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Abstract

Atmospheric lidar techniques for the measurement of wind, temperature, and optical
properties of aerosols as well as non-intrusive measurement techniques for temperature,
density and bulk velocity in gas flow rely on the exact knowledge of the spectral line
shape of the scattered laser light on molecules. The best model currently available
to describe these line shapes is the Tenti S6 model which, however, has not yet been
validated in air. In this thesis, high-precision spontaneous Rayleigh-Brillouin (SRB)
scattering experiments on Ny as well as on dry and humid air are presented and used
to prove the accuracy of the Tenti S6 line shape model and to investigate the influence
of water vapor on the SRB line shape. The measurements were performed in controlled
laboratory experiments as well as in the atmosphere. In contrast to earlier SRB scat-
tering experiments in the visible spectral region, the measurements were carried out
with ultraviolet light, which is used by the lidars on the satellite missions ADM-Aeolus
and EarthCARE. The laboratory SRBS measurements were performed at a wavelength
of 366.5 nm and a scattering angle of 90°. The comparison of the measured SRB line
shapes and the Tenti S6 model under atmospheric pressures shows a deviation of less
than £ 2 % with respect to the peak intensity. It is demonstrated that the SRB line
shapes of Ny and air under equal pressure and temperature conditions differ signifi-
cantly, which is due mainly to the difference in their molecular masses, but also to the
difference in their transport properties. Furthermore it is shown that the Gaussian ap-
proximation for SRB line shapes of molecular scattered light in air is inadequate for
pressures down to 300 hPa. In addition, SRB line shapes are used in combination with
the Tenti S6 model to determine the bulk viscosity of Ny and air for frequencies in the
Gigahertz-range. The obtained values are larger than the values published for acoustic
frequencies by a factor of 1.6 and 1.3. Moreover, it is shown that high amounts of water
vapor in the atmosphere, up to a volume fraction of 3.6 vol. %, have no influence on the
SRB line shape of the scattered light. During the course of the field campaign BRAINS
(Brillouin scattering - atmospheric investigation on Schneefernerhaus), horizontal lidar
measurements (A = 354.89 nm, § = 180°) for the investigation of SRB scattering in
the atmosphere were performed from the environmental research station Schneeferner-
haus (UFS, 2650 m), located at the mountain Zugspitze. The atmospheric temperatures
and pressures during BRAINS were between 250K - 272K and 702 hPa - 736 hPa, re-
spectively. The horizontal lidar measurements were used to demonstrate the effect of
Brillouin scattering within the atmosphere for the first time, using a specifically devel-
oped analysis technique. The atmospheric measurements confirmed that the Tenti S6
model can be used to describe SRB line shapes in air, also in case of backscattering
geometry (0 = 180°) and under real air conditions. Additionally, it was verified that
trace and noble gases in air do not have a significant influence on the SRB line shape
and that the transport coefficients of air derived from temperatures of 297 - 300 K are
also suitable for temperatures down to 263 K.
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Chapter 1

Introduction

The invention of the laser by Maiman (1960) laid the groundwork for the use of spon-
taneous Rayleigh-Brillouin scattering (SRBS) in the study of fluid and gas dynamics
(Boley et al., 1972; Mountain, 1966; Sugawara and Yip, 1967; Tenti et al., 1974), as well
as in the development of non-intrusive diagnostic methods in atmospheric applications
such as light detection and ranging (lidar) measurements for temperature (Liu et al.,
2009b; Shimizu et al., 1986), aerosol content (Eloranta, 2005; Esselborn et al., 2008;
Fiocco and DeWolf, 1968; Liu et al., 2009a) and wind velocity (Dabas et al., 2008; Gen-
try et al., 2000; McGill et al., 1997b; Reitebuch et al., 2009). The underlying concept of
these measurement techniques is based on the idea to resolve the spontaneous Rayleigh-
Brillouin (SRB) spectral line shape with high-resolution interferometers and relate it to
theoretical SRB line shape models. Hence, the accuracy of these measurements depends

directly on the precision of theoretical line shape models.

SRBS in molecular gases originates from thermal density fluctuations which sponta-
neously arise due to the random thermal motion of molecules. These density fluctu-
ations lead to a fluctuating dielectric constant, which in turn leads to fluctuations in
the index of refraction, and finally to the scattering of light (Fabelinskii, 1968). Density
fluctuations in molecular gases have two different origins. They are either caused by tem-
perature fluctuations at constant pressure due to the thermal motion of the molecules,
or by pressure fluctuations at constant temperature due to collisions between molecules.
Light scattering on temperature fluctuations is called Rayleigh scattering in honor of
Lord Rayleigh who made fundamental contributions to the invention of molecular light
scattering (Rayleigh, 1871, 1881, 1899, 1918). Light scattering on pressure fluctuations
is called Brillouin scattering according to Leon Brillouin (1922) who theoretically de-
scribed this kind of scattering mechanism for the first time. SRBS therefore describes
light scattering on temperature and pressure fluctuations which spontaneously arise in

gases.
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For atmospheric applications that utilize SRB scattering, the spectrum of the scattered
light is of special interest. Basically, it is an image of the velocity distribution of the
molecules within the scattering medium, and therefore contains information on gas den-
sity, pressure, temperature and bulk velocity, as well as on gas transport properties like
heat capacity, thermal conductivity, shear and bulk viscosity, as all of these quantities
influence the motion of molecules. Thus, all these quantities can be determined by com-
paring measured SRB spectra with an appropriate line shape model. For instance in a
very dilute gas where the motion of a single molecule is not affected by its neighbors,
the spectrum of the scattered light can be described by a Gaussian function due to the
Maxwell-velocity distribution of the molecules. However, at gas pressures relevant for
atmospheric applications, collisions between molecules have to be considered as they
lead to a change in the velocity distribution. Thus, the SRB line shape can no longer be
represented by a Gaussian function for atmospheric applications (Fiocco and DeWolf,
1968). For example, in the retrieval of atmospheric optical properties from observations
of airborne high-spectral resolution lidar (HSRL), errors between 3 % to 20 % can oc-
cur for the aerosol backscatter coefficient for unaccounted Brillouin scattering in case of
medium to high aerosol content (Liu et al., 2009a). The errors are even a factor of 2
larger for a spaceborne HSRL, as it is planned on the ESA space mission EarthCARE
(Earth Clouds, Aerosols, and Radiation Explorer), which aims to improve the repre-
sentation and understanding of the Earth’s radiative balance in climate and numerical
weather forecast models by acquiring vertical profiles of clouds and aerosols, as well as
the radiances at the top of the atmosphere (European Space Agency, 2004).

A further example for the importance of considering the Brillouin effect for atmo-
spheric applications is the wind measurement by using a direct-detection Doppler wind
lidar (DWL) based on molecular scattering. For such a DWL, a systematic, wind speed
dependent error in the retrieved wind speed occurs if the scattered frequency spectrum
is assumed to be Gaussian and Brillouin scattering is neglected. The wind speed is over-
estimated by 10 % at sea level and still by 3 % for 10 km altitude (Dabas et al., 2008;
Flamant et al., 2005). In the framework of the Atmospheric Dynamics Mission ADM-
Aeolus, a DWL is going to be used to provide global observations of wind profiles from
space to improve the quality of weather forecasts, and to advance the understanding of
atmospheric dynamics and climate processes (European Space Agency, 2008; Stoffelen
et al., 2005). For ADM, the systematic error in wind speed determination should be
below 0.7 % of the measured wind speed. This challenging goal can only be achieved by
taking Brillouin scattering into account for the wind retrievals up to altitudes of 30 km
(Dabas et al., 2008; Tan et al., 2008).
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For a correct SRB line shape description it is necessary to model the density fluctua-
tions within the scattering medium, which is commonly done using the general kinetic
Boltzmann equation (Gombosi, 1994). However, because of its mathematical complex-
ity, it is not possible to evaluate the Boltzmann equation and approximate models must
be derived. Based on an approximate solution of the linearized Boltzmann equation,
Boley et al. (1972) and Tenti et al. (1974) described a model (from now on called Tenti
S6 model) for the spectral line shape of SRB scattered light, that has since then widely
been applied for the retrieval of optical properties with HSRL (Esselborn et al., 2008;
Hair et al., 2001, 2008; Liu et al., 2009a) and wind speeds with DWL (Cézard et al.,
2009; Dabas et al., 2008; Rye, 1998). Although the Tenti S6 model was developed for
gases of a single-component molecular species, it is considered to be the most appropri-
ate model for atmospheric conditions (Miles et al., 2001; Young and Kattawar, 1983).
However, as air is a mixture of several gases with different properties the applicability
of the Tenti S6 model in air is questionable and has to be verified by measurements. A
few laboratory experiments aiming at deriving the SRB line shape have been performed
in several atomic and molecular gases (Ghaem-Maghami and May, 1980; Greytak and
Benedek, 1966; Hara et al., 1971; Lao et al., 1976; Letamendia et al., 1982; Lock et al.,
1992; Pan et al., 2002, 2004b; Sandoval and Armstrong, 1976). However, up to now,
no SRBS measurements have been performed in air; neither in a laboratory experiment
nor in the atmosphere. Currently available SRB line shape models have been verified by
SRBS measurements: Tenti et al. (1974) compared their S6 model to measurements on
the hydrogen molecule and its deuterium containing isotopologues by Hara et al. (1971),
whereas Sandoval and Armstrong (1976) compared their Ny measurements with a line
shape model by Sugawara and Yip (1967). Lao et al. (1976) used Ny measurements at
a pressure of 11000 hPa and CO, measurements down to 200 hPa for their comparison
to the Tenti S6 model. However, none of the performed measurements on Ny at atmo-

spheric conditions were compared to the Tenti S6 model.

The need for an exact description of the SRB line shape in atmospheric applications
and the associated demand of validating the commonly used Tenti S6 model for its
applicability in air defines the main objective of this thesis. To validate the Tenti S6 line
shape model in air, SRBS experiments are performed in two different ways aiming to
cover different issues. On the one hand they are performed within a controlled laboratory

experiment and on the other hand within the atmosphere.
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High-precision laboratory SRBS experiments on N, as well as on dry and humid air
are presented and used to proof the accuracy of the Tenti S6 model and to investi-
gate the influence of water vapor to the SRB line shape. In contrast to earlier SRBS
experiments in the visible spectral region, these measurements are performed in the ul-
traviolet, which is widely used for direct-detection DWL and HSRL, including the lidar
on ADM-Aeolus and EarthCARE. In order to use the obtained laboratory results for
the data retrieval of atmospheric applications, they have to be further validated by mea-
surements in the real atmosphere under real conditions. This was done in the framework
of the measurement campaign BRAINS (Brillouin scattering - atmospheric investigation
on Schneefernerhaus), where horizontal lidar measurements were performed from the
environmental research station Schneefernerhaus. Horizontal lidar measurements in the
atmosphere thereby offer the unique possibility to investigate the SRB line shape at
a scattering angle of 180°, whereas the laboratory measurements were performed at a
scattering angle of 90°. However, SRBS measurements under atmospheric conditions are

challenging and have not been successfully performed yet.

In summary, the scientific questions addressed in this thesis are:

e Is the description of SRB line shapes in air using the Tenti S6 model accurate?
e Does water vapor influence the SRB line shape in air?
e [s it possible to demonstrate the effect of Brillouin scattering in the atmosphere?

e Do any effects in the atmosphere restrict the application of the Tenti S6 model?

Chapter 2 deals with the fundamentals of light scattering on molecules. The various
molecular light scattering mechanisms (section 2.1) and their characteristic imprint on
the spectrum of the scattered light (section 2.2) are presented. The derivation of the
Tenti S6 model as well as its possible limitations with respect to atmospheric applica-
tions are reviewed (section 2.3), followed by a summary of Chapter 2 in section 2.4. In
chapter 3, the performed laboratory experiments on SRBS in nitrogen, dry and humid
air are discussed. First, an overview of previous performed SRBS measurements is given
(section 3.1), followed by the description of the experimental details of the setup (sec-
tion 3.2). Thereafter, the results of this study are shown (section 3.3) and summarized
(section 3.4). In chapter 4, the performed study on SRBS in the real atmosphere is pre-
sented. The experimental details including setup, measurement geometry, measurement
procedure and data analysis are given in section 4.2. After that, the results of these ex-
periments are discussed (section 4.3) and summarized (section 4.4). A final conclusion

of the present thesis and an outlook are given in chapter 5.



Chapter 2

Light scattering on molecules

Especially since the invention of the laser by Maiman (1960), light scattering has become
a widespread non-intrusive diagnostic tool in atmospheric applications such as lidar mea-
surements (Browell et al., 1998; Dabas et al., 2008; Eloranta, 2005; Fiocco and DeWolf,
1968; Gentry et al., 2000; Liu et al., 2009a,b; McGill et al., 1997b; Measures, 1984; Reit-
ebuch et al., 2009; Shimizu et al., 1986; Vogelmann and Trickl, 2008; Weitkamp, 2005),
as well as in aerospace applications such as combustion (Elliott et al., 2001) and flow
measurements (Seasholtz et al., 1997). Thereby, the characteristic of the scattered light
is used to derive gas properties like temperature, density, and bulk velocity. To achieve
precise results using the various kinds of this measurement technique, an accurate un-

derstanding of the underlying scattering process is needed.

In this chapter, the basic scattering mechanisms arising in molecular gases are discussed
concerning their origin (section 2.1) and their influence on the spectrum of the scattered
light (section 2.2). In section 2.3, the spectral line shape of the Cabannes line as the result
of Rayleigh-Brillouin scattering is considered for different gas conditions. This is followed
by a detailed discussion of the widespread Tenti S6 model which is commonly used for
modeling the Cabannes line of light scattered on air at atmospheric conditions (Dabas
et al., 2008; Elliott et al., 2001; Liu et al., 2009a,b; Seasholtz et al., 1997).

2.1 Physical description of different molecular light

scattering mechanisms

When light travels through matter, various scattering processes occur. Independent of

the aggregate state of the matter, the origin of scattering processes is a result of the
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fluctuations in the optical properties of the medium. For atmospheric applications the
propagation medium is air, which is mainly composed of the diatomic gases nitrogen
(N3) and oxygen (O3). In such molecular gases, such fluctuations are caused by statis-
tical fluctuations in the arrangement of the molecules which can lead to different kinds
of scattering processes. Thereby, each physical contribution to the generation of scat-
tered light makes its characteristic imprint on the intensity, polarization and spectral
composition of the scattered light. For the characterization of the different scattering
mechanisms, a chief distinction is drawn between elastic and inelastic scattering, where
elastic scattering denotes scattering with and inelastic scattering without a change in
the scattered light’s frequency. Furthermore, it can be distinguished between light scat-
tering from single molecules (e.g. Raman scattering, section 2.1.2), or light scattering
because of collective effects (e.g. Rayleigh-Brillouin scattering, section 2.1.3). The most
prominent scattering mechanisms in molecular gases are Rayleigh scattering, Raman
scattering and Brillouin scattering, all of them named after their discoverer. However,
the terminology used to describe the different scattering mechanisms is not consistent
in literature. In the early 1980s, Young (1980, 1981) gave a review about the history of
discoveries concerning molecular light scattering and suggested the terminology sketched
in Fig. 2.1.

molecular scattering

N

vibrational Raman scattering
(inelastic scattering)

Rayleigh scattering

N

rotational Raman scattering Cabannes line
(inelastic scattering) (Rayleigh-Brillouin scattering)

N

Landau-Placzek/Gross line Brillouin scattering
(elastic scattering) (inelastic scattering)

Figure 2.1: Overview of different scattering mechanisms in molecular gases according to the
nomenclature suggested by Young (1980, 1981).

It is noticeable that, according to Young, Rayleigh scattering not only covers elastic
light scattering, as it is often mentioned in literature, but it also contains the inelas-
tic rotational Raman scattering and the Cabannes line, which can be divided into the
Landau-Placzek or Gross line, which arises from light scattering on temperature fluctu-

ations at constant pressure, and Brillouin scattering, which arises from light scattering
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on pressure fluctuations at constant temperature (see section 2.1.3). It is worth men-
tioning that the Cabannes line is commonly regarded as the result of Rayleigh-Brillouin
scattering. Although this naming is not covered by the nomenclature of Young, it will
be used throughout this thesis as it is common in the “light-scattering community” (e. g.
(Ghaem-Maghami and May, 1980; Hara et al., 1971; Lao et al., 1976; Lock et al., 1992;
Pan et al., 2005; Sandoval and Armstrong, 1976; She et al., 1983; Tenti et al., 1974)).

2.1.1 Rayleigh scattering

The invention of the concept of molecular light scattering traces back to Lord Rayleigh
who used the word scattering (instead of reflection) for the first time (Rayleigh, 1871).
By considering light scattering on small particles accelerated by an incident light wave,
Rayleigh derived the A~* dependence of the intensity of scattered light and used this
result to explain the blue color of the sky. 10 years later, Rayleigh (1881) re-derived
this result using the laws of Maxwell, still considering spherical particles as the origin
for the scattering mechanism. In 1899, for the first time, he suggested that not particles
but the molecules in air are responsible for light scattering in the atmosphere (Rayleigh,
1899). It took almost 20 more years until Rayleigh developed the theory of a cloud of

small particles of any shape and random orientation (Rayleigh, 1918).

When light scatters on molecules, the scatterers are much smaller than the wavelength of
the incident light!, and therefore, the scattering process can be described by the model
of induced dipole radiation. That is, the incident electromagnetic radiation drives a
dipole oscillation within the molecule, and as a result, the molecule re-emits radiation
in all directions and with the same frequency as that of the incident light.

The electric field Fy and the intensity Iy which is emitted by a dipole is given by (Miles

et al., 2001)
w? p sin(®P) e c|Eg?
Adrregc® ' % 2

where w is the oscillation angular frequency, p the magnitude of the oscillation dipole

|E,| = (2.1)

moment induced by the incident field, r the distance from the dipole, ¢ the velocity of
light in vacuum, ¢, the vacuum permittivity, and ® the angle of observation with respect
to the dipole vector. In the case of the simplified assumption of a radial symmetric

molecule, the dipole moment p is induced in the same direction as the incident field

'In case of visible light scattered on nitrogen molecules, the wavelength (~ 500 nm) is about 3 orders
of magnitude larger than the diameter of the molecules (~ 300 pm).
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polarization, and is linearly proportional to the incident electric field E;. The scalar

proportionality is termed the polarizability o
p=akFE; (2.2)

By substituting p? = o? |Ei|?, I, = (€0 ¢/2) |FEq|?, and I, = (egc/2) |Ei|?, the scattering

intensity of one molecule is

w2 a?

€3\ r2

A more general description of the light scattering process leading to the same result

I, = I; sin® @ (2.3)

goes back to Einstein (1910). In his approach, the origin of light scattering is described
by density fluctuations in the propagation medium. Density fluctuations in the medium
lead to a fluctuating index of refraction, which in turn leads to the scattering of light (Fa-
belinskii, 1968). In particular, it can be shown that the component of scattered light
polarized in the same direction as the incident light yields the space-time Fourier trans-
formation of the density-density correlation function (Van Hove, 1954). This being true,
it is possible to calculate the spectrum of scattered light by modeling the density fluctu-
ations in the propagation medium and then calculate its Fourier transformation. This
approach is also applied when deriving the Tenti-S6 model, as it is partly discussed in
section 2.3.

For further discussion of the spectral contribution of the various scattering processes,
it is useful to define the differential scattering cross section do /OS2, which can be inter-
preted as the probability that light is scattered. The differential scattering cross section
is defined according to (Miles et al., 2001)

_801

]s—__ i
o) r2

(2.4)

Using Eq. 2.4 in combination with Eq. 2.3 it is possible to calculate the differential cross
section for spherically symmetric molecules, however, real molecules are not spherically
symmetric, they are slightly elongated. This fact leads to a more complicated description
of the scattering process. More precisely, the elongated shape of real molecules leads to
rotational and vibrational Raman scattering and a slight depolarization in the scattered
light, as the induced dipole moment is not necessarily in the direction of the applied
field. To describe the scattering process on real molecules, it is necessary to express
the polarizability mentioned in Eq. 2.2 as a tensor «, which is described by the mean

polarizability a and the anisotropy v (Miles et al., 2001)2.

2Since the molecules in a sample volume are randomly orientated, the scattering has to be averaged
over all molecular angles. This averaging can be expressed in terms of two parameters which are
invariant with respect to rotation: the mean polarizability ¢ and the anisotropy ~.
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The differential scattering cross section according to Rayleigh is

oo w2 o T 5\ . o
(0_Q)R - = o (a + Tl ) sin® ¢ (2.5)
ayleig

As already implied with Fig. 2.1, the Rayleigh differential cross section is composed of

the rotational Raman differential cross section which is covered by the (7/45)y2-term,
and the Cabannes differential scattering cross section which is covered by the a-term
in Eq. 2.5. Considering a? = 3.92 - 1078 m® and 72 = 6.44 - 1078! m® for molecular
nitrogen (Ny) (Wandinger, 2005), one can immediately see that the contribution of the

complete rotational Raman scattering to the Rayleigh cross section is only about 2.5 %.

2.1.2 Raman scattering

The phenomenon of Raman scattering was discovered and first described by the Indian
physicists Raman and Krishnan (1928). Raman scattering in molecular gases is an
inelastic scattering process which originates from light interaction with resonant modes
of a molecule, and thus, a quantum mechanical description of the scattering process is
needed. If an incident photon is scattered by a molecule which thereby simultaneously
undergoes a transition between vibrational or rotational states, its frequency is changed.
If the molecule absorbs energy during the scattering process, i.e., a higher energy level
is excited, the frequency of the scattered photon is decreased (wavelength red-shift).
This process is called Stokes Raman scattering, in the style of the Stokes shift to longer
wavelengths for the fluorescence process by molecules. If the molecule transfers energy
to the scattered photon by decreasing its internal energy, the frequency of the scattered
photon is increased (wavelength blue-shift), and the process is called anti-Stokes Raman
scattering.

To be able to compare the different spectral influences of the various scattering
mechanisms (section 2.2), some details of the Raman scattering process on diatomic
molecules are discussed as follows. A more detailed overview is given by Long (2002)
and Wandinger (2005).

If f; and f; are the frequencies of the incident and the scattered light, respectively, the

frequency shift A f which occurs during the Raman scattering process is given by

A
Af=fi—fs= TE (2.6)
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where h is the Planck’s constant, and AFE the energy difference between the involved
molecular energy levels. The possible energy levels can be calculated by modeling the
diatomic molecule as a freely rotating harmonic oscillator. By doing so, the different

vibrational and rotational energy levels result in (Wandinger, 2005):
Evy=hfup(v+1/2), v=0,1,2 .. (2.7)

and
Brtgo=h [B, J(J+1) =D, J*(J+1)%], J=0,1,2,.. (2.8)

where f,;, is the specific vibrational oscillator frequency of the molecule, and v and J the
vibrational and rotational quantum numbers, respectively. B, is the molecular specific
rotational constant and D, the stretching constant (Wandinger, 2005). Considering the
selection rules for vibrational and rotational transitions (Av =0, +1 and AJ =0, £2),
the occurring frequency shifts Af can be calculated. Here, AJ = J' — J”  with J' as
the quantum number of the higher and J” the one of the lower energy level, and Awv is
the difference of the vibrational quantum numbers of the final and the initial vibrational

states.
Transitions with Av = +1, AJ = 0 lead to the so-called Q-branch of the Stokes

vibration-rotation band (Fig. 2.4, green diamond), those with Av = —1, AJ = 0 to
the Q-branch of the anti-Stokes vibration-rotation band (Fig. 2.4, dark green diamond).
The transitions with AJ = +£2 lead to the rotational Raman lines for Av = 0, and
to the vibration-rotation Raman lines for Av = £1 (Fig. 2.4, black dots, gray lines).
Transitions with AJ = Av = 0 lead to the Q-branch of the rotational Raman band
(Fig. 2.4, red diamond), which contributes to the Cabannes line (section 2.1.3) with an

incoherent and unpolarized part of the scattered radiation®.

To derive the intensity of each observed line, the differential scattering cross section must
be calculated. The Raman differential cross section of the rotational Raman Q-branch
(unshifted), and the rotational Raman lines (shifted) are determined by the anisotropy
of the polarizability v and can be expressed by (Miles et al., 2001)

Oo T T, ., oo w7
(aQ>Q—branch 602 At 180 T o (aQ) Rot 602 At 60 T ( )

3The Q-branch of the rotational Raman line is due to transitions between degenerate states with
different magnetic quantum numbers but the same rotational (J) and vibrational (v) numbers.
Therefore, the frequency of the scattered light is not changed within this scattering process.
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Using Eq. 2.9 one can immediately see, that the differential cross section of the frequency
unshifted Q-branch is exactly one third of the one of the frequency shifted rotational
Raman lines, and one fourth of the total rotational Raman differential cross section.
For a more detailed derivation of the spectral distribution, it is necessary to consider
the population distribution of the internal energy levels, the degeneracy 2.J + 1 of the
initial rotational energy level J, the nuclear-spin degeneracy 2/ + 1 and the nuclear-
spin statistical weight factor (Wandinger, 2005). If this is done, the Raman differential
scattering cross section, and therefore, the spectral distribution for molecular scattered
light can be calculated. An example of the Raman spectrum for Ny, at an ambient
temperature of 300 K and a scattering angle of § = 180° is illustrated in Fig. 2.4 (Top
and middle)*. The single components of the spectrum of molecular scattered light are

discussed in more detail in section 2.2.

