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CHAPTER

Introduction
Abstract
In this chapter, I explain the different processes responsible for extinction of light in the red and infrared region. These processes are, in
order of description, Rayleigh scattering, dipole and quadrupole absorption and collision induced absorption. Each of these processes is first
generally described and an explicit description of the processes in oxygen follows. At the end this chapter, I give an example of an atmospheric
measurement.

1

1

2

1.1

CHAPTER 1. INTRODUCTION

Background

The atmosphere of the Earth is important for the life present on the Earth.
The atmosphere provides both a heating mechanism, in the form of the greenhouse effect, and molecules needed for respiration. As such, the atmosphere has
become an object of study for understanding and preservance of life. The atmosphere itself contains many different particles, in the forms of atoms, molecules
and dust particles, of which molecular nitrogen (78%), molecular oxygen (21%),
argon (1%) and water are the most common. Due to the large amount of different particles, and the different ways these particles can interact with one
another – both physically or chemically – the atmospheric behavior is very
complex. Small changes in the constituents of the atmosphere can have drastic
effects on the atmosphere, and consequently, on life on Earth. Understanding
of the atmosphere is therefore of vital importance. Oxygen, due to its well
known distribution in the atmosphere as well as its relatively small absorption
features, helps with the understanding of the atmosphere by providing a way
to calibrate measurement instruments. However, due to the small size of the
fluctuations – about 0.3% – in the greenhouse gasses of interest, the absorption
by oxygen must be known with an error smaller than these fluctuations. In this
thesis, I have studied the absorption and scattering of light – with wavelengths
between 660 and 1000 nm – by molecular oxygen (O2 ) close to atmospheric
conditions. In order to better understand these definitions of absorption and
scattering, I will partly explain these processes in this chapter.
Since both the scattering and absorption cross sections are small, a sensitive detection method is needed. In Chapter 2 I describe cavity ring-down
spectroscopy, which is such a sensitive technique.

1.2

Rayleigh Scattering

One of the first things noticed when looking at the sky, is its blue color. Although we now contribute the explanation of the blue sky to lord Rayleigh,
earlier descriptions were already given by Ptolemy (AD 90 - AD 168), Alhazen
(AD 965 - AD 1046) and Da Vinci (AD 1452 - AD 1519)[1]. These earlier
descriptions lacked an adequate understanding of the nature of light. Lord
Rayleigh was the first to give a full mathematical description of the blue sky
in the form of Rayleigh scattering (RS) [2]. Using dimensional analysis, lord
Rayleigh showed that the fraction of light scattered (Is /I0 ) depends on the
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Figure 1.1: Scattering of light through the Earth atmosphere at 52.8◦ latitude
(Nijmegen) at noon (blue) and at sunrise/sunset (red). The fraction of scattered light is determined by subtracting the fraction of transmitted light (I/I0 )
from unity.

wavelength (λ) as
Is
1
∝ 4.
I0
λ

(1.1)

From this dependence on the wavelength we can already see that the scattering
of blue light (400 nm) is about an order of magnitude greater than for scattering
of red light (700 nm). Further details about the Rayleigh scattering can be
obtained by solving the Maxwell equations resulting in
σ=

24π 3
N 2 λ4



n2 − 1
n2 + 2

2
Fk ,

(1.2)
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where σ is the cross section, n is the refractive index, N is the density and
Fk is the King correction factor. This King correction factor is a result of the
absence of spherical symmetry of molecules, a molecule is an ellipsoid [3]. In
Eq.1.2 I used a variation of the Beer-Lambert equation
Is
= 1 − e−N σL ,
I0

(1.3)

with l the length through which the light travels, to relate the scattered intensity to the molecular scattering cross section σ. As expected, Eq.1.2 still shows
the λ−4 behavior derived by lord Rayleigh.
Using the Beer-Lambert law
I = I0 e−N σl ,

(1.4)

we can determine from the cross section σ the total amount of scattered light.
This scattering cross section is in the order of 10−26 cm2 (blue light) - 10−27 cm2
(red light), much smaller than the size of a molecule (10−16 cm2 ). Luckily so,
for if σ would be much larger, no sunlight would be able to reach the surface
of the Earth.
If we know the surface pressure and assume an exponential density distribution, we are able to determine the density at any height. In this case we
can define a scale height as the height over which the density decreases by
63%. Effectively, this also means that the atmosphere can be replaced by a
column with a height equal to the scale height and the density at sea level.
As an example, Fig.1.1 shows the amount of light scattered for the Earth atmosphere at Nijmegen (effective path length of 13 km at noon and 400 km at
sunrise/sunset).
Using Rayleigh scattering, we are now able to explain the blue color of the
sky. As the scattering of blue light is much larger than the scattering by red
light, the sky will have a blue color, since more blue light than red light is
scattered to an observer. Using this argument, we can also understand why
the sky has much more blue color on top of a mountain. As there is a shorter
path length through the atmosphere at the top of a mountain, there will be
relatively less scattering than compared to sea level. As such, the amount of
light scattered is less, and thus results in a deeper blue color.
With use of Fig1.1, we can also explain the red color of the sun at sunrise
or sunset. During sunrise or sunset, the path length through the atmosphere
becomes very long, and most sunlight will be scattered, except for a part of
the red light. At sunset or -rise, the sun will thus be red, and its surrounding
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area will be white with a green teint. This white light results from the light
that indirectly reaches the eye, i.e. by scattering. Since most colors, except a
small fraction of red light, are almost fully scattered, this will result in white
light.

1.2.1

Scattering by molecular oxygen

The Rayleigh scattering as given above is of influence on the temperature of
the Earth, as it will scatter part of the light away from the planet. This effect
plays a role in the spectral region between 300-1000 nm, and quantification of
this process is thus required. However, up to the work in this thesis, for as
far as we know, no laboratory measurements have been successfully performed
on RS by O2 , due to its small scattering cross-section and the presence of
multiple absorption bands. Theoretical values for the King correction factor in
combination with experimental data on the refractive index are used instead.
In the studies of this thesis, we were able to separate the different sources of
extinction, including RS, present in extinction of light between 650 and 950
nm. In Chapter 4 and Chapter 5 I show a part of these results, but I give a
more extensive description of the results as well as a more detailed theoretical
background in Chapter 7.

1.3

Absorption: The Fraunhofer lines

Besides trying to understand the blue color of the sky, a multitude of other
studies on the atmosphere have been performed over the centuries. Among
them is the study performed by Fraunhofer, who, using his knowledge of glass
production, was able to separate the sunlight into its wavelength components.
When he did so, he observed multiple dark lines in the solar spectrum, to which
he assigned letters (see Fig.1.2). These letters were used for a long time, and
partially are still used, as a spectral reference library.
When burning candles to which salts were added [4] Kirchhoff noted certain
bright lines in spectra obtained. Comparing these spectra to the Fraunhofer
spectrum, some of the bright lines of the salted candles overlapped with the
dark lines of the Fraunhofer spectrum. Kirchhoff concluded that the dark lines
in the Fraunhofer spectrum must result from absorption of light [5]. Using
this method, Kirchhoff was also able to assign these absorptions to specific
atoms and molecules. For example, the A and B line in Fig.1.2 both result
from molecular oxygen, whereas the C line results from absorption by atomic
hydrogen.

6
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Figure 1.2: The Fraunhofer lines as function of the wavelength. Also shown
are the assignments given by Fraunhofer to the lines (A, B, etc.)

Still, the exact nature of the lines was not understood until the advance
of quantum mechanics. In quantum mechanics, the electrons ‘circling’ the
atoms or molecules are restricted to certain discrete orbits, each with their own
specific energy. By absorbing a photon, the electron can jump from one orbit
to another, resulting in the various discrete absorption lines such as observed
in Fig.1.2. With the improvement of spectroscopic equipment it also became
clear that certain lines, for example the A and B line, are actually a band
of many rotational lines, resulting not from electronic excitation, but from
excitation from either quantized vibrational or rotational modes of molecules.
Consequently, this band behavior is not observed for atoms.

1.3.1

Absorption by molecular oxygen

In the Fraunhofer spectrum, multiple bands can be observed which originate
from molecular oxygen, most notably the A and B-band. Both bands result
from the transition of the electronic ground X 3 Σ−
g state to the second excited
b 1 Σ+
g electronic state. Both states are displayed in Fig.1.3 together also with
the electronic a1 ∆g state. The difference between the A- and the B-band are
the vibrational levels of the excited b-state, also displayed in Fig.1.3, which is
zero for the A-band and one for the B-band. The vibrational ground states for
the A- and B-band are in both cases zero. From the term symbols associated
with the X- and b-state it can be directly deduced that transitions between
these two states are electronically forbidden. However, due to spin-orbit coupling it is possible to mix part of the X-state in the b-state and vice versa,
allowing a magnetic dipole transition between the two states. This magnetic
dipole transition is several orders of magnitude weaker than an electronic dipole
transition. As a result, the spectral region of the bands is not fully optically
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Figure 1.3: The three lowest electronic energy potentials (X, a, b) of O2 . Also
shown are the vibrational levels, v, and rotational levels J. The A and B
indicate respectively the A- and B-band. The θ indicates the 922 nm band
(a(v = 2) ← X(v = 0)). In the ground state, only odd rotational levels (J) are
possible due to symmetry arguments. In the b-state only even rotational states
are possible, while in the a-state all rotational states are possible

saturated, despite the long path length and large fraction of oxygen. The absorption by the A-band plays a role in Chapter 3 and Chapter 4, while the
B-band absorption plays a role in Chapter 5
Also of atmospheric interest are the a ← X transitions. Just like the b ← X
transitions these a ← X transitions are electronically forbidden. In contrast
to the b-state, it is impossible to have an admixture from the X-state to the
a-state. It is, however, possible to have admixture from the C 3 Πg - and d1 Πg state to both the X- and a-state, providing a pathway for magnetic dipole
absorption, although the a ← X transition will be weaker than the b ← X
transition.
What furthermore can be observed is that the X-, a and b-state are de-
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scribed by the same electronic configuration. As a result these states have a
minimum in energy at identical interatomic distances and the quanta for vibrational excitation are nearly equal. From this, it can be deduced that the
transition between the v = 0 state of the three electronic states is the strongest,
while the transitions from X(v = 0) to either the a(v = 1) or b(v = 1) state
are weaker by an order of magnitude. Transitions to even higher vibrational
levels, such as the a(v = 2) ← X(v = 0) transition studied in Chapter 6, are
weaker by several orders of magnitude.

1.3.2

Pressure Broadening and Line Mixing

Each individual absorption line has a certain shape as function of wavelength.
This shape is partly determined by the speeds of the molecules (see section
1.3.3), and partly by interactions between the molecules. Due to collisions,
the wave functions of the molecules are deformed, where the time of this deformation corresponds to the duration of the collision. However, in order to
study this effect, it is easier to look in a time framework instead of a frequency
framework, which are connected by a Fourier transformation. The resulting
function is known as the dipole correlation function, and describes the interaction between the states of the molecule and a photon as function of the time. If
nothing is happening to the system of molecule and photon, then this function
will be a sine-wave with frequency identical to the frequency observed for the
corresponding line in the frequency spectrum. If we assume that after the collision the phase of the the transition moment is fully randomized – see Fig.1.4
a). –, and that the collision rate can be described by Poissonian statistics, then
the average effect of many collisions will result in an exponential decay over
time – see Fig.1.4 c). Consequently, the Fourier transform of this disrupted
correlation function results in a Lorentzian broadened line, displayed in Fig.1.4
e).
In addition to only disrupting the phase correlation, it is also possible to
change the (rotational) state. This process is displayed in Fig.1.4 b), where
the red line has a slightly different frequency, and thus corresponds to a different transition. Averaging over multiple collisions, assuming that only two
transitions play a role, this results in Fig.1.4 d), where also in blue the result
is displayed for only phase changing collisions. In this figure, several observations can be made. The frequency changing collision results in a somewhat
stronger decay, the frequency of the dipole correlation is slightly shifting and
there appears to be a beating. If we take the Fourier transform of this dipole
correlation function, we get the result displayed in Fig.1.4 f). Here, it is quite
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Figure 1.4: a). The dipole correlation phase disrupted by a collision. b).
The dipole correlation function disrupted by a frequency and phase changing
collision. The new frequency is drawn in red. c). and d). The average dipole
correlation function resulting after multiple collisions. In d). the function of
figure c(blue) is drawn for reference. e). and f). The Fourier transform for
respectively c). and d). In figure f). the result of figure e). is shown for
reference (blue)
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Intensity

10

Frequency
Figure 1.5: Two identical Lorentz lines (blue) and two lines for which line
mixing is incorporated (red)

clearly visible that a second line appears with a frequency corresponding with
the second state, as well as a decrease in energy of the primary line. A further
illustration of this process is given by Fig.1.5, in which two identical lines are
mixed, resulting in an increase in the maxima, whereas the minima decrease.
For both lines, the full width at half maximum (FWHM) is identical to the
normal Lorentzian lines, indicating that the lines can no longer be correctly
described by Lorentzian line shapes. As the collision results in the mixing of
two absorption lines, this effect is known as line mixing.
In the above analysis, some limits can be determined. First of all, I have
assumed that there are no three-particle interactions. This sets a limit to
the pressure at which the approximation is valid, depending on the particle
and pressure, e.g. for molecular oxygen this approximation holds to 150 bar.
Miraculously, the spectroscopy on liquid oxygen can also be described by two
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particle interactions, although I would initially expect higher order contributions to dominate. Secondly, there must be enough energy available in the
collision to create a full phase disruption during the duration of the collision.
Finally, for line mixing, an upper maximum is set to the state that can be
reached from a lower state. This limit is determined by the amount of kinetic
energy available in the collision, which, in turn, is defined by the temperature
of the gas.
The Tonkov model
Various models for line mixing exist, but for the studies performed in Chapter
3-5 only a single model has been used. The model is based on hard collisions,
which means that after each collision, the new state is selected purely based
on Boltzmann statistics, i.e. all information with regard to the state before
the collision is lost. This makes it easy to determine the line mixing effect,
as it is purely based on the population of each state. In order to apply this
model, only the individual line intensities, which are linearly related to the
populations, and the average collision broadening coefficient are needed. Next
to the hard collision approximation, the different branches of the rotational
lines are neither considered isolated nor are they treated equally. Instead, a
branch coupling parameter is included which determines the amount of coupling
between the branches. In a physical sense this parameter is slightly magical,
and may well be interpreted as a tuning parameter. If a database such as
Hitran [6] is used, which contains full data on line intensities and (isolated)
broadening parameters, the only free parameter remaining in the model is this
branch coupling parameter. Although the model might look rather crude, it
has successfully been applied to various transitions of various molecules [7, 8, 9,
10, 11, 12]. Most likely, this success results from randomizing effects of thermal
collisions, washing out many details. For a more detailed description of the line
mixing model see chapter 3, section 3.2.1 and the references therein.

