation (1) includes effects of nonresonant scatter-
ing that were unknown to Rayleigh; the fine structure
on the Rayleigh line is related to vibrational and rota-
tional Raman scattering, the influence of the modes of
hypersound is known as Brillouin scattering, and the
effects of collisional redistribution give rise to Rayleigh
wing scattering.

Hence Rayleigh scattering cross sections follow
directly from the theory of electromagnetism, with
N, n(,), and p, as relevant parameters. N involves
knowledge of Avogadro’s number, and values of
[n) — 1] can be measured to high accuracy by inter-
ferometric techniques® or can be calculated in terms
of molecular polarizability. The depolarization p,
can be determined from studies of the rotational
Raman effect.”® With known parameters, o(,) can be
calculated with accuracies of 1% for No and 0.3% for
Ar. The uncertainties originate from the accuracy of
n(,) and, in the case of No, Fy(,).

In the present experiment a linearly polarized laser
was used. Although for polarized light the depolar-
ization ratio p, is different,®® i.e., p, = 2p,/(1 + pu),
the King factor that enters the equation for the cross
section is not dependent on the polarization state of the
incident beam, as is clear from symmetry.
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It is shown that experimental and calculated Rayleigh scattering cross sections
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Accurate tabulations of frequency-dependent
Rayleigh scattering coefficients for air have been
produced based on electromagnetic theory and mea-
surements of n(,) and p,. The tables presented by
Bucholtz,2 Bates,> and Penndorf® are often used in
atmospheric optics. It is probably for this reason that
calculations of these coefficients have to our knowledge
never been subjected to a laboratory test; moreover,
a measurement of scattered intensity requires accu-
rate knowledge of both the optical-collection and the
quantum efficiencies of a detector. Hence a direct
quantitative measurement of the scattered light is
impractical. However, in the absence of absorption,
scattering is equal to extinction. Based on this as-
sumption, we performed measurements of the Rayleigh
scattering cross section by monitoring extinction with
the cavity-ringdown (CRD) technique.

The CRD setup was described in detail previ-
ously.’’ A laser pulse is coupled into a stable noncon-
focal cavity consisting of two highly reflecting curved
mirrors. The intensity of the light leaking out of the
cavity will decrease exponentially in time.'> The de-
cay rate is determined by the reflectivity of the mirrors
and the losses in the cavity that are due to absorption
or scattering. Under the condition that the additional
losses obey Beer’s law, the decay rate B(,) is de-
scribed by

¢ ¢
B = q |In (R)| + 7 owlIN, (2)

where c is the speed of light, d is the cavity length, R
is the reflectivity of the mirrors, and [ is the length
of the scattering medium. If the medium fills the
cavity (d = I), the slope of the decay rate B(,) as a
function of pressure yields the scattering cross section,
independent of the cavity length. This is a marked
advantage of the CRD technique.

Light emerging from the cavity is detected with a
photomultiplier tube; transients are stored on a digi-
tal oscilloscope and fitted on line to an exponential
function by computer. Reliable determination of the
cavity loss requires monoexponential decay. The cav-
ity is aligned by on-line monitoring of fit parameters
and residues to achieve monoexponential behavior over
the total decay. Decay rates B(,) are determined by
use of a summation over three laser pulses. Decay
times 7 [=1/B,)] of 15-85 us fitted over =57 corre-
spond to path lengths of 20—125 km in the 80-cm-long

0 2000 Optical Society of America



348 OPTICS LETTERS / Vol. 25, No. 5 / March 1, 2000

cell. This is another advantage of CRD: Long path
lengths can be obtained in a short cell, yielding high
sensitivities, on average 5 X 107° cm ™! for this setup.

While transients are recorded at a fixed laser
frequency, the gas pressure in the CRD cell is
gradually increased from 0 to 750 Torr by means
of a needle valve tap. Two buffer chambers with
multiple outlets welded to the tube over the to-
tal length of the CRD cell ensure a homogeneous
gas pressure. Before the gas (Ars, Ny, or SFg of
99.999% purity) enters the cell it is purged through a
0.5-um sintered stainless-steel filter. The pressure,
measured by a capacitance manometer (Edwards
600 AB; 0.15% accuracy), is simultaneously recorded
with the decay transients. To cover the frequency
range we use a tunable pulsed dye laser system of
0.05-cm ™! bandwidth and 5-ns pulse duration. Cali-
bration against the Iy reference standard results in an
absolute frequency accuracy of better than 0.1 cm ™.

Figure 1 shows the measured cavity losses [8(,)/c]in
Ar, Ny, and SFg as a function of pressure at 579.82 nm.
The curves typically consist of 1500 data points. The
difference between the extinction of Ar and Nj is
clearly visible. The extinction of SFg is an order
of magnitude larger, reflecting the large refractive
index of SFg. A linear regression reveals the slope
or Rayleigh extinction rate [cm~! Torr~!], from which
the scattering cross section can be determined. The
intercept represents the loss of the empty cavity. The
residue of an unweighted linear regression (Fig. 1,
bottom panel) of the Ar extinction curve confirms the
linear behavior of the extinction as a function of the
pressure and gives an impression of the sensitivity.