2.1.3 The Cabannes line (Rayleigh—Brillouin scattering)

According to Einstein (1910), light scattering can be described to originate from den-
sity fluctuations in inhomogeneous media. The spectral component of the scattered
light which is caused by these density fluctuations is called Cabannes line, according
to Cabannes and Rocard (1929), who first derived the intensities of the central and
rotational Raman shifted lines, and showed that the sum of both is exactly Rayleigh’s
result (Eq. 2.5). The process which yields the Cabannes line is commonly described
as Rayleigh-Brillouin scattering, although this naming is not correct according to the

nomenclature of Young (1981).

Density fluctuations in media arise from the thermal motion of molecules and lead to
fluctuations in the optical dielectric constant, which in turn leads to fluctuations in
the index of refraction, and finally, to the scattering of light. The density fluctuations
in a molecular gas can be divided into pressure fluctuations and temperature fluctua-
tions (Fabelinskii, 1968). In addition, the pressure fluctuations can be viewed as random
local compressions and rarefactions which, as a consequence of the elastic properties of
the medium, do not remain fixed in position but travel throughout the volume of the
medium. Thus, the numerous random compressions and rarefactions can be consid-
ered as elastic sound waves (acoustic phonons) of various different frequencies, which

propagate with the corresponding velocity of sound in all possible directions inside the

4The spectrum is calculated by using Eq. 2.5 to Eq. 2.9 with a® = 3.92- 1073 mS% and 72 = 6.44 -
1078 mS and the corresponding equations for the differential cross section of the vibration-rotation
Raman lines according to Wandinger (2005).
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volume under study (Damzen, 2003). When laser light enters the medium, every sound
wave scatters the incident light wave at angles for which constructive interference occurs
(Bragg-condition) (Figgins, 1971). Furthermore, the frequency of the scattered light is
shifted by the Doppler effect due to the motion of the scattering sound wave. This
type of inelastic scattering mechanism was independently described by Brillouin (1922)
and Mandelstam (1926) and is therefore commonly called Brillouin scattering in liter-
ature. The term Brillouin scattering is also used in connection with light scattering in
solid states, where lattice fluctuations (e. g. acoustic phonons) are the origin for the
scattering process (Kittel and McEuen, 1986).

For the further analysis of the Brillouin scattering process, the Bragg scattering anal-

ogy is considered as it is pictured in Fig. 2.2.

[r(f
iC wave vector diagram
s S S()(//7(/
R K, £, 9ve
incident light K;
ki, fi 7
> 0
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scattered light
Koo f

SC’ 'sC

Figure 2.2: left: Schematic diagram of the Brillouin scattering process. The black arrows
indicate the incident light, the blue arrows the scattered light, and the gray lines the traveling
sound wave caused by pressure fluctuations which are responsible for the scattering process.
right: Corresponding wave vector diagram.

The incident and the scattered light is defined by their wave vectors k;, ks and frequen-
cies fi, fsc, respectively, and are pictured as black and blue arrows. The scattering angle
is denoted by 6. The traveling sound wave which is responsible for the scattering of k; is
defined by wave vector kg, frequency f; and phase velocity vs, and is indicated with gray
lines. Because of momentum conservation within the scattering process (ks = ki — ksc),
the wave vector of acoustic phonons can be calculated using the law of cosine (Fig 2.2,

wave vector diagram)
k| = |Ki|” + |kse|® — 2 |ki| |Kse| cos(6) (2.10)

As the change in frequency of the scattered light is small (=~ 107°) (Figgins, 1971), one
can approximate |ks| = |k;|. By further using 1 —cos(f) = 2 sin®(6/2), Eq. 2.10 reduces
to

|ks| = 2 |k;i| sin(0/2) (2.11)
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This enables the possibility to calculate the frequency shift f; between incident and
scattered light, and therefore, the spectral location of the Brillouin peaks. Per definition,
|ki| = 2mn/)\;, with A; the wavelength of the incident light and n the index of refraction
of the medium, and A\ = ¢/ fs, with ¢; and f; as sound velocity and sound frequency,

respectively. Thus, f is

fo=2 C;n sin(0/2) (2.12)

From Eq. 2.12, it can be seen that fs reduces to zero in the forward direction (0§ = 0°)
and is maximum in the backward direction (6 = 180°). Therefore, the frequency shift
due to Brillouin scattering is largest for lidar applications in backscattering geometry.
With ¢, = (ykgT/M)Y2, M the mass of a molecule, v = 1.4 the heat capacity ratio
when no vibrational degrees of freedom are excited, kg = 1.38-1072 J/K the Boltzmann
constant, the frequency shift f; is about 1.8 GHz for lidars operating at a wavelength of
355 nm.

In addition to Brillouin scattering which arises from pressure fluctuations in the medium,
there is a scattering mechanism associated with temperature fluctuations. These tem-
perature fluctuations can again be viewed as waves which lead to a scattering of light if
the Bragg condition is fulfilled. However, the temperature fluctuations are static in space
and therefore do not produce a frequency Doppler shift for the scattered light. This part
of the Cabannes line was first resolved by Gross (1930) and theoretically described by
Landau and Placzek (1934). It is therefore commonly called Gross or Landau-Placzek

line (Fig. 2.1) and leads to the elastic part of the spectrum of molecular scattered light.

The Cabannes line differential scattering cross section is given by (Miles et al., 2001)

oo ™,
(a_Q)C ) ' = 602—)\4 a”sin“® (213)

As obvious from the discussion above, there are two different kinds of density fluctua-
tions (pressure and temperature) which lead to different parts in the spectrum of the
scattered light (Brillouin doublet and Landau-Placzek line). Whereas the temperature
fluctuations are caused by the thermal motions of the molecules, pressure fluctuations
actually arise from collisions between different molecules. Thus, the effect of Brillouin
scattering becomes more prominent when the number of collisions between molecules

increases, or rather the mean free path between molecules decreases. A key parameter
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for describing which of these two scattering mechanisms is dominant is the ratio y of
the scattering wavelength 27 /kg to the mean free path of collisions (Boley et al., 1972;

Tenti et al., 1974),
p  nkgT

= = 2.14
Y ks Vo 1] ks Von ( )

with n the number density, T the temperature, p the pressure, vy the most probable
thermal velocity, vy = (2kgT/M)*2, and 7 the viscosity. The definition of y is based
on the dimensional relation between the mean free path between collisions and the shear

viscosity n 3.

For the description of the spectral distribution of the Cabannes line, one uses the y pa-
rameter to define different scattering regimes in order to apply approximations in the
calculation of the respective spectra.

For y > 1, the so-called hydrodynamic regime, the mean free path between collisions
is much smaller than the scattering wavelength. In that case, the molecular gas can be
treated as a continuum, and the density fluctuations within the gas can be calculated
using the Navier-Stokes equations. The resulting spectrum of the scattered light can
be well approximated by the sum of three Lorentzian functions displaced by fs; (Boon
and Yip, 1991), where the central peak is due to scattering on temperature fluctua-
tions (Landau-Placzek), and the shifted peaks due to scattering on pressure fluctuations
(Brillouin scattering). This situation is indicated with the black area in Fig. 2.3.

In the Knudsen regime, y < 1, the mean free path between collisions is much larger
than the scattering wavelength. Scattering is solely due to individual molecules, and
the scattering due to pressure fluctuations is negligible. The line profile of the scattered
light is described by a Gaussian function derived from a Maxwell velocity distribution
of the molecules as it is given in Eq. 2.17. A spectrum which is representative for the
Knudsen regime is indicated with the red area in Fig. 2.3.

In the kinetic regime 0.3 < y < 3, which is the relevant regime for atmospheric
scattering (e.g. y ~ 0.1 to 1.1 for standard tropospheric conditions according to the US
Standard Atmosphere (1976), A = 355 to 1064 nm, § = 180°), neither the individual
particle approach nor the continuum approach applies, and one has to resort to solutions
of the Boltzmann equation for describing the density fluctuations in the propagation
medium (Gombosi, 1994). As there are no analytical solutions possible for this equation,

approximate models have to be derived. The most popular model for that purpose is

5The y parameter is defined as the ratio of the scattering wavelength 27 /k, to the mean free path of
collisions l;. The mean free path [y can be expressed by the ratio of the thermal velocity vy to the
collision frequency v, which itself is given by v. = p/n (Hénel, 2004). Therefore y = (p)/(27 ks vo ).
The factor 27 is not considered in the y parameter definition given by Boley et al. (1972) and Tenti
et al. (1974) and used within this thesis.



2.2 Comparison of the different spectral components of molecular scattered light 15

the Tenti S6 model which is discussed in section 2.3. In Fig. 2.3, the Tenti S6 model is
already used to calculate the Cabannes lines within the kinetic regime (blue area). It
is obvious that this is a intermediate region where neither the Gaussian nor the sum of

three Lorentzian functions can be used for line shape description.

ﬁ/
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Figure 2.3: Evolution of the Cabannes line shape of spontaneous Rayleigh-Brillouin scat-
tered light in nitrogen (wavelength A = 355 nm, scattering angle § = 180°), calculated by
using the Tenti S6 model (Tenti et al., 1974). Pressure values are varied to cover the re-
gion from y = 0 (Knudsen regime is indicated in red) to y = 10.3 (hydrodynamic regime
is indicated in black). The intermediate regime, which is of special interest for atmospheric
applications, is called kinetic regime (valid for y ~ 0.3-3 and indicated in blue). The gas
transport parameters of nitrogen which are used for simulation can be found in Table A.1.

2.2 Comparison of the different spectral components

of molecular scattered light

For better illustration of the spectral characteristics and the intensity ratios of the differ-
ent scattering mechanisms, the spectrum of molecular scattered light is discussed for the
example of ultraviolet light scattered in nitrogen (A = 355 nm, 7" = 300 K, 6 = 180°).
The corresponding spectrum is plotted in Fig. 2.4. The differential cross sections are
calculated using Eq. 2.5 to Eq. 2.9 with a? = 3.92-107% m° and 7 = 6.44-1078! m and
the corresponding equations for the differential cross section of the vibration-rotation
Raman lines according to Wandinger (2005). The Cabannes line (Fig. 2.4, bottom) was
calculated using the Tenti S6 model (Tenti et al., 1974).
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Figure 2.4: Simulated differential scattering cross section of light scattered in nitrogen (A =
355 nm, 6 = 180°, T = 300 K). Top, middle: Resolved vibration-rotation and rotation Raman lines
(log-scale). Shown are the sum of the differential cross sections: Cabannes line (blue dot), rotational Ra-
man Q-branch (red diamond), rotational Stokes Raman lines (red square), rotational anti-Stokes Raman
lines (red triangle), anti-Stokes vibration-rotation Raman Q-branch (dark green diamond), anti-Stokes
vibration-rotation Raman lines (dark green triangle and square), Stokes vibration-rotation Raman Q-
branch (green diamond), and Stokes vibration-rotation Raman lines (green triangle and square). The
single rotation and vibration-rotation Raman lines are implied in light gray. Bottom: Resolved Ca-
bannes line for different pressure values (linear scale). Cabannes lines representing the Knudsen regime
(p = 1-107% hPa, black solid line), the kinetic regime (p = 1000 hPa, black dashed line) and the
hydrodynamic regime (p = 10000 hPa, gray line) are shown.
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The upper graph in Fig. 2.4 shows the resolved Stokes and anti-Stokes vibration-rotation
Raman lines (black dots, gray lines) as well as their sum (green and dark green squares
and triangles, respectively), and the sum of their Q-branches (green and dark green dia-
mond). It is obvious that they are shifted by about 30 nm from the incident wavelength
of 355 nm. This quite large wavelength shift is due to the large energy difference of the
vibrational energy levels. Furthermore it can be seen that the scattering cross section of
the anti-Stokes vibration-rotation Raman lines is about 6 orders of magnitude smaller
than the one of the Stokes vibration-rotation Raman lines. This is characteristic for light
scattering in gases with atmospheric relevant temperatures where almost all molecules
are in the vibrational ground state. Therefore, vibrational Raman scattering mainly
occurs when molecules absorb energy to excite a higher vibrational level, but not vice
versa, as there are almost no vibrational levels excited. Whereas the anti-Stokes vibra-
tion rotation Raman lines do not play any role for atmospheric applications, the Stokes
vibration rotation Raman lines can be used for temperature measurement by resolving
their distribution and compare it to the Boltzmann population distribution (Behrendt
et al., 2002; Wandinger, 2005). Furthermore, Rotational Raman scattering is also used
to determine atmospheric water vapor content (Goldsmith et al., 1998), ozone concen-
trations (Donovan et al., 1995; Reichardt, 2000), and the extinction and backscatter
coefficient (Ansmann et al., 1992; Tesche et al., 2009).

The middle graph shows the resolved Stokes and anti-Stokes rotation Raman lines (black
dots, gray lines) as well as their sum (red square and triangle), and the sum of the
rotation Raman Q-branch (red diamond). In contrast to the vibration-rotation Raman
lines, the scattering cross section of the Stokes and anti-Stokes rotational Raman lines
is almost equal. This is because the energy difference between rotational energy levels
is quite low. This means that there are enough excited rotational energy levels, and the
Raman scattering process can occur in both directions.

The wavelength shift of the first rotational Raman line is about 0.15 nm with respect
to the fundamental wavelength of 355 nm, and therefore, narrow band filters can be used
to resolve the Cabannes line without the influence of the rotational Raman lines (exclud-
ing the rotational Raman Q-branch). Moreover it is obvious that the scattering cross
section of the unshifted rotational Q-branch is about two orders of magnitude smaller
than the one of the Cabannes line (blue dot). In particular, considering the differential
cross section of the rotation Raman Q-branch (Eq. 2.9, left), that of the Cabannes line
(Eq. 2.13), and the polarizability a and anisotropy 7 of nitrogen (a* = 3.92 - 1078 mS,
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and 7?2 = 6.44 - 1078 m® (Wandinger, 2005)), the contribution of the rotation Raman
Q-branch to the Cabannes line is 0.64 % of the total intensity.

The lower graph shows the Cabannes lines for different gas pressure values simulated
with the Tenti S6 model (Tenti et al., 1974). The black solid curve is representative
for the Knudsen regime (y ~ 0). The spectrum is described by a Gaussian line shape
according to the Maxwell velocity distribution. The gray curve shows the line shape
representative for the hydrodynamic regime (y = 5.6). At such high pressures, the effect
of Brillouin scattering is strongly pronounced, and the Landau-Placzek line can be easily
distinguished from the Brillouin doublet. The wavelength shift of the Brillouin peaks is
0.55 nm which corresponds to a frequency shift of 1.8 GHz, and thus, to a sound velocity
of 320 m/s ®. The black dashed curve shows the line shape representative for the kinetic
regime (y = 0.56). It is apparent that the line shape can neither be approximated by
an ordinary Gaussian nor by the sum of three Lorentzians in that case. To describe the
line shape in the kinetic regime, molecular gas dynamic equations have to be used. A
common approach for describing the Cabannes line in the kinetic regime was introduced
by Boley et al. (1972) and Tenti et al. (1974) and is described in section 2.3.

Summarized it can be concluded that the Cabannes line can be separated from the rota-
tion and the vibration-rotation Raman lines, because of their large frequency shift with
respect to the incident light. Such a filtering procedure is necessary for light scattering
applications that use the characteristic line shape of the Cabannes lines for deriving
gas properties like temperature, density and velocity. Furthermore, the scattering cross
section of the Cabannes line is almost two orders of magnitude larger than the one
of rotational Raman scattering and even three orders of magnitude in case of Stokes
vibration-rotation Raman scattering. However, there is a contribution to the quasi fre-
quency unshifted Cabannes line because of the (Q-branch of rotational Raman scattering.
This contribution is about 0.64 % of the total intensity of the Cabannes line.

2.3 The Cabannes line and the Tenti S6 model

Basically, the spectrum of scattered light is an image of the velocity distribution of the

scatterers. Thus, if one had information about the location and the velocity vectors

6The connection between the light’s wavelength and frequency, and the velocity of the sound wave
responsible for scattering is given by the Doppler shift formula according to Eq. 2.12.
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of all scatterers, the spectrum of the scattered light could be calculated. However, the
large number of scatterers in a system is hard to handle”, and a statistical description of
the problem is necessary. Such a statistical description is given by the normalized phase
space distribution function f(v,r,t), which gives the probability of finding a particle
with velocity v at the space location r. To be able to describe dynamical processes in
the scattering medium it is furthermore needed to describe the evolution of f(v,r,t).

This is done by the Boltzmann equation according to (Gombosi, 1994)

0 0 0 (6f
(v 250) 100 = (57) 219

where a is the acceleration of an individual molecule caused by an external force and
(0f/0t)cou is the collision term. Thus, the left hand side of the kinetic equation 2.15 ac-
counts for rate of change because of particle movement and external force fields, whereas
the right hand side accounts for the rate of change because of binary collisions between
two particles.

In general, the collision term on the right hand side makes the Boltzmann equation a
non-linear integro-differential equation which describes the dynamics of the distribution
function f(v,r,t) in the six dimensional phase space. It therefore depends on seven
variables: time ¢, location r and velocity v. However, because of the complexity of the
collision term, it is not possible to evaluate the general kinetic Boltzmann equation, and

approximate models must be derived.

The easiest and probably most famous solution is based on the assumption of an ideal
(treating molecules as small, hard and perfectly elastic spheres) and homogeneous (0 f/0r
= 0) gas in absence of an external force (a = 0) in equilibrium ((0f/t)con = 0). These
assumptions lead to the well known Maxwell-Boltzmann distribution ¢q(v), which de-
scribes the velocity distribution of non-interacting particles in a gas (Gombosi, 1994).

In one dimension, the velocity distribution ¢81D)(v) is given by (Hénel, 2004)

2
(1D) 1 (%
= - 2.16
37 0) = —o exp( 2) (2.16)

where vy, = (kg T/M)'? is the thermal velocity, kg the Boltzmann constant, 7' the

gas temperature and M the mass of one molecule. Using the velocity distribution from

7A cubic centimeter on the Earth’s surface contains ~ 10'° molecules.
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Eq. 2.16, it is possible to calculate the spectrum of scattered light S(f) by transforming
the particle velocity into a frequency shift using the law of Doppler (Eq. 2.12; § = 180°,
n = 1). If f is the frequency of the scattered light, Ay the wavelength of the incident
light, and f, the standard deviation of the Gaussian function corresponding to vy, the
Doppler transformation is vy, = (f5 A\o)/2 and v = (f Ag)/2. Therefore, S(f) is Gaussian

function according to
1 2 f?
S(f) = VoI <—W> (2.17)

Although this equation is derived for an ideal gas, it also holds for dilute molecular
gases in which the interaction between the different molecules are neglectable (Knudsen
regime). However, the situation gets much more complicated for conditions in which
collisions become dominant. In that case, the collision term on the right hand side of
Eq. 2.15 has to be considered. Whereas one has only to consider translational energy
conservation within the collision process in atomic gases, it is necessary to imply the
internal energy (vibration and rotation) of the molecules and the possible change of it
within the collision process in molecular gases. Thereby, one can distinguish between
elastic collisions, in which the total translational energy of the colliding particles is con-
served, and inelastic collisions, in which translational energy is transferred into internal
energy (and vice versa). Therefore, in principle, the solution of the Boltzmann equation
is determined by the cross section of elastic and inelastic collisions. But as no detailed

knowledge about these cross sections is available, collision models must be devised.

Basically, collisions between molecules express the non-equilibrium state of the gas.
In hydrodynamics it is this non-equilibrium state that leads to the macroscopic gas
transport properties like thermal conductivity, shear and bulk viscosity (Curtiss, 1967).
Therefore, a common approach is to construct the collision term in such a way that the
different moments of the phase space distribution f(v,r,t), which represent the dynam-
ics of the gas under consideration (e.g., number density, flow velocity, internal energy,
total energy, etc.), reproduce the known values of the transport coefficients (Gombosi,
1994). For the calculation of the transport coefficients of molecular gases, kinetic the-
ories which take the internal degrees of freedom into account have to be used. The
consideration of internal degrees of freedom can thereby be done in several ways.

A classical theory for describing the internal degrees of freedom of a molecule was
first given by Taxman (1958), followed by a quantum mechanical treatment of molecules

with internal degrees of freedom by Wang Chang et al. (1964). They carried the treat-
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ment through to explicit expressions for the transport coefficients in terms of integrals
of the differential cross sections. This treatment, however, is based on an assumed
symmetry property of the differential cross section which is, in general, only true for
non-degenerate molecular states. A more rigorous derivation of the quantum mechan-
ical Boltzmann equation of a gas of rotating molecules was developed by Waldmann
(1957) and Snider (1960).

Based on the linearized Wang-Chang-Uhlenbeck equation, Boley et al. (1972) and Tenti
et al. (1974) described a model for the spectral line shape of scattered radiation, that has
since then widely been applied for the retrieval of optical properties with high spectral
resolution lidar (Esselborn et al., 2008; Hair et al., 2001, 2008) and wind speeds with
Doppler wind lidar (Cézard et al., 2009; Dabas et al., 2008; Rye, 1998). Although the
Tenti S6 model was developed for gases of a single-component molecular species, and
not for gas mixtures such as air, it is considered as the most appropriate model for

atmospheric conditions (Miles et al., 2001; Young and Kattawar, 1983).

2.3.1 Derivation of the Tenti S6 model

The intention of this section is to give an overview of the basic concept of deriving the
Tenti S6 line shape model, which is commonly used to describe the spectra of molecular
scattered light. The complete derivation is given by Boley et al. (1972) and Tenti et al.
(1974).

Starting point for deriving the Tenti S6 line shape model is the kinetic equation by
Wang Chang et al. (1964) (WCU) which delivers a set of equations that describe the

dynamics of the distribution function f;(v,r,t) of each internal state i

o 0 !
(a + Ua) filv,r,t) = Z / / (fefl = fifi) v = vi| o dPvy d) (2.18)
" Q

ki

where the subscript ¢ labels the entire set of quantum numbers necessary to specify the

internal state of the molecule, and df2 is the solid angle element.
The left hand side of the WCU equation is already introduced by Eq. 2.15 (without

considering any acceleration a due to an external force), and the collision term on
the right hand side describes the change in particle number in the considered phase

space. In particular, the collision integral considers the collision between two particles,
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where one particle with velocity v and internal state ¢ transits to state k and velocity
v’ after collision. The second particle has velocity v; and state j before the collision
and transits to state [ and velocity v] after collision. Thereby, the collision cross section
ijl (v,v1,v",v]) depends on the internal energy levels involved in the collision, as well as
on the relative velocity of the two particles. The collision term in Eq. 2.18 involves effects
of elastic collisions, where k = ¢ and [ = j, as well as inelastic collisions, where k # ¢
and [ # j. To get the amount of particle number changes within the considered phase
volume due to collisions, the collision term in Eq. 2.18 is integrated over all velocities v
and all solid angles df2 and additionally summed up over the internal states j, k,[. There
is no summation over 1.

The derivation of the WCU equation follows the same arguments used in the deriva-
tion of the Boltzmann equation. It is based on the assumption that only binary collisions
between two particles are important and that previous collisions do not influence subse-
quent collision probabilities. Furthermore, the WCU equation satisfies the conservation
of mass, momentum, and total energy. As the nonlinear WCU is hard to handle, further

assumptions must be made to end up at a solution of Eq. 2.18:

e As the collisions between molecules only cause small deviations from equilibrium,

fi(v, 7, 1) can be linearized around equilibrium according to
fi(’U, T, t) = nxigzﬁo(v) []. + hi(v, T, t)] (219)

where h;(v,r,t) is the dimensionless deviation from equilibrium, n is the average

number density, x; the average fraction of molecules with internal energy £;® with

exp—FE;/kgT
xTr; =
Yexp—E;/kgT
J

(2.20)

and ¢g(v) is the Maxwell-Boltzmann distribution

Po(v) = (Wiog)w exp (—j—;) (2.21)

e The macroscopic transport properties such as shear viscosity, bulk viscosity and

heat conductivity are determined by the velocity moments of the deviation from

thermal equilibrium h;(v,7,t) (e.g., number density, flow velocity, translational

81t should be noted that there is no consideration of degeneracy of internal energy levels.
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Kl
ij
is not known, the entire collision integral is linearized and constructed such that

temperature (Boley et al., 1972)). As the collision cross section o (v, vy, v, v])
it reproduces the known values of gas transport properties. The complicated and
tedious development of the collision operator J is extensively described by Boley
et al. (1972).