1.3.3

Doppler Broadening and the Voigt profile

As indicated before in section 1.3.2, the molecules have a certain speed, depending on their mass and the temperature. Due to this speed, the molecules
will interact with the Doppler shifted components of the light. Because each
particle has its own speed, independent of the other particles, this will result in
an inhomogeneous broadening and the line shape turns out to be a Gaussian
line profile, related to the Maxwellian speed distribution.
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Combining the Gaussian Doppler profile and the Lorentzian pressure broadened profile can be done by taking the convolution of the two profiles. The
result of this convolution is known as the Voigt profile. Unfortunately, no analytical solutions exist for this convolution, and thus the Voigt profile must
be approximated. However, the Voigt profile is identical to the real part of
the complex error function or Faddeeva function, for which various efficient
algorithms exist [13, 14].

1.4

Collision Induced Absorption

In the section on pressure broadening and line mixing, I discussed the effect
of collisions on the state of the molecule after it absorbed light. However,
it is also possible for a molecule to absorb light during a collision. In this
case, the disruption in the electronic states of the atom or molecule caused by
the collision, can greatly enhance the absorption. Due to the short collision
time, the resulting absorption will be a broad feature, which can generally well
be approximated by a single line shape, without structure due to rotational
lines. Also, because of the weak bonding between the O2 -O2 complex – ≈ 20
cm−1 – the transitions will be so-called bound-free transitions. The transition
takes place while the oxygen molecules are moving with such energies that they
cannot stick together. Furthermore, since two colliding particles are needed,
the Collision Induced Absorption (CIA) grows quadratically with the density.
One of the first observations in this effect was in liquid oxygen and is the
effect responsible for the blue color of the liquid. And although for some time,
CIA was considered to be only of academic interest, recent studies have shown
that CIA processes play a role in the spectra of stars, where some star types
are even classified by the presence of CIA [15]. Furthermore, additional details
for Jupiter like planets can be obtained from CIA spectra [16]. But also closer
to Earth, CIA effects are incorporated, for example in explaining part of the
energy deficiency in climate models of the Earth [17].

1.4.1

CIA by oxygen in the near infrared spectral region

In the A- and B-band region, it has been difficult to establish the presence
of a CIA contribution, even leading to the suggestion that there was no CIA
in these regions [18]. Also, theoretically it is difficult to give an reasonable
accurate estimate of the size of the CIA, which is a consequence of the large
number of electrons involved as well as the open shell nature of the molecule.
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Figure 1.6: The atmospheric transmission measured between 10000 cm−1 and
16000 cm−1 at 13.20h on 26th of march in Bialystok (Poland). Various absorption bands are visible. Data provided by N. Deutscher of the Bremen University
(TCCON)

Even finding a correct way to describe a pathway by which the enhancement
takes place is difficult. In his articles, Minaev describes that during a collision
the a ← b and b ← a electric quadrupole transitions are enhanced due to
overlap in the electronic orbitals, changing this electric quadrupole transitions
into electric dipole transitions. Due to this change, it is now possible to mix
these states, providing a more efficient pathway for the a ← X transition –
via the b-state –, and enhancement of the b ← X transition. Chapter 3 and
Chapter 4 both focus on CIA in the A-band region, but where Chapter 3
focuses on pure CIA by pure O2 chapter 4 focuses on CIA contributions in
the A-band due to O2 -N2 collisions. In Chapter 5 the CIA of the B-band is
measured, and in Chapter 6 the CIA around 922 nm is determined.
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An example: a surface retrieval measurement

Currently, various methods exist to obtain information about the atmosphere.
Some of these methods involve satellites, while others involve measurements
performed on the surface. In this example I discuss an atmospheric spectrum
obtained by the Total Carbon Column Observing Network (TCCON). This
network consists of various spectrometers placed on different locations on the
surface of the Earth. These spectrometers use the sun as light source and
measure the light transmission through the atmosphere. By looking at the
sun at the different times during the day – or different solar zenith angles –
various path lengths can be obtained. Figure 1.6 gives an example of such a
measurement, for which the solar zenith angle is 61.36◦ . Effectively, this is
comparable to absorption by a column of air with a path length of 17.7 km
and 1 atm of pressure. Various absorption features are visible in Fig.1.6. The
broad features centered around 10500 and 11500 cm−1 results from collision
induced absorption (see section 1.4) between hydrogen molecules[19] in the
solar atmosphere. From this atmosphere the Balmer α line is a feature. The
absorptions by water and oxygen take place in the Earth atmosphere.
Since this thesis focuses on the absorption by molecular oxygen, the absorptions for this molecule are highlighted in Fig.1.7. The central spectrum of
this figure shows the oxygen A-band, which I discuss in chapter 3 and 4. From
this spectrum, it is clear that the absorption lines are saturated, and that even
some of the isotopologue lines – resulting from 16 O18 O – are nearly saturated.
Resultingly, if this band is to be used for determination of the amount of air,
this information has to come from the areas in between the lines. Here, all
the processes described above – Rayleigh scattering, CIA and magnetic dipole
absorption – result in comparable contributions.
Also displayed by Fig.1.7 is a highlight of the oxygen B-band (bottom),
discussed in chapter 5. Although the absorption by this band is not at strong
as the absorption by the A-band, it is still strong enough to prevent any transmission at the peaks of the absorption. As such, if the B-band is to be used
for path length determination, details about absorption in between are needed,
identical to the situation of the A-band.
The top spectrum of of Fig.1.7 shows the transmission around 11000 cm−1 ,
which is used primarily for the determination of the amount of water vapor in
the atmosphere. All the sharp lines visible in this region result from water. In
chapter 6 it is shown that an absorption feature due to CIA by oxygen is also
present in this wavenumber region. Although not visible in this highlight, it
might influence the measured transmission.
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CHAPTER

Cavity Ring-Down
Abstract
In this chapter, I will give a short description of the set-ups we used
in our experiments and an extended analysis of the cavity ring-down
principle. Also the highly reflective mirrors used in cavity ring-down
will be explained, due to the similarity of the mathematical description
between the mirrors and cavity ring-down. Finally, I will give a numerical
example.
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Introduction
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Cavity ring-down (CRD) is the serendipitous discovery by O’Keefe and Deacon [20]. They set out to measure the reflection of dielectric mirrors, which
consist of various thin layers of dielectric material. Unfortunately, due to the
high reflectivity obtainable for these mirrors and the angular dependence of
the mirrors, direct measurements of the reflectivities are neigh impossible. Resultingly, they started experimenting by placing pairs of these highly reflective
mirrors opposite to each other – or a so-called optical cavity – displayed in
Fig.2.1. As will be shown in section 2.4.2, this will result in exponentially
decaying – or ring-down – signals when a light pulse is present in this cavity.
From these decaying signals, they were able to extract the reflectivity of the
pair of mirrors. Coincidentally, they also measured the absorption by the oxygen B-band, made possible by the relatively long path lengths by the back and
forth bouncing of the light between the mirrors.
As explained, a cavity ring-down set-up consists of a set of highly reflective mirrors around an empty space where we can vary the density of oxygennitrogen mixtures. As such, the cavity obtains its special properties by interference effects, which are prominently present when using both pulsed lasers and
narrow band diode lasers. In the following paragraphs I introduce the set-ups I
used for the work in this thesis (2.2), a few properties of electromagnetic waves
(2.3.1), and the effect of the presence of a dieletricum, which is a suitable way
to introduce the consequence of multiple reflections and interference phenom-

1 23 456 7
Round Trip

Figure 2.1: The Cavity Ring-down principle. An electric pulse E0 (light pulse)
in supplied on the left side to an optical cavity of two mirrors. E0,R indicates
the reflected electric field, ET the transmitted fields, ER the rejected field, and
EC the fields in the cavity. At the right side the intensity of the transmitted
field |ET |2 is shown as function of the round trip. Also shown is the associated
exponential decay
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ena (2.3.2). Since the very high reflectivity of the cavity mirrors make them
non-trivial products, I explain how one makes such high reflectivity mirror in
2.3.3.
In 2.4.1- 2.4.4, I discuss the ring-down cavity assuming mirrors with a certain transmission and reflectivity. Here I discuss in some detail the properties
of such a cavity that result in the apparent equality of pulsed and continuous
wave (cw) lasers. Since I use cavity ring-down in this thesis as a spectroscopic
tool, the effect of an absorber in the cavity is described in 2.5. I close with
providing realistic numbers of the used mirrors and radiation sources and the
consequences for cavity ring-down operation in (2.6).

2.2
2.2.1

Experimental Set-ups
Pulsed laser cavity ring-down

Various experimental schemes exist that can be used to perform cavity ringdown spectroscopy [21, 22]. One of the most simple schemes uses a pulsed laser.
In the set-up used for the experiments in Chapter 3-5, we used an Nd:YAG
pumped dye laser as a light source, which works well for extinction features
which are relatively broad – or flat – with regard to the laser line width. In this
type of experiment, the ring-down signals are easily obtained due to the pulsed
nature. In principle, only a laser source and an optical cavity are needed. Normally, the laser is then scanned in order to retrieve the absorption features.
However, in our experiments, the ring-down cavity is placed inside a pressure
cell and instead of scanning the laser, we keep the wavelength of the laser constant and slowly fill the pressure cell with nitrogen, oxygen, or mixtures of the
two. For an extended description of the set-up, see section 3.3.2. Examples of
the type of measurements performed with such a set-up by other authors include measurements on the double collision induced absorption [23, 24], where
two molecules get excited by a single photon, and Rayleigh scattering [25, 26].
However, since the laser line width is in the order of 0.1 cm−1 , it is difficult to
study qualitatively rotational absorption lines, although it is possible to determine resonance frequencies and intensities. The region in between rotational
absorption lines is, for some molecules, flat enough to study underlying processes such as collision induced absorption and/or Rayleigh scattering using
pulsed light sources.
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Continuous wave diode laser cavity ring-down

Unfortunately, there are some drawbacks to using pulsed dye lasers in CRD.
For example, efficient laser dyes are only available between 400 and 800 nm,
and are, in general, carcinogenic. A solution would be to use cw diode lasers,
which are at the time of writing, available from 380 to 500 nm and from 640
to 3000 nm and provide, in combination with a grating, a line width in the
order of 10−4 cm−1 . However, due to this small line width combined with the
continuous nature of these diode lasers, the performance of such a cavity ringdown experiment is somewhat more complicated. First of all, the line width is
usually smaller than the spacing between the cavity modes (see section 2.4.3).
In the set-up used in Chapter 6, we circumvented this problem by scanning
the laser over a small wavelength region of one free spectral range, until a
cavity mode was hit. Meanwhile, we slowly filled the cell with our gas sample.
Secondly, after coupling, the laser has to be switched off within a time short
relatively to the ring-down signal. Furthermore, although the average power of
dye and diode lasers is comparable (50-300 mWatt), the short pulse duration of
the dye laser provides a much more intense pulse. Fortunately, the continuous
nature of the diode laser makes optimal use of interference effects. For a more
extended description of this set-up, see section 6.2.
In order to compare the consequences of both laser sources for CRD, I will
explain in the next sections the CRD principle as well as the physics behind
the highly reflective mirrors.

2.3
2.3.1

Electromagnetic waves and highly reflective mirrors
Electromagnetic waves

Both lasers used in our experiments provide electro-magnetic (EM) waves, for
which a solution can be obtained from the Maxwell equations as
α

i2π
~
E(α,
ν, λ0 , ~z, t, n) = E~0 e−2π λ0 ~z e



νt− λn ~
z
0

.

(2.1)

In this equation, λ0 is the wavelength of the light in vacuum propagating in
direction ~z, n the refractive index of the medium through which the wave
is traveling, ν is the frequency of the light, t is the time, α is the extinction
coefficient and E~0 is the strength of the electric field at ~z = 0, t = 0. In general,
Eq.2.1 will result in complex numbers, which have no direct physical meaning.
The real part of Eq.2.1 is the meaningful physical quantity.
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We are also able to define an intensity I to this electric field by using
~E
~ ∗ ≡ |E|2 ,
I∝E

(2.2)

where the asterisk indicates the complex conjugate. If we assume that there is
no absorption by the medium – i.e. α = 0 – Eq.2.1 reduces to
~ t, λ, ~z) = E~0 ei2π(νt− λ1 ~z) ,
E(ν,

(2.3)

where λ is the wavelength in the medium given by λ = λ0 /n. The intensity I0
then becomes
~ 2 = |E~0 |2 ,
I0 ∝ |E|
(2.4)
indicating that we have a wave with a constant intensity.