The Rayleigh scattering cross sections of Ar and Ny,
determined from the extinction rates, are plotted in
Fig. 2 as a function of frequency. The experimentally
determined cross sections are compared with calcula-
tions based on Eq. (1). The well-known refractive in-
dices for Ar and Ny are invoked.>® Ar is a spherical
particle, but Ns is a diatom for which a depolarization
has to be taken into account?®:

Fro) = 1.034 + 3.17 X 107122, (3)
The calculated cross sections o, are displayed as solid
curves in Fig. 2.

Light scattered in the forward and backward di-
rections does not give rise to extinction in the CRD
experiment, resulting in underestimation of the true
scattering cross section. However, with effective re-
flection surfaces of 5-mm diameter and mirrors sepa-
rated by 80 c¢m, imposing the stability criterion for the
cavity and accounting for the nonisotropic scattering
distribution, we find that the underestimate is less
than 0.05%. These effects are therefore neglected.

For quantitative verification the obtained data on
the cross section o, are fitted to a functional form.
Since the Rayleigh scattering cross section deviates
from a »* behavior owing to the frequency dependence
of the refractive index and the depolarization, it is
usually expressed as'®

4+€

4)

Ow) =0V

The measurements span a relatively small frequency
domain, which results in a strong correlation between
the experimentally determined value dex, and € in a
two-parameter fit. To determine reliable values for
Oexp We choose to keep e fixed at values following
from calculations according to Eq. (1). Values of gexp
as well as calculated values for 4, and € [from Eq. (1)]
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Fig. 1. Extinction owing to Ar, Ny, and SFg as a function
of pressure measured in the CRD setup. The bottom
panel shows the residue of an unweighted linear regression

of the Ar extinction curve (rms, 3 X 107° cm™!; mean,
4 X107 em™).
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Fig. 2. Experimentally determined Rayleigh scattering
cross sections for Ar and Ny compared with calculations.



Table 1. Deduced Rayleigh Scattering Parameters
oin and € from Calculations and

Experimentally Determined Values for G.xp°

Parameter Ar N, SFg
e X 103 61.5 62.4 41

o X 104 20.04 (0.05) 23.00 (0.23) 183 (6)

Fexp X 10%° 19.89 (0.14) 22.94 (0.12) 180 (6)

“The numbers in parentheses are the 1o uncertainties.

are listed in Table 1. The dashed curves in Fig. 2
represent o(,) as derived from the measurements.

In addition to the most-abundant atmospheric
species, No, and a noble gas, Ar, SFg, chosen for its
extremely large Rayleigh scattering cross section
resulting from its high refractive index, was also
investigated. Very little is known about the refractive
index of SFg; in the literature only refractivities at
633 and 1300 nm have been reported.'* Since SFg
is a symmetrical octahedral, zero depolarization
is assumed. From the data that we obtained, we
extrapolate Gy = 180 (6) X 107 and e = 0.041.
We estimate the error by taking into account the
extrapolation error in €. In Table 1 the value gexp as
determined from the measured data is compared with
the value following from the extrapolation.

The values for dexp, obtained after several (weighted)
fitting and data-analyzing procedures, allow for a
comparison between the observed and the calculated
values of the Rayleigh scattering cross section. Only
then is a quantitative assessment of the small Rayleigh
scattering phenomenon feasible. Finally, values for
Oexp are deduced with accuracies of =1% for Ar and
N5 and 3% for SFg.

Some remarks must be made about the assumption
that in the present measurement a scattering cross
section is determined. This assumption is valid only
if absorption can be ruled out. In the Ar atom the
first electronically excited state is in the vacuum-
ultraviolet range and cannot give rise to absorption in
the visible. In Ns, overtones of very weak quadrupole
transitions will in principle occur in the visible, but
these overtones will be too weak to cause observable
absorption in the visible range or to affect the refractive
index. In SFg, with several active vibrational modes,
visible absorption in electric-dipole-allowed overtone
transitions could well be possible; however, in this
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study no such features are observed, and the Rayleigh
scattering cross section is found to be consistent with
predictions from the reported refractive index.'*

Nonexponential decay of the observed CRD tran-
sients owing to laser bandwidth effects has hampered
the application of pulsed-laser CRD to cross-section
measurements of narrow features. The decay tran-
sient will remain exponential only if the bandwidth of
the laser is much smaller than the width of the inves-
tigated extinction feature.’® Since Rayleigh extinction
is smooth and structureless, the 0.05-cm~! bandwidth
of the laser does not affect the results of this study.

The major result of this study is a quantitative veri-
fication of Rayleigh scattering cross sections for Ar
and Ny within the 1% experimental uncertainty. The
present work represents, to the best of our knowledge,
the first laboratory verification of a Rayleigh scatter-
ing cross section.
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