Therefore, the deviations h;(v,r,t) are only small, it is possible to plug Eq. 2.19 into
Eq. 2.18 which leads to

0 0
(g + vg) h=nJh (2.22)

Now, Eq. 2.22 is used to generate a linear system of equations, by expanding h into
eigenfunctions of J. In other words: the microscopic deviations from equilibrium are
defined such that they reproduce the macroscopic transport coefficients, as they are valid
in hydrodynamics.

A line shape model results after truncation of the expansion to six or seven terms.
The Tenti S6 model truncates, as the name implies, the expansion after 6 terms. Though
Boley et al. (1972) first developed a 7 moment model®, they showed that their 6 moment
model provides the superior fit of experimental line shapes. This was recently confirmed
by Vieitez et al. (2010b).

As all combinations of matrix elements which enter into Eq. 2.22 can be expressed
in terms of the gas transport coefficients of shear viscosity 7, bulk viscosity 7,, and
thermal conductivity x, the spectrum calculation contains no adjustable parameter. It

is completely defined by four dimensionless parameters x, y, z, f, according to

w ) = p L 3N B mek
ksvon’ 20 Yine nkp(3/2 + Cint)

(2.23)

where w is the angular frequency of the incident light, p is the gas pressure, ¢, the
internal specific heat per molecule divided by kg, Vint = Cint/(3/2 + Cint), ks is the mag-
nitude of the interacting wave vector (see also Eq. 2.10), and vy = (2kp T/M)(/?) the
most probable thermal velocity (with kg being the Boltzmann’s constant, M the mass

of one molecule and T the gas temperature).

The FORTRAN code which is used to calculate the Tenti S6 model was kindly provided
by Xingguo Pan, and implemented and modified by Willem van de Water (consideration
of temperature dependence of gas transport coefficients). The entire code of the Tenti S6
model can be found in the Appendix C of the PhD thesis by Forkey (1996).

9The 7 moment of Boley et al. (1972) additionally considers the traceless pressure tensor, which is not
considered in their later developed 6 moment model (Tenti et al., 1974).
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2.3.2 Physical limitations of the Tenti S6 model

In the 1960s and 1970s, a handful of line shape models for monoatomic and polyatomic
gases were developed (Boley et al., 1972; Mountain, 1966; Sugawara and Yip, 1967; Tenti
et al., 1974). In contrast to the models for monoatomic gases, the models for polyatomic
gases must additionally consider the internal degrees of freedom of a molecule. Whereas
Sugawara and Yip (1967) used the relaxation frequency of molecules as an adjustable
parameter to achieve accordance between model and experimental data, Tenti et al.
(1974) developed their model without considering any adjustable parameters'®.
Recently, Zheng (2007) theoretically developed a line shape model (Q9 model) which
is based on the Waldmann-Snider equation, and therefore on the correct quantum me-
chanical kinetic theory for a molecular gas (section 2.3). He shows a comparison to the
Tenti model and points out that there is no significant difference between both models
for atmospheric relevant conditions. The Q9 model furthermore enables to calculate
the depolarized part of the scattered light (rotational Raman Q-branch, section 2.2).
However, Zheng makes no comparison to experimental data, which would be needed to

verify if there is an improvement of describing SRB line shapes by using the Q9 model.

As the Tenti model is developed on solid physical background, and as it shows the
best accordance to experimental data obtained in molecular gases (see section 3.1), it
is viewed as the best model to describe the Cabannes line of molecular scattered light
(Young and Kattawar, 1983). However, also the Tenti model has limitations because
of its approximative nature. These limitations affect the application in both, molecular
gases in general, and gas mixtures like air in particular. These limitations and their

possible impacts are discussed in the following.

First to mention is, that the collision integral of the Tenti model is designed to describe
the collisions between molecules of the same species. However, air is a mixture of several
gases and each of the individual components has its own molecular structure and its
own molecular cross section. Moreover, if the different components of the mixture have
different masses, or different collision cross sections, another relaxation mechanism arises
when equilibration of translational energy between the species requires several collision
times. But as air is mainly composed of Ny and Os, which are quite similar molecules

with respect to their structure, mass, and also their transport properties, the impact

10The Tenti model only depends on four dimensionless parameters (Eq. 2.23) which themselves only
depend on gas transport properties.
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of different collision effects is assumed to be small. Anyway, there is an urgent need to
verify this circumstance. For comparing the presented SRB measurements in air (sec-
tion 3.3) to the Tenti S6 model, we will treat air as an "effective" medium, consisting of
molecules with an effective mass whose collisions are parametrized by effective transport
coefficients. The gas transport properties of air, used for Tenti S6 model calculation can
be found in Table A.1.

Secondly, the Tenti model does not account for molecules with degenerate internal states
as they are not considered in the WCU equation (section 2.3.1). Degenerate states in
molecules are shown to have an influence on the transport properties, in particular ther-
mal conductivity and shear viscosity (Senftleben-Beenakker effect), and this may lead
to a change in the SRB line shape. However, as there are only scalar properties of
gas transport properties considered, the influence is assumed to be neglectable (Knaap
and Lallemand, 1975). This assumption is supported by experiments on the Senftleben-
Beenakker effect which show that the electric and magnetic field effects on the scalar

transport coefficients are less than 1 % (Boley et al., 1972).

Thirdly, by deriving the Tenti model one makes use of the fact that the intensity of the
scattered light is proportional to the space-time Fourier transform of the density-density
correlation function (Van Hove, 1954). In particular, this is only true for the coherently
scattered light'!. As previously discussed in section 2.1.2, there is also an unshifted
incoherently scattered part which is due to rotational Raman scattering (Q-branch of
the rotational Raman scattering). This part makes about 0.7 % of the scattered light

intensity and is not considered by the Tenti model.

Fourthly, the Tenti S6 model uses known values of the transport coefficients (shear vis-
cosity, thermal conductivity, heat capacity, bulk viscosity) to parametrize the collision
integral in the linearized WCU equation, and therefore, to describe the spectral distri-
bution of the scattered light. This means that the calculated SRB line shape depends
directly on the accurate knowledge of these transport coefficients. Wakeham (1986) re-
viewed the status of the study of transport properties of polyatomic gases and pointed

out that the shear viscosity as well as the thermal conductivity can be measured with

!1Here, "coherent" means that the light is scattered from "dipoles" which are oscillating in phase, and
therefore, the differential cross section of the scattered light is proportional to N2, where N is the
number of scatterers. The scattering cross section of incoherent scattered light is proportional to V.
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an accuracy of better than 1 % and that data is available for almost all diatomic gases.
In contrast to that, the bulk viscosity determination for molecular gases is quite error-

prone, which leads to a serious shortage in bulk viscosity data (Emanuel, 1990).

The bulk viscosity in a molecular gas quantifies the resistance to rapid compression,
and has its origin in the relaxation of the energy involving internal degrees of freedom
of molecules to a change of the kinetic energy. In case of thermal equilibrium, the in-
ternal and the kinetic temperature are the same, but it may take many collisions to
equilibrate the two. Therefore, the bulk viscosity depends on the structure of a molecule
and is essentially frequency-dependent (Graves and Argrow, 1999; Meador et al., 1996).
Practically, there is only one single measurement technique available for bulk viscos-
ity (Prangsma et al., 1973), which utilizes sound absorption measurements. Using the
classical hydrodynamic theory (Herzfeld et al., 1959), the absorption coefficient o of a
polyatomic gas is given by a combination of the so-called classical contribution a.j, which
is due to thermal conductivity and shear viscosity and the so-called excess contribution

Qexe Which is due to the bulk viscosity,
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where f is the sound frequency, ¢, and ¢, are the specific heats, ¢ the isentropic speed of
sound, and p the density of the medium, 7 the shear and 7, the bulk viscosity, and « the
thermal conductivity. Therefore, the bulk viscosity can be obtained by subtracting the
classical contribution from the total sound absorption intensity. Since the bulk viscosity

112, and since the uncertainties of the

contribution to the total sound absorption is smal
other quantities in Eq. 2.25 (p, n, ¢, f, k) directly act to the uncertainty of n,, this
indirect measurement technique implicates a remarkable inaccuracy. The experimental
errors are found to range up to typically 25 % or even larger (Rah and Eu, 2001).
Whereas these large errors might not play a big role for atmospheric applications
where the y value, and therefore, the sensitivity of the SRB line shape to the bulk
viscosity is small (see section 2.3.3), there will be a remarkable influence on SRB line

shapes at larger y values.

12Using the transport coefficients of air (Table A.1, ¢, = 743kg;—IK and ¢, = 1014kg%<% Qlexe due to bulk
viscosity is about one third of the total sound absorption ayy.-
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This situation is illustrated by simulated SRB line shapes according to the Tenti S6
model for ultraviolet light (A = 355 nm), backscattered (f = 180°) in nitrogen (p =
3000 hPa, T" = 288 K) for different bulk viscosity values (Fig. 2.5). The black line
represents the SRB line shape which is calculated for the reference value of 7, =
1.4 - 10 kgm~!s™! (Witschas et al., 2010), whereas the blue and the red line indi-
cate the SRB line shapes for +£25 % deviation. Thus, they are calculated for n, =
1.05-10%kgm~ts™! and 7, = 1.75- 10" kgm~!s7!, respectively. It gets clearly obvious
that 25 % error in bulk viscosity causes a significant change in line shape, especially at
the spectral position of the Brillouin peaks which are caused from scattering on sound
waves. This error is a large uncertainty in Tenti line shape modeling, especially for larger

y values where the influence of Brillouin scattering is more prominent.
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Figure 2.5: Top: Tenti modeled SRB line shapes in nitrogen (p = 3000 hPa, T = 288 K,
A = 355 nm, 6 = 180°) for different bulk viscosity values. The spectrum which is represented
by the black line is calculated for n, = 1.4 - 1075 kgm~!s~!. The blue and red line represent
SRB line shapes which are calculated for 25 % deviation, that is, 7, = 1.05- 10 ®kgm 15!
and n, = 1.75- 1075 kgm~!s™!, respectively. Curves are normalized to yield unity integrated
intensity. The gas transport parameters that are used for simulation can be found in Ta-
ble A.1. Bottom: The difference between the red and the black line, and the blue and the
black line is given as a percentage deviation compared to the intensity at Afrequency = 0 Hz.

Another problem is that the sound absorption measurements for bulk viscosity determi-
nation are performed at acoustic frequencies up to 10° Hz, while light scattering involves
frequencies which are three orders of magnitude larger. As the bulk viscosity is strongly
frequency dependent (Mountain, 1966), its value at frequencies in the order of GHz must
be considered largely unknown.

For atmospheric applications it is furthermore necessary to investigate to role of water

vapor content in air, which can reach up to 4 vol. % within the atmosphere (e.g., tropical
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conditions with water vapor saturated air, p = 1013 hPa, T = 30° C). Thus, water vapor
might be the largest contributer to air after Ny and O,. Water vapor is known to have a
large and frequency-dependent influence on the damping of sound. According to sound
absorption measurements (Bass et al., 1990), the bulk viscosity of water vapor saturated
air at frequencies in the order of 10 kHz is one order of magnitude larger than that of
dry air. These trends are illustrated in Fig. 2.6 which shows the bulk viscosity for water
vapor saturated air (solid line) and dry air (dashed line) depending on sound frequency,

based on an empirical formula by Bass et al. (1984).
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Figure 2.6: Bulk viscosity 7, of dry air (dashed line) and water saturated air (solid line)
as a function of frequency. The lines represent an empirical formula that is based on sound
absorption measurements with sound frequencies up to 10° Hz by Bass et al. (1984). The
frequency range where sound absorption measurements are performed is indicated by the
blue area. The frequency range relevant for light scattering is indicated by the red area.
The largest frequency considered in the formula is the rotational relaxation frequency of
Ny and Og, after which the bulk viscosity drops to zero. While this might be adequate
for the acoustical frequencies for which this formula was designed, it is unrealistic at sound
frequencies corresponding to optical wavelengths.

The largest frequency considered in the formula used to calculate Fig. 2.6 is the rotational
relaxation frequency of Ny and Os, after which the bulk viscosity drops to zero. While
this might be adequate for the acoustical frequencies for which this formula was designed,
it is unrealistic at sound frequencies corresponding to optical wavelengths. Figure 2.6 also
suggests that the influence of water vapor is restricted to low frequencies; but it should
be realized that the contribution of the relaxation process at much higher frequencies is

not known.
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To confirm that the previously mentioned limitations do only have a minor influence on
the line shape prediction using the Tenti S6 model, a verification with high resolution
experimental data is urgently needed. Therefore, Rayleigh-Brillouin scattering measure-
ments were performed in laboratory (chapter 3) as well as in the "real" atmosphere

(chapter 4) and are additionally used to verify the Tenti S6 model.

2.3.3 Tenti S6 model sensitivity to gas transport parameter

uncertainties

In section 2.3.1 it was pointed out that the Tenti model uses macroscopic gas trans-
port properties to extract information about the microscopic condition of the gas, and
therefore, about the spectrum of the scattered light. For applications which utilize the
spectrum of the scattered light to derive gas properties, it is therefore of special interest
in which way and magnitude the various transport coefficients influence the modeled
line shape. To clarify this topic, a sensitivity analysis for all relevant parameters used
in the Tenti model (T, p, n, ny, ) was performed.

Therefore, a set of Tenti reference spectra S,e¢( f;) was calculated for different y values
relevant for atmospheric applications (0.126, 0.201, 0.376, 0.751, 1.127)'3 and literature
gas transport properties (Table A.1, Fig. 2.7).
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Figure 2.7: SRB reference spectra Sqev(f) for y values of 0.126 (black), 0.201 (top, red),
0.376 (blue), 0.751 (green), 1.127 (orange) used for sensitivity analysis. The spectra are cal-
culated using the Tenti S6 model and literature transport coefficients of nitrogen (Table A.1).
Spectra are normalized to yield equal integrated intensity.

13The values which reach the presented y values are chosen to represent atmospheric conditions, and
are summarized in Table A.2
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These line shapes are compared to Tenti spectra Sqev(f;) which are calculated with
slightly deviated gas transport properties. The deviations were chosen to be in the
order of the uncertainties as they are common for SRB measurements (AT = +1K,
Ap = £10hPa, An = £ 1%of nyet, Anp = £25% of ny,. ., and Ax = £1% of Kyer). For
this analysis, only one single parameter is changed for each comparison. Both S.e(f;)
and Sgey(f;) are simulated for a frequency range of £5 GHz and 1024 points. Therefore
the frequency resolution is 9.77 MHz.

The magnitude of influence is characterized by

ASQ _ (1/N) Z (Sdev({;z‘jef_(firef(fi)) (2.26)

which can be viewed as "the change" of line shape. The result of this comparison
is depicted in Fig. 2.8 for different y parameters and for pressure, temperature, shear

viscosity, bulk viscosity and thermal conductivity deviations.
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Figure 2.8: Tenti model line shape sensitivity to gas transport property variations. The
least square difference according to Eq. 2.26 is calculated using the reference spectra from
Fig. 2.7 and considering deviations in pressure (Ap = 410 hPa), temperature (AT = £ 1 K),
shear viscosity (An = £1% of nyer), bulk viscosity (An, = £1% of np,.,) and thermal
conductivity (Ak = +1% of ker). The result is indicated by black squares, blue circles, red
triangles, green diamonds and yellow stars, respectively.

Whereas the influence of temperature and pressure variations on the line shape is almost
independent of the y parameter, the influence of an uncertainty in transport parameter
knowledge increases for increasing y values. For example, at lidar measurements with

ultraviolet light (y = 0 to 0.4), the influence of the thermal conductivity uncertainty
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is neglectable, as it is leads to a least square difference which is at least three orders
of magnitude smaller than the one of the other parameters. However, uncertainties in
shear and bulk viscosity lead to a least square difference which is in the order of the one
of temperature and pressure uncertainties at y = 0.4. For larger y values, the influence
of a bulk viscosity uncertainty of 25 % is even in the order of a temperature uncertainty
of 1 K.

2.4 Summary

The origin of molecular light scattering mechanisms as well as their impact on the
spectrum of the scattered light were discussed to enable the reader to distinguish between
the effect of Rayleigh-Brillouin scattering mainly investigated in this thesis and other

scattering mechanisms like Raman scattering (section 2.1).
It was pointed out that the differential cross section of Rayleigh-Brillouin scattered

light is 2 to 3 orders of magnitude larger than that of rotational and vibrational-rotational
Raman scattered light, which is one of the main reasons why the Rayleigh-Brillouin

spectrum is preferentially used in atmospheric applications (section 2.2).
Furthermore, it was demonstrated that the line shape of Rayleigh-Brillouin scattered

light sensitively depends on the actual gas condition. In particular, it mainly depends on
the gas temperature and pressure, but also on the gas transport properties like viscosity,
bulk viscosity and thermal conductivity (section 2.3.1). This means that a precise knowl-
edge of these quantities is needed for an accurate description of the Rayleigh-Brillouin
line shape. It is highlighted that this accurate knowledge is not warranted in case of the
bulk viscosity (section 2.3.2).

Additionally, the derivation as well as the limitations of the currently best available
model for describing the Rayleigh-Brillouin line shape in molecular gases (Tenti S6 model
(Tenti et al., 1974)) were discussed (section 2.3) to enable the reader the possibility to see
the strength of the Tenti S6 model, but also to demonstrate that there are some points
which urgently have to be investigated before using the Tenti S6 model in atmospheric

applications without any doubt.
The main goal of this thesis is therefore to perform Rayleigh-Brillouin experiments

that lead to highly resolved Rayleigh-Brillouin line shapes which enable an accurate
validation of the Tenti S6 model, and thus, the verification if the discussed limitations

are significant and crucial for atmospheric applications.



Chapter 3

Investigation of spontaneous
Rayleigh-Brillouin scattering of
ultraviolet light in No, dry and humid

alr in laboratory experiments

3.1 Introduction

Atmospheric lidar techniques for the measurement of wind (Dabas et al., 2008; Gentry
et al., 2000; McGill et al., 1997b; Reitebuch et al., 2009), temperature (Liu et al., 2009b;
Shimizu et al., 1986), and aerosols (Eloranta, 2005; Esselborn et al., 2008; Fiocco and
DeWolf, 1968; Liu et al., 2009a) as well as non-intrusive measurement techniques for
temperature, density (Elliott et al., 2001), and bulk velocity (Seasholtz et al., 1997) in
gas flows rely on the exact knowledge of the spectral line shape (Cabannes line) of the
scattered light. The best model which is available to describe this spectral line shape is
the Tenti S6 model (section 2.3). However, the Tenti model implies general limitations
because of its approximative derivation as well as limitations for the application of de-
scribing line shapes of light scattered in gas mixtures such as air (section 2.3.2). Though
the Tenti model is used to describe the line shape of scattered light in atmospheric ap-
plications (Dabas et al., 2008; Liu et al., 2009a,b; Reitebuch et al., 2009), this approach

has not been validated with measurements in air.

The first spontaneous Rayleigh-Brillouin (SRB) scattering experiments in molecular and
noble gases were performed in the 1960s and 1970s, as the invention of the laser and the
improvement of Fabry-Perot interferometers (FPI) provided the frequency resolution

which is needed to resolve the Cabannes line of molecular scattered light. The main
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objectives of these measurements were to use the experimental data to obtain information
about the molecular velocity distribution function, and therefore, about the dynamics in
fluids and gases, and to test the validity of various theoretical solutions of the Boltzmann
equation (Eq. 2.15) (Boley et al., 1972; Mountain, 1966; Sugawara and Yip, 1967; Tenti
et al., 1974). The basic concept of these measurements is to send laser light through a
gas sample, collect the scattered light at a certain angle, and resolve the spectrum of
the scattered light using a FPI and a photomultiplier tube.

Greytak and Benedek (1966) used a frequency stabilized He-Ne laser (A = 632.8 nm,
P = 0.6 mW) to investigate SRB scattering of several gases (Ar, Xe, Ny, CHy and CO,)
at room temperature and atmospheric pressure. They observed the scattered light at
angles of 10.6°, 22.9° and 169.4° and resolved the spectrum using both a plan parallel
FPI (Afpwam = 1563 MHz, T'rsg = 5 GHz), and a spherical FPI (Afpwyv = 28 MHz,
I'rsr = 0.75 GHz). They used their data to obtain the velocity of sound in the mentioned
gases by comparing their measured SRB line shapes to the hydrodynamic line shape
model by Mountain (1966).

Hara et al. (1971) investigated the SRB spectrum of the three isotopic variants of
hydrogen (Hy, HD and Dj) at room temperature, and a scattering angle of 90°. They
used a He-Ne laser (A = 632.8 nm, P = 15 mW) and a pressure scanned, plan-parallel
FPI (I'psr = 15 GHz and Afpwiym = 300 MHz for Hy experiments, and I'rsg = 10 GHz
and Afpwpyv = 200 MHz for HD and Dy experiments), and derived the velocity of sound
by comparing the measured SRB line shapes to the hydrodynamic model by Mountain
(1966). They furthermore showed a good agreement between the measured SRB line
shapes in the kinetic regime (y < 1) and the kinetic model by Sugawara and Yip (1967),
however, they did not quantify this agreement.

Sandoval and Armstrong (1976) studied Rayleigh-Brillouin scattering in Ny at room
temperature and pressures between 1 hPa and 881 hPa using a He-Ne laser (A =
632.8 nm). The scattering angle was 15°. Thus, the measured SRB line shapes cover
the Knudsen regime (y = 0.007), the kinetic regime (y = 0.55 to 1.50), as well as the
hydrodynamic regime (y = 4.39). They used a piezo-electrically scanned spherical FPI
(Afpwam = 40 MHz) for resolving the SRB line shapes, compared them to the line
shape model by Sugawara and Yip (1967) and observed remarkable differences between
model and measurement. These differences are only visible within the figures, but are
not quantitatively demonstrated.

Lao et al. (1976) investigated SRB scattering in a number of gases (N3, COq, CoFy,
CoHg) and a He-Kr mixture at various pressures (100 hPa to 22000 hPa) and room
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temperature. They used a Ar-ion laser (A = 514.5 nm, P = 500 mW), scattering angles
of 60° and 90° and a piezo-electrically scanned FPI (Afpway = 31 MHz, T'rsg = 2 GHz)
in their setup. The measured spectra were analyzed with the hydrodynamic line shape
model by Mountain (1966) and Weinberg et al. (1973). Furthermore, they used one of
their Ny measurements (6 = 60°, T = 302 K, y = 11.2) in the hydrodynamic regime
to compare it to the Tenti S6 model (Tenti et al., 1974) and showed a good agree-
ment between measurement and model. But they did not verify this agreement by any
significance test and did not show a residual between measurement and model.

Ghaem-Maghami and May (1980) investigated the SRB spectrum in both the kinetic
and the hydrodynamic regime of the noble gases He, Ne, and Ar by using an Ar-ion
laser (A = 514.5 nm, P = 500 mW), and a scattering angle of 90°. They used the
measured SRB line shapes to investigate the accuracy of line shape scaling by using the
dimensionless parameters x and y (section 2.3.1, Eq. 2.23) and found that, in the kinetic
regime, the spectra can be scaled to the 3 % accuracy level.

Lock et al. (1992) used an Ar-ion laser (A = 514.5 nm, P = 400 mW) and a plan par-
allel FPI to investigate SRB scattering in Ny at room temperature and 600 K (6 = 90°).
In contrast to the previously mentioned experiments, they used a CCD camera and the
fringe-imaging technique for detecting the light passing through the FPI. Though they
compared their Ny measurements to the Tenti S6 model, they did not show any of the
measured spectra. They concluded that the temperature determination by fitting the
Tenti S6 model to the measured line shape has an accuracy of about 10 %.

SRB scattering experiments on binary gas mixtures of noble gases and mixtures of He
with Hy and Dy were done by Letamendia et al. (1981, 1982). They used a Ar-ion laser
(A = 514.5 nm, P = 800 mW), a piezo-electrically scanned FPI (Afpwny = 20 MHz,
I'rsg = 1 GHz), and scattering angles varying between 30° and 150°. They compared
their measurements to hydrodynamic and kinetic line shape models they developed by
themselves, and pointed out that the description of the SRB line shapes obtained in gas

mixtures is quite dubious.

In connection to SRB scattering a quite recent measurement technique proposed by She
et al. (1983, 1985) and termed stimulated, or coherent Rayleigh-Brillouin (CRB) scatter-
ing might be mentioned. At CRB scattering, the density fluctuations that are responsible
for light scattering are not spontaneous due to the random thermal motion of molecules,
but are induced by optical dipole forces using two crossing laser beams (Pan et al.,
2004b; She et al., 1983). As the density fluctuations at CRB scattering are caused by an
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external dipole force which directly acts to the molecular dynamics (see also Eq. 2.15),
the CRB line shape differs from the SRB line shape (for otherwise identical conditions).
Grinstead and Barker (2000) experimentally determined the CRB line shape in Ny in
the Knudsen regime (p = 6.6 kPa, T = 208 K), whereas Pan et al. performed mea-
surements in several gases (Ar, Kr, CO, Ny, Oy) at room temperature and various
pressures representing the kinetic regime (Pan et al., 2005, 2002, 2004b). Pan et al.
(2004b) also developed a model based on the same assumptions as those of the Tenti

model (but for CRB line shapes)!, and showed a good agreement to their measurements.