2.3.2

Reflection and transmission of electro-magnetic waves

When the EM wave defined by Eq.2.1 travels through an unabsorbing medium
with (real) refractive index n and reaches an unabsorbing dielectric medium
with (real) refractive index n0 , part of the light will be reflected and part of
the wave will be transmitted. The amount of reflection and transmission for
perpendicular incident waves in an unabsorbing medium is given by
~ ref lected
n − n0
E
=
n + n0
E~0
~
Etransmitted
2n0
τ (n, n0 ) =
=
,
n + n0
E~0
ρ(n, n0 ) =

(2.5)
(2.6)

where ρ is the electric reflectivity and τ the electric transmission. It should be
noted that in Eq.’s 2.5 and 2.6 the sum of ρ and τ is unity, indicating that the
electric field is conserved. For the reflected wave the intensity Ir is given by
~ t, λ, ~z)|2 = RI0 ,
Ir (ρ) = ρ2 |E(ν,

(2.7)

where R is the reflectivity (not to be confused with ρ). We can furthermore
define a transmission (T ) of the dielectric medium as
~ t, λ, ~z)|2 = T I0 ,
It (τ ) = τ τ 0 |E(ν,

(2.8)

where IT is intensity of the wave behind the medium and τ 0 is given by
τ 0 (n, n0 ) = τ (n0 , n) =

2n
.
n + n0

(2.9)
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Figure 2.2: The interaction between an electro-magnetic wave Ei and dielectric
media with different refractive indices (n1 , n2 and n3 ). ρ and τ indicate the
electric reflectivity and transmission. The arrows indicate which ρ and τ should
be taken, and correspond to the direction of the electro-magnetic wave

Using these definitions for Ir and It one can easily derive that also the intensity
is conserved.
Up to this point, we did not take into account that the transmitted wave at
the second surface of the dielectric medium gives rise to an additional reflection.
This reflection will in turn result in further transmitted waves and reflections,
which is graphically displayed in Fig.2.2. These fields will interact which each
other, and the form of this interaction depends on the distance variation of
the surfaces of the layer. If the interface between the two two materials has
variations in the same order or larger as the wavelength of the incoming light,
this layer is considered optically thick. Due to this interface roughness, the
coherence of the incoming light is not preserved. In the case of optical thick
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layers and perpendicular incident radiation, the correct way of determining the
net effect of the fields is simply adding the intensities of the different fields or
mathematically,
IT (T, R, M ) = I0 T 2

M
X

R2m ,

(2.10)

m=0

"
2

IR (T, R, M ) = I0 R + T R

M
X

#
R

2m

,

(2.11)

m=0

where IT is the intensity of the transmitted wave and IR the intensity of the
reflected wave. The uppercase is used to differentiate between the single transmission and reflection given by Eqs.2.7 and 2.8. Setting M at infinity is justified if the thickness of the layer is several orders of magnitude smaller than
the length of the incoming pulse. The above equations can be simplified by
noticing that the sum in Eq.2.10 equation is a geometric series for which the
solution is given by
L
X
1 − RL
Rl =
.
(2.12)
1−R
l=0

Replacing the sum in Eq.2.10 by the above solution and letting M go to infinity
gives
1
,
IT = I0 T 2
1
−
R2

IR = I0 R + RT 2

(2.13)


1
.
1 − R2

(2.14)

Although not clear at first glance, the sum of the reflected and transmitted
intensity given by Eqs.2.13 and 2.14 is conserved. Although Eqs.2.14 results
in an enhancement of the reflectivity, the resulting reflectivities are not high
enough to be effectively used for CRD mirrors, as the reflectivity of these
mirrors is usually around 25%.
I will now describe the case of optically thin layers, which are layers which
have interface roughness small compared to the wavelength of the incident
wave. In this situation, coherence is preserved, and the combining of the fields
has to be treated with the EM waves themselves, instead of their corresponding
intensity. For simplicity, the incoming wave Ei is rewritten as
1
Ei (λ, ~z) = E~0 ei2π λ ~z ,

(2.15)
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where I have included the factor exp(2πiνt) into E0 as it will not influence
the discussion – this term drops out when determining the intensity. I will
furthermore consider the wave to be perpendicular to the dielectric material
and I ignore any losses due to the dielectricum. The boundary region between
medium one, with refractive index n1 , and medium two, with refractive index
n2 , is placed at z = 0. The boundary region between medium two and medium
three, with refractive index n3 , is placed at z = d. The first reflected wave ER1
is given by
~ R (λ, ~z) = E~0 ρe−i2π λ1 ~z
E
1

for ~z < 0.

(2.16)

for ~z > d.

(2.17)

The first transmitted wave ET1 is given by
~ T (λ, ~z) = E~0 τ τ 00 ei2π λ1 ~z
E
1
The second reflected wave ER2 is given by
~ R (λ, ~z) = E~0 τ ρ00 τ 0 e−i2π λ1 ~z eiδ
E
2

for ~z < 0

(2.18)

for ~z > d,

(2.19)

and the second transmitted wave ER2 is given by
~ T (λ, ~z) = E~0 τ ρ00 ρ0 τ 00 ei2π λ1 ~z eiδ
E
1
where the phase difference δ is defined as
δ(d, n2 ) = 2π

2n2 d
.
λ0

(2.20)

If we continue in this fashion, we end up with following equations for the total
reflected and transmitted EM-fields:
"
#
∞
X

1
m
~R
ρ0 ρ00 eiδ
for ~z < 0 (2.21)
E
(λ, ~z, δ) = E~0 e−i2π λ ~z ρ + τ τ 0 ρ00 eiδ
total

m=0
1
~T
E
(λ, ~z, δ) = E~0 e−i2π λ ~z τ τ 00
total

∞
X

ρ00 ρ0 eiδ

m

for ~z > d. (2.22)

m=0

Setting the maximum value of m to infinity is justified if the thickness of the
layer is much smaller than the length of the incoming wave. Replacing the
geometric series in Eqs.2.21 and 2.22 by Eq.2.12 results in


0 00 iδ
0 iδ
~R
~0 e−i2π λ1 ~z ρ − ρρ ρ e + τ τ e
E
(λ,
~
z
,
δ)
=
E
for ~z < 0 (2.23)
total
1 − ρ00 ρ0 eiδ
1
1
~T
E
(λ, ~z, δ) = E~0 e−i2π λ ~z τ τ 00
for ~z > d. (2.24)
total
1 − ρ00 ρ0 eiδ
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It is reasonable straightforward to determine the transmitted intensity from
this result as
~T
IT (δ) = |E
(λ, ~z, δ)|2 = I0 (τ τ 00 )2
total

1+

(ρ00 ρ0 )2

1
.
− 2ρ00 ρ0 cos δ

(2.25)

In the case that n1 = n3 , ρ00 = ρ0 and τ 00 = τ 0 , Eq.2.24 simplifies to
1
1 − ρ0 ρ0 eiδ
1
1
for ~z > d.
= E~0 T e−i2π λ z
1 − Reiδ

1
~T
E
(λ, ~z, δ) = E~0 τ τ 0 e−i2π λ ~z
total

(2.26)

Equation 2.26 then results in a transmitted intensity of
IT (R, T, δ) = I0 T 2

1+

R2

1
.
− 2R cos δ

(2.27)

From this last equation, several things can be easily determined. If R is small,
or the difference between n1 and n2 is small, the transmission will be relatively
large. If R is large, the term 2R cos δ, which is absent in Eq.2.10, has a large
influence on the transmission, resulting in a maximum transmission when δ =
2qπ, q ∈ N . Each value of δ is associated with a certain thickness d = λ/(2q).
Resultingly, such a layer is known as a half wave plate if q is odd and a full
wave plate if q is even. If, in this situation, δ is close to zero, than we can
approximate cos δ by 1 − δ 2 /2. We then get a Lorentz type profile given by
IT (R, δ) =

I0
R

1
(1−R)2
R

+ δ2

,

(2.28)

which has a maximum resonance around δ = 0 and a half width at half maximum (Γ, HWHM) of
(1 − R)
Γ(R) = √
.
(2.29)
R
The minimum transmission is obtained when δ = π + 2qπ, resulting in a thickness d = (1/2q + 1/4)λ, which is known as a quarter wave plate. So, in
order to get the most efficient mirror, the difference between n1 and n2 should
be as large as possible, while the thickness of the layer should be given by
d = (1/2q + 1/4)λ. In practice, this results in mirrors with a reflectivity
around 60-70% (see Fig.2.4) around 550 nm, which can not be used for cavity
ring-down. Higher reflectivities are needed.
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High reflectivity mirrors

To achieve mirrors with higher levels of reflectivity, multiple layers of different
dielectric material can be stacked. This stack of layers will normally be attached
to a substrate. If the refractive index of the substrate is low, which is generally
the case, the first layer that will be applied to the substrate will be quarter
wave layer with high refractive index. On top of that, a quarter wave layer with
low refractive index will be applied, on which another high refractive index
quarter wave layer can be attached. This process can be repeated multiple
times, but the top layer should always be of a high refractive index material.
A complication can arise as the substrate can function as an etalon, which
behaves identical to the interference occurring in a thin layer. It is however
possible by applying a dielectric coating at the opposite side of the substrate,
which effectively reduces the refractive index of the substrate to unity. For a
single layer
√ coating, this is obtained with a quarter wave coating and a refractive
index of nn0 . Figure 2.3 gives a graphical display of a highly reflective mirror.
In order to derive the transmission and reflection of this multilayer mirror,
I start out by determining the electric transmission and reflection of the last
layer in combination with the medium after the layer (usually air or vacuum),
taking also into account the second layer. In other words, we fill in Eqs.2.21 and
2.22 which will provide us with the electric transmission and electric reflectivity.
Setting these obtained values as ρ00 and τ 00 provides us with a way to incorporate
another layer. In this iterative way, it is possible to determine the transmission
and reflection of multiple layers. Figure 2.4 shows the transmission (1 − R) for
a variable number of layers on a logarithmic scale. For these results, the high
refractive index is set to a value of 3 (Sb2 S3 )[27, 28] and the lower refractive
index to a value of 1.34 (NaF)[27]. The refractive index of the substrate and
air is set at unity. As can be seen from Fig.2.4, with each additional two pair
of layers, the transmission of the mirror reduces by more than an order of
magnitude, resulting in a transmission of less than 10−4 for a stack of fifteen
layers. The reflection of such a mirror is thus greater than 99.99%. Adding
additional layers would theoretically provide even higher reflectivities, but due
to losses, either scattering or absorption, a stack of more than fifteen layers is
experimentally not feasible. Figure 2.4 also shows the drawback of a stacked
layer mirror. For each additional layer, the wavelength region of reflection
becomes narrower.
Concludingly, we have seen that dielectric mirrors constructed out of an
optically thick layer have a very low reflection. By replacing the thick layer by
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Figure 2.3: The layered structure of a highly reflective mirror

a thin layer, the reflectivity can be improved, resulting in mirrors with a reflectivity around 75%. However, these mirrors now have an increased wavelength
dependence due to interference effects and although thin layer mirrors already
have a reflectivity higher than thick layer mirrors, the reflectivity is still low.
Nonetheless, it is possible to increase the reflectivity drastically by stacking
multiple thin layers. The resulting mirrors can be used for cavity ring-down,
which I will describe in the next section.

2.4
2.4.1

Ring-down cavities
Transmitted intensity of a ring-down cavity

Using the highly reflective mirrors of the previous section, it is now possible to
construct an optical cavity, which is shown in Fig.2.1. This figure also shows
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Figure 2.4: The transmitted intensity for a multilayer highly reflective mirror.
The high refractive index is set at 3, the low refractive index at 1.34. The
refractive index of the substrate and surrounding air is set at 1.

the interaction of an optical cavity with an EM wave, which results in behavior
identical to that observed for the interaction between a dielectric medium and
an EM wave (Fig.2.2). However, there are a couple of differences between
the optical cavity and the dielectricum. The first difference is the distance
involved. Whereas the thickness of the dielectrum is namely in the order of the
wavelength of the incident wave, the distance between the mirrors (l) in the
optical cavity is much larger than the wavelength of the EM wave. As such,
the assumption which leads to summing to infinity in Eqs.2.21 and 2.22 is no
longer automatically valid, certainly in the case of pulsed lasers. Instead, the
summation will be to a certain value M , the number of round trips, which will
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then lead to


02M iM δ
e
~R
~0 e2πi λ1 ~z ρ + τ τ 0 ρ0 eiδ 1 − ρ
E
(λ,
~
z
,
δ,
M
)
=
E
for ~z < 0
Total
1 − ρ02 eiδ
1
1 − ρ02M eiM δ
~T
for ~z > l,
E
(λ, ~z, δ, M ) = E~0 e2πi λ ~z τ τ 0
Total
1 − ρ02 eiδ

(2.30)
(2.31)

where I have used that the medium before and after the cavity are identical. From the total transmitted electric field we can determine the intensity
transmitted by the cavity, resulting in
~ T (λ, ~z, δ, M )E
~ T (λ, ~z, δ, M )∗
IT (R, δ, M ) = E
1 + R2M − 2RM cos(M δ)
= I0 (1 − R)2
for ~z > d.
1 + R2 − 2R cos(δ)

(2.32)

Figure 2.5 shows the behavior of Eq.2.32 for mirrors with a reflectivity of
99%. What we want for CRD, is long path lengths – so high reflectivities –
which occurs when δ = 2πq, corresponding with the previously obtained result
l = (1/2q)λ. In this situation, the intensity Imax is given by

Imax = IT (R, δ = 2πq, M ) = I0 1 − RM ,
(2.33)
which is also the maximum transmitted intensity. Surprisingly, choosing the
point of highest reflectivity, also results in maximum transmission, making it
possible to detect the transmitted intensity. Furthermore, some oscillations
will occur as function of N for constant δ (δ 6= 0), which are more clearly
displayed by the right graph of Fig.2.6. This indicates that the HWHM of
the transmission will vary as function of the number of round trips. For low
values of N , oscillatory behavior is also observed as function of δ, which is
displayed by the left graph of figure 2.6 for mirrors of 99% reflectivity. It
should be noted that the oscillations are identical for higher reflectivities, but
the observed intensity differs. The source of these oscillations as function of δ
results from the interference occurring at the front mirror.
Although I have now determined the transmitted intensity as function of
the phase difference, a detector will generally not measure the intensity as
function of the phase difference. The detector will instead measure the total
intensity of the EM-wave transmitted through the cavity. Here our two laser
systems (pulsed dye vs. c.w. diode laser) have different characteristics. In the
pulsed dye laser, the band width averages over more than one free spectral
range (FSR, see section 2.4.3) and a low number of round trips. For the diode
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Figure 2.5: The transmission of an optical cavity as function of the variable
(δ − qπ) and the number of round trip times (M ). The reflectivity R of the
mirrors is set to 99%.

laser we have a band width much smaller than one FSR and a number of round
trips M that we can choose experimentally by switching of the laser. For a
single cavity transition mode, the transmitted intensity per mode (IT,int ) can
be defined as
Z 0.5π
IT,int (R, M ) =
IT (R, δ, M )dδ.
(2.34)
−0.5π

If the line width of the EM-source is large with regard to the width of the
mode, which is the case even for narrow band lasers if the R is high enough,
the EM-source can be approximated as constant. In this case, the integral in
Eq.2.34 results in

T
IT,int (R, M, T ) = I0 π √
1 − R2M .
R

(2.35)
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Figure 2.6: left: The transmission of the first 5 round trips for a cavity constructed out of two 99% mirrors. right: The transmitted intensity for various
phase difference δ. Γ is the bandwidth of the cavity at t = ∞ (Eq.1.29)

Using conservation of energy and noticing that there is also a reflected wave in
the cavity, we can determine the power inside the cavity IC to be

2
IC (R, M, T ) = IT,int (R, M, T )T = I0 π √
1 − R2M .
R

(2.36)

What draws attention, is that the intensity integrated over an FSR scales with
2
1 − R2M , whereas the intensity at resonance (δ = 0) scales with 1 − RM .
This difference in scaling indicates that the integrated intensity is not a good
measure of the quality of the cavity.
From Figs.2.5 and 2.6, it can be observed that the main transmission maximum centered around δ = 0 has a certain width. The width of this peak is
a measure of the quality of the cavity. Already in section 2.3.2 I have derived
that the minimum width of this peak is given by Eq.2.28. However, from the
figures, it can be observed that this width is dependent on the number of round
trip times, which can also be observed from Eq.2.32. If we assume that the
profile obtained can be approximated reasonably well by a Lorentz profile, we
are able to determine the line width of transmission peak. For the Lorentz
profile (normalized to π, due to our choice for δ) the maximum intensity is
given by
IT,int (R, δ, M )
,
(2.37)
Imax (R, δ, M ) =
ΓM (R, M, T )
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Figure 2.7: The line width as function of the number of round trips for a cavity
constructed out of two 99% reflective mirrors

where ΓM is the line width at round trip M . As Imax is given by Eq.2.33 and
IT,int results from Eq.2.35 we obtain
T 1 − R2M
ΓM (R, M, T ) = √
for M > 1
R (1 − RM )2

(2.38)

for the line width. If we let M go to infinity in Eq.2.38, and noticing that
T = 1 − R we end up with Eq.2.29, indicating that the above method is
correct. For illustration, the behavior of Eq.2.38 is displayed in Fig.2.7. The
line width initially decreases rapidly, before slowly converging to its minimum
value. This also indicates that for a cavity which is pumped with a short pulse,
the cavity line width is large.
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Losses in the mirrors
In section 2.3.3 I briefly noted that the maximum numbers of layers of a highly
reflective mirror is limited due to losses in the mirrors. A small part of this
loss results from absorption by the substrate. The largest part results, however,
from losses due scattering on small crystals, which are a result of the methods
used to create the thin layers. As the wavelength dependence of the scattering depends on the size of the crystals, this scattering is comparably larger
for blue light than for red light. It is thus harder to achieve high reflective
mirrors for blue or violet light (max 99.9% reflectivity) than it is for red light
(max 99.999% reflectivity). The influence from the losses can be obtained
from Eq.2.1, which has a corresponding intensity given by
α

I(A) = I0 e−4π λ0 z = (1 − A)I0 .

(2.39)

Due to conservation of energy, the sum of all processes should be unity or
A + R + T = 1,

(2.40)

i.e. we can no longer replace T by 1 − R. If we consider that each of the mirrors
will have a loss A we can add the additional term in the electric field due to
losses into Eq.2.32. The resulting transmitted intensity is then given by
~ T (λ, ~z, δ, α)E
~ T (λ, ~z, δ, α)∗
IT (R, δ, M, A, T ) = E
1 + R2M − 2RM cos(M δ)
= I0 (1 − A)2 T 2
for ~z > d. (2.41)
1 + R2 − 2R cos(δ)
In practice, we can set 1 − A to 1, because the absorption in the mirrors will be
very low compared to the reflectivity. The maximum transmission, obtained
for δ = 0 and M large consequently results in
IT,max (R, T ) = I0

T2
1
≈ I0
2 .
(1 − R)2
1+ A

(2.42)

T

As long as A is small compared to T or evenly distributed over R and T , the
transmission will not be noticibly reduced. However, if A is in the same order
of magnitude as T , the transmission reduces drastically. For example, if A and
T are equal, the transmission is reduced by 50%. This situation occurs for the
mirrors we used in our experiments. Although the fraction of lost light looks
large, for mirrors with a reflectivity of 99.995% only one in 20.000 photons
is scattered each time the photons interact with a mirror. Of the remaining
photons, another one is transmitted, while 19.998 photons are reflected back.

34

2.4.2

CHAPTER 2. CAVITY RING-DOWN

Cavity Ring-down

Up to this point I have considered that the cavity was continuously pumped.
But what happens when we switch off the laser? If I were to switch off the
light source after round trip M , than the field at round trip M + K (K > 0)
is given by
α

~ T,RD (λ, ~z, δ, M, K) = E~0 (1 − R)e−2π λ0 ~z
E

M
+K
X

Rm e−inδ for ~z > d. (2.43)

m=M

Observing that
to

PM +K
m=M

=

PM +K
m=0

−

PK

m=0

we can simplify the above equation


 K −iKδ
α
− RM +K e−i(M +K)δ
~ T,RD (λ, ~z, δ, M, K) = E~0 (1 − R)e−2π λ0 ~z R e
E
1 − Re−iδ
for z > d,
(2.44)
from which we can determine the transmitted intensity to be


2M
− 2RM cos N δ
2 2K 1 + R
IT,RD (R, δ, M, K) = I0 (1 − R) R
1 + R2 − 2R cos δ
= IT (R, δ, M )R2K = IT (R, δ, M )Rtc/L

for z > d, (2.45)

where the number of round trips K has been related to a time t by observing
that K = tc/2L, with c the speed of light. From Eq.2.45 we can see that
after the light source is shut down, the intensity leaking out of the cavity will
decay exponentially. What I find unexpected is that the oscillations as result
to the phase differences, displayed by Fig.2.6, and which will mainly occur for
broad band lasers, do not disappear as the number of round trips after shut
down of the light source increases. After shut down of the light source, the
phase differences between the different electric fields are thus conserved and
no change in interference occurs. This also implies that the line shape of the
cavity, given by Eq.2.32, will not change after shut down, making the actual
line shape of the cavity a function of the number of round trips (M ) used to
pump the optical cavity. For illustration, the transmitted intensity as function
of the round trip is displayed in figure 2.8 for a continuous pumped cavity is
shown, as well as the ring-downs resulting from switching off the light source.

2.4.3

Free spectral range

Previously, I have shown that in order to have maximum transmission, the
length of the cavity needs to be l = qλ/2, where q is the number of modes.
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Figure 2.8: The transmitted intensity of an optical cavity constructed out of
two mirrors with 99% reflectivity while the light source is switched on (blue).
The green lines reflect the decrease of intensity leaking out of the cavity

The wavenumber distance between two successive modes (∆k) is then equal to
1
,
(2.46)
2nl
where ∆k is known as the free spectral range. In our experiments, complications may arise from increasing the pressure for successive ring-down measurements. The refractive index will slowly increase, since n has a dependence
on the density, and thus the pressure. The relation between density P and
refractive index can be determined from the Clausius-Mossoti equation as
∆k(n, l) =

P
n−1
∝
.
(2.47)
3
n+2
In the situation that n is close to unity, Eq.2.47 can be approximated by
P ∝ n − 1,

(2.48)
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from which we can determine the change in refractive index (∆n) as
∆P ∝ ∆n.

(2.49)

What is of interest is how much ∆n needs to change in order to increase q by
one, which is easily determined resulting in
λ0
.
(2.50)
2l
For a vacuum, n = 1, while for air at 1 bar and 273 K, the refractive index
is n = 1.000293. Increasing the pressure from zero to 1 bar, thus results in a
change of refractive index of 0.000293, which increase q at 600 nm, for a 30 cm
long cavity, by 293.
∆n =

2.4.4

Multimode cavities

In the cavities described up to this point only longitudinal modes were considered. However, in general, highly reflective mirrors are concave, in order
to prevent decoherence due to di- or convergence. Unfortunately, due to the
curvature of the mirrors, it is now possible to have transversal modes in the
cavity, of which Fig.2.9 gives an example. From Fig.2.9 it is clear that instead
of one, two EM-waves are leaving the cavity, one EM-wave resulting from all
odd and one EM-wave resulting from all even passes. Writing down the electric
fields belonging to these transmitted waves gives
~
z

ET,odd (λ, ~z, δ, m) = E0 T e−i2π λ

M
X

R2 ei2δ

m

for ~z > d

(2.51)

for ~z > d.

(2.52)

m=0
~
z
−i2π λ

ET,even (λ, ~z, δ, m) = E0 T e

iδ

Re

M
X

R2 ei2δ

m

m=0

As we have done previously, we can determine the transmitted intensity from
these waves, resulting in
 1 + R2M − 2RM cos(M δ)
for ~z > d, (2.53)
IT (R, δ, M ) = I0 T 2 1 + R2
1 + R4 − 2R2 cos(2δ)
where I have used that the time associated with a full round trip is twice as
long as for a single longitudinal mode. If we expand the above analysis to
higher order modes, we arrive at
H
+ R2M − 2RM cos(M δ) X 2h−2
IT (R, δ, M, H) = I0 T
R
for ~z > d,
1 + R2H − 2RH cos(Hδ)
21

h=1

(2.54)
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where H is the transversal mode number of the transversal modes present in
the cavity. I have also taken into account that each full round trip takes now
H times as long. From Eq.2.54 several things can be deduced. First of all,
the factor H is present in the cosines. Since the maxima and minima in the
transmission appear if the value of the cosine in the denumerator is one, this
means that the amount of maxima and minima is increased by a factor H.
From this increment we can derive that the FSR reduces by a factor H, i.e. the
modes are closer together, and the FSR is given by
∆k(n, l0 , H) =

1
.
2nl0 H

(2.55)

where l0 = l +  is the actual path traveled, which is slightly larger than l,
resulting from the correction  given by
!
π
l
 = (H − 1) tan−1 p
,
(2.56)
2
l(2f − l)
where f is the rate of curvature of the mirror. From Eq.2.56 we see that if
l 6= 2c,  will not have an integer value, leading to a so-called white cavity, since
at every frequency a mode can be found. However, the maxima transmitted
intensity, at cos(Hδ) = 1 and M = ∞, is given by
IT (R, δ = 0, M = ∞, H) = I0 T 2

H
X

1
(1 − RH )

2

R2h−2 for ~z > d, (2.57)

h=1

from which we can derive that the maximum transmitted intensity decreases
by a factor H compared to the longitudinal mode (H = 1) cavity. So although
every frequency will be transmitted, the intensity of these higher order modes
will be at maximum half the intensity of the primary mode. We can also
determine the intensity per mode, which also reduces by a factor H compared
to the intensity per mode of a H = 1 cavity. The line width per mode is thus
identical for each H.