Anyway, none of the previously performed SRB measurements on Ny at atmospheric
conditions (e.g. y ~ 0.1 to 1.1 for standard atmospheric conditions (US Standard At-
mosphere, 1976), A = 355 to 1064 nm, 6§ = 180°) were compared to the Tenti S6 model,
and no SRB measurements have yet been performed on air as a gas mixture. In order
to quantify precisely the line shape of light scattering in air, there is an urgent need
for precise data and validation of commonly used line shape models, i.e., the Tenti S6
model. In addition, the influence of water molecules on the line shape has to be investi-
gated, as water vapor is the most relevant air constituent among Ny and O, within the
lower troposphere. In the past, Bass et al. (1990, 1995, 1996) demonstrated that water
molecules have a very large influence on sound damping at frequencies from 10 Hz to
100 kHz. As sound waves are the origin of the Brillouin scattering mechanism, it is a
question whether this influence extends to the GHz frequency range which is relevant

for light scattering (section 2.3.2).

In this chapter, high-precision Rayleigh-Brillouin scattering experiments on Ny as well as
on dry and water vapor-saturated air are presented and used to investigate the accuracy
of the Tenti S6 model®. In contrast to earlier Rayleigh-Brillouin scattering experiments
in the visible spectral region, these measurements are performed in the ultraviolet, which
is widely used for direct-detection DWL (Gentry et al., 2000; Reitebuch et al., 2009) in-
cluding the lidar on ADM-Aeolus (European Space Agency, 2008) and the HSRL on
EarthCARE (European Space Agency, 2004) which use a wavelength of 355 nm. For

technical reasons the present study employs a wavelength of 366 nm and a scattering

1Pan et al. also use the linearized WCU for the derivation of their CRB line shape model. In contrary
to the Tenti model used for SRB line shapes, they also have to consider an acceleration to the
molecules, caused by the optical dipole force of the two crossing laser beams, in the linearized
Boltzmann equation (Eq.2.15). The precise description of their CRB line shape model development
can be found in (Pan et al., 2004b).

2Parts of this chapter are already partly published in Witschas et al. (2010).
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angle of 90° (section 3.2.1). In view of the relatively small wavelength difference the
obtained results should, after scaling for the wavelength, be applicable for the case of
355 nm, and probably also for other laser wavelengths. However, the frequency depen-
dence of the bulk viscosity (section 3.3.1) should be investigated in that case. Further-
more, the obtained results are also scalable to other scattering angles, temperatures and
pressures by the y-parameter (Eq. 2.14), for instance 180° as used in lidar measure-
ments. However, the temperature dependence of the gas transport coefficients has to be

considered in the latter case.

3.2 Experimental details

3.2.1 Setup

A block diagram of the experimental setup designed and arranged by Vieitez et al. (Vieitez
et al., 2010a) at Vrije Universiteit Amsterdam is shown in Fig. 3.1.
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Figure 3.1: Schematic diagram of the experimental setup: red: Ti:Sa laser beam (732 nm);
dark blue: UV beam (366 nm); light blue: scattered radiation; green: reference beam (~ 1 %
of the main UV beam intensity); L,: lenses; M,: mirrors; P,: pinholes; PD: photo diode;
PZT: piezo-electrical translator; SC: scattering cell; SHG: second harmonic generation;
PM: photo multiplier; DAQ: data acquisition; HCS: Hénsch-Couillaud stabilization scheme;
FPI: Fabry-Perot interferometer. Detailed description of the setup is given in the text.

The measured line shape of scattered radiation is the result of the convolution of the
molecular spectral line shape and the instrument function, which itself is the result of

the convolution of the line width function of the laser and the transmission function of
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the Fabry-Perot interferometer. To avoid an influence of the laser bandwidth on the
detected signal, a narrowband, continuous-wave, single longitudinal mode laser is used.
The laser is a titanium sapphire laser (Fig. 3.1, Ti:Sa, red line) which is pumped by a
frequency doubled Nd:YVO, laser (Millennia), delivering single-mode continuous wave
radiation at 732 nm wavelength with an output power of 1.5 W. The laser bandwidth is
1 MHz (at 732 nm) and the long-term frequency drift was measured with a wavelength
meter (Atos - LM-007) to be smaller than 10 MHz per hour (at 732 nm).

To reach the desired UV radiation, the frequency of the Ti:Sa laser light is doubled
in a non-linear optical crystal (second harmonic generation, Fig. 3.1, SHG). Therefore,
the conversion efficiency in the frequency doubling process of continuous wave radiation
is only a small number between 1075 and 1072 (Cruz and Cruz, 2007), the crystal is
placed in a bow-tie shaped enhancement cavity to increase the arising UV power. In
principle, the enhancement cavity ensures that the light wave travels many round trips,
and therefore, the power inside the cavity enhances 10-20 times, depending on the mirror
reflectivities and absorption losses. The enhancement cavity length is thereby controlled
and locked using the Hénsch-Couillaud stabilization technique (H&nsch and Couillaud,
1980). After second harmonic generation (Fig. 3.1, SHG), laser light with a wavelength
of 366.5 nm, 2 MHz linewidth and a power of 400 mW is obtained (Fig. 3.1, dark blue
line).

The UV beam is split by a high reflecting mirror (Fig. 3.1, M;) in a way that 99 %
of the beam is directed to the enhancement cavity where the scattering experiment is
performed, whereas 1 % of the UV light leaking through the mirror is used as a reference
beam (Fig. 3.1, green line), which itself is used to align the setup. The reference beam is
spatially frequency filtered using lens Ly and Ly (f = 10 cm) and pinhole Py (d = 65 um).
Lens Ls (f = 20 cm) is used to focus the reference beam spatially in the same position as
the main beam, which is the center of the scattering cell (Fig. 3.1, SC). The main beam is
directed through the mode matching lens Lgc (f = 40 cm) into the enhancement cavity,
where the scattering cell is placed inside. The mode matching lens thereby ensures that
the phase fronts of the laser beam match to the confocal cavity, which is held resonant by
the Hansch-Couillaud stabilization (HCS) technique (Fig. 3.1, HCS). The HCS utilizes
changes in the polarization of the reflected light of the cavity to generate an error signal
which can be used to lock and control the cavity length (Hénsch and Couillaud, 1980).
The scattering cell is a 2.0 mm diameter and 52 mm long aluminum tube with Brewster
angled input and output windows which prevent the amplification of the UV circulating

power. The amplification reaches a factor of about 10, and hence a power level of 4 W
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at 366.5 nm is achieved. The photo diode (Fig. 3.1, PD), used to measure the intensity
of the light which is leaking through one of the confocal cavity mirrors, delivers a signal
which is proportional to the laser light intensity inside the cavity.

The SRB-scattered light (Fig. 3.1, light blue line) is collected by lens Ly at an an-
gle of 90° from an auxiliary focus inside the scattering cell, after it is filtered by the
diaphragm (Fig. 3.1, P¢) which covers an opening angle of 2°. The scattering angle is
calculated to be [90 & 0.6]° by means of geometrical relations using the sets of diaphragms
and pinholes present in the optical setup. It is collimated and further geometrically fil-
tered by lenses Ls and Lg and pinhole Py (d = 50 pm) to generate a geometrical shape
of the beam of the scattered light which is accepted by the Fabry-Perot interferome-
ter (Fig. 3.1, FPI). After that, the light is focused by lens Lgp (f = 50 mm) onto the
flat mirror (Fig. 3.1, My) of the scanning FPI, which is used to resolve the frequency
spectrum of the scattered light. The FPI is built as a hemispherical version of a con-
focal etalon, which means that it is composed of one spherical (Fig. 3.1, M3) and one
plane mirror (My) (Hernandez, 1986). To scan the FPI plate distance, the spherical
mirror is mounted on a piezo-electrical translator (Fig. 3.1, PZT) which is controlled
by a computer (Fig. 3.1, DAQ). Despite the lower light gathering in comparison to a
plane parallel FPI (composed of two plane mirrors), the hemispherical configuration was
chosen because of its insensitivity to small changes in tilt and orientation which can
occur during scanning.

The light that passes through the FPI is detected using a photomultiplier tube (PMT,
Philips-XP2020/Q) that is operated in photon-counting mode and read out by the DAQ.

To prevent contamination on the mirrors that could lead to absorption of UV light,
the enhancement cavity, as well as the FPI is flushed with nitrogen.

To measure and monitor temperature, pressure and humidity of the gas under in-
vestigation several measurement devices are mounted in the system. The pressure is
measured with two different baratrons, an active capacitive transmitter (Pfeiffer-CMR
271) for pressure values between 100 hPa and 1000 hPa, delivering an accuracy of 0.15 %
of the measured pressure value, and an active piezo transmitter (Pfeiffer-APR 266) for
pressure values between 1000 hPa and 11000 hPa, delivering an accuracy of 2 % for the
full allowed measurement range. The temperature is measured with a thermo-resistor
Pt100 delivering an accuracy of £0.5 K of the measured temperatures, and the humid-
ity is measured with a monolithic integrated circuit with integral thermistor (Honeywell
HIH-4602) delivering an accuracy of 3.5 % of the measured relative humidity value. For

completeness, the main setup up parameters are summarized in Table 3.1.
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Table 3.1: System parameters of the laboratory SRB experiment

Instrument Parameter Value

Laser wavelength 366.5 nm
power 400 mW /4 W
operation mode continuous wave
line width 2 MHz

FPI I'esr [7440 + 40| MHz

Detector photomultiplier photon counting

3.2.2 The instrument function

The measured frequency spectrum is the convolution of the spectrum of the scattered
light and the instrument function of the system. This means that an accurate knowledge
of the instrument function is needed to derive the actual line shape of the scattered
light. Therefore, a narrowband laser is used as light source, the instrument function
of the system is mainly determined by the FPI which is used to resolve the frequency
spectrum. The used interferometer in this setup is a piezo-scanning, hemispherical FPI
(section 3.2.1). The characteristics of a hemispherical FPI are the same as those of
a confocal FPI with double mirror separation, however, they are different to those of
a plane parallel FPI with equal mirror reflectivities and plate separation (Hernandez,
1986). In particular, the free spectral range of the hemispherical FPI is one fourth of
those of a plan parallel FPI with the same mirror reflectivities and separation.

The intensity transmission curve A(f) of an ideal FPI (axially parallel beam of rays,
mirrors perfectly parallel to each other, mirrors of infinite size, mirrors without any

defects) is expressed by the Airy function according to (Hernandez, 1986; Vaughan,

1989)
2Trsr @ -
14+ | ————=— ) sin? ( ) 3.1
<7T AfFWHM) FFSRf ] (3-1)

where [ is the intensity transmission maximum, ['rsg is the free spectral range, and

-A(f):[o

Afpwawm the full width at half maximum of the transmission curve. I'psr, which is
the spectral distance between two intensity maxima, depends on the velocity of light ¢,
the mirror separation d, and the index of refraction n between the mirrors. For a

hemispherical FPI, it is
c

8nd

I'psr = (3.2)
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With n =~ 1 and d = 5 mm, the I'rsg of the hemispherical FPI is 7.5 GHz, and therefore,
it is large enough to resolve the spectrum of molecular scattered light in the kinetic
regime, whose FWHM is expected to be 3-4 GHz for a laser wavelength of 366 nm,

pressure values between 300 hPa and 3000 hPa, and temperatures of about 300 K.
The exact I'psp was measured to be [7440 + 40] MHz. The Afpwyyv was determined

with Eq. 3.1 as [232 £ 10] MHz using a fit to the measured transmission curve (Fig. 3.2).
Throughout this chapter, A(f) is used to convolve it with the Tenti S6 model spectra

before comparing it to the measurement data.
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Figure 3.2: Transmission curve of the hemispherical Fabry-Perot interferometer (FPI) ver-
sus frequency, obtained with the narrowband reference laser and scanning the FPI plate
separation (black dots), showing 3 complete free spectral ranges (I'rsr) and details of the
instrument function (inset). The red line represents the best fit of Eq. 3.1 to the measurement
leading to FFSR = 7440 MHz and AfFWHM = 232 MHz.

As obvious from Fig. 3.2, the measured transmission curve of the FPI is very well
described by the ideal Airy-function (3.1). Plate defects and others disturbances seem
to have no remarkable influence on the transmission curve. This circumstance is different

for the plane parallel FPI which is used for atmospheric measurements (chapter 4).

3.2.3 Investigation of stray light

In order to quantify precisely the line shape of SRB scattered light, it is necessary to
make sure that the detected light is solely due to scattering on molecules, excluding any

stray light which can originate from scattering at optics and particles within the setup.
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To assure the absence of stray light within the detected signal, measurements with an
evacuated scattering cell (Fig. 3.3, left) and a scattering cell filled with 1000 hPa of
nitrogen (Fig. 3.3, right) were performed for three different cases (Fig. 3.3, symbols).
Thereby, the scattered light was directly recorded with the PMT, without being filtered
by the FPIL.
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Figure 3.3: Average and standard deviation of the detected photomultiplier signal (counts/s,
log-scale, measurement, without using the FPI for filtering purpose) for three cases for inves-
tigating the existence of stray light in an evacuated scattering cell (left) and with a scattering
cell filled with 1000 hPa of nitrogen (N3) (right). The first case depicts the measured counts/s
in case of a closed PMT, and therefore indicates the amount of dark counts. The second case
shows the detected counts/s in case of an open PMT and an unlocked enhancement cavity.
The third case shows the detected counts/s in case of a locked enhancement cavity and an
open PMT.

The first case, gives the number of detected photons per second, when the PMT is
optically closed (Fig. 3.3, squares). Therefore, this is the amount of dark counts which
are caused by thermionic emission of the photo cathode. The measured dark counts are
[119 £ 13| counts/s in case of the evacuated cell and [136 £ 12| counts/s in case of the
Ny, filled cell. The slight difference in detected dark counts shows that there is a day to
day variation in dark count detection of about 20 counts/s.

The second case gives the number of detected photons per second when the PMT
is open, and the laser passes the scattering cell, but with an unlocked enhancement
cavity (Fig. 3.3, triangles). Therefore, the laser power within the cell is about 400 mW
instead of about 4 W in case when the enhancement cavity is locked. For both mea-
surements, the one with the evacuated cell and the one with the nitrogen filled cell, a
slight increase in detected photons is obvious. Whereas the amount of detected photons
is [124 + 12| counts/s in case of the evacuated cell, it is [165 £ 14] counts/s in case
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of the cell filled with Ny. For the evacuated cell, the increase in the detected signal is
therefore within the uncertainty of detected counts.

The third case shows the same situation as the second one, but with the enhancement
cavity locked (Fig. 3.3, circles). It can clearly be seen that the detected signal is dra-
matically increased for the filled scattering cell ([1651 £ 86] counts/s), whereas it almost
stays constant in case of the evacuated cell ([136 £+ 11] counts/s). In case of the filled
cell, the detected counts increase by a factor of 10 (from 165 counts/s to 1651 counts/s),

which is due to the laser power amplification within the enhancement cavity.

In summary, although a lot of effort was made to optically cover the PMT from stray
light, it can not totally be excluded to be present in the detected signal. The increase
in detected photons in case of an evacuated cell and a locked enhancement cavity is
17 counts/s, which is still within the uncertainty of the detected counts, i.e, = 13 counts/s
in case of the evacuated cell. The signal strength for a common scattering experiment
is in the order of 1500 counts/s (i.e., Fig. 3.3, right, triangle). This means that it
can be assured that the contribution of stray light to the detected signal is not more
than in the order of 1 %. Furthermore it should be noted that when the stray light is
caused by fluorescence which is excited due to the UV light, it has a broad band spectral
distribution. Therefore, the contribution to the detected signal will act more like a
background signal which can be corrected within a calibration procedure (section 3.2.5).
However, as the signal of possibly available stray light is only a few counts/s, it is too

weak to be spectrally resolved using an interferometer.

3.2.4 Measurement procedure

Before performing a line shape measurement, the scattering cell was evacuated and
purged with the working gas, before being charged to the desired pressure, to avoid any
contamination from gases of previous measurements. The temperature for all measure-
ments ranged between 295 K and 303 K. Pressures between 300 hPa and 3500 hPa were
applied. The gas representative for air was a synthetic mixture of 79 vol. % Ns and
21 vol. % Os without considering the 1 vol. % Ar or any other trace gases as COo, CHy,
which are present in atmospheric air.

To resolve the SRB spectrum of the scattered light, the FPI cavity length is changed
by applying a voltage ramp to the PZT on which the curved FPI mirror is mounted.
Additionally, the photons which are transmitted through the FPI are detected by a
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PMT. To clarify the measurement procedure, the signal of the PMT, depending on the
PZT scan voltage, is illustrated in Fig. 3.4 for an example of SRB scattered ultraviolet
light (A = 366.510 nm) in air (T = 298 K, P = 300 hPa). The components of the raw
signal and their further processing are discussed as follows.

Before detecting the photons of the scattered light, the PMT is kept optically closed
to determine its dark counts (section 3.2.3), which have to be subtracted from the
detected signal to obtain the desired measurement data. The average of dark counts
determined with this procedure is indicated by the red line in Fig. 3.4. It can be seen
that the signal between each detected SRB spectrum reaches the dark count level, and
therefore, it is assured that the different spectra do not overlap. The slight nonlinearity
of the response of the PZT is responsible for a varying distance between the modes after
scanning several FSR. This nonlinearity has to be corrected by calibration. Apart from
the photon counter signal and the PZT scan voltage, a signal which is proportional to
the intensity of the the laser inside the scattering cell is recorded (Fig. 3.4, bottom, black
line) with a photo diode (Fig. 3.1, PD). This allows for corrections of the intensity of

the scattered light for laser power long-term drifts.
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Figure 3.4: Top, blue line: Raw signal of the photomultiplier [counts/s| versus scan voltage,
obtained in air (T = 298 K, P = 300 hPa). The average dark count level of the photomultiplier
obtained before starting the measurement is indicated with a red line. Bottom, black line:
Photo diode signal which is proportional to the laser intensity inside the enhancement cavity.
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3.2.5 Frequency calibration and spectral averaging

The raw signal (Fig. 3.4) contains the intensity of the scattered light depending on
the scan voltage which drives the piezo PZT of the FPI. This scan voltage has to be
converted into a frequency, to obtain the spectral line shape which can additionally be
compared to Tenti S6 model. For that purpose, the properties of the FPI which define
the instrument function of the measurement device are used. The FSR of the FPI has
been measured to be 7440 MHz, and therefore, the spectral distance between the peaks
of the scattered light in the raw signal are also separated by 7440 MHz. Using this
information, the piezo scan voltage can be converted into a relative frequency axis.

If this frequency calibration is done, the signal of several peaks - which are obtained by
scanning the FPI - is averaged to get a better signal to noise ratio in the measured SRB
line shape. This procedure is possible, as the peaks in the raw signal only differ slightly
in intensity but provide the same width and line shape. Even at low pressures of 300 hPa,
where the total scattering intensity is small due to the small amount of molecules within
the scattering volume, a quantitative comparison to the Tenti S6 model is enabled due
to the good signal to noise ratio of the averaged SRB line shapes. This circumstance is
illustrated in Fig. 3.5, which shows the raw PMT signal of a single peak (left) and the
averaged signal over 12 peaks (right).

H T (&

intensity [a.u.]

058 060 062 064 066 4 T3 2 4 0 1 2 3 4
scan voltage [V] A frequency [GHZz]
Figure 3.5: Measured SRB line shape of light scattered in air (p = 300 hPa, T' = 298 K,

A = 366.510 nm, # = 90°). (a) Raw signal for one single peak, and (b) Line shape after
averaging over 12 peaks.
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3.2.6 Comparison of measurement data to the Tenti S6 model

The measured SRB line shape of the scattered radiation is the result of the convolution
of the molecular spectral line shape and the instrument function, which itself is mainly
determined by the transmission function A(f) of the FPI (section 3.2.2). Therefore, all
modeled Tenti S6 line shapes are convolved with A(f) (Eq. 3.1) before being compared
to the measured SRB line shapes (Fig. 3.6). The resulting modeled line shape after

convolution is subsequently called I, (f).
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Figure 3.6: Simulated SRB line shape for air (T = 300 K, p = 1000 hPa, transport coeffi-
cients from Table A.1) using the Tenti S6 model (black line), the instrument function A(f)
(Eq. 3.1, T'rsg = 7440 MHz, Afpwam = 232 MHz, blue line), and the convolution of both
(red line).

As the light-scattering experiments do not provide an absolute intensity, it is necessary to
normalize the experimental and the modeled spectra. Therefore, the integrated intensity
of the spectra might be equal, the experimental spectra I.(f) as well as the modeled

spectra Iy, (f) were normalized such that

fo
JRGEE (33)
—Jo

Ideally, the bounds f;, of the integration should be such that the intensity is zero at
f = f», however, the FSR of the etalon is not much larger than the width of the measured

spectra. Therefore, f, = frn/2 is used in the normalization.
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Furthermore, it is necessary to subtract the signal background I, from the raw measured
spectrum I, (f) before normalization of I.(f) = I, (f) — Ie,-

only the dark current of the photomultiplier. It also contains a small contribution I}

It turns out that I, is not

of broadband fluorescence of the cell windows. Therefore, it was decided to correct
the model spectra I,,(f) for this poorly known background contribution, by setting
In(f) = al.(f) — I,, and determining I/ and the proportionality constant a in a least
squares procedure for the wings of the spectra. If the measured spectra had the correct

background, then the 2 constants would have the values a = 1 and I} = 0.
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Figure 3.7: Principle of background correction caused by broadband fluorescence of the cell windows:
Measured (black dots) and modeled (red line) SRB line shape in Ny (p = 2000 hPa, T = 295.5 K)
before (a) and after (c) background correction. Details of the wing intensity are depicted by the inset.
The least squares procedure used to determine the background contribution I and its proportionality
constant a is shown in (b). Here, the intensity of modeled spectrum is plotted against the intensity of
the measured spectrum. Intensities smaller than max(/,,)/4, indicated by the light blue area, are used
as input the linear fit. The resulting fit parameter are a = 1.021 4 0.004 and I/ = —0.031 + 0.001.
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The wings of the spectra were defined as frequencies such that I, (f) < max(1l,,)/4. The
corrected model spectrum I (f) = In(f) + I, was then normalized again such that

fl}b Il (f) df = 1. This procedure gives a small but perceptible change of the back-
ground intensity; it increases the wing intensity In,(frpe:/2) by approximately 25 %.
In conclusion, in comparing experimental to model line shapes, both the offset and the
scale of the vertical axis of the experimental result are chosen to match that of the model

spectrum. The procedure of background correction is visualized in Fig. 3.7.

After background correction and normalization, the accordance between measured SRB

line shapes and Tenti S6 model is quantified in several ways:

e By assuming Poisson statistics of the collected photon counts N, it is possible to
arrive at an estimate of the statistical error on(f;) = VAN at each (discrete) fre-
quency f; of the data. Thus, it is possible to define the normalized difference AI( f;)

between modeled spectrum I,,,(f) and experimental spectrum I,(f) according to

Ln(fi) — Le(f2)
a(fi)

This is important as the number of photons collected for each spectrum varies and

AI(f) = (3.4)

is typically smallest at the lowest pressures where the total scattering cross section
is small due to the small amount of molecules within the scattering volume. If
there is no systematic difference between model and measurements, then AI(f;)

would be constant and randomly varying around 1 over the entire frequency range.

e To determine the quality of the accordance between model line shape I, and

experimental line shape I, a x* value is defined according to (Hoel et al., 1962)

X2 _ (1/N) Z (]m(flo)-(;z)le<fz)> (35)

That is, if the computed line shape model I, fits perfectly to the measured line
shape I, only the statistical error ¢ remains in the numerator of Eq. 3.5. This
case defines the minimum y? value to be unity, and increasing x? values can be

thought of as corresponding to increasingly poor model agreement.
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e The residual between measurement and model is plotted below each graph, and is
calculated as a percentage deviation with respect to peak intensity of the modeled

line shape I,,(f1,,..) according to

In(fi) = 1e(fi)
In(frmas)

residual = -100 % (3.6)

Furthermore , the uncertainties of the experimental quantities (T, p, 6, section 3.2.1)
are considered by calculating "worst-case" Tenti S6 line shapes for each comparison.
Thereby, the worst case line shapes are defined by the minimal and maximal possible

y parameter (Ymin and ypay) according to

i — (» — Ap) ‘
T sin(ZA) T+ AT

A
O and g = —PHAD)

sin(&22) /T — AT .

c. (3.7)

where C' = /M /(2 k; v/2kgn) (all quantities defined with Eq. 2.14), and AT = 0.6 K
and Af = £0.6° are the uncertainties in temperature and scattering angle, respectively.
The uncertainty in pressure is Ap = £ 0.15 % for pressures between 0 hPa and 1000 hPa,
and Ap = + 2 % for pressures between 1000 hPa and 10000 hPa. Thus, the measurement
is compared not only to a single line shape, but to a line shape ensemble which is given
by the uncertainties of the experimental quantities.

The uncertainty of the description of the instrument function (I'esg = [7440 £ 40] MHz
and Afpwiy = [232 £ 10] MHz) is thereby indirectly considered by an additional tem-
perature uncertainty of +0.1 K (uncertainty of the Pt100 is £0.5 K). By assuming a
Gaussian SRB line shape with a FWHM Afggg = 3.75 GHz (Eq. 2.16 and Eq. 2.17,
T =295 K, A = 366 nm, M,;, = 28.8 g/mol) and an instrument function with a Gaus-
sian line shape with FWHM Afpp; = 0.23 GHz, the FWHM Af.,,, of the convolution of
both can be calculated according Afe,n, = ((Afsrp)? + (Afppr)?)1/2) = 3.76 GHz. This
enables the estimation of the influence of the instrument function uncertainty, compared
to the influence of the temperature uncertainty. It can be shown that an additional
temperature uncertainty of 0.1 K has the same influence on the SRB line shape as
the uncertainty in FPI line width of 10 MHz. Therefore, the temperature uncertainty
of 0.6 K, which is used for "worst-case" line shape calculation, already contains the

uncertainty of instrument function quantities.
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3.3 Discussion of experimental results

3.3.1 Determination of the bulk viscosity

In section 2.3.1 it was pointed out that the Tenti S6 model uses macroscopic gas trans-
port parameter (shear viscosity, thermal conductivity, heat capacity, bulk viscosity) to
parametrize the collision integral in the linearized WCU equation, in order to describe
the spectral distribution of the molecular scattered light. However, as discussed in sec-
tion 2.3.2, there is a serious shortage in bulk viscosity data for molecular gases, which is
due to the error-prone indirect measurement technique used for bulk viscosity determi-
nation. Another problem is that the sound absorption measurements for bulk viscosity
determination are performed at acoustic frequencies (up to 10° Hz), while light scattering
involves frequencies which are three orders of magnitude larger. As the bulk viscosity is
strongly frequency dependent (Graves and Argrow, 1999; Meador et al., 1996; Mountain,

1966), its value at frequencies in the order of GHz must be considered largely unknown.

In order to deal with this subject, a procedure which was already introduced by Pan
et al. (2005, 2004a) was used to determine a value for the bulk viscosity 7,. At high
pressures of p = 3000 hPa, the influence of Brillouin scattering on the spectrum is
large, and therefore, its sensitivity to the used value of 7, in the S6 model is large
(section 2.3.3). Thus, these pressures define a value of 1, at frequencies of about 1.3 GHz,
where the S6 model fits the experiment best. By calculating the x? value (Eq. 3.5)
between measured and modeled SRB line shapes which are calculated for bulk viscosities
of 1.0-107°kgm~1s7! t0 1.0- 10" kgm~!s7!, a best fitting bulk viscosity can be obtained
at the x? minimum (x?,,)-

It is worth mentioning that it is difficult to estimate the statistical uncertainty of
the obtained bulk viscosity values. As described by Vieitez et al. (2010b), it is possible
to estimate the statistical error in the determined bulk viscosity by using a maximum
likelihood argument. Doing so, the statistical error is determined by the curvature at
X’min and is in the order of 1 % within this experiment. However, there are errors
which are assumed to play a much bigger role. First of all, the Tenti model is not the
correct physical description of the Cabannes line of molecular scattered light, less than
ever for light scattered in gas mixture like air (section 2.3.2). Therefore, it can not be
assured that the Tenti model reflects the bulk viscosity physically correctly. However, it
can be assured that the obtained bulk viscosity fits best for Tenti S6 model line shape
calculations. Furthermore, the uncertainties in the experimental quantities (p, T, #) have

to be considered. This is done by using ymi, and Y. from Eq. 3.7 for calculating "worst-
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case" line shapes which are used for x? calculation. Therefore, the bulk viscosities which
are obtained at 2, of the "worst-case" line shapes define the maximum uncertainty
of the obtained bulk viscosity.

The described procedure of bulk viscosity determination is demonstrated in Fig. 3.8,
which shows the x? depending on bulk viscosity for Ny (a)-(c) and air (g)-(i) at different
pressures. The corresponding measured (black dots) and the simulated SRB line shape
ensembles (red area) are shown in (d)-(f) and (j)-(1), respectively. In case of Na, two
measurements (Fig. 3.8, (b) and (c)) were used to determine the bulk viscosity. The
measurement at p = 3000 hPa yields 7, = [2.25 4+ 0.53] - 10°kgm~!s™! and the one at
p = 3500 hPa yields n, = [1.94 + 0.46] - 10> kgm~'s~!. This results in a mean bulk
viscosity for Ny of [2.10 4 0.70]- 10 kg m~'s™! (Fig. 3.8, (a)-(c), dark blue line (mean),
light blue area (standard deviation)), which is from now on used for Tenti S6 model
calculation. The obtained value is about a factor of 1.6 larger than the literature value
of 1.29- 10" kgm~'s~! obtained from sound absorption measurements (Emanuel, 1990;
Pan et al., 2004b).

In case of air, two different measurements at p = 3000 hPa (exact measurement con-
ditions can be found in Table A.3) were used for bulk viscosity determination (Fig. 3.8,
(h) and (i)). They yield n, = [1.57 + 0.43] - 10 kgm™'s™! and 7, = [1.22 + 0.35] -
10°kgm~'s™!, and therefore, a mean bulk viscosity of [1.40 + 0.55] - 10 °kgm!s™!
(Fig. 3.8, (g)-(i)), dark blue line (mean), light blue area (standard deviation)), which is
from now on used for Tenti S6 model calculation. The obtained value is about a factor
of 1.3 larger than the literature value of 7, = 1.1- 10" kg m~!s™! (Rossing, 2007), which

was obtained from sound absorption measurements (see also Fig. 2.5).

In summary, it can be said that SRB measurements offer an alternative measure-
ment technique for the bulk viscosity of molecular gases. The uncertainty of the ob-
tained bulk viscosity values is in the order of 35 %, and therefore, this measurement
technique is not more accurate than utilizing sound absorption, however, it is per-
formed for the correct sound frequencies in the GHz range. For Ny, a bulk viscosity
of my = [2.10 £ 0.70] - 10 kgm~'s™! is obtained. This is a factor of 1.6 larger than
the literature value of 1.29 - 10> kgm~'s™! (Emanuel, 1990; Pan et al., 2004b). For
air, a bulk viscosity of 7, = [1.40 4 0.55] - 107> kgm~'s™! is obtained. This is a fac-
tor of 1.3 larger than the literature value of 7, = 1.1 - 10°kgm~'s™! (Rossing, 2007).
This tendency is confirmed by Vieitez et al. (2010b) and Meijer et al. (2010), who ob-
tained a bulk viscosity of n, = 2.2- 10" kgm~!s7! and 7, = 2.6 - 10 5 kgm~'s~! for N,
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Figure 3.8: (a)-(c), (g)-(i): x? error according to Eq. 3.5 as a function of bulk viscosity for Ny and
air at different pressures, respectively. The x? for "worst-case" line shapes (Eq. 3.7) is indicated with
the gray area and is used to calculate the standard deviation of the obtained bulk viscosity values. The
obtained mean bulk viscosity values are indicated by the dark blue line (mean) and the light blue area
(standard deviation), respectively. (d)-(f), (j)-(1): Measured (black dots) and simulated (red area) SRB
line shapes in Ny and air at different pressures, used for x2 calculation. Thereby the red line indicates
the area between the two worst-case line shapes (Eq. 3.7). Below: Residual between line shapes as a
percentage deviation with respect to peak intensity. Exact measurement conditions can be found in
Table A.3, all transport coefficients used for line shape simulation can be found in Table A.1.
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and 1, = 2.0 - 107°kgm™!s™! for air by using the presented procedure within coherent
Rayleigh-Brillouin scattering measurements at a different scattering angle (6 = 178°)

and wavelength (A = 532 nm). Therefore, the presented bulk viscosity values seem to
be solid.

However, Pan et al. (2004a) showed a good agreement between measured CRB line
shapes in Ny and their line shape model by using the literature bulk viscosity of 1.29 -
10" kgm~1s~!. This discrepancy might be ascribed by the fact that they used their
7 moment model instead of the 6 moment model which was used by Vieitez et al.
(2010b) and Meijer et al. (2010).

3.3.2 Rayleigh-Brillouin spectra measured in N, and air

A key point within the framework of this thesis was the question of how well the
Tenti S6 model reproduces the line shape in nitrogen and air, and whether the line
shape of spontaneous Rayleigh-Brillouin scattering in air can be modeled by using the
transport coefficients of nitrogen as common in atmospheric applications (Liu et al.,
2009a; Shimizu et al., 1983; Young and Kattawar, 1983). Therefore, SRB measure-
ments on Ny and air at pressure ranges from 300 hPa to 3500 hPa and temperatures of
295.5 K to 300 K were performed and compared to the Tenti S6 model. The detailed

measurement conditions can be found in Table A.3.
Measured SRB spectra for Ny and air at pressures of 2000 hPa, 3000 hPa, and

3500 hPa, the comparison to the Tenti S6 model, and the residuals with respect to
peak intensity were already shown in Fig. 3.8 (d) to (f), and (j) to (1), as they were
used for bulk viscosity determination (section 3.3.1). From these figures it is obvious
that significant differences between model and measurement exist. For Ny, minimum
x? values of x? = 5 at 2000 hPa, and x? = 7 at 3000 hPa and 3500 hPa are obtained.
For air, the obtained minimum y? values are y? = 9 at 2000 hPa, x> = 4 and x? = 7
at 3000 hPa. However, as obvious with the residual plots below each graph, these dif-
ferences are small on a relative scale; in particular the deviations between model and

measurement are smaller than 4 % of the peak intensity in all cases.

To clarify further the difference of SRB spectra obtained in pure N, and air and to
show the ability of predicting this difference using the Tenti S6 model, the residual plots
between both spectra (No and air) obtained at almost the same measurement conditions
(Table A.3) are calculated.
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Figure 3.9: Measured SRB line shapes (black dots) in Ny at 2000 hPa (a) and 300 hPa (d) and air
at 2000 hPa (b) and 300 hPa (e) compared with the Tenti S6 model (red line). (¢) and (f) indicate
the difference between both spectra (Ny and air) according to Eq. 3.8 for 300 hPa and 2000 hPa,
respectively. Thereby, the thin black line indicates the difference between the measured and the thick
black line between the modeled spectra, respectively. The right vertical axes give the deviation with
respect to peak intensity in percentages.



3.3 Discussion of experimental results o4

Thereby, the difference between the N, and air spectra is quantified in two ways. First
the statistical significance of this difference is illustrated by plotting the normalized

frequency-dependent difference

IN2(fi) - ]air(fi)
(o, ()2 + oae ()22

AI(f) = (3.8)
where oy, and oy, are the statistical errors of the measured Ny and air spectra assuming
Poisson statistics, respectively, and second, the difference is presented as a percentage
deviation by comparing it to the intensity at Afrequency = 0 Hz.

The measured as well as the modeled difference for a 300 hPa (c) and a 2000 hPa
measurement (f), as well as the corresponding SRB line shapes which were used for the
calculation (a), (b) and (c), (d) are plotted in Fig. 3.9.

It is apparent from Fig. 3.9 that the spectrum in Ny differs significantly from that in
air down to 300 hPa. The difference is about 42 % of peak level for both measurements.
The difference between Ny and air spectra can be reproduced well by the Tenti S6 model
when taking the corresponding transport coefficients (Table A.1). From the gas trans-
port properties that determine the line shape, the molecular mass sets its overall width
via the Doppler broadening. The other transport coefficients (shear viscosity, bulk vis-
cosity and thermal conductivity) have a smaller influence on the line shape. Taking a
fictitious gas with the mean molecular mass of air and Ny transport coefficients (not
shown here), as done by Liu et al. (2009a), produces a line shape at p = 3000 hPa which

is indistinguishable from that using all air transport coefficients according to Table A.1.

3.3.3 Rayleigh-Brillouin spectra measured in air at atmospheric

conditions

As mentioned in chapter 1, an accurate knowledge of the SRB line shape is required for
several atmospheric lidar applications (Dabas et al., 2008; Elliott et al., 2001; Fiocco and
DeWolf, 1968; Liu et al., 2009a,b; Reitebuch et al., 2009; Seasholtz et al., 1997; Shimizu
et al., 1986). It is common that the Tenti S6 model with Ny gas parameters (Liu et al.,
2009a; Rye, 1998; Young and Kattawar, 1983), or even the Gaussian approximation
from the Knudsen regime (Ansmann et al., 2007; Hua et al., 2005; McGill et al., 1997a;
Paffrath et al., 2009) is used for this purpose. In section 3.3.2 it was already pointed out
that the difference in line shape between air and pure nitrogen is obvious, and that this
difference can be described by the Tenti S6 model. Thereby, the main spectral difference

is caused by the different molecular masses of Ny and air.
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Furthermore, it is now verified that the Gaussian approximation is not a satisfactory
description of SRB line shapes, not even for atmospheric pressures down to 300 hPa,

which corresponds to an altitude of about 10 km above sea level.
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Figure 3.10: Measured spontaneous Rayleigh-Brillouin spectra in air (black dots), compared to the
Tenti S6 model (red line) and the Gaussian function (Eq. 2.17) (blue line) at pressures of p = 300 hPa (a),
500 hPa (b), 725 hPa (c) and 1000 hPa (d). The difference between measurement and model (red line)
and measurement and Gaussian function (blue line) as a percentage deviation compared to the intensity
at Af = 0 Hz is depicted below each graph. For the Tenti S6 model calculation, the normalized
differences between measurement and model are x? = 2.0 (a), 2.5 (b) 3.9 (¢) and 3.7 (d). For the
Gaussian function, these differences become x? = 2.6 (a), 7.6 (b), 7.9 (c) and 50 (d).

Figure 3.10 shows SRB line shapes measured in air at 300 hPa (a), 500 hPa (b),
725 hPa (c) and 1000 hPa (d) and the comparison to both the Tenti S6 model and
the Gaussian line shape resulting from the Maxwell velocity distribution according to
Eq. 2.17 (approximation of the SRB line shape for an ideal gas in thermal equilibrium).
Below each graph, the difference between model and measurement as a percentage de-

viation compared to the intensity at Afrequency = 0 Hz is shown.
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The deviation between S6 model and measurement is about & 2 % for the measurements
at 300 hPa, 500 hPa, and 1000 hPa. In the case of the 725 hPa measurement, the
deviation is about & 4 % around the peak of the laser. This deviation seems to come
from stray light which is caused by a slightly misaligned laser beam, as it occurs at the
emitted laser frequency. If the laser beam is not totally centered within the scattering
cell, it can hit the cell wall, and as a result, this scattered light could partly enter the
FPIL

On the contrary, the deviation between measurement and Gaussian approximation is
about + 9 % for an ambient pressure of 1000 hPa (= sea level), and still about + 3 % for
an ambient pressure of 300 hPa (~ 10 km above sea level). This clearly demonstrates
that the Gaussian approximation is inadequate at pressures of 500 hPa to 1000 hPa,
while it is still significantly different from the Tenti S6 model at p = 300 hPa.

3.3.4 Influence of water vapor to the Rayleigh-Brillouin line

shape

In section 2.3.2 it was pointed out that humidity has a large effect on the bulk viscosity
at acoustical frequencies. In section 2.3.3 it was additionally mentioned that the bulk
viscosity has a remarkable influence on the SRB line shape. Thus, humidity may also
have an effect on scattering line shapes, which correspond to much larger sound frequen-
cies (~ GHz). Therefore, SRB spectra obtained in dry and water vapor saturated air
were compared to each other, to investigate if there is any change in line shape due to
humidity. The relative humidity content was measured to 99.4-99.9 % for the case of
water vapor saturated air. The temperature was [299.4 £+ 0.5] K in case of dry air and
[301 £+ 0.5] K in case of humid air. The ambient pressure was [1040 £+ 15| hPa in both
cases. This corresponds to a volume fraction of water vapor of 3.6 %. The results of
these experiments are illustrated in Fig. 3.11.

Both spectra are modeled well by the Tenti S6 model, using the transport coefficients
of dry air in both cases, while a plot of the normalized difference (Eq. 3.8) in Fig. 3.11 (c)
does not show a significant difference. Although all transport coefficients are the same
when taken at the same reference temperature, the model spectra are slightly different
due to the slightly different temperatures of the two experiments. These results show
that at GHz frequencies, water molecules do not significantly affect the bulk viscosity,
at least not for a water vapor content up to 3.6 vol. %, which is almost the upper bound

within the atmosphere.
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Figure 3.11: (a) Measured SRB line shape of dry air (black dots) compared to the Tenti S6 model
(red line) (T' = 299.4 K, p = 1040 hPa, § = 90°). The difference between model and data is expressed
by x* = 3.1. (b) Measured SRB line shape of water saturated air (black dots) compared to the Tenti
S6 model (blue line) (T = 301.0 K, p = 1040 hPa, § = 90°). The difference between model and data
is expressed by x2 = 2.7. The difference between model and measurement as a percentage deviation
compared to the intensity at Af = 0 Hz is shown below each graph, respectively. (c) Normalized
difference AI (calculated according to Eq. 3.8) between measured spectra of (a) and (b) (thin black
line) with the mean squared difference x? = 1.7. The normalized difference AI between the modeled
spectra is indicated by the thick black line.
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3.4 Summary

Spontaneous Rayleigh-Brillouin scattering was measured at a wavelength of 366.5 nm
and a scattering angle of 90°. The measurements were performed for Ny, dry and humid
air with temperatures of 295 to 301 K and pressures of 300 to 3500 hPa. For the first
time, the SRB line shapes of Ny and air in the kinetic regime were compared to the
Tenti S6 model. The bulk viscosity for frequencies in the order of GHz of N, and air was
determined using SRB measurements at the largest pressure (3000 hPa and 3500 hPa) in
combination with the S6 model (section 3.3.1). It was demonstrated that the line shapes
obtained in Ny and air under the same measurement conditions differ significantly at
pressures of 2000 hPa and 300 hPa (section 3.3.2), and that this difference is mainly
caused by the mass difference between N, and air. In addition, it was pointed out
that the Gaussian approximation is not a satisfactory description for SRB line shapes
obtained in air with atmospheric pressures down to 300 hPa (section 3.3.3). It was
further shown that the line shapes of Ny and air can be described by the Tenti S6 model,
with small but measurable discrepancies at atmospheric and higher pressures. On a
relative scale these deviations are smaller than 4 4 % with respect to the peak intensity
for all cases. For atmospheric relevant pressures, the deviations are even smaller than
+ 2 %. By considering a contribution to the measured SRB line shapes due to undetected
stray light and due to the Q-branch of rotational Raman scattering, and by considering
the slight asymmetry in the measured SRB line shapes, these deviations can be view to
be within the measurement uncertainty.

It was furthermore pointed out that humidity has no significant influence on the line
shape of the scattered light, not even for high water vapor contents up to 3.6 vol. % in
the atmosphere (section 3.3.4).

It was verified that the Tenti S6 model, which refers to a single-species molecular gas,
can be applied to air by using the effective transport coefficients of air, and the molecular
mass of a fictive gas mixture of Ny and O,. However, this approach is not based on the
microscopically correct description of the collision between two different molecules. The
Tenti S6 model is a kinetic model which involves collisions between molecules expressed
in a single collision integral. Air contains different molecules with different collision cross
sections. A better line shape model, therefore, should explicitly involve those details.
For gases consisting of hard spheres atoms, such a model has recently been designed, and
has shown to provide a better fit to spectra of noble gas mixtures than a hydrodynamic

model (Bonatto and Marques, 2005). However, hard-sphere models consider no internal
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degrees of freedom, and thus, they can not be used for the description of molecular gases

like N, or air.

Although the insignificance of water for SRB line shapes has been established, the influ-
ence of other trace gases such as CO5 and CHy, and Ar of the real atmosphere remains to
be investigated. Furthermore, there is a need to investigate the temperature dependence
of gas transport coefficients and its influence on the SRB line shapes for atmospheric
applications.

To deal with the still open issues, and to additionally verify the laboratory results
of SRBS on air in the real atmosphere, a field campaign called BRAINS (BRillouin
scattering - Atmospheric INvestigation on Schneefernerhaus) was performed. The ac-

complishment and the results of the BRAINS campaign are discussed in the next chapter.



Chapter 4

Investigation of spontaneous Rayleigh

Brillouin scattering in the atmosphere

The laboratory experiments on spontaneous Rayleigh-Brillouin (SRB) scattering dis-
cussed in chapter 3 laid the groundwork for an accurate description of the SRB line
shape in air using the Tenti S6 model. To verify if the obtained laboratory results are
also valid for a line shape description in the real atmosphere under more complex and
variable conditions, a field campaign called BRAINS (Brillouin scattering - atmospheric
investigation on Schneefernerhaus) was performed from the environmental research sta-
tion Schneefernerhaus. The performance and the results of the BRAINS campaign are

discussed in the following.

4.1 Introduction

More than 40 years ago, Fiocco and DeWolf (1968) referred to the necessity of con-
sidering Brillouin scattering when deriving the frequency spectrum of scattered laser
light in the atmosphere. However, because of the partly uncontrolled, non-ideal and
challenging measurement conditions, the effect of Brillouin scattering has not been suc-
cessfully demonstrated within the atmosphere yet. Nevertheless, and despite the high
requirements in their performance, atmospheric SRBS experiments are useful as they
offer remarkable advantages compared to laboratory experiments. For instance, atmo-
spheric measurements provide the unique! opportunity to investigate SRBS in backscat-

ter geometry (scattering angle of 180°). Furthermore, as the temperature in the lower

'In laboratory SRBS experiments, scattering from optics and windows can not be avoided totally.
Thus, a signal which is detected in backward direction will not only contain the fraction of light
scattered on molecules, but also a fraction of light scattered on optics used in the laboratory setup.
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atmosphere (0 - 12 km above sea level) varies from about 210 K to 300 K, atmospheric
measurements can be used to investigate the influence of the temperature dependence
of gas transport parameters on the SRB line shape. In addition, measurements in the
atmosphere provide information about the influence of the noble and trace gases in air
(e.g. argon and carbon dioxide) on the SRB line shape. It was already mentioned in
section 2.3.2 that water vapor in air might have an influence on the SRB line shape. It

is still questionable if similar effects can occur for other gases in the atmosphere, too.

The only (to the author’s knowledge) attempt to investigate SRBS in the atmosphere
was performed within the framework of the ILIAD (Impact of line shape on Aeolus-
ADM Doppler estimates) study (Flamant et al., 2005), initiated by ESA. Within this
study, data sets of four different lidar systems have been analyzed by D. Rees et al.
(Hovemere Ltd.). They pointed out that the data of two lidar systems could not be used
for SRB investigations because of limited information of atmospheric state and strong
"contamination" due to Mie scattering on aerosols. The data of a third lidar was not
analyzed in detail, and thus, only the data from the Doppler wind and temperature
lidar system of the ALOMAR. (Arctic lidar observatory for middle atmosphere research)
observatory, located in Andgya in the north of Norway, was used for investigating the
effect of Brillouin scattering in the atmosphere. Unfortunately, this data was only ana-
lyzed for altitudes above 12 km where the effect of Brillouin scattering is small®. Tt was
demonstrated that the measured SRB spectra at different altitudes (12 km, 14 km and
20 km above sea level) differ to a defined reference spectrum at 18 km. However, this
measured difference is about a factor of 2 - 3 higher compared to deviations simulated
by using the Tenti S6 model. Such high deviations seem to be unrealistic compared
to existing laboratory studies. The authors of the ILTAD study concluded themselves:
" Experimental Lidar works have been conducted and data analysis performed (using new
and old databases) showing that the Rayleigh-Brillouin effect could be there, but the data
set 1s too small to clatm for an evidence of Brillouin doublet and possible discrepancy
with Tenti’s S6. The reported factor 2 off in the mid troposphere seems too large when
compared to existing laboratory validation" (Flamant et al. (2005), chapter 8, page 123).
This recent statement provides further evidence of the challenge in verifying the Brillouin

effect in the atmosphere.

2The ambient pressure at 12 km above sea level is about 200 hPa. And although it was shown in
section 3.3.3 that the Brillouin effect in air is obvious down to a pressure of 300 hPa, the difference
to a Gaussian function due to pure Rayleigh scattering is small and assumed to be hardly measurable
within the atmosphere.
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For proving the Brillouin effect in the atmosphere, the following essential issues have to
be considered: The deviation of the Rayleigh-Brillouin line shape to a Gaussian func-
tion due to "pure" Rayleigh scattering is proportional to the y parameter (Eq. 2.14 in
section 2.1.3), which increases for increasing pressure values. Thus, low altitudes with
large ambient pressures are generally preferred for performing SRBS experiments in
the atmosphere. However, the large aerosol content in the atmospheric boundary layer
limits the usefulness of low altitudes. Light scattering from aerosols is stronger than
scattering from molecules and its spectral line width is much smaller than from molec-
ular scattering. Thus, scattering from aerosols must be avoided in order to not disturb
the measured SRB line shape. This means that an adequate location for investigating
SRBS in the atmosphere is just above the atmospheric boundary layer (still high ambi-
ent pressure but already low aerosol content). Additionally, a laboratory infrastructure
which enables scientific lidar measurements is needed. As pointed out in section 4.2.1, all

these circumstances are fulfilled by the environmental research station Schneefernerhaus.