2.5

Cavity ring-down spectroscopy

As noted in section 2.4.3 the presence of a gas influences the refractive index.
This in turn, influences the Rayleigh scattering. If the refractive index furthermore becomes complex, this will result in an absorption. Both these forms
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ET1+ET3+...
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ET2+ET4+...
Figure 2.9: An optical cavity containing a first order transversal mode

of loss can be combined in an extinction parameter κ, usually expressed as
an extinction per unit length, which is related to combined effective scattering
and absorption cross section. If the parameter κ is low, then the transmission
through the gas can be associated to a path length using the Lambert-Beer
law:
Iκ (κ, L) = I0 e−κL = I0 e−σP L ,
(2.58)
where L is the path length over which the absorption takes place. If we set L
equal to the distance between the mirrors l, i.e. we fill the optical cavity with
a gas, then we can combine Eq.2.58 with Eq.2.45, resulting in
IT,RD,κ (R, δ, M, K, κ) = IT (M )(R, δ, M )e−κl(M +K) R2K

(2.59)

−κlM −2K(κl+lnR)

for ~z > l. (2.60)

= IT (R, δ, M )e

e

By fitting the exponential decay of Eq.2.60, we are able to determine the extinction and thus both the absorption and the Rayleigh scattering, if we can
determine the reflectivity. It should be noted that the obtained extinction is
independent of the intensity of the laser, and results purely from the strength
of the exponential decay. Furthermore, the minimum absorption is dependent
on the quality of the fit, i.e. influenced by the amount of noise [29], and the
reflectivity of the mirrors. A higher reflectivity or longer cavity leads to a
weaker exponential decay, making it easier to separate the extinction and the
reflectivity in Eq.2.60. Resultingly, the minimum measurable extinction can
be several orders smaller than l ln R. For the work in this thesis, we placed
the ring-down cavity inside of a pressure cell, to slowly increase the pressure,
making it possible to determine the mirror reflectivity (at zero density). Furthermore, the cell is designed to allow pressures up to 10 bar, which results in
higher extinctions and thus a lower requirement on the mirrors.
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Figure 2.10: left The spectrum of cavity pumped with a dye laser. right The
transmitted intensity of cavity pumped by a diode laser (blue line). The red
line takes into account the absorption by oxygen (10−7 cm−1 )

2.6

Example

In the studies performed for this thesis, we have performed measurements on
the A-band of molecular oxygen using a pulsed dye laser (see Chapter 3 and
4). This dye laser emits 10 ns pulses containing about 10 mJ of energy. The
bandwidth of this laser is 0.10 cm−1 . However, we are also in possession of a
continuous wave diode laser, which provides 100 mWatt of power, combined
with a 3 × 10−6 cm−1 (0.1 MHz) bandwidth. For the optical cavity, we used
mirrors with R = 99.995% reflectivity and have no losses. The mirrors are
separated 30 cm from each other, resulting in a free spectral range of 0.01667
cm−1 . The ring-down time of this empty cavity is 20 µs. The expected absorption by oxygen is in the order of 10−7 cm−1 , at a pressure of 1 amg, which
changes the ring-down time to 18.9 µs. It is then of experimental interest to
know how long the diode laser needs to be coupled to the cavity in order to get
an intensity at the backside of the cavity comparable to the backside intensity
obtained by a dye laser, assuming only longitudinal modes in the cavity.
The described optical cavity will have round trip times of about 2 ns and will
have an effective path length of 6 km. The amount of energy from the dye laser
per round trip is given by a normal distribution with a FWHM of 5 round trips.
Due to this Gaussian distribution, determination of the transmitted energy
becomes more involved, as I0 is now dependent on both time and wavenumber.
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However, the transmitted intensity for the dye laser pumped cavity can be
obtained by relating the intensity as function of the time to the number of
round trips. The resulting transmitted intensity is given by the left side of
Fig.2.10 and has a total transmission of 4.9 · 10−12 J cm.
Per round trip, the diode laser will provide 0.20 nJ, much lower than the
energy provided by the dye laser. However, the bandwidth of the diode laser is
smaller than the free spectral range of the cavity and will resultingly pump the
cavity more efficiently. Furthermore, as the diode laser operates continuously,
we can pump the cavity in principle for as long as we want. The total transmitted intensity for the diode pumped system can be determined by Eq.2.34
and using a Gaussian distribution for I0 . The results of this integration for an
increasing number of round trips is given by the right side of Fig.2.10, which
also includes a correction due to the absorption by oxygen. The point at which
the diode laser provides a transmitted intensity comparable to the dye laser is
then determined to be around 7100 round trips, or 14 µs. At this point, the
absorption by oxygen is 4.3%, while the width of the transmission mode Γ is
4.8 · 10−6 cm−1 , slightly larger than the linewidth of the diode laser. Concludingly, it is thus possible to replace the dye laser by a diode laser, resulting in a
frequency resolution determined mostly by the line width of the diode laser.

CHAPTER

Line mixing and collision
induced absorption in the
oxygen A-band
Abstract
This paper reports on the absorption of molecular oxygen in the
region of the A-band near 760 nm under atmospheric conditions relevant for satellite retrieval studies. We use pulsed laser cavity ring-down
spectroscopy with a narrow bandwidth laser and use pressure scans to
increase the accuracy of the measured oxygen extinction coefficients. Absolute binary absorption coefficients in minima between absorption lines
of the A-band spectrum have been measured and tabulated. We use
the so-called Adjustable Branch Coupling model including line mixing
to calculate the magnetic dipole absorption in order to determine the
contribution of collision induced absorption. The line mixing model has
been optimized such that the collision induced absorption spectrum is
smooth1 .
1 This chapter is an updated version of: Frans R. Spiering, Maria B. Kiseleva, Nikolay
N. Filippov, Hans Naus, Bas van Lieshout, Chris Weijenborg and Wim J. van der Zande J.
Chem. Phys. 133, 114305 (2010)
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CHAPTER 3. LINE MIXING AND COLLISION INDUCED
ABSORPTION IN THE OXYGEN A-BAND

Introduction

Absorption of radiation by molecular oxygen has been the subject of numerous
studies in the past. Oxygen is an unusual molecule having a triplet ground
state besides five other low lying excited states. None of these six low lying
states are coupled by allowed electric dipole transitions. Despite the forbidden
nature of these transitions, the amount of oxygen in the atmosphere is so high
that oxygen absorbs solar light in our atmosphere efficiently. This absorption
by oxygen, in particular in the near-infrared part of the spectrum (the oxygen
A-band) has become important in satellite retrieval studies [30]. It is expected
that the next generation of atmospheric satellite missions must be able to characterize the composition of the troposphere with such an accuracy that local
emissions of carbon dioxide (CO2 ) can be determined from observed column
densities. Determination of the effective oxygen column is required in order to
obtain an accurate air mass factor, which corrects for the geometry of satellite
and the sun and for the effects of aerosol scattering, clouds and surface albedo.
Accurate CO2 columns (< 1%) require very accurate (< 0.2%) oxygen columns
and the latter implies the need for high accuracy data on oxygen absorption
including collision effects [31]. Satellite instruments, which record the A-band
spectrum often at low resolution, detect column density differences from variations of the transmittance in the weak minima in between the sharp resonances.
Here, the absorption coefficient ranges from 10−8 to 10−5 cm−1 .
Molecular collisions give rise to different effects that influence the absorption coefficient and the shapes of the sharp absorption lines. The best known
effect is pressure broadening in the form of a Lorentzian line parameter. Thermal motion adds a Gaussian contribution to the line shape. Next to these
well known effects on the line shape, more subtle effects are present, such as
Dicke narrowing [32], line mixing [33](LM) and collision induced absorption
[34](CIA). The first two effects only redistribute the absorption coefficient as
function of wavelength thereby changing the line shapes. CIA describes the
absorption by transient O2 -O2 collision complexes. The short duration of the
collision and the exchange of collision energy and internal energy result in a
weak absorption spectrum without sharp features. Being the direct result of
binary collisions, CIA increases strictly quadratic with density.
Most earlier studies on oxygen A-band absorption focused on spectroscopic
parameters of individual rotational lines from high resolution spectra obtained
by means of Fourier transform or laser spectroscopy (see for example Brown
et al.[35], Robichaud et al.[36], Predoi-Cross et al.[37] and references therein).
Predoi-Cross et al. [37]analysed the A Band line shapes using a high reso-
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lution FT technique. In the analysis of their results, they used various line
shapes (Galatry [38], Rautian Sobel’mann [39] and speed dependent Rautian
Sobel’mann) which take into account the Dicke effect and velocity dependent
effects. However, in order to fit their lines within the experimental noise level
they still needed to add line mixing.
The number of studies concentrating on collision induced effects is small.
In fact, until relatively recently the presence of an observable CIA contribution
was even questioned. Tabisz et al.[40] were the first to report a CIA contribution deduced from measurements at high densities (100-300 amagat2 ). Later
Greenblatt et al.[18] reported CIA to be negligible. In a recent work, Tran et
al.[41] quantified the CIA spectrum. They used a 0.5 cm−1 resolution Fourier
Transform spectrometer and oxygen densities up to 150 amagat. To the best
of our knowledge, Tran et al. were the first to use a quantitative LM model to
extract the CIA contribution from the observed absorption in the region of the
A-band.
In this paper we report on absolute measurements in between the P-lines
of the A-band and in the region beyond the bandhead (13165 cm−1 ) as well
as in the gap of the missing Q-branch of the pressure dependent absorption
coefficients using pulsed laser cavity-ring down spectroscopy. Oxygen pressure
ramps starting at a few mBar and ending between 1 and 5 Bar were used. Our
measurements make it possible to reconstruct the CIA spectrum below the
oxygen A-band. We argue that the introduction of LM in the calculations of
line shapes in the A-band is necessary and we use a model called the adjustable
branch coupling (ABC) model to introduce LM. This model has been developed
by Tonkov and coworkers [12, 8].

3.2

Theory

The oxygen A-band (13, 000 − 13, 200 cm−1 ) stems from the b1 Σ+
g (v = 0) ←
X 3 Σ−
g (v = 0) transition. It is a weak magnetic dipole transition, strongly
electric dipole forbidden. Babcock and Herzberg identified the origin of the
A-band transition correctly in 1949 [42]. The spectrum contains a P-branch
and an R-branch, related to changes in the rotational angular momentum N ,
∆N = N 00 − N 0 = ±1. A Q-branch is missing. The triplet nature of the
electronic ground state results in a doubling of the P-lines into PP and PQ
2 The amagat (amg) is a dimensionless unit of density. One amagat equals a particle
density of 2.6867774 × 1019 molecules per cm3 (Loschmidt number). This number is almost
equal to the number of particles in a volume of 1 cm3 at 273.15 K and 1 atm.
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transitions and of the R- lines in RR and RQ transitions, related to the J =
N + S, allowing for ∆J = J 00 − J 0 = 0, ±1, for fixed ∆N . The magnitude of the
splitting is ∼ 2 cm−1 . Finally, as is well known for molecular oxygen only odd
N levels exist in the ground state. The excited b-state only has even N values.
Figure 3.1 contains the A-band spectrum at 1 amagat. The three small figures
show examples of the spectrum that have been studied, namely in between the
P-lines and at the position of the missing Q-branch. The different naturally
occurring oxygen isotopologues are clearly visible and need to be taken into
account in the analysis.
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Figure 3.1: Spectrum of the A-band at 1 amagat calculated using the ABC
model. The magnitude and shape of the absorption coefficients in two minima
between P lines and in the region of the missing Q-branch are illustrated. The
selected minima are indicated by the asterisk in the A-band spectrum

3.2.1

Collisional Effects

Absorption lines are modified by collisions between oxygen molecules, and thus
by the oxygen-oxygen interaction potential, of which the details determine the
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rate of velocity changing and of rotationally inelastic collisions. In approximate models, the effects of these collisions are accumulated under the name
of collision broadening and parametrized in a single parameter: the collisional
line width. The resulting Lorentzian lines are convoluted with the Gaussian
shaped Doppler contribution into a Voigt line profile. Dicke [32] and others
have shown that the Doppler broadening can be pressure dependent. Rautian
has explained this phenomenon in terms of diffusion on a quantum mechanical
scale, analogous to the interpretation of the Mossbauer effect [43]. Galatry
[38] as well as Rautian and Sobel’man [39] came up with schemes to include
Dicke narrowing into the Voigt profile quantitatively. All these corrections give
dominating effects near the line center, whereas the line wings are generally
much less affected. Only LM has a dominating relative effect on the absorption coefficients in the line wings. As we accurately determine the absorption
coefficients at the line wings, we concentrate on introducing LM in order to
determine the local contribution of the CIA. LM takes into account the effect
of inelastic collisions on the line shape, which results in intensity transfer between rotational lines. Fano was the first to derive an expression for the effect
of LM on Lorentz lines [33]. He derived the following expression for the spectral
distribution:

Φ(ω) =





 X
1
1
.
<e
ρj xqj xq0 j 0
π  0 0
i (ω − L0 ) + Γ(ω) qj,q0 j 0 

(3.1)

qj,q j

In this equation, ρj are the initial state populations, related to the temperature, xqj are the so-called reduced dipole moments. The products ρj |xqj |2
provide the line strengths as found in data bases such as hitran [44, 6]. ω
is the frequency considered. The labels q and q 0 are used to distinguish transitions within the two individual branches, the remaining label j enumerates
all optical transitions. L0 is also known as the Liouville operator, which in
matrix representation is diagonal containing all transition frequencies. The
matrix Γ is the relaxation matrix, which contains the effect of collisions on the
line shapes. The diagonal of the relaxation matrix contains pressure shifts and
collisional broadening coefficients and the off-axis elements contain line mixing
effects. We note that a diagonal relaxation matrix ignores line mixing, such
that Eqn. 3.1 describes a spectrum consisting of a sum of Lorentzian lines.
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Assuming hard collisions, the relaxation matrix can be approximated by: [7]

Γqq0 jj 0 = τ̄ −1 δqq0 δjj 0 − A−1 ρ0j xqj xq0 j 0 .
(3.2)
On the assumption that there is no coupling between the lines belonging to
different branches, the relaxation matrix takes the form

0
Γqq0 jj 0 = δqq0 τ̄ −1 δjj 0 − A−1
(3.3)
q ρj xqj xq 0 j 0 .
The δ function in q, q 0 reflects that in this form no line mixing takes place
between P- and R-lines. In these equations τ̄ −1 is the averaged collision frequency, which can be obtained from the pressure broadening parameters in
databases such as hitran. A is the total integrated intensity of the band and
Aq is the integrated intensity of branch q. It is noted that all components of
the relaxation matrix may be complex, providing both lineshifts and line shape
changes. An often used simplification is to ignore the imaginary part of the
diagonal elements, the pressure induced line shifts, for calculation of the offdiagonal components. Tonkov and coworkers [12] introduced a refinement of
the above expression by adding one parameter, r, to allow for the line mixing
between transitions between the two branches.
0
Γqq0 jj 0 = (1 − r)δqq0 τ̄ −1 δjj 0 − A−1
q ρj xqj xq 0 j 0

+ rτ̄ −1 δqq0 δjj 0 − A−1 ρ0j xqj xq0 j 0 ,


(3.4)

This model has been successfully applied to the 60 GHz band of oxygen,
and infrared transitions in CO, CO2 , CH3 F and CH4 [7, 8, 9, 11, 12] and is
known as the adjustable branch coupling model (or ABC-model). In the case
of the oxygen A-band, especially the shape of the spectrum at the missing
Q-branch region is strongly affected by the branch coupling coefficient. As we
will show, this region is important in assessing the optimal value for r in order
to generate a smooth CIA spectrum. The coupling parameter forms the only
free parameter used, all the others came from hitran.
The last step in the procedure to generate a full spectrum is to take into
account the Doppler contribution to the spectrum. Our line mixing model averages over all collisions. We use a Voigt convolution between the line mixing
spectrum and the Gaussian contribution associated with the Doppler effect. In
practice, our computational procedure determines the line mixing correction
on the sum of Voigt line shapes spectrum based on the collisional parameters,
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including pressure shifts, for each line obtained from the hitran. The correction itself result from diagonalisation of the line mixing matrix, which is
equivalent to a Lorentzian line.
All the above pertains only to the effect of collisions on the line shapes of
the (magnetic dipole) allowed A-band transitions. The integrated cross section
is unchanged and remains linear in the oxygen density. However, collisions
also lower the symmetry of the individual oxygen molecules and deform the
electron wave functions slightly. Tipping and coworkers [45, 46] have estimated
the effect of the quadrupole interaction induced dipole mechanism. Whereas
this mechanism describes the effect of other perturbers such as N2 and CO2
quite well, the authors acknowledge that the self-effect of O2 -O2 collisions is not
predicted very well. In all models a CIA spectrum is expected to be without
rotational structure as a consequence of the very short duration of the collisions.
This collision induced part of the oxygen spectrum is one of the important
outcomes of the research presented here.