In addition to a well-chosen measurement location, a suitable lidar system has to be used
for atmospheric SRBS experiments. A lidar system which is well adapted for that pur-
pose is the ALADIN (Atmospheric LAser Doppler Instrument) airborne demonstrator
A2D. The A2D is a direct-detection Doppler wind lidar (DWL) which was developed by
the European Aeronautic Defence and Space Company (EADS-Astrium) and Deutsches
Zentrum fiir Luft- und Raumfahrt (DLR). The main task of the A2D is to validate the
ALADIN Doppler lidar, which is the instrument on the ADM-Aeolus space mission of
ESA.

In the framework of this thesis, the field campaign BRAINS was performed in Jan-
uary - February 2009, aiming to demonstrate the effect of Brillouin scattering in the
atmosphere. To reach this goal, the A2D system was used to perform horizontal lidar
measurements from the environmental research station Schneefernerhaus. An overview
of the experimental details, the measurement procedure and a discussion of the obtained

results is given in the following.
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4.2 Experimental details

4.2.1 The environmental research station Schneefernerhaus

The environmental research station Schneefernerhaus is located at the south-facing slope
of Germany’s highest mountain - the Zugspitze (2962m), situated at an altitude of
2650 m above sea level. Tt was originally built in 1930’s as a hotel for ski tourism, but
due to the high upkeeps and the avalanche-prone location the hotel was closed in the
end of the 1980’s. To avoid the complex and expensive pulling down of the building, it
was reconstructed into Germany’s highest research station - the Umweltforschungsstation

Schneefernerhaus (UFS)2. A photograph of the Schneefernerhaus is illustrated in Fig. 4.1.

Figure 4.1: Photograph of the environmental research station Schneefernerhaus (2650 m),
located at the south-facing slope of Germany’s highest mountain - the Zugspitze (2962m),
taken during the BRAINS campaign in February 2009. The SRBS experiments were per-
formed from the laboratory at the top of the UFS. The blue line indicates the outgoing laser
beam.

The UFS provides perfect conditions for the first-time verification of the Brillouin effect
within the atmosphere. During high-pressure weather conditions in winter, the altitude
of the UFS is usually higher than the atmospheric boundary layer* and therefore, SRBS
measurements are not disturbed by scattered light from aerosols. Nevertheless, the

ambient pressure of about 720 hPa, which was observed during the BRAINS campaign

3The reconstruction was enabled with financial assistance from the state of Bavaria, the federal ministry
of education and research, and the Deutschen Bundesstiftung Umwelt.

4Data of the federal environmental agency (UBA) show that the annual mean particle density at the
UFS is 1000 particles/cm?® and during winter even less than 500 particles/cm?. This value has to
be compared to a particle density of up to 60000 particles/cm? in cities (personal communication
Dr. Ries, UBA).
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period in January-February 2009, is large enough to have a remarkable influence due to
Brillouin scattering. Furthermore, despite its extraordinary location, the UFS offers a
very good laboratory infrastructure. Sufficient power current connection as well as water
supply is permanently provided, and bulky equipment can be delivered by using a cog
railway. In addition, a number of in-situ measurement data of temperature, pressure,
humidity and aerosol content, performed by the German weather service (Deutscher
Wetterdienst, DWD) and the federal environmental agency (Umweltbundesamt, UBA),
is available and can be used for data analysis. Moreover, data from radiosondes, daily
launched from the airport Innsbruck (=~ 30 km from the UFS) are available. Another
advantage is, that the UFS allows the performance of horizontal lidar measurements over
long distances. This kind of measurement is favorable as the data of horizontal lidar
measurements can be averaged over several kilometers, which leads to an improvement of
the signal to noise ratio in the measured SRB line shapes. All in all it can be concluded
that the environmental research station Schneefernerhaus provides well-suited conditions

for the performance of SRBS experiments in the atmosphere.

4.2.2 The A2D Doppler Wind Lidar

The lidar system, used for the atmospheric SRBS experiments is the direct detection
Doppler wind lidar A2D, developed to validate the wind lidar ALADIN, which is the
instrument on the ADM-Aeolus mission of ESA (European Space Agency, 2008). As
discussed in the following, the A2D instrument is well-suited for the investigation of
Brillouin scattering in the atmosphere. The basic principle of the A2D is depicted in
Fig. 4.2.

Laser transmitter

Atmosphere
Telescope

Receiver and ]
detection unit

Figure 4.2: Basic principle of the A2D lidar system. Short laser light pulses (dark blue) are
transmitted into the atmosphere, where they are scattered on molecules, aerosols, and cloud
particles. A telescope collects the backscattered light (light blue), which is spectrally resolved
and detected in an optical receiver. The laser transmitter and the receiver are sketched in
more detail in Fig. 4.3 and Fig. 4.4, respectively.



4.2 Experimental details 65

Short laser light pulses (Fig. 4.2, dark blue line) are transmitted into the atmosphere,
where they are scattered on molecules, aerosols and cloud particles. The backscattered
light (Fig. 4.2, light blue line) is collected with a telescope and directed to an optical
receiver were it is spectrally resolved and detected. Thereby, the frequency shift between
transmitted and detected light is proportional to the wind speed, as moving scatterer
(molecules and aerosols that are moving with wind speed) cause a Doppler frequency
shift in the scattered light. A more detailed explanation of wind retrieval by using the
A2D is given by Paffrath (2006) and Reitebuch et al. (2009).

In the following, the attention is directed to the discussion of the components and prop-
erties of the A2D instrument that are relevant for the performed SRBS experiments. A
more detailed description of the A2D instrument specifications is given by Durand et al.
(2006, 2005), Reitebuch et al. (2004, 2009) and Paffrath (2006). A detailed overview of
the laser transmitter and its frequency stability is given by Schroder et al. (2007) and
Witschas (2007).

The A2D laser transmitter consists of a frequency-tripled, diode pumped, pulsed Nd:YAG
laser with an output energy of 60 - 70 mJ, a pulse repetition rate of 50 Hz, a pulse du-
ration of 25 ns (FWHM), and a line width of 45 MHz (FWHM) at a wavelength of
354.89 nm. A schematic block diagram of the A2D laser transmitter is displayed in
Fig. 4.3.

SHG = THG =
/

Atmosphere
- . —

_— Amplification stage B

' Wavelength Meter
/* A2D receiver
/ - H{ Seedlaser internal reference
PLL

LPO Reference laser

Reference laser head

Figure 4.3: Schematic diagram of the A2D laser transmitter: red: Nd:YAG laser beam
(1064 nm); green: frequency doubled laser beam (532 nm); blue: frequency tripled laser beam
(355 nm); black: fibers; LPO: low power oscillator; PLL: phased locked loop; FC: fiber coupler;
SHG: second harmonic generation; THG: third harmonic generation.
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The reference laser head, specifically designed and developed by Innolight GmbH, is
a low power, continuous wave, frequency tunable laser system (1064 nm) with high
frequency stability (234 kHz root mean square over 25 min.), which is required for
SRBS experiments to avoid an influence of the laser spectral drift on the detected SRB
line shape. It consists of two identical laser systems (reference and seed laser) based
on non-planar ring geometry. To hold and tune the seed laser at a defined frequency
offset against the frequency stable reference laser, a phased-locked loop (PLL) controller
is used. With this configuration it is possible to tune the seed laser frequency over a
range of about 12 GHz (at 355 nm) single frequency and without laser mode hopping.
This allows sampling the SRB line shape of the scattered light by changing the laser’s
frequency with defined frequency steps over a frequency range of 12 GHz®. The seed
laser radiation is used as injection seeder for the low power oscillator (LPO) which
is composed of a transversally pumped Nd:YAG rod placed between a concave high
reflective mirror and a convex Gaussian variable reflectivity mirror which is used as
output coupler to ensure good output beam parameters. For the generation of actively
controlled laser pulses a Q-switch is used. With the presented configuration and a cavity
length of about 30 cm, pulse durations of about 35 ns (FWHM) at 1064 nm are obtained.
To ensure resonance between the LPO cavity length and the seed laser radiation, the
cavity length is controlled by the ramp and fire technique (Fry et al., 1991; Henderson
et al., 1986; Nicklaus et al., 2007; Schmitt and Rahn, 1986). In order to reach a pulse
energy of up to 70 mJ, the LPO radiation is directed to the amplification stage which
consists of two amplifiers of equal design. The amplifier laser crystals are designed in
slab geometry to ease the removal of the strong thermal load deposited in the laser
crystal by the pump laser light. Between the two amplifier stages, three beam turning
mirrors rotate the beam spatially by 90° after each pass for compensation of thermally
induced astigmatism. After amplification, the UV radiation is obtained by second and
third harmonic generation (SHG, THG). For this purpose, LBO (LiB3O;) crystals are
used in critical phase-matching orientation. Both crystals are temperature stabilized at
35°C. High quality anti-reflection coatings at the entrance and exit faces of the SHG
crystal (double band coating at 1064 nm and 532 nm) and THG crystal (triple band

coating at 1064 nm, 532 nm and 355 nm) minimize the optical losses. The laser UV

5Using the Gaussian approximation (Eq. 2.16) the FWHM of SRB scattered light is calculated to be
about 3 - 4 GHz for a laser wavelength of 355 nm and atmospheric pressures (0 hPa - 1013 hPa)
and temperatures (220 K - 330 K). Thus, the frequency range of 12 GHz is large enough to resolve
to entire SRB line shape.
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wavelength is continuously monitored with a commercial wavelength meter (High Finesse
WS Ultimate 10) which allows to measure the absolute mean wavelength for 4-6 pulses
with an accuracy of 2 MHz (corresponding to a relative accuracy of 2:107%), thanks to
a continuously (= every 100s) performed calibration with a frequency-stabilized He-Ne
laser. To yield a laser beam divergence of less than 100 prad (£30), the laser beam is
expanded to a diameter of 11 mm (42 ) before it is sent into the atmosphere. The laser
beam profile and divergence of the outgoing laser beam at 355 nm was characterized by
using the converging lens method according to ISO 11146: 1999, resulting in a M? value
of 1.2 and a divergence below 90 prad (+£30).

The backscattered light from the atmosphere is collected with a Cassegrain telescope
which is composed of a 200 mm concave, aspheric primary mirror and a 75 mm convex
spherical secondary mirror with a telescope focal length of 1.5 m. The collected light is

directed to the optical receiver.

Deposited
Fabry-Perot step o
interferometers ~

E— I

Atmosphere FPI 1 I
1]
D | FPI 2 Y > 8
Telescope <
< Laser 8
< O
<
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interferometer

Figure 4.4: Schematic diagram of the A2D receiver: dark blue: UV laser beam which is
sent into the atmosphere; light blue: backscattered light which is collected with a telescope
and directed to the Fizeau interferometer where it is partly transmitted and detected by the
ACCD; red: light which is reflected from the Fizeau interferometer and directed to the first
FPI, where it is partly transmitted and detected by the ACCD; green: light which is reflected
from the first FPI is directed to the second FPI, where it is transmitted and detected by the
ACCD; pink: internal reference signal from the laser which is couplet into receiver, following
the light blue, red, and green line.

The A2D receiver consists of a Fizeau interferometer, used to analyze the spectrally
narrow backscatter signal from aerosols, and two spectrally separated FPIs to analyze
the spectrally broad backscatter signal from molecules. For both the FPIs and the Fizeau

interferometer, an accumulation charge-coupled device (ACCD) is used as a detector.
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The interferometer outputs are imaged onto a zone of the ACCD with a small number
of 16-16 pixel, each with a size of 272 ym?. Unlike ordinary CCD detectors, the ACCD
allows the electronic charges from several atmospheric returns to be accumulated directly
on the CCD within a second non-illuminated zone, the so-called memory zone (Reitebuch
et al., 2009). This on-chip accumulation allows reading out the electronic charges with
low readout noise. The schematic layout of the A2D receiver is given in Fig. 4.4.

The scattered light (Fig. 4.4, light blue), collected by the telescope, is first directed
to the Fizeau interferometer. The Fizeau interferometer thereby acts as a narrow band
filter with a FWHM of Afpwayv = 137 MHz, which is used to analyze the spectrally
narrow signal from light scattered on aerosols. However, most of the incoming signal
(90 - 100 %) is reflected from the Fizeau interferometer and is directed to the first FPI
(Fig. 4.4, red, FPI 1) which has a mirror separation of 13.68 mm leading to a free spec-
tral range of I'psg — 10.95 GHz and a FWHM of Afpway — 1.78 GHz. A more detailed
discussion of the intensity transmission curve of FPI 1 is given in section 4.2.3. The
light, reflected from FPI 1 is directed to the second FPI (FPI 2, Fig. 4.4, green). FPI 2
has the same configuration as FPI 1 but a slightly different mirror separation because
of a deposited step which is only present for FPI 1 (Fig. 4.4). This leads to an intensity
transmission curve which is spectrally shifted to the one of FPI 1 as common for wind
measurements by using the double edge technique (Flesia and Korb, 1998; Gentry et al.,
2000).

For the performed SRBS experiments, only the signal transmitted to FPI 1 (Fig. 4.4,
red line) is used for data analysis. The transmission behavior of this FPI is extensively

discussed in the following.
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4.2.3 Instrument function of the plane-parallel Fabry-Perot

interferometer

In Section 3.2.2 it was shown that the transmission function of an ideal FPI (axially
parallel beam of rays, mirrors perfectly parallel to each other, mirrors of infinite size,
mirrors without any defects) can be expressed by an Airy function (Eq. 3.1). It was also
pointed out that Eq. 3.1 can be used to accurately describe the instrument function of

the spherical FPI used for laboratory measurements.

This circumstance is different in the specific case of the plane-parallel FPI used for at-
mospheric measurements. In Fig. 4.5, the FPI transmission curve, measured by scanning
the laser frequency in 50 MHz steps over a frequency range of 20 GHz, is shown for 2
complete free spectral ranges (left, black dots). The blue line indicates the best fit of
Eq. 3.1 to the data. It is obvious from the right graph of Fig. 4.5, that there are discrep-
ancies between measured data and fit of Eq. 3.1, especially in the "transmission valley".
As these discrepancies lead to a systematic error in the analysis of the measurement

data, their origin must be investigated.
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Figure 4.5: Transmission (in least significant bits (LSB)) curve of the plane-parallel FPI
versus absolute frequency, obtained with the narrow-band laser internal reference by changing
the laser frequency in 50 MHz steps (black dots) over a frequency range of 20 GHz, showing 2
complete free spectral ranges (left) and details of the transmission curve (right). The absolute
frequency of the laser was determined by a wavelength meter delivering an absolute accuracy
of 2 MHz. The best fit of the Airy function (Eq. 3.1) is indicated by the blue line.

The origin of the discrepancies between measured transmission curve and Eq. 3.1 are
imperfections and irregularities on the FPI mirror’s surface. For instance, microscopic
imperfections on the mirrors, errors in their parallel alignment, or non-uniformities in

the reflective coatings cause the effective mirror separation to vary across the face of
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the interferometer, which in turn leads to a transmission function which departs from
an Airy function. As a precise knowledge of the FPI transmission curve is needed to
accurately extract the spectrum of the molecular scattered light, obtained within SRBS
experiments, a FPI transmission model that takes the last mentioned plate defects into
account must be applied. In the following, different FPI transmission function models
that take the various kinds of mirror imperfections into account are derived and com-
pared to each other. After doing so, it is verified and concluded that the implementation
of a global defect parameter can be used for the description of the present FPI trans-

mission curve®.

Basically, surface defects cause a varying mirror separation. Without loss of generality, it
can be assumed that these separation changes are caused only by one of the mirrors, while
the other one is viewed to be perfect. Using this description, it is possible to treat the FPI
as a composition of elementary interferometers with different plate separations, caused
by the various kinds of plate defects. The final intensity transmission function Z(f) of
the FPT is then obtained by summing the intensities of each of the generated elementary
interferometers (Wilksch, 1985). Using this approach it can be shown (Bhatnagar et al.,
1974; Hernandez, 1966; Wilksch, 1985) that Z(f) is calculated by the convolution of the
Airy function A(f) (Eq. 3.1), as the transmission function of an ideal FPI, with a mirror

surface defect function D,(f) according to

I(f) = A(f) * Du(f) = / T D9 A(f — g) dg (4.1)

Depending on the kind of defect, there are several approaches for defining appropriate
defect functions D,(f), which have been examined by several authors (Bayer-Helms,
1963; Bhatnagar et al., 1974; Chabbal, 1954; Hays and Roble, 1971; Hernandez, 1966;
Palik et al., 1996; Wilksch, 1985). For instance, in the case of microscopic flatness imper-
fections on the mirror’s surface, the mirror separation can be viewed to vary randomly,
and the corresponding defect function Dy(f) (Fig. 4.6, left) is described by a Gaussian
function (Chabbal, 1954; Hays and Roble, 1971; Hernandez, 1966)

D) = oy (-L) (12)

g

where o, is the defect parameter, indicated by the standard deviation of Dy(f).

6McGill et al. (1997a,b) suggested the use of a Gaussian distributed global defect parameter instead
of describing the various kinds of plate defects by their physical origin. This approach leads to a
simpler mathematical description which makes the data analysis easier.
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In case of spherical bowing of the mirrors or any aperture effects, the surface defect func-
tion is expressed by a rectangular function D, (f) (Fig. 4.6, middle) according to (Chab-
bal, 1954; Hays and Roble, 1971; Hernandez, 1966)

TSR for | f] < ZTor

D.(f)={ (13)
0 , for |f| > QF’FF—;RT

where o, is the defect parameter, defined by the half width of the rectangle. For con-
sidering plate defects which lead to an asymmetric modification of the FPI transmission
function it is possible to define a tilted rectangular defect function Dy.(z) (Fig. 4.6,
right) according to

FFSR [(47T Ouwb+Tpsr) - f + 2710y, for |f| < 2xow

Do) = { 7 )
0 , for [f| > -2

where 0y, is the defect parameter, defined by the half width of the rectangle, and b is the
step height of the smaller side (Fig. 4.6). It is worth mentioning that all defect functions
are normalized to yield unit integrated area, and therefore, they do not influence the
integrated transmitted intensity through the FPI, but only its spectral distribution. For

a better illustration, the last mentioned defect functions are depicted in Fig. 4.6.
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Figure 4.6: Different defect functions D, (f) used for the calculation of the transmission
function of the FPI. (left) Gaussian shaped defect function D, ( f) with standard deviation oy
for considering microscopic imperfections on the FPI mirrors. (middle) Rectangular shaped
defect function D,.(f) with half width o, for considering spherical bowing of the FPI mirrors,
and any aperture effects. (right) Tilted rectangular shaped defect function Dy,.(f), defined
by half width oy, and step height b, for considering asymmetric defects.

The transmission function of a FPI with mirror imperfections can now be calculated

with Eq. 4.1 by using the various defect functions Eq. 4.2 - 4.4. As pointed out by Krebs
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and Sauer (1953), this evaluation is much more convenient if the Airy function A(f) is

expanded into its Fourier series according to

(1 - 2?}%’“ cos (M» (4.5)

I'rsr

A(f) =

I'rsr

Here, all quantities are defined as in Eq. 3.1, and R is the reflectivity of the mirrors”.

The index of refraction of the medium between the mirrors is set to be unity and only
light with perpendicular incident angle is considered®. The FSR of the plane-parallel
FPI is I'rsgr = ¢/2d, were c is the light velocity in vacuum and d the mirror separation.
Furthermore, the dispersion relation A = ¢/ f, with X is the light’s wavelength, and f the
light’s frequency, is used. By further using cos(f — g) = cos(f) - cos(g) + sin(f) - sin(g),

the intensity transmission of the FPI according to Eq. 4.1 can be written as

() = - /°°m<g>dg

FFSR

2 2
ZRkC s( kﬂf)/ D.( ( kﬁg) dg
FFSR I'rsr I'rsr
2 2
ZR’“ < l”f)/ D, ( ( k”) dg  (4.6)
FFSR I'rsr I'rsr

As the defect functions are normalized to unit integrated area, the integral in the first

argument of Eq. 4.6 is equal to 1. The integral in the third argument contains the
integration of the product of the odd sin - function with the defect function from —oo to
+00, and therefore, it is equal to 0 for all symmetrical® defect functions D,(f). For that
special case, only the integral in the second argument of Eq. 4.6 has to be evaluated.
The evaluation of Eq. 4.6 in the case where microscopic imperfections according to D, ( f)

(Eq. 4.2) are considered yields an intensity transmission function Z,(f) according to

mk T2 k?0,?
Zy(f) = - (1 + Q‘ZR’“ ( FSRf) exp (_QFFTQQ» (4.7)

“In Sec. 3.2.2, the Airy function was defined by using the full width at half maximum Afpwpy. The
relation between Afpwiy and the reflectivity of the mirrors is approximately (arcsin(x)=z(x) for
small X) given by Vaughan (1989): AfFWHM - (FFSR . (1 — R))/(ﬂ' . \/R)

8The space between the mirrors is evacuated, and therefore, the index of refraction is unity. The
opening angle at the FPI is 1 mrad, and therefore, the assumption of perpendicular incident light
is valid.

9This is true for the Gaussian defect function (Eq. 4.2) and the rectangular defect function (Eq. 4.3),
but not for the tilted rectangular defect function (Eq. 4.4).
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In the case of considering the effect of spherical bowing and aperture effects according
to D,.(f) (Eq. 4.3), the intensity transmission function Z,.(f) yields

1 > 2mk f\ . 2nko
Z.(f) = 1+2 K - 4.
+(f) Trsn ( + ;R cos( Tron )smc( Tron )) (4.8)

21 ko, 2w ko, 21 ko, -1
sinc = sin . 4.9
( Irsr ) ( I'rsr ) ( I'rsr ) (4.9)

In the case of considering the asymmetric tilted rectangle defect function Dy,.(f), also the

where

third argument in Eq. 4.6 has to be evaluated. Although this evaluation is analytically

possible, it leads to a rather large equation according to

1
It?”(f) = FFSR : []‘_{_
- 2mk f\ . 27k oy,
+ R* cos ( ) sinc ( )
I'rsr kz:; I'rsr I'rsr

9 X — RFIpsg sin (QFZSJ) (boy — 1)

Lrsr —1 o2 T2 K

. (FFSR sin (Wkatr) — oy Tk cos (Wkatr)>] (4.10)
I'rsr I'rsr

[t is worth mentioning that in the special case were b = 1/0y,., Eq. 4.10 reduces to

_|_

Eq. 4.8, which was calculated for the rectangular defect function. Furthermore, it should
be pointed out that it is possible to take more than one kind of defect into account. For
instance if one wants to consider microscopic imperfections and spherical bowing of the
mirrors, Eq. 4.7 has to be expanded by the sinc-term as mentioned in Eq. 4.9. However,
the exact origin of defects is not of any interest for this work, and thus only single mirror

defects are considered in the following.

To investigate the appropriateness of the different model functions (Eq. 4.7 - 4.10) they,
as well as the "pure" Airy function (Eq. 4.5), are fitted to the measured transmission
curve. By using a downhill simplex fit procedure (Press, 2007), best fit values for the free
spectral range ['pgr, the mirror reflectivity R, the center frequency fy, and the respective
defect parameter o, are obtained. For the least squares fit, the sum in Eq. 4.5 and
Eq. 4.7 - 4.10 is evaluated from k = 1 to k£ = 25 which is sufficient, as the contribution of
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sum terms higher then k& = 25 is only ~ 107 (assuming a mean reflectivity of R = 0.66).
After the best fit is obtained, the accordance between measured data Ze.s(f) and model

function Z,(f) is investigated by the relative deviation AZ and a x? value according to

Imeas(fN) - I:Jc(fN)
Ix(fN)

N

1
AT = and  x? = Z (AT)? (4.11)
where N is the number of measurement points'®. The measured FPI transmission curve,

the best fit of Eq. 4.5, Eq. 4.7 - 4.10 and the relative deviation according to Eq. 4.11 are
shown in Fig. 4.7. The obtained best fit parameters can be found in Table 4.1.
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Figure 4.7: (a) Measured transmission function of the plan-parallel FPI versus absolute
frequency (black dots) and best fit to the measurement data by considering no defects and
using the Airy function according to Eq. 4.5 (black line), by considering Gaussian defects
according to Eq. 4.7 (red line), by considering rectangle defects according to Eq. 4.8 (green
line), and by considering tilted rectangle defects according to Eq. 4.10 (blue line). (b) and
(d) Details of the transmission curve in the region of the intensity transmission maximum
and minimum, respectively. (c) Relative deviation between measurement and the different
model functions. Colored lines are the same in all graphs.