3.3
3.3.1

Experiment
Experimental method

To measure oxygen absorption in the region of the A-band we used a cavity
ring-down (CRD) spectroscopy technique. Introduced in 1988 by O’Keefe and
Deacon [20, 22], this method has been developed into a very sensitive technique for direct measurements of the quantitative characteristics of molecular
absorption, using laser sources. CRD methods are based on measurements of
the time dependence of intensity of the laser pulse leaking out of a cavity. The
decay rate of the signal contains all the information about loss processes from
the passive optical cavity. If a monochromatic light pulse is coupled into the
cavity, it leaks out of the cavity, in principle, exponentially with time:
I(t) = I0 (ν)e−t/τ (ν) ,

(3.5)

where I0 (ν) is the initial intensity of light leaking out and τ (ν) is the cavity
ring-down time. The value of τ (ν) completely depends on the cavity losses:
τ (ν) =

d
1
·
,
c | ln(R)| + κ(ν)l

(3.6)

where d is the cavity length, c is the speed of light, R the reflectivity of the
mirrors, κ(ν) the extinction coefficient of the oxygen inside the cavity, and l
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the single pass path length (if the cavity is completely filled with oxygen, l is
equal to d). Therefore, the extinction coefficient of oxygen can be obtained as
follows:
| ln(R)|
1
−
(3.7)
κ(ν) =
τ (ν)c
d
where the background level | ln(R)|
is determined by the losses in the empty
d
cell.
The CRD spectroscopy technique has two remarkable advantages. First, the
value of extinction coefficient is determined by the decay rate of the light pulse
intensity leaking out of the cavity and is thus independent of the fluctuations
of the laser intensity. Second, the use of high reflectivity mirrors gives the
cavity an optical path length of several tens of kilometers, while working with
a half-meter long cavity. The combination of these advantages results in the
very high sensitivity (up to 10−9 cm−1 ) of the CRD method. It is important
to use a laser with a line width which is narrow with respect to the width of
spectral features of the molecule, such that the decay of light from the cavity
can be correctly represented by a single exponential function.

3.3.2

Experimental setup

The pulsed cavity ring-down setup [20, 21] used in this work is presented in
Fig. 3.2. We pumped a dye laser (ScanMate from Lambda Physik) at 532 nm
with a Nd:YAG laser operating at 30 Hz and using pyridine-2. The bandwidth
of the laser was typically 0.07 cm−1 , without using an etalon. The resulting
laser light was guided into a cavity constructed out of two highly reflective
mirrors (Research Electro Optics, reflectivity 99.999% at 775 nm, focal length
6 m), placed ∼30 cm apart. In order to study the pressure dependent behavior
of the absorption we placed the full cavity including the mirrors inside a home
built pressure cell, ensuring that the alignment is not affected by the pressure
ramps.
A special system for accurate alignment of the mirrors inside the cell based
on linear motors was designed. A flowmeter/controller pair (High Tech: ElFlow) was used to increase the pressure in the cell which was equipped with
a membrane pump (Edwards XDS5). The pressure of oxygen (99,998% pure)
inside the cell was measured with a pressure meter (Pfeifer: Dual Gauge)
with a relative error of 0.15% of the reading. The intensity of light leaking
out of the CRD cell was detected with a photo-multiplier tube (Licel High
Dynamic Range Photomultiplier); an appropriate bandpass filter was placed
in front of the tube to prevent the detection of surrounding light that could
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Figure 3.2: The experimental setup as used for the determination of density
dependent extinction. A ND:YAG laser pumped dye laser is sent into the ring
down cavity. Part of the signal is used for wavelength calibration. The ring
down signal can be observed with a CCD camera to determine the quality of
the signal. Finally, the photo-multiplier tube captures the signal. For each
shot, wavelength, pressure and PMT signal are stored for analysis.

pass through the cell. Part of the light coming out of the CRD cell was also
sent on a sensitive CCD camera to control the quality of the alignment of the
cavity. This was required for obtaining reproducible results. The data from the
photo-multiplier tube were transferred to a computer for on-line fitting of the
intensity decays and storage of the traces by use of a scope card (GageScope
CS14100). Other relevant data, such as the pressure of the sample and the
wavelength were recorded simultaneously. The wavelength was measured with
a wavelength meter (HighFinesse: Wavelength Meter Ångstrom WS/7) which
was calibrated with a single mode temperature stabilized HeNe laser (absolute
calibration 0.005 cm−1 ).

50

3.3.3

CHAPTER 3. LINE MIXING AND COLLISION INDUCED
ABSORPTION IN THE OXYGEN A-BAND

Experimental procedure

To obtain the value of the extinction coefficient of oxygen at a given wavelength
within the region of the A-band the following experimental procedure was used:
the empty cell was slowly filled with oxygen up to a certain maximum pressure, estimated in advance for each wavelength. The value of the maximum
pressure was chosen to ensure a considerable change of the extinction during
the pressure scan. During the filling of the cell the pressure of oxygen and
the cavity ring-down time were simultaneously recorded. The resulting experimental curves display the density dependence of the extinction of oxygen at a
given frequency. The advantage of this procedure is that the loss of the empty
cavity is measured during each experiment, resulting in an increased accuracy
of the measured extinction coefficient. The experimental procedure described
above was introduced for measurements of the weak Rayleigh scattering cross
sections of nitrogen and sulfur hexafluoride [25].
Measurements of the extinction coefficient of oxygen were performed within
the spectral region from 12960 to 13280 cm−1 in all minima between the rotational lines of the P-branch, in the region between the P- and R-branches and
above the bandhead of the R-branch of the A-band of oxygen. The presence of
different oxygen isotopologues and their accurate positions were important for
a correct retrieval of the CIA contribution. All experiments were carried out
at room temperature; the maximum pressure of oxygen in the cell was kept
around 1 Bar for the measurements near the center of the A-band and was as
high as 5 Bar in the band wings, where the absorption coefficients are small.
The measured extinction coefficients are then corrected for Rayleigh scattering. The contribution of the Rayleigh scattering (σ) is given by [47]:
σ(ν̄) =

24ν̄ 4 π 3 (n2s − 1)2 6 + 3ρn
,
Ns2 (n2s + 2)2 6 − 7ρn

(3.8)

where ν̄ is the frequency in wavenumbers, ns the refraction index, Ns the
molecular number density per cm3 and ρn is the so-called depolarization factor,
related to the non-spherical nature of oxygen molecules. The last term of Eqn.
3.8 is known as the King correction factor (F (ν̄)) and is given by [48]:
6 + 3ρn
6 − 7ρn
= 1.096 + 1.385 · 10−11 (ν̄/cm−1 )2

F (ν̄) ≡

+ 1.448 · 10−20 (ν̄/cm−1 )4 ,

(3.9)
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The refraction index is given by:
(ns − 1) × 108 = A +

4.09 ·

109

B
,
− (ν̄/cm−1 )2

(3.10)

The values of the coefficients A = 21351.1 and B = 21.85670 × 1012 for the
frequencies below 18315 cm−1 are from Bates [48]. Using the above equations,
the measured extinction of oxygen was corrected for Rayleigh scattering. It
should be noted that the relative contribution of scattering depends on the
spectral region within the A band: in the central part of the band scattering is
negligibly small, while near 12970 cm−1 and 13280 cm−1 its contribution may
be almost 30 % (at 1 amagat).

3.4

Results

As described in the previous section, the density dependent extinction coefficients are first corrected for the reflectivity of the mirrors and for the Rayleigh
extinction. In the resulting absorption coefficients we distinguish two contributions: the allowed magnetic dipole absorption and absorption by transient
O2 -O2 collision pairs. The CIA is strictly quadratic in nature. In the wings of
the absorption lines, where the measurements were performed, the LM model
predicts a nearly perfect quadratic behavior.
The interpretation of the observed pressure dependence in LM and CIA is of
course model dependent, but the observed total quadratic coefficient describing
the absorption in the minima between the P-lines and in the region of the
missing Q- branch is a relevant reference information for generating reference
spectra. In Table 3.1, the absorption coefficients are given in cm−1 amg−2 . The
estimated relative error is better than 1.5% in the middle of the A-band and
better than 3% near the wings of the A-band.
Using the ABC-model we estimated the values of the absorption coefficient
in the A-band for frequencies around the minima between the rotational lines
and behind the bandhead. As will be described below, the only free remaining
parameter of the ABC-model, the interbranch coupling, was set at 0.8, in
order to have a smooth CIA spectrum. This value is not much different from
the value of 0.59 derived by Makarov et al.[10] while studying the millimeter
absorption spectrum of oxygen. The ABC model calculations showed that for
the spectral points chosen between the lines, the absorption coefficient increased
proportional to the square of oxygen density within 0.5 %.
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Wavenumber
(cm−1 )
12969.0
12980.6
12985.2
12995.0
13004.2
13006.2
13016.4
13018.0
13028.0
13037.5
13047.0
13056.0
13065.6
13072.0
13073.6
13080.2
13081.4
13089.0
13089.2
13096.2
13096.6
13103.0

Binary Absorption
Coefficient
(10−8 cm−1 amg−2 )
2.7±0.1
3.7±0.2
4.0±0.2
5.25±0.15
6.4±0.2
6.4±0.2
8.1±0.3
8.8±0.3
12.7±0.4
18.4±0.5
28.6±0.8
44±1
77.0±1.5
105±2
100±2
146±2
130±2
162±3
167±3
192±3
202±3
211±3

P5 P5 -P7 Q6
P3 P3 -P5 Q4
P3 P3 -P5 Q4
P1 P1 -P3 Q2
P1 P1 -P3 Q2
Q
Q
Q
R
R
R
R
R
R
R
R
R
R
R
R
R
R

Wavenumber
(cm−1 )
13103.4
13109.4
13109.8
13115.8
13116.0
13121.0
13122.0
13123.0
13170.0
13175.0
13185.0
13190.0
13195.0
13200.0
13210.0
13220.0
13230.0
13240.0
13250.0
13260.0
13270.0
13280.0

Binary Absorption
Coefficient
(10−8 cm−1 amg−2 )
212±3
219±3
203±3
166±3
161±3
67±1
60±1
61±1
23.0±0.4
18.2±0.3
14.4±0.2
13.5±0.2
12.5±0.2
12.0±0.2
11.1±0.2
10.2±0.2
9.5±0.2
8.9±0.2
8.3±0.2
7.7±0.2
7.2±0.2
6.7±0.2

Table 3.1: The averaged measured binary absorption coefficients for various excitation energies in wavenumbers in between the P-lines (P... P... -P... Q... ) and the region of the missing Q-branch (Q) of the oxygen
A-band, as well as in the region beyond the R-branch bandhead (R).

P33 P33 -P35 Q34
P31 P31 -P33 Q32
P31 P31 -P33 Q32
P29 P29 -P31 Q30
P27 P27 -P29 Q28
P27 P27 -P29 Q28
P25 P25 -P27 Q26
P25 P25 -P27 Q26
P23 P23 -P25 Q24
P21 P21 -P23 Q22
P19 P19 -P21 Q20
P17 P17 -P19 Q18
P15 P15 -P17 Q16
P13 P13 -P15 Q14
P13 P13 -P15 Q14
P11 P11 -P13 Q12
P11 P11 -P13 Q12
P9 P9 -P11 Q10
P9 P9 -P11 Q10
P7 P7 -P9 Q8
P7 P7 -P9 Q8
P5 P5 -P7 Q6
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Figure 3.3: Sketch of the procedure. The data are taken at 13123.32 cm−1 .
(a). Measured extinction (blue) and Rayleigh scattering (red). (b). Measured
absorption (blue), resulting from the subtraction of the Rayleigh scattering
from the extinction, and calculated absorption (purple), obtained using the
ABC-model. (c). The CIA (blue) resulting from subtraction of the modeled
absorption from the measured absorption; the CIA is fitted with a quadratic
function (red).

3.4.1

Determination of the CIA spectrum

Figure 3.3 shows a representative experimental ramp of extinction against density at 13123.32 cm−1 . In the panel (a) each point is the result of an exponential fit of a light decay curve, corrected for the reflectivity of the mirrors. The
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Rayleigh scattering is shown as the straight line. In panel (b), the observations
are corrected for this scattering. The solid line shows the result of density
dependent calculations of the ABC model. In panel (c) we have subtracted
the calculated model absorption. A small correction on the absorption coefficients is applied at those frequencies where the model absorption coefficients
change significantly over the laser bandwidth. This was only necessary for a
small number of points close to the resonance frequencies and was achieved by
convoluting the calculated model absorption with the Gaussian laser profile.
The resulting absorption density (D) ramp is attributed to CIA and is fitted
with a one parameter quadratic fit, i.e.
a(D) = D2 b,

(3.11)

The constant b is the collision induced absorption coefficient (cm−1 amg−2 ).
We required from the behavior of the CIA that the fitted curve through the
measured CIA is quadratic over the full ramp.
Voigt lines
In order to check whether we needed to take LM into account to derive a
realistic CIA spectrum, we performed the analysis described above not using
the ABC model but a sum of Voigt line shapes based on hitran08 reference
data of the A-band. The resulting apparent CIA spectrum is displayed in
Fig. 3.4.
The absorption coefficients are given at a reference density of 1 amagat.
The values can be interpreted as the quadratic absorption coefficients in cm−1
amagat−2 . All data points of Fig. 3.4 are the result of independent pressure
ramps. The resulting CIA spectrum is rather smooth, especially beyond the
bandhead in the R-branch. We note that we have no data-points for frequencies
in the the R-branch itself. The higher line density of the branch results in high
absorption coefficients due to the allowed transitions with the consequence that
the contribution of CIA is too small. Here, the CIA contributes less then 0.5%
at 1 amagat to the total absorption. The absence of direct measurements makes
it difficult to estimate the band-integrated CIA coefficient. Figure 3.4 compiles
all data points that were taken over a long period of time, even including a
move of the whole instrument.
The spread of the points within one minimum is not purely statistical. This
can be observed, for example, from the observed CIA coefficients around 13040
cm−1 . Here the coefficients are smaller at the minima than closer to the lines.
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Figure 3.4: Retrieved CIA coefficients assuming a sum of Voigts realization
of the A-band spectrum without LM. Note the apparent negative values for
coefficients beyond the bandhead at 13167 cm−1 . No reliable data points could
be taken below the R-branch bandhead. The arrow points towards a minimum
where a non-smooth structure can be observed.

Due to the nature of CIA, we implicitly assume the spectrum to be without
such high frequency structure. Also, the apparent CIA in the region of the
Q-branch is small in the view of the fact that the CIA spectrum under the
P- and R-branch will be of similar magnitude and that sharp structures are
absent. The large spread near the maximum of the P-branch is partially due
to the small contribution of CIA and partially due to the incorrectness of the
sum of Voigts spectrum. The apparent behavior of the CIA spectrum above
the bandhead is highly non intuitive. The spectrum curves to smaller values
near the bandhead. Even some values become negative. As we will show in
the next section, the introduction of LM removes this trend. We note that
the first four points most close to the bandhead suffer from an experimental
error. The underlying absorption changes rapidly within the bandwidth of
our laser. The measurement procedure slightly underestimates the true value.
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After subtraction of a calculated model absorption, the CIA value becomes also
too small.
Voigt lines including line mixing
Subsequently, we have made use of the ABC model with one free parameter:
the value of the interbranch coupling, r. The effects of this value are most
obvious in the missing Q-branch region and, to a lesser extent, just beyond
the bandhead. The numerical value for r (0.8) was chosen such that the resulting CIA spectrum is smooth. The retrieved CIA coefficients are shown in
Fig. 3.5. Line mixing affects the magnetic dipole absorption by slightly deforming the Voigt line shapes and shifting intensity from the edges of the band
to its center, resulting in a change of the CIA spectrum. The negative values
and the local minima in the CIA spectrum in between the P-lines with high
rotational quantum numbers have disappeared. Also the maximum intensity
is reduced. However, we still find that the retrieved CIA coefficients within
a number of individual minima are not smooth but show relative large variations that are not random. For frequencies where N > 9, the slope is tilted
up. The reverse characterizes the observations for N < 9. In the region just
beyond the bandhead, still a few points are observed with a surprising behavior, which has to reflect a remaining systematic model error. We have carefully
checked that the wavelength meter did not introduce a small systematic shift in
wavelength, which could explain the behavior in each minimum. For the areas
below 13075 cm−1 and above 13200 cm−1 , the averaged retrieved CIA does not
change by introducing LM, due to the large contribution of CIA compared to
the model absorption. We stress that we consider the results in Fig. 3.5 being
a smooth retrieved CIA spectrum.
In Fig. 3.6 we present the CIA spectrum, obtained by taking one averaged
value of the CIA coefficient for each minimum given, based on all data close to
the minimum. Above the bandhead we measured every 10 cm−1 more than 10
times to establish the statistical error, which is plotted. It should be realized
that each point is the result of many independent measured points, which
each are the result of analyzing a few thousand decay curves during a full
pressure scan. As was discussed above, part of the errors bar shown in the datapoints still have a systematic origin, which reflects that the LM model is not
perfect yet. Another explanation for part of the systematic error is the presence
of inaccuracies in the hitran database. We found that the improved line
positions of the isotopologues in hitran08 [6] improved the fits with respect
to hitran04 [44]. The largest part of the error at low rotational lines in the P
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Figure 3.5: Retrieved CIA coefficients in cm−1 amagat−2 , assuming the adjustable branch coupling model, of the A-band region. The branch coupling
constant has been set to 0.8 resulting in a smooth CIA spectrum.

branch is caused by the high absorption coefficient at the minima between the
lower P lines due to the allowed magnetic dipole transitions, rendering relatively
small CIA contributions. Figure 3.6 also contains a direct comparison with the
data of Tran et al [41].
As mentioned above, for several minima in between the P-branch we performed detailed measurements of the absorption coeffcients taking many points
in each minumum. The idea was to use the shape in between the resonances,
to optimize the LM model. Also, the need to incorporate LM came from the
detailed observations between different lines. The choice of the parameter r
is fully based on the overall shape of the CIA spectrum. The detailed shape
in between the resonances could not be used for refinement of our LM model.
Fig. 3.7 shows the behavior at three positions of the spectrum, displaying how
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Figure 3.6: Averaged CIA coefficients in cm−1 amagat−2 , assuming the adjustable branch coupling model, of the A-band region. The branch coupling
constant has been set to 0.8 resulting in a smooth CIA spectrum. The points
are the result of the averaging of multiple points taken in and near the minima
between the lines. Also displayed are the results for setting r at 0.7 (diamonds)
and 0.9 (triangles). The green line displays the smoothed CIA spectrum obtained by Tran et al. [41], while the red line displays their unsmoothed data.
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accurate the sum of our LM model and a smooth CIA spectrum based on the
results of Fig. 3.6 describes the observed data. In the upper panel (a.) the
magnitude of the CIA is only 2.10−7 cm−1 amagat−2 . The isotopologues are
visible. The observed deviations at the edges and around the isotopologues
result from the rapidly changing absorption, which causes the light from the
cavity to decay in a multi-exponential fashion. A correction is performed, but
the correction method leaves a systematic error underestimating the true absorption. This effect also affected the measurements of CIA directly above the
bandhead, as mentioned previously in the discussion of Fig. 3.5. The middle
panel (b) shows opposite systematic errors occurring in the missing Q-branch
region due to predictions of the LM model. On the right hand side, the measurements are slightly above the model values, while on the left hand side the
observations match the model. In the last panel (c), the region above the
bandhead is shown. Here, the observations are dominated by the CIA contribution. All data points, resulting from independent pressure scans, form
directly a smooth spectrum, which is indicative for the accuracy of the present
experiment.
As shown above an important determination of the CIA of oxygen in the
A-band region was achieved by Tran et al.[41], who used FT spectroscopy in
combination with pressures up to 150 Bar to increase the relative contribution
of CIA to the spectrum. It should be noted that the combinations of their LM
model and their observations resulted in a CIA spectrum with some structure.
Their recommended CIA spectrum has been smoothed in accordance with the
expectation that the CIA spectrum should have little structure. Also Tran et
al. suggested the possibility of residual errors in their line mixing model. We
find that our CIA values agree within 5 % with their data up to 13166 cm−1 .
The unsmoothed data of Tran et al.(Fig. 6 in [41]) has a structure at 13110
cm−1 which we also find in our data. Although the overall shape of our CIA
spectrum is very similar and structure in our data seems to follow their structure, our maximum is significantly larger than that of Tran et al.[41]. Fundamentally their and our procedure are highly similar. They used spectra based
on the sum of Lorentzians combined with a line mixing model based on the energy corrected sudden (ECS) approximation, which weighs the inelastic cross
section as function of angular momentum and angular momentum changes.
We used Voigt type line shapes combined with the hard collisions assumption,
where no memory of the initial state before the collision is used, to describe
line mixing. The use of Lorentz lines instead of Voigts agrees with the high
pressures employed in Ref.[41]. As both our LM models produce the same
structure, either the CIA is structured or the LM model needs improvement
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Figure 3.7: Detailed measured absorption coefficients (points) at 1 amagat,
corrected for Rayleigh scattering, compared to absorption coefficients calculated as the sum of the ABC model with branch coupling constant r is 0.8
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elsewhere than in effects of the collisions, for example in hitran [6]. The most
likely conclusion is that LM is not accurately described in both models.
Tran et al. [41] not only published the CIA spectrum of the O2 -O2 collisions
but also of the O2 -N2 collisions. The latter is so much narrower than the O2 O2 spectrum that an estimate of the width of the CIA spectrum based on the
available kinetic energy certainly is not possible. In recent experiments in our
set-up on the CIA spectrum due to O2 -N2 collisions we corroborate the findings
of Tran et al.[41] and find a rather narrow spectrum even with some structure
[49]. The striking difference between the CIA related to O2 -O2 collisions in
comparison to that for O2 -N2 collisions has been noticed before and cannot
yet be accounted for by the models based on quadrupole interaction induced
dipole transitions as formulated by Tipping and coworkers [45, 46].
It is clear that we have been able to determine the relative contributions
of Rayleigh scattering, the allowed magnetic dipole transition and the CIA in
oxygen. The resulting total spectrum and the relative contributions of the different processes are displayed in Fig. 3.8. The data are plotted on a logarithmic
scale, to show the influence of the various processes on the spectrum.
At 1 amagat, Rayleigh scattering dominates in the minima between P-lines
with large rotational quantum numbers (below 12985 cm−1 ). CIA dominates
in the region beyond the bandhead in the R-branch (>13170 cm−1 ) as well
as in a small region at the minima in the P-branch (from 12985 cm−1 to
13037 cm−1 ). In the remaining region, especially at the frequencies of the Rbranch (from 13130 cm−1 to 13170 cm−1 ), the spectrum is dominated by the
magnetic dipole absorption of oxygen. At lower densities, Rayleigh scattering
will dominate, due to it’s linear dependence on density, whereas the absorption
in the minima and the CIA are quadratic in their density dependence.
The shape and width of CIA spectra can be understood from some general
principles. In principle absorption takes place by short lived collision complexes, implying that the spectrum can not display sharp features. During the
collision internal energy and kinetic energy can be exchanged, hence part of the
broadening will be determined by the kinetic energy distribution of the collision
partners. Most interestingly, molecular properties as the interaction potential,
the magnitude of the transient dipole moment being formed, and the effects
of having two triplet-state collision partners contribute to the detailed shape
of the spectrum. We note that in the fundamental band of molecular oxygen,
the CIA spectrum does show structure, reminiscent of rotational structure [50].
A later paper showed, by using theoretical calculations, that the structure is
due to metastable dimers [51]. However, the equilibrium density of dimers is
expected to be quadratic in density. Hence we cannot distinguish them on the

CHAPTER 3. LINE MIXING AND COLLISION INDUCED
ABSORPTION IN THE OXYGEN A-BAND

62

−2

10

−4

Absorption (cm−1)

10

−6

10

−8

10

−10

10
12950 13000 13050 13100 13150 13200 13250 13300
Wavenumber (cm−1)
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basis of the density dependence and the dimers contribute to the CIA spectrum
and may add a weak, sharp structure to a CIA spectrum.

3.5

Conclusions

The renewed interest in CIA and LM in the case of systems like oxygen stems
partially from the ever increasing level of details needed to characterize the
Earth’ atmosphere. The need for understanding of global warming has been
translated in the necessity of assessing CO2 concentrations to within 1%. With
such an accuracy not only the increase in CO2 can be monitored but even localized emissions may become measurable by remote sensing. Retrieval from
satellite data always requires the knowledge of the air mass factor and effects
of aerosol scattering. Quantitative determination of the amount of molecular
oxygen can be used to determine these effects. Using CRDS we have been
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able to determine with very high accuracy the absolute extinction coefficients
of molecular oxygen at atmospheric pressures, especially in between the resonance lines. These positions in the spectrum are highly relevant as variations
in absorption as function of observation geometry and air mass are mainly due
to these line wings as the line centers are optically very thick. In this work we
have used the density dependence of extinction to identify LM and CIA contribution. Accurate determinations have been possible. It has been impossible
to obtain information on the CIA in the frequency region of the R-branch at
our pressures. The accuracy of the CIA spectrum would be larger when a LM
model can be used that is validated against large sets of data, as we believe
that LM model still is a source of systematic errors. Predoi-Cross et al.[37] also
retrieved LM parameters by assessing at low pressures the full line shape of
the allowed transitions. This method forms an alternative way to distinguish
between different LM models. The results clearly indicate that a need exists for
assessing the CIA spectrum and full line shapes starting from first principles.