It is obvious from Fig. 4.7, that the measured transmission curve is well described by
all defect model transmission functions (red, green, and blue line), whereas there are

distinct discrepancies in the case where the ordinary Airy function (black line) is used.

10Tn AZ, the difference between fit an measurement is normalized to Z,(fy) at each discrete frequency
step instead of normalizing it to the maximum intensity. This is done to better visualize the differ-
ences at the transmission valley of the FPI.
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The model of the Airy function leads to a relative deviation to the measurement of
up to 15 %, whereas the relative deviation is randomly varying between &5 % in case
of using the defect model functions. For the Airy model, xy* = 7.86 - 1073, whereas
x2 = 0.98 - 1073 in case of using the Gaussian defect function, x> = 1.08 - 1073 in case
of using the rectangular defect function and y? = 1.49 - 1073 in case of using the tilted
rectangular function. It is obvious that the accordance between measurement and model
function is increased when mirror defects are considered, which is also demonstrated by
the smaller x? values for mirror defect model functions. It should be noted that in case
of considering plate defects, the obtained reflectivity R as well as the full width at half
maximum A frwny is larger than for considering the Airy function. For R, this is due to
the fact that in case of considering mirror defects, the width of the transmission curve
results from the width of the Airy function of an ideal FPI (which is given due to R)
convolved with the width of the defect function. Thus, the width of the Airy function
has to be smaller as it gets additionally broadened by the defect function. For A fpwwmn,
this is solely because of a better description of the measurement. This demonstrates that
it is necessary to consider mirror defects for calculating the intensity transmission of the
FPI. However, it also shows that the actual shape of the applied defect function plays
only a minor role. Therefore, I will follow the suggestion of McGill et al. (1997a), and
use Z,(f) (Eq. 4.7) to describe the instrument function of FPI 1 used for atmospheric
measurements.

The exact intensity transmission curve of the plane-parallel FPI, which is the instru-
ment function of the system, was accurately determined from 8 different measurements
at different days under equal conditions'’. The measurements were performed with
50 MHz frequency steps over a frequency range of 20 GHz. Using these measurements,
the mean values and their standard deviation are given by I'rsg = [10934 + 23] MHz,
R =10.659 £ 0.004, A fepwnam = [1765 £+ 31] MHz and o, = [296 £+ 23] MHz.

Table 4.1: Comparison of fit parameters for different FPI transmission function models

7.(f) I'rsr R A frwaa Jo Oz X
[MHz| [MHz| [THz| [MHz] Eq.4.11
A(f) (Eq. 45) 10928 0626 1644 844753621 -  7.86.10°
Z,(f) (Eq. 4.7) 10948 0.659 1760 844.753622 288  0.98-1073
Z.(f) (Eq. 4.8) 10948 0.656 1760 844.753623 461  1.08-1073
To(f) (Bq. 4.10) 10948 0.656 1760  844.753616 459¢ 1.49.1073

@ Parameter b = 2.17-10~3 MHz, and therefore it is almost 1/0y,.

" The temperature of the FPI was T = 18.5°C, stabilized with an accuracy of 1 -1073 K.
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4.2.4 Measurement principle

The main objective of the BRAINS campaign was to demonstrate the Brillouin effect
in the atmosphere for the first time and to verify the Tenti S6 model for its ability to
describe the SRB line shape in air. To achieve this goal, the A2D lidar instrument was
setup in a laboratory of the UFS as illustrated in Fig. 4.8, left. In the following, the
measurement, procedure, performed to resolve the SRB line shape of light scattered from

the atmosphere is described.

Summit ,Hohe Munde“
47°20'5429" N
11°04'17 79" E

Airport Innshruck

47°15'46 94" N
11°21"3301" E

Schneefernerhaus
47°25'00,00" N
10°58' 46 98" E

Figure 4.8: A2D setup and the Schneefernerhaus location. (left) The A2D lidar setup at
the UFS laboratory. The laser beam, directed into the atmosphere, is indicated by dark blue
arrows, the backscattered light from the atmosphere by light blue arrows. (right) Pointing
direction of the laser beam in viewing direction from the UFS. The geographic coordinates
of the Schneefernerhaus, the summit Hohe Munde (used for horizontal beam alignment) and
the airport of Innsbruck (daily radiosonde launches), are indicated (perspective view from
Google earth).

To improve the signal to noise ratio of the measured SRB line shape, the detected
backscatter signal is averaged over several kilometers. To assure constant atmospheric
pressure and temperature, and therefore a constant SRB line shape of the scattered
light within the averaged range, a horizontal alignment of the outgoing laser beam is
needed. This is realized by using the hard target return of a mountain called "Hohe
Munde", in about 10.2km distance from the UFS (Fig. 4.8, right). As the altitude of
the "Hohe Munde" (2662 m) equals that of the UFS (2650 m - 2670 m), the laser beam
was aligned in a way that it just passes the summit (verified by analyzing the strength
of the backscattered signal at a distance of 10km - 11 km away from the UFS). With this
procedure, a horizontal pointing of the laser beam was achieved with + 10 m over 10 km

distance.
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To obtain the resolved SRB line shape of the scattered light, it is sampled by changing
the laser frequency with defined frequency steps of 50 MHz over a frequency range of
12 GHz (at 354.89 nm), and therefore, the SRB line shape is sampled with 240 points.
One observation with 700 laser pulses is performed per frequency step within 14 s. The
laser frequency is changed after each observation during 4 s, a period which is needed
for data transfer. A subsample of all frequency steps, measured with a wavelength
meter during SRB line shape sampling is shown in Fig. 4.9, left. With 240 steps and a
duration of 18 s per frequency step, the sampling of the entire SRB line shape requires
72 minutes. This means that the laser, the receiver as well as the atmospheric conditions
have to be stable within this period. The accuracy of laser frequency determination with
the wavelength meter is 2 MHz. The mean laser frequency value of one observation is
obtained by averaging the wavemeter data over the data acquisition time (14 s), which
itself is measured by a trigger signal from the data acquisition unit.

The light scattered from the atmosphere is filtered and resolved by the FPI (Fig. 4.4,
FPI 1) and detected with the ACCD. To avoid a spectral drift of the FPI intensity
transmission curve, and therefore, an influence on the resolved SRB line shape, the FPT is
enclosed in a thermal hood which is temperature stabilized to 4+ 10 mK. Furthermore, the
FPI transmission curve is measured by using an internal reference signal from the laser
(Fig. 4.4, pink). That is, the actual transmission curve is obtained for each measurement

and is used for further data analysis.
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Figure 4.9: Illustration of the atmospheric SRBS measurement principle. (left) Subsample of
the measured laser frequency. The step difference of 50 MHz, the step duration of 14 s as well
as the frequency change can be seen. (right) FPI transmission curve, measured with the laser
internal reference (black dots) and the measured SRB line shapes for different atmospheric
range bins (colored dots). The detected signal strength of the backscattered light decreases
with increasing distance from the lidar.
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The light, passing through the FPI is detected with the ACCD, which thereby integrates
charges within a time interval of 4.2 us, leading'? to defined range bins of 630 m. Due
to the impact of the telescope overlap up to 2 km, and the attenuation of the signal
enclosed to the instrument caused by an electro-optical modulator, the first 4 range
bins are not used. Only measurements from a distance larger than 2.4 km are used
for SRB line shape analysis. To correct the influence of atmospheric background light
and detector noise, these quantities are measured in a separate range bin. More details
about raw signal corrections are given by Paffrath (2006). An example of the corrected
ACCD signal of different range bins for a SRBS measurement is shown in Fig. 4.9. From
Fig. 4.9, right it is obvious that the strength of the backscattered signal depends on the
distance r from the lidar. Actually it is proportional to r=2. The analysis procedure of

the obtained SRB line shapes is discussed in the next section.

4.2.5 Data analysis procedure

The detected signal Z(f) on the ACCD is given by the convolution of the SRB line
shape S(f) of the scattered light and the intensity transmission function A(f) of the
FPI according to

I(f)=SxA= / T S(HA(f — g)dg (4.12)

It is well known that the convolution of such two functions can alternatively be repre-

sented by the product of their individual Fourier transforms

(k) = S(k) - A(k) (4.13)
where the transformation is made to the reciprocal k-space. Thus, S(f) can theoreti-
cally be obtained by deconvolution, which means by calculating the reciprocal Fourier
transform of Z(k)/A(k). Such a deconvolution procedure works without difficulties for
well behaved analytical functions. However, as discussed by Vaughan (1989), the rela-
tive error becomes large for real spectra with random noise, as the noise of the spectrum
dominates higher Fourier terms. This is particular evident by considering the transmis-
sion curve of an ideal FPI, which is given by the Airy function according to Eq. 3.1. The

values of A(k’) get close to zero for large k. This leads to large errors in the calculation of

12The range bin thickness A x can be calculated according to Az = At -c¢/2, where At is the ACCD
integration time and c the velocity of light in air. For At = 4.2-107% s and ¢ ~ 3 - 10% m/s, the
observed range bin thickness Az is 630 m.
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Z(k)/A(k), and thus, in the deconvolved SRB spectrum. Thus, a precise deconvolution
procedure is only applicable for spectra with low noise. As measurements performed in
the real atmosphere are exposed to a variety of noise sources, the deconvolution pro-
cedure is inappropriate, and another analysis procedure has to be developed. It was
tested that even in case of describing A(f) with the noiseless model function according
to Eq. 4.7, the deconvolution procedure yields no reasonable result for S(f) which is due

to the noise in the atmospheric signal Z(f)'.

An adequate alternative for the description of the measured line shape Z(f) would be
to evaluate Eq. 4.12 by using A(f) from Eq. 4.7 and calculating S(f) according to the
Tenti S6 model. However, as the Tenti S6 model is not available in an analytical closed
form, this evaluation could only be performed numerically. Thus, also Z(f) is obtained
in numerical form, and therefore, a least square fit algorithm can not be used.

To sort out this problem, an analytical function for the description of the measured
signal Z(f) is developed as described in the following. A schematic sketch of using the
obtained analytical function for the detection of the Brillouin effect within atmospheric

measurements is displayed in Fig. 4.10.

The SRB spectrum S(f) of molecular scattered light can be approximated by a Gaussian

line shape due to the thermal motion of the molecules. Using Eq. 2.17 and the relation!*
fo =2/kpT/M /g, the SRB spectrum S(f) is described by

S(f) = ;e}(p <—1 <f _ fo) ) with oy = )\30 k;T (4.14)

where fy and )\ is the light’s frequency and wavelength, respectively, kg the Boltzmann

constant, T the gas temperature and M the mass of one molecule.

The transmission function A(f) of the used FPI is extensively discussed in section 4.2.3.
It is demonstrated that the measured intensity is accurately described by Eq. 4.7. Thus,

Eq. 4.12 can analytically be evaluated'® by using the approach demonstrated in sec-

13Tt would be possible to suppress the noise in the raw signal by various kinds of filters, however, it can
not be assured that informations of the actual line shape get lost due to this filtering.

14The relation between the thermal velocity of molecules and the spectrum of the scattered light is
caused by the Doppler effect and is described in section 2.3.

15The evaluation of an integral function which has the form of Eq. 4.12 is explicitly discussed in
section 4.2.3 (Eq. 4.6).
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tion 4.2.3, which leads to

! 1+2 i R* cos (w) exp (—272 K (og” + USPZ)) (4.15)
k=1

= 2
I'rsr I'rsr I'rsr

Z(f)

where ['rgr is the free spectral range and R is the mirror reflectivity of the used FPI.

Eq. 4.15 can now directly be applied to the measured SRB line shape (Fig. 4.10, ¢) by
using ordinary least square fit algorithms. However, as the Gaussian approximation was
used to describe S(f), the effect of Brillouin scattering is neglected within this approach.
Thus, the remaining characteristic residual between analytical function and measured

data (Fig. 4.10, j) can be expected to be caused by Brillouin scattering.
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Figure 4.10: Schematic diagram of the data analysis procedure for atmospheric measurements. (a -
c¢): The measured line shape (c) is composed of the convolution of the actual line shape (a) with the
instrument function (b). (d - f): An analytical function (f) for describing the measured line shape is
developed by convolving a Gaussian line shape (d) with the instrument function (e). This function is an
approximation as only Rayleigh scattering is considered, while Brillouin scattering is neglected. Thus,
the residual between the measurement and the analytical model function might contain the effect of
Brillouin scattering. (g - i): A atmospheric reference signal (i) is simulated by numerically convolving
a Tenti S6 modeled SRB line shape (g) (for the same atmospheric conditions as at the measurement)
with the instrument function (h). By fitting the analytical function to the simulated line shape, the
remaining residual describes the deviation due to Brillouin scattering. (j, k): The residuals between
measurement and analytical function, and reference signal and analytical function are calculated and
additionally compared to each other.
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The main objective of this study was to investigate the validity of the Tenti S6 model in
air. Therefore, a reference atmospheric signal is simulated (Fig. 4.10, i) by numerically
convolving a Tenti S6 line shape (Fig. 4.10, d), simulated by using the measured atmo-
spheric pressure and temperature values, with the instrument function A(f) (Fig. 4.10,
e). If this simulated atmospheric signal is now analyzed by using Eq. 4.15, the remaining
characteristic residual is caused by the effect of Brillouin scattering, which is considered
in the simulated atmospheric signal but not in Eq. 4.15.

Now, the residuals between analytical function and measurement data (Fig. 4.10, j)
and between analytical function and simulated Tenti S6 line shape (Fig. 4.10, k) can be
compared to each other. The degree of correlation is thereby a measure of how well the

Tenti S6 model describes SRB line shapes obtained in the atmosphere.

An alternative to the aforementioned analysis procedure would be the use of a recently
developed analytical SRB line shape model by Witschas (2011), which is going to be
used to analyze BRAINS data in the near future. This model was developed in the

framework of this thesis and its derivation is given in appendix A 1.
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4.3 Discussion of experimental results

The described measurement principle (section 4.2.4) and the analysis procedure (sec-
tion 4.2.5) are now applied to an example of a SRBS measurement performed on January
315 at 17:00 UTC. In addition, the results of two other SRBS measurements, performed
on January 26 at 19:23 UTC and January 31 at 15:30 UTC are shown and discussed.

Before performing a SRBS measurement, the atmospheric boundary conditions were
analyzed, which means that it was verified that almost no aerosols were present in the
atmosphere in order to assure a "pure molecular-scattering experiment" without any
disturbances due to Mie scattering on aerosols. Furthermore, it was verified that the
atmospheric temperature and pressure were constant within the lidar averaging range.
On January 315, the PM10 aerosol particle concentration was measured by UBA! to
be below 2 pug/m? during the entire day, which indicates a very clear air condition. This
circumstance is further visualized by a photograph taken on 31.01.2009 at 16:05 UTC,
showing the viewing direction of the laser beam (Fig. 4.11, left).
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Figure 4.11: (left) Photograph, showing the viewing direction of the laser beam, taken on 31.01.2009
at 16:05 UTC. The mountain Hohe Munde as well as the Inn valley is indicated. The line through
the photograph it due to the cable car, going to Zugspitze summit. (right) Temperature (top) and
pressure (bottom) versus time, measured by the DWD at the UFS. The time of the radiosonde launch
at Innsbruck airport (3:00 UTC) and of the discussed SRBS measurement (17:00 UTC) is indicated
by the light blue and light gray bars, respectively. The corresponding mean temperature and pressure
value is given. For comparison, the temperature (264 K) and pressure (725 hPa), measured by the
radiosonde (at 3:00 UTC) is mentioned. The mean temperature and pressure for the performed SRBS
measurement is 262 K and 722 hPa, respectively.

16PM stands for particulate matter. The PM10 value is a measure of the particle concentration of
particles with diameters up to 10 um. PM10 Data by courtesy of Dr. L. Ries (UBA).
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The atmospheric temperature and pressure is measured by DWD directly at the UFS.
Furthermore, temperature and pressure values from the radiosonde, launched at 3:00
UTC from Innsbruck airport (30 km distance to UFS), are available. The time series of
the temperature and pressure measurement from January 315 is shown in Fig. 4.11, right.
The temperature (264 K) and pressure (725 hPa), measured by the radiosonde!” is also
indicated. By comparing the temperature and pressure values at 3:00 UTC (Fig. 4.11,
right, light blue bar, UFS: T = 263.45 K, p = 726.4 hPa; radiosonde: T = 264 K,
p = 725 hPa) it is obvious that the values agree within their uncertainty. Hence, the
assumption of homogeneous atmospheric conditions is valid for that period and it is
further assumed to be valid also for the period of the SRB measurements about 14 h
later. The mean temperature and pressure for the performed SRBS measurement are
262 K and 722 hPa, respectively.

The discussed SRBS experiment was performed as described in section 4.2.4. The
SRB line shape was sampled by changing the laser frequency in 50 MHz steps over a
frequency range of about 12 GHz. Before analyzing the measured SRB line shapes it is
necessary to determine the filter parameters of the FPI (section 4.2.5). Within the SRB
experiment, the FPI intensity transmission curve is measured by using the laser internal
reference (Fig. 4.12, black dots). The filter parameters are obtained by fitting Eq. 4.7
to the measured transmission curve. The measured FPI intensity transmission, the best
fit of Eq. 4.7 to it, the residual between fit and measurement, as well as the resulting fit

parameters are shown in Fig. 4.12.

T T
R"2 = 0.99856

fo 844.748363 + 2.350E-6
FSR  0.010934 0

R 0.656 +0.00246
sigmaD 2.7E-4 +1.07E-5 4

intensity [a.u]
- N w
.

residual
[% of peak level]
SLowa O

844,743 844,746 844,749 844,752 844,755
absolute frequency [THz]

Figure 4.12: Top: Transmission curve of the FPI versus absolute frequency, obtained with the nar-
rowband laser internal reference by changing the laser frequency in 50 MHz steps over a range of
12 GHz (black dots). The best fit of Eq. 4.7 to the measurement is indicated by the red line. The
resulting fit parameters are shown within the inset. Bottom: Residual between measurement and fit
according to Eq. 3.6 in % of the peak intensity.

1"The temperature and pressure from the radiosonde are interpolated to the altitude of the UFS of
2650 m.
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Here, fy is the frequency at the intensity transmission maximum given in THz, R is
the FPI mirror reflectivity and sigmaD the defect parameter given in THz. FSR is
the free spectral range, determined as discussed in section 4.2.3 and set constant to be
10934 MHz within the fit procedure. From Fig. 4.12 it is obvious that the measured FPI
transmission curve is accurately described by the model function, which is realized due
to the consideration of mirror defects on the FPI (section 4.2.3). The residual between
measurement and model (Fig. 4.12, bottom) shows a deviation of +3 % which symmet-
rically varies around zero, and thus, no remarkable systematic discrepancies between

measurement and model remain.

After the FPI filter parameters are determined, Eq. 4.15 can be used to fit the measure-
ment. The measured SRB line shapes for 8 different range bins, the best fit of Eq. 4.15

to them, and the residual between both according to Eq. 3.6 are plotted in Fig. 4.13,
left.
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Figure 4.13: (left, top): Measured SRB line shapes for different distances (colored points)
versus absolute frequency. The best fit of the analytical SRB line shape model according
to Eq. 4.15 to the measurement is indicated by the red lines. (left, bottom): Residual
between measurement and fit (according to Eq. 3.6). (right, top): Simulated SRB line shape,
calculated by using the Tenti S6 model, temperature and pressure values present during
measurement, and FPI filter parameter obtained from Fig. 4.12 (black). The best fit of the
analytical SRB line shape model according to Eq. 4.15 to the simulated line shape is indicated
in red (right, bottom): Residual between simulation and fit.

As the Gaussian approximation was used for deriving Eq. 4.15, the residual between the
measured SRB line shapes and fit (Fig. 4.13, left, bottom) is assumed to represent a
characteristic imprint which is due to the Brillouin scattering.

To verify this assumption and to further verify the ability of describing SRB line

shapes in air by using the Tenti S6 model, an atmospheric reference signal is simulated by
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convolving a Tenti S6 modeled SRB line shape (T = (262 £+ 1.5) K, p = (722 £ 15) hPa,
gas transport parameters of air (Table A.1) used as input) with the FPI transmission
function according to Eq. 4.7 (filter parameters from measurement (Fig. 4.12) used as
input). This simulated atmospheric reference signal (Fig. 4.13, right, top, black line)
is fitted by Eq. 4.15 (Fig. 4.13, right, top, red line). The residual between simulated
atmospheric reference signal and best fit (Fig. 4.13, right, bottom, black line) thereby
certainly represents a characteristic imprint due to Brillouin scattering, as the Brillouin
effect is considered in the Tenti S6 model but not in Eq. 4.15. The uncertainties in the
measured temperature and pressure values are considered by calculating "worst-case"
SRB line shapes as described in section 3.2.6. However, the difference between the worst-
case line shapes is in the order of the line thickness (Fig. 4.13), and therefore, they are

hardly distinguishable.

The next step of the analysis procedure is to compare both characteristic imprints
(Fig. 4.13, bottom, left and right) to each other. As the residuals are normalized to
the maximum intensity of the best-fit line shapes (Eq. 3.6) it is possible to directly

realize this comparison as illustrated in Fig. 4.14.
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Figure 4.14: Comparison of the residuals between measured SRB line shapes and analytical
model (Fig. 4.13, left, bottom) and simulated SRB line shape and analytical model (Fig. 4.13,
right, bottom). The gray lines indicate the various residuals, calculated from the 8 range bins
shown in Fig. 4.13, left, bottom, and the black line indicates their (unweighted) average. The
red line represents the simulated residual as already depicted in Fig. 4.14, right, bottom.

In Fig. 4.14, the gray lines indicate the various residuals, calculated from the 8 range
bins shown in Fig. 4.13, left, (2520 m - 7560 m from the UFS) and the black line indicates

their (unweighted) average. The red line represents the simulated residual as already
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illustrated in Fig. 4.14, right, bottom. It is clearly obvious that the characteristics of the
averaged residual strictly follow the one of the simulated residual. This circumstance
is a direct proof of the Brillouin effect within the atmosphere. In addition, it can be
concluded that the SRB line shape of light scattered in air at atmospheric conditions is
accurately described by the Tenti S6 model. Trace gases and noble gases in air do not
have a remarkable influence on the SRB line shape. Furthermore, this result gives cer-
tainty that the Tenti S6 model can be used in case of a scattering angle of § = 180°. The
positive maxima of both residuals are located at about + 1700 MHz, which is close to
the expected spectral location of the Brillouin peaks'®. Furthermore, it is demonstrated
that the transport coefficients of air derived for temperatures of 297 - 300 K (Table A.1)

are applicable also for temperatures down to 263 K.

The above-mentioned points are confirmed by further SRBS measurements, performed
during the BRAINS campaign. The residual comparison of SRBS measurements, per-
formed on January 26 at 19:23 UTC and January 315 at 15:30 UTC, are shown in
Fig. 4.15. Tt is obvious that the characteristics of the averaged residual strictly follow

those of the simulated residual, too.
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Figure 4.15: Comparison of the residuals between measured SRB line shapes and analytical
model and simulated SRB line shape and analytical model according to Fig. 4.14. The shown
measurements were performed on January 26 at 19:23 UTC (left) and January 315 at 15:30
UTC (right), respectively. The measurements were analyzed as demonstrated for the example
of the SRBS measurement from January 315% at 17:00 UTC. Same labels as in Fig. 4.14.

18In the hydrodynamic regime, the spectral location of the Brillouin peaks can be calculated according
to Eq. 2.12. With ¢; = 325 m/s (at T = 262 K), A; = 354.89 nm, # = 180°, and n =~ 1, the Brillouin
shift is 1831 MHz.
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In Fig. 4.14 and Fig. 4.15 it can be seen that the signal to noise ratio of the averaged
residual (black line) is improved compared to the one obtained from the single range
bins (gray lines). However, it is worth mentioning that the performed atmospheric mea-
surements can not be used for an accurate model verification or derivation of transport
coefficients (e.g. bulk viscosity) as with the laboratory measurements under controlled
conditions. This is mainly due to the quite large FPI resolution of about 1700 MHz
used for atmospheric measurements, in comparison to 232 MHZ used for the laboratory
measurements, which disallows to resolve small line shape changes with the atmospheric
measurements. This gets more obvious by realizing that a temperature difference of
+ 1.5 K and a pressure difference of +15 hPa cause a line shape difference which is
almost indistinguishable Fig. 4.13, right. Furthermore, it is obvious that the obtained
atmospheric signal is still noisy after averaging. This is due to systematic noise sources
which do not cancel out by averaging. For instance, the field of view of the used tele-
scope is 100urad, and the divergence of the laser beam is about 90 urad (£30). If small
atmospheric turbulences cause a jitter in the laser beam pointing in the order of more
than 4 10 prad, the laser beam is partly out of the field of view of the telescope, and the

detected intensity systematically decreases.
Another issue related to the instrument model function (Eq. 4.7) is the reflection on

the Fizeau interferometer (Fig. 4.4). Up to now this reflection is not included in the
model function (Eq. 4.15), but results in a small modulation of the detected spectral
transmission. This modulation arises from the spectral dependency of the Fizeau re-
flection and depends on the FSR of the Fizeau and the relative spectral position of the
Fabry-Perot and Fizeau FSR’s.

4.4 Summary

In the framework of the field campaign BRAINS (Brillouin scattering; atmospheric in-
vestigation on Schneefernerhaus), horizontal lidar measurements (A = 355 nm, 6 = 180°)
for the investigation of spontaneous Rayleigh-Brillouin scattering in the atmosphere were
performed from the environmental research station Schneefernerhaus (UFS, 2650 m), lo-
cated at Germany’s highest mountain - the Zugspitze. The atmospheric temperatures
and pressures during BRAINS were between 250K - 272 K and 702 hPa - 736 hPa, re-
spectively. A model function to describe the intensity transmission curve of the used
Fabry-Perot interferometer was developed by considering mirror defects (section 4.2.3).

The measured high-precision line shapes were compared to the Tenti S6 model using
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a derived method within this thesis to compare the characteristic spectral signature of
SRBS on simulated and measured spectra. It was the first time, that the influence of the
Brillouin effect on the line shape was shown with lidar measurements in the atmosphere
(section 4.2.5). As with the laboratory measurements, it is pointed out that measured
SRB line shapes are accurately described by the Tenti S6 model also in backscattering
geometry and real air composition. It is verified that trace and noble gases do not have
any remarkable influence on the SRB line shape and that the transport coefficients of air
derived for temperatures of 297 - 300 K (Table A.1) are applicable also for temperatures
down to 263 K.



Chapter 5

Conclusion and outlook

Conclusion of this thesis

In the framework of this thesis, the first laboratory and atmospheric experiments on
spontaneous Rayleigh-Brillouin scattering (SRBS) of ultraviolet light in air were per-
formed. The measurements were used to investigate the spontaneous Rayleigh-Brillouin
(SRB) line shape for relevant conditions in the atmosphere and to verify the Tenti S6
line shape model in terms of its applicability of describing the SRB line shape in air.
The presented results are of relevance for the future space borne lidars on ADM-Aeolus
(European Space Agency, 2008) and EarthCARE (European Space Agency, 2004).

Laboratory SRBS experiments in Ny, dry and humid air at temperatures of 295 to 301 K
and pressures of 300 to 3500 hPa were performed at a wavelength of 366.5 nm and a
scattering angle of 90°. For the first time, SRB line shapes of N5 and air in the kinetic
regime were compared to the Tenti S6 model, which is shown to describe the measured
line shapes with small deviations. On a relative scale, these deviations are smaller than
+ 4 % with respect to the peak intensity for all measured cases. For SRB line shapes
obtained in air at atmospheric relevant pressures, the deviations are even smaller than
+ 2 % (section 3.3.3, Fig. 3.10). These deviations can be due to experimental reasons,
for example the undetected influence of stray light on the measurement (section 3.2.3),
as well as due to shortcomings of the Tenti S6 model itself because of its approximative
nature (section 2.3.2). Nevertheless, the + 2 % deviation can be regarded as an upper
boundary for discrepancies between Tenti S6 model and the actual SRB line shape as
they are within the measurement uncertainty of the performed experiment. For the
retrieval of direct-detection Doppler wind or high spectral resolution lidar data, this
small deviation is assumed to cause only small errors, however, this statement has to be

verified for each specific case as it depends on the respective setup configuration.



Chapter 5 Conclusion and outlook 90

It was furthermore pointed out that the Gaussian approximation for SRB line shapes in
air is unsatisfactory for pressures down to 300 hPa (section 3.3.3, Fig. 3.10). Due to the
mathematical complexity of the Tenti S6 model, even today the Gaussian approximation
is used in lidar applications in order to describe the SRB line shape (Ansmann et al.,
2007; Hua et al., 2005; McGill et al., 1997a; Paffrath et al., 2009). However, as discussed
in section 3.3.3, the deviation between measurement and Gaussian approximation is
about £ 9 % for an ambient pressure of 1000 hPa (= sea level), and still about + 3 %
for an ambient pressure of 300 hPa (=~ 10 km above sea level). To be able to consider
the Brillouin effect without high computational effort, an analytical line shape model
which provides an adequate description of the SRB line shape in air was developed
(appendix A 1). The derived analytical model is based on the superposition of three
Gaussian functions and is fast to evaluate. The deviations between the analytical model
and the Tenti S6 model were shown to be smaller than 0.85 % with respect to peak
intensity for y values up to 1. Therefore, the newly developed model can be viewed as
an analytical approximation of the Tenti S6 model.

In addition, it was demonstrated that the SRB line shapes obtained in air and Ny
under equal measurement conditions differ significantly (£2% with respect to peak
intensity) at pressures of 2000 hPa and 300 hPa (section 3.3.2, Fig. 3.9), and that
this difference can be described by the Tenti S6 model. In the past, several atmospheric
researchers used the gas transport coefficients of Ny as input parameters for their Tenti S6
model line shape calculation (Liu et al., 2009a; Shimizu et al., 1983; Young and Kattawar,
1983). However, the performed study has shown that the usage of the gas transport
parameters of air is needed to obtain an adequate SRB line shape description. It is
furthermore mentioned that between air and Ny the main difference is arising from the
difference in molecular mass. The other transport coefficients (shear viscosity, bulk
viscosity and thermal conductivity) have, depending on gas temperature and pressure,
a smaller influence on the line shape.

Moreover, it is shown that the precise value of the gas transport coefficients, needed
as input for the Tenti S6 line shape model, is challenging to determine. This is especially
the case for the bulk viscosity, as it has to be considered unknown at frequencies in the
order of GHz. Based on the analysis of measured SRB line shapes using the Tenti S6
model, an alternative procedure for measuring the bulk viscosity of molecular gases in
the GHz region was introduced (section 3.3.1). The bulk viscosity of Ny and air was
determined to be a factor of 1.6 and 1.3 larger compared to bulk viscosities determined

for acoustic frequencies.



Chapter 5 Conclusion and outlook 91

Furthermore, SRBS experiments on dry and humid air were performed to investigate
the influence of water vapor on the SRB line shape. This investigation was of special
importance for atmospheric applications that utilize the SRB line shape for their data
retrieval, globally including tropical atmospheres with high humidity, like for instance
the future space borne lidars on ADM-Aeolus and EarthCARE. It is pointed out that
humidity has no significant influence on the SRB line shape, not even for high atmo-
spheric water vapor contents of up to 3.6 vol. % (section 3.3.4, Fig. 3.11). Thus, this
result confirms that the atmospheric moisture content does not have to be considered

for SRB line shape calculation within atmospheric applications.

In order to use the obtained laboratory results for the data retrieval of atmospheric
applications, they were further validated by measurements in the real atmosphere under
real conditions. This was done in the framework of the field campaign BRAINS (BRil-
louin scattering - Atmospheric INvestigation on Schneefernerhaus), where horizontal
lidar measurements (A = 355 nm, 6 = 180°) were performed from the environmental re-
search station Schneefernerhaus (UFS, 2650 m), located at Germany’s highest mountain -
the Zugspitze, to investigate SRBS in the atmosphere. The atmospheric temperatures
and pressures during BRAINS, continuously measured, monitored and provided by the
Deutschen Wetterdienst (DWD), were between 250K - 272K and 702 hPa - 736 hPa,
respectively. The PM10 aerosol particle concentration was measured by the Umwelt
Bundesamt (UBA) to be below 2 ug/m? during the performed SRBS experiments, and
therefore, a disturbance to the measured SRB line shapes due to Mie scattering could be
excluded. Thus, during the BRAINS campaign several SRBS measurements were per-
formed under accurately observed atmospheric conditions. The obtained high-precision
SRB line shapes were compared to the Tenti S6 model using a specifically derived method
within this thesis to compare the characteristic spectral signature of SRBS on simulated
and measured spectra. With this, the influence of Brillouin scattering on the SRB line
shape was shown for the first time with lidar measurements in the atmosphere (sec-
tion 4.2.5, Fig. 4.14 and Fig. 4.15). As with the laboratory measurements, it is pointed
out that measured SRB line shapes in air are accurately described by the Tenti S6 model
also in backscattering geometry (# = 180°) and real air composition. It was verified that
trace and noble gases in air do not have a significant influence on the SRB line shape
and that the transport coefficients of air derived for temperatures of 297 - 300 K (Ta-
ble A.1) are also applicable for temperatures down to 263 K. The results of the BRAINS
campaign confirm the applicability of the Tenti S6 model for describing SRB line shapes

obtained in air at atmospheric conditions.
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Outlook

The presented results are of primarily importance for atmospheric applications that uti-
lize the characteristics of the SRB line shape for their data retrieval, as for instance the
ESA space missions ADM-Aeolus and EarthCARE. By applying the presented results
to their retrieval algorithms, the systematic error in the retrieved data is reduced and

can now certainly be estimated.

Furthermore, the presented results are fundamental for the use of SRB scattering in lidar
measurements with the objective of determining atmospheric temperature. Such a kind
of temperature measurement could be performed by resolving the SRB line shape and
relating it to the Tenti S6 model or its quasi analytical approximation which would even
enable a fast least square fit procedure to the data (appendix A 1). Such measurements
would provide a unique possibility of accurate atmospheric temperature determination
over a large range. To improve the duration of such measurements in comparison to the
SRB experiments discussed in chapter 3 and chapter 4, it would be possible to develop
a fringe-imaging Fizeau interferometer for SRB line shape resolution. With it, neither
the laser frequency nor the interferometer device has to be scanned for line shape reso-
lution, and the measurement time is reduced as it solely depends on the noise level of

the measurement itself.

Despite the numerous important results concerning SRB scattering in air, there are still
some open issues dealing with the understanding of SRB line shapes. However, these

issues are more related to fundamental research.

The air temperature in conventional experiments that utilize the characteristics of the
SRB line shape ranges from 220 K to 300 K in atmospheric applications such as lidar
measurements to several hundred Kelvin in combustion measurements. To consider this
wide temperature range, there is a need to investigate the temperature dependence of
gas transport parameters of air, serving as input for the Tenti S6 model. In case of
the bulk viscosity, it is furthermore necessary to investigate its frequency dependency
(section 3.3.1).

For SRB experimental setups or lidar instruments that use polarization-sensitive detec-
tors, it is necessary to investigate the polarization characteristics of molecular scattered

light. As shown in section 2.2, the SRB line shape is mainly polarized but contains a
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small contribution of depolarized light due to the rotational Raman Q-branch (= 0.64 %
of the total intensity of the SRB line shape in Nj). And, as shown in section 2.3.2,
this contribution is not considered by the Tenti S6 model. Thus, the influence of the
rotational Raman Q-branch contribution has to be investigated by analyzing both the
polarized and depolarized part of the SRB line shape concerning their intensity and
their spectral line shape. Such a measurement could be performed using the experimen-

tal setup discussed in chapter 3 (Fig. 3.1), extended with polarization optics.

In chapter 3.3, it is shown that the Tenti S6 model, which refers to a single-species
molecular gas, can be applied to air by using effective transport coefficients of air, and
the molecular mass of a fictive gas mixture of Ny and O,. However, this approach is
not based on the microscopically correct description of the collision between two differ-
ent molecules. The Tenti S6 model is a kinetic model which involves collisions between
molecules expressed in a single collision integral. As gas mixtures contain different
molecules with different collision cross sections, a better line shape model should ex-
plicitly involve those details. A model for gases consisting of hard sphere atoms was
recently developed by Bonatto and Marques (2005), and has shown to provide a better
fit to spectra of noble gas mixtures than a hydrodynamic model. However, hard-sphere
models consider no internal degrees of freedom, and thus, they can not be used for the

description of mixtures of molecular gases.

In section 2.3.2 it is additionally mentioned that the Tenti S6 model does not account
for molecules with degenerate internal states, as they are not considered in the Wang-
Chang-Uhlenbeck equation. Recently, a line shape (Q9 model) model that takes these
degenerate states into account was theoretically developed by Zheng (2007). A compar-
ison between Q9 and Tenti S6 model showed no significant differences for atmospheric
relevant conditions with y parameters up to 0.5, but showed differences for y values
larger 1.5. Nevertheless, up to now no comparison of the Q9 model to experimental data
has been performed or rather published. To verify if the Q9 model possibly provides a
better description of SRB line shapes than the Tenti S6 model, the data of the performed
experiments (chapter 3.3) could be used. However, the Q9 model code is owned by the

Michigan Aerospace Corporation and is not publically available yet.
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Appendix

A1 Analytical model for Rayleigh-Brillouin line

shapes in air

In the following, an analytical model for describing spontaneous Rayleigh-Brillouin
(SRB) line shapes is developed. The entire model derivation and a comparison to the
Tenti S6 model can be found in Witschas (2011).

The mathematically complex, non-analytical closed form of the Tenti S6 model (sec-
tion 2.3.1) makes the application to measured data quite circuitous. For example, de-
riving the temperature from the measured SRB line shape can only be performed by
complicated numerical fit procedures, instead of using ordinary least square fit routines
as it is common for analytical functions. For the wind retrieval in the frame of the ADM-
Aeolus mission, extensive look-up tables for SRB line shapes at different y values has
to be calculated. In addition, further processing of the Tenti S6 modeled spectra, e.g.
convolution with the instrument function of the measurement system is only numerically
possible. To overcome this situation, an easy processable analytical representation of
the Tenti S6 model is empirically derived for SRB spectra in air.

The basic concept of the analytical model is to describe the SRB spectrum S(z,y) in
the style of the hydrodynamic regime (Fig. 2.3, section 2.1.3) by superposing a central
Gaussian line with standard deviation o and integrated intensity A to represent the
Rayleigh peak, and two shifted Gaussian lines at x5 with standard deviation op and
integrated intensity (1 —.A)/2 to represent the Brillouin doublet (see Fig. A.1). With
0 < A < 1, the analytically calculated spectrum S(z,y) is normalized to unity integrated

intensity and can be written as:

S(z,y) = \/%JR A exp [_% (UiR)Q]

2vV2Tmop P12 oB

1—A 1 /(x—2xp
+— —— . Al
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Figure A.1: Spectrum of SRB scattered light in air for y = 0.652 according to the Tenti
S6 model (Black dots). The red line represents the superposition of a central Gaussian line
with standard deviation or = 0.68 and integrated intensity A = 0.82 (dashed red line) and
two shifted Gaussian lines at £z p = 0.73 with standard deviation op = 0.28 and integrated
intensity (1 —.A4)/2 = 0.09 (doted red lines). The Tenti modeled line shape as well as the
superposition of the Gaussians is normalized to yield unity integrated intensity.

In contrast to similar approaches as introduced by Gustavsson (2000) and Zheng (2004),
the parameters A, or, op and xp are now determined solely empirically to obtain best

accordance between S(z,y) and the Tenti S6 model.

Actually, the S6 spectrum depends on 4 dimensionless parameter (Eq. 2.23). However,
for atmospheric applications, z and f can be approximated to be constant with respect
to temperature (Rossing, 2007; Shimizu et al., 1986), although there is a strong demand
to prove this approximation with measurements. Taking the transport coefficients of
air (M = 4.789 - 107%kg, n = 1.846 - 10 Pam~'s™! np = 1.4 - 10> Pam s,
Kk =2.624-1072Wm 1K', v = 1.4) (Rossing, 2007; Witschas et al., 2010), z = 1.231
and f = 4.934. Now, a set of Tenti spectra is calculated for atmospheric conditions
representing y values between 0 and 1.027. After that, these spectra are fitted with
Eq. A.1 in a least square fit procedure to find best fit values for A, og, op and xp,
respectively. For the special case where y = 0, A is restricted to be unity, and therefore,
S(z,y) is only composed of the central Gaussian line with a standard deviation op of
the Maxwellian velocity distribution. This approach results in a set of A, g, o and zp
values, depending on y (Fig. A.2, symbols). Now, these values are fitted with appropriate

mathematical functions which results in:

A(y) = 0.18526 - exp [—1.31255y] 4+ 0.07103 - exp [~18.26117y] + 0.74421  (A.2)
or(y) = 0.70813 — 0.16366 y* + 0.19132 > — 0.07217 y* (A.3)

op(y) = 0.07845 - exp [—4.88663 y] 4 0.80400 - exp [-0.15003y] — 0.45142  (A.4)
zp(y) = 0.80893 — 0.30208 - 0.10898Y (A.5)
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The obtained best fit values for A, o, op and zp as well as the describing model
functions (Eq. A.2 - A.5) are sketched in Fig. A.2.

0.2} |
00 01 02 03 04 05 06 07 08 09 10 1.1
y parameter

Figure A.2: Integrated intensity A of the central peak (top, black diamonds), the standard
deviation og of the central peak (bottom, red squares), the standard deviation op of the
side peaks (bottom, green triangles) and the frequency shift xp of the side peaks (bottom,
blue circles), determined by applying Eq. A.1 to a set of Tenti S6 modeled line shapes (y =
0—1.027) in a least square fit procedure. The colored lines depict well fitting functions which
are given by Eq. A.2 - A.5, respectively.

Applying Eq. A.2 - A.5 to Eq. A.1, an analytical formula for describing SRB line shapes
in air valid for y = 0 — 1.027 is introduced. It is worth mentioning, that this method
can also be performed for other gases, and therefore, gives the possibility to derive an

analytical model for SRB line shapes for respective applications.

In conclusion, an easy processable analytical model for the description of SRB line shapes
in air was derived. The model is valid for y = 0—1.027 and the deviations to the Tenti S6
model are smaller than 0.85 % within that region (the prove of this statement is shown in
(Witschas, 2011)). Therefore, the model was derived using the dimensionless parameters
x and y, it can be applied to various applications with different setup configurations.
In near future, the presented model is going to be applied to A2D lidar data aiming to

derive the atmospheric temperature over a large range.
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A 2 Synoptic tables

Table A.1 summarizes the gas transport coefficients of Ny and air as they are used for

Tenti S6 model line shape calculation within this thesis.

Table A.1: Gas transport coefficients used for Tenti S6 model calculation

NQ Air
molar mass m [g mol ™| 28.013 28.850
mass of one molecule M [kg] 4.65 - 10726 4.79-1072¢
shear viscosity 7 [kg m~1s7!]  (1.79-107%)¢  (1.846-107°)°
bulk viscosity n, [kg m~ts71  (2.1-107%)¢ (1.4-107°)¢
thermal conductivity x  [W m™'K™!]  (25.5-107%)*  (26.24-1073%)"
heat capacity ratio v 1.4 14

@ Valid at reference temperature 300 K. Taken from Weast and Company (1973).

b Valid at reference temperature 300 K. Taken from Rossing (2007).

¢ Valid at reference temperature 297 K, and frequency 1.3 GHz. Taken from measurements (sec-
tion 3.3.1).

Table A.2 summarizes the conditions used to perform the Tenti S6 model sensitivity

analysis (section 2.3.3).

Table A.2: Conditions used for Tenti S6 model sensitivity analysis

y (Eq. 2.14) p [hPa] T [K] @ A [nm]

0.126 300 228.0 180 355.0
0.201 200 251.0 180 355.0
0.376 1000 288.0 180 355.0
0.751 2000 288.0 180 355.0

1.127 3000 288.0 180 355.0
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Table A.3 summarizes the experimental conditions of the performed laboratory sponta-

neous Rayleigh-Brillouin scattering experiments discussed in chapter 3.

Table A.3: Measurement conditions and y-parameter for the SRB experiments

p [hPa] T [K] A [nm| y (Eq. 2.14) 7 Figure
N, 3005 298.6+0.6 366.501 0.168+0.005 90+0.6° 3.9 (d)
2066 +31 295.54+0.6 366.514 1.1544+0.024 904+0.6° 3.8 (a), 3.9 (a)
3030+45 296.9+0.6 366.512 1.689+0.036 90+0.6° 3.8 (b)
3500+£53 300.4+0.6 366.490 1.939+0.041 904+0.6° 3.8 (c)
Dry air 300£5 298.0+0.6 366.510 0.163+£0.004 90+0.6° 3.9 (e), 3.10 (a)
504+8 298.0+0.6 366.510 0.273+0.006 90+0.6° 3.10 (b)
725+11 298.6+0.6 366.523 0.392+0.009 90+0.6° 3.10 (c)
1040+15 299.44+0.6 366.496 0.560+0.013 90+0.6° 3.10 (d), 3.11 (a)

2015430 297.54+0.6 366.533 1.094+0.025 90+0.6° 3.8 (j), 3.9 (b)
3050+46 297.5+0.6 366.531 1.656+0.037 90+0.6° 3.8 (k)
3006 £45 296.7+0.6 366.456 1.638+0.037 904+0.6° 3.8 (1)

Moist air 1040+15 301.2+0.6 366.496 0.556+0.013 90+0.6° 3.11 (b)

Table A.4 summarizes the experimental conditions of the performed atmospheric spon-

taneous Rayleigh-Brillouin scattering experiments discussed in chapter 4.

Table A.4: Measurement conditions Schneefernerhaus

Date  Time [UTC| p [hPa] T [K] A [nm| y (Eq. 2.14)
26.01.09 19:23 717515 263+1.5 354.890 0.28+0.01
31.01.09 15:30 724.0£15 264+£1.5 354.890 0.28=£0.01
31.01.09 17:00 722.0£15 262+1.5 354.890 0.284+0.01

Table A.5 summarizes the Fabry-Perot interferometer parameters obtained from mea-

surement and used for atmospheric signal simulation (section 4.2.5).

Table A.5: FPI parameters used for simulating the atmospheric signal

Date  Time [UTC] f, [THz] Dysp [MHz] R o, [MHz]
26.01.09 19:23  844.748320 10934+23 0.664 296
31.01.09 15:30  844.748364 10934+23 0.656 257
31.01.09 17:00  844.748363 10934+23 0.656 270
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A 3 Abbreviations and symbols

Abbreviations
A2D ALADIN airborne demonstrator
ACCD Accumulation charge coupled device
ADM Atmospheric dynamics mission
ALADIN Atmospheric laser Doppler lidar instrument
ALOMAR Arctic lidar observatory for middle atmosphere research
BRAINS Brillouin scattering - atmospheric investigation on Schneefernerhaus
CRB Coherent Rayleigh-Brillouin
DAQ Data acquisition
DLR Deutsches Zentrum fiir Luft- und Raumfahrt
DWD Deutscher Wetterdienst (German weather service)
DWL Doppler wind lidar
EADS European Aeronautic Defence and Space Company
EarthCARE Earth Clouds, Aerosols, and Radiation Explorer
ESA European Space Agency
FPI Fabry-Perot interferometer
FSR Free spectral range
FWHM Full width half maximum
HCS Héansch-Couillaud stabilization
He-Ne Helium-Neon
HSRL High spectral resolution lidar
ILIAD Impact of line shape on ADM-Aeolus Doppler estimates
Laser Light amplification by stimulated emission of radiation
Lidar Light detection and ranging
Nd:YAG Neodymium-doped Yttrium Aluminum Garnet
PD Photo diode
PMT Photo multiplier
PM10 Particulate matter with diameters up to 10 pm
PZT Piezo-electrical translator
SC Scattering cell
SHG Second harmonic generation
SRB Spontaneous Rayleigh-Brillouin
SRBS Spontaneous Rayleigh-Brillouin scattering
UBA Umweltbundesamt (Federal environmental agency)
UFS Umweltforschungsstation (Environmental research station) Schneefernerhaus
UTC Coordinated Universal Time
uv Ultraviolet
WCU Wang-Chang-Uhlenbeck
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Symbols

Symbol | Meaning Unit

a Polarizability Cm?V!

Qttot Total absorption coefficient m~!

E Electric field vector -

J Collision operator -

k Wave vector -

P Dipole moment vector -

Afpway | Full width at half maximum Hz

€0 Vacuum permittivity €0 =18.8541-10712 As /Vm

n Shear viscosity kg m~! s7!

i Bulk viscosity kg m~—! s7!

7y Anisotropy m?

I'rsr Free spectral range Hz

K Thermal conductivity Wm K!

A Wavelength m

w Angular frequency rads~!

0N Solid angle element -

Jo /09 Differential scattering cross section -

¢o(v) Maxwell velocity distribution -

p Density kgm ™3

0 Scattering angle ©

hi(v,r,t) | Dimensionless deviation from equilibrium | -

a Mean polarizability -

c Velocity of light in vacuum c = 299792458 ms~!

p Specific heat at constant pressure kJ kg 1K™t

Cy Specific heat at constant volume kJkg 1 Kt

Cs Sound velocity ms~!

E Electric field Vm!

f Frequency Hz

h Planck’s constant h=6.625x1073* J s

kg Boltzmann’s constant kg = 1.38065 x 10723 JK~!

M Mass of a molecule Kg

m Molar mass Kgmol~!

n Index of refraction -

P Pressure hPa

T Temperature K

Vgh Thermal velocity m/s

Vo Most probable thermal velocity m/s

Y Ratio of the scattering wavelength to the | -

mean free path of collisions
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