CHAPTER

The effect of collisions with
nitrogen on absorption by
oxygen in the A-band
Abstract
This paper reports on the effect of collisions between nitrogen and
oxygen on absorption in the A-band near 760 nm under atmospheric
conditions relevant for satellite retrieval studies. We use pulsed laser
cavity ring-down spectroscopy with a narrow bandwidth laser and use
pressure scans to increase the accuracy of the measured oxygen extinction
coefficients. We use the so-called Adjustable Branch Coupling model to
describe line mixing in the magnetic allowed A-Band dipole absorption
and we retrieve the collision induced absorption spectrum due to N2 -O2
collisions.1

1 This chapter is published as: Frans R. Spiering, Maria B. Kiseleva, Nikolay N. Filippov,
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535 (2011)
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CHAPTER 4. THE EFFECT OF COLLISIONS WITH NITROGEN ON
ABSORPTION BY OXYGEN IN THE A-BAND

4.1

Introduction

Satellite measurements are used extensively for climate studies. In particular,
a large interest exists in accurate measurements of CO2 emissions and sinks
at the surface of the earth[52]. In view of the present column densities, such
measurements must have an accuracy of better than 1%. To achieve this level of
accuracy, the consequences of clouds reducing the visibility of the surface, and
of aerosols creating extra path lengths must be quantified. Both of these effects
can be accounted for by making use of spectral windows. The oxygen A-band
is such a window. In this spectral region, absorption is due to O2 molecules
only. Furthermore the distribution of oxygen throughout the atmosphere is
very well known, allowing for determinations of cloud top heights and aerosol
scattering as well as air mass retrieval, by comparing the retrieved surface
pressure with the actual pressure. The desired accuracy for CO2 retrieval
requires oxygen measurements with an even better accuracy. For the A-band
highly accurate line shapes are needed beyond the simple Voigt line shapes.
Effects that affect the line shapes are Dicke narrowing [32] and speed dependent
effects of collision broadening[53, 54]. These effects change line shape near the
line centres. The valleys in between the lines are affected mostly by line mixing
(LM)[55] and collision induced absorption (CIA)[34]. In 2005, an analysis
of high resolution solar spectra revealed that errors in photon paths up to
5% were found analysing the A-Band in combination with Voigt lines and it
was concluded that the description of the absorption far from the line centres
needed improvement[56]. Tran and Hartmann showed that a large part of the
discrepancy could by explained by the absence of line mixing and collision
induced absorption [57].
Voigt line shapes result from the convolution between a Gaussian line shape,
accounting for molecular motion (Doppler broadening), and a Lorentz line accounting for molecular collisions (pressure broadening). Molecular dependent
coefficients for pressure broadening are found in the HITRAN database [6].
LM describes the consequences of inelastic collisions on a spectrum. Intensity
shifts from the wings of the band to the centre of the band and the line shape
becomes non-Lorentzian. On average, the intensity is redistributed and the integrated band strength is thus not affected. On the other hand, CIA describes
the absorption by transient or metastable collision complexes. The long range
quadrupole-quadrupole interaction during the collisions between oxygen and
oxygen and nitrogen and oxygen lead to extra transition probabilities. The
magnitude of the CIA between oxygen and nitrogen (O2 N2 CIA) seems better understood than the CIA due to oxygen oxygen collisions (O2 O2 CIA) for
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which no satisfactorily model exists [45, 46]. As the interaction times during
collisions are of the order of picoseconds or less, the CIA spectrum is expected
to be broad and without rotational structure. We note, that the CIA strength
scales strictly quadratically with collision rate. Its relative impact to the total
extinction increases at higher densities, an aspect of which we make use in our
analysis.
In recent times the A Band has been studied in considerable detail, mostly
with Fourier Transform Spectroscopy (FTS) techniques. The CIA of oxygen
with various partners (oxygen, nitrogen, carbon dioxide) has been quantified at
high pressures [40, 58, 41, 57, 59]. Tran and Hartmann found that a LM model
is essential to retrieve a consistent CIA spectrum. At atmospheric pressures, a
highly accurate line shape analysis was performed also indicating the need for
LM apart from subtle effects as Dicke narrowing and speed dependent effects
[37]. Earlier studies that significantly improved the HITRAN database also
used FTS [35, 36]. In FTS studies at low pressures (up to several bars), CIA is
difficult to retrieve because of base line uncertainties[60]. In a previous article
from our group [61], referred to as FS, we confirmed the need for LM and
determined the O2 O2 CIA at atmospheric relevant densities using cavity ring
down spectroscopy (CRDS). Accurate data were taken with a a 0.07 cm−1
bandwidth laser in between the lines of P-branch, the region of the missing Qbranch and frequencies above the band head in the R-branch. The LM model
we used was developed by the co-authors from the Saint Petersburg group.
Its parameters are taken directly from the HITRAN database [6]. In FS the
experimental and theoretical methods are described in detail. In the present
article, we expand the work performed in FS by looking at the CIA resulting
from O2 -N2 collisions in the oxygen A-band studied in three different mixtures.

4.2

Theory

The true line shape of allowed transitions is not simple to describe. A Voigt
line shape assumes the Doppler effect and the collisional broadening to be
independent. Many models have been developed to introduce detailed effects
of collisions and the dependence of the speed of the molecules on absorption
and thus the line shape. Models of the Dicke effect and of speed dependent
effects change the line shapes near the line centre. LM is an effect that has a
relatively large effect in between the lines and above the band head of the R
branch. We concentrate on the valleys in between the lines and hence we can
restrict our model to LM as modification of Voigt type line shapes. The LM
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model we used is called the adjustable branch coupling (ABC) model [7, 12]. In
this model, the collisions are described as hard collisions. The ABC-model has
only one free parameter, the so called interbranch coupling parameter (r), all
other parameters come from HITRAN. In one extreme no distinction is made
between lines in the different branches (r = 1). In the other extreme, line
mixing is only allowed within the P-branch and within the R-branch but not
in between the branches (r = 0). As expected, this parameter mostly affects
the predicted absorption in the missing Q-branch. For an extended description
of the model, we refer to FS and the references therein.
The effect of foreign gas such as N2 is assumed to be additive. The collision
contribution is weighed by the volume fractions, (Vk ). The total broadening
for a given line (γj ) is thus given by
γj = VO2 γj,O2 + (1 − VO2 )γj,N 2 ,

(4.1)

where Vk is the volume fraction of gas k and γj,k is the broadening of a particular line j due to gas k. In the HITRAN database [44, 6] the broadening
due to O2 (self broadening) and air are included. From the air broadening,
it is possible to retrieve the broadening due to N2 , when one considers air to
consist of 21% O2 and 79% N2 .
Fano was the first to derive an expression for the effect of LM on Lorentz
lines [33]. He derived the following expression for the spectral distribution:
Φ(ω) =




 X

1
1
ρj xqj xq0 j 0
<e
.
π  0 0
i (ω − L0 ) + Γ(ω) qj,q0 j 0 

(4.2)

qj,q j

In this equation, ρj are the (temperature dependent) initial state populations, xqj are the reduced dipole moments. The products ρj |xqj |2 provide the
line strengths as found in hitran [44, 6], ω is the frequency considered. The
labels q and q 0 are used to distinguish transitions within the two individual
branches, the remaining label j simply enumerates all optical transitions. L0 is
also known as the Liouville operator, which is a diagonal matrix containing all
transition frequencies. The matrix Γ contains all collisional effects and is called
the relaxation matrix. The diagonal of the relaxation matrix contains pressure
shifts and broadenings and the off-axis elements contain line mixing effects.
Hence, a diagonal relaxation matrix describes a spectrum being a simple sum
of Lorentzian lines.
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Table 4.1: The mixing ratio’s of the gas mixtures used for determination of the
CIA in O2 N2 mixtures.
mixture 1
mixture 2
mixture 3

vol.% O2
54±1
20.97±0.03
29.989±0.002

vol.% N2
46 ±1
79.03±0.03
70.011 ±0.002

The hard collision model implies a direct relation between the collision rate
and the LM effect. The elements of the matrix Γ are given by [7]:

0
Γqjq0 j 0 = (1 − r)δqq0 τ̄ −1 δjj 0 − A−1
q ρj xqj xq 0 j 0

+ rτ̄ −1 δqq0 δjj 0 − A−1 ρ0j xqj xq0 j 0 +iδjj 0 ∆ν̄j ,

(4.3)

In this equation τ̄ −1 is the averaged collision frequency, which is obtained
from the pressure broadening parameters from hitran, and ∆ν̄j is the pressure
shift of line j. We use these pressure shifts as found in hitran database. A is
the total integrated intensity of the band and Aq is the integrated intensity of
branch q. All components of the relaxation matrix can be complex, accounting
for both line shifts and changes in line shape. We ignore the imaginary part
of the diagonal elements, which reflect the pressure induced line shifts, in the
calculation of the off-diagonal components. The only free parameter is r, which
makes it possible to affect the amount of coupling between the two branches.
After using the ABC-model to introduce line mixing, the Doppler effect is accounted for in a convolution procedure. For the data treatment, the absorption
coefficient is calculated for 100 densities in each pressure scan. These model
absorption coefficients are subtracted from the measured extinction coefficients
to determine the CIA contribution.

4.3

Experiment

In order to determine the extinction for O2 mixed with N2 , three mixtures were
used, two of which were quantified by the Netherlands Institute for Standards
(NMI). The mixing ratio’s are shown in table 4.1.
The total extinction due to these mixtures were measured at selected wavelengths using cavity ring down spectroscopy (CRDS). Light from a pulsed
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nanosecond laser is injected in a cavity with highly reflective mirrors (R ∼
0.99995) The decay of this light through one of the mirrors is measured using a photomultiplier tube (PMT) selected for its linear response. The decay
constant is determined by the reflectivity of the mirrors and the absolute extinction due to the gas mixture in the cavity. By making use of pressure ramps
and starting at near zero pressure the mirror reflectivity is explicitly measured
at each frequency. The experimental set-up is identical to that used in FS.
After having evacuated our pressure cell, we slowly filled it with the gas mixture, while continuously measuring the ring-down time, laser frequency, and
gas pressure, all simultaneously. In order to reduce errors in the O2 N2 CIA
due to possible errors in the O2 O2 CIA, measurements on gas mixtures were
alternated with measurements on pure O2 . We found that this procedure gave
the same results when using the averaged CIA spectrum of O2 O2 deduced in
FS.

4.4

Results

CRDS determines total extinction coefficients as function of density. The extinction coefficients contain contributions from Rayleigh scattering, from the
allowed magnetic dipole absorption of O2 , from the O2 O2 CIA and from the
O2 N2 CIA. Rayleigh scattering is proportional with density. The CIA contributions are strictly quadratic in density, and the line mixing causes the minima
between the lines to behave approximately quadratic in density. In FS we found
that the LM model predicts a quadratic dependence in between the lines in the
case of pure oxygen. Our LM model predicts that oxygen-nitrogen mixtures do
not behave purely quadratic. ,The experiments with mixtures are performed
to higher densities than our experiments in pure oxygen. Due to the presence
of oxygen isotopologues and the use of higher pressures, small deviations from
pure quadratic behaviour (order of 0.5-1.5%) were found. Subtraction of the
calculated LM values correct for this effect. In FS we have used literature values to subtract the Rayleigh scattering contribution from the total extinction.
In this article we retrieve the Rayleigh component from the data. The advantage is twofold. Firstly, the numerical values can be compared with Rayleigh
scattering data and secondly, it provides an indication if the data is treated correctly. In experiments with pure dried nitrogen, the accuracy of the retrieved
Rayleigh scattering data was found to be of the order of 1 % [62]. Table 4.2
summarizes the Rayleigh cross section at the temperature of our experiments
(293 K) which were derived from the seminal paper by Bates including the
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Table 4.2: The refractive index (n) and King correction factor (F )for both O2
and N2 at 288.15 K and 1 atm. From these the Rayleigh scattering (σ) cross


2
section can be derived using σ = 24π 3 ν̄ 4 /N 2
n2 − 1 / n2 + 2
F , where
N is the density at 288.15 K and 1 atm. The resulting Rayleigh scattering
cross section is independent of temperature and density. To derive the Rayleigh
scattering for a gas mixture, the scattering for the individual gases is weighted
by their relative volume densities and then added together.
Gas
O2
N2

Refractive Index [48]
(n − 1) × 108
12
21351.1 + 21.8567×10
2
4.09×109 −( ν̄−1 )
cm
6855.2 +

324.3157×1012
2
1.44×109 ( ν̄−1 )

King Correction Factor [48] (F )
2
ν̄
cm−1
4
+1.448 × 10−23 cmν̄−1
2
1.034 + 3.17 × 10−12 cmν̄−1

1.096 + 1.385 × 10−11

cm

King factor correcting for the anisotropy of the molecules involved [48].
Determination of the O2 N2 CIA and Rayleigh scattering is performed as
follows. Firstly, we subtract the allowed magnetic dipole absorption resulting
from our ABC model. We are now left with the sum of Rayleigh scattering
(linear in density) and the total CIA contribution (quadratic in density) consisting of both the O2 O2 CIA and O2 N2 CIA contribution. In the next step,
we performed a weighted second-order polynomial fit on these results. In this
fit, the zeroth-order results from the mirror offset, the first from the Rayleigh
scattering and the second from the (total) CIA. The final step is to subtract
the O2 O2 CIA contribution, taken from FS, weighted with the appropriate
quadratic density. Our consistency check is the magnitude of the derived linear
Rayleigh component. The quadratic coefficient is corrected for the the factor
DO2 DN2 resulting in the CIA coefficient at a single wavelength. This procedure
is repeated at many wavelengths in between the P-lines, in the region of the
missing Q-branch and above the R-branch. No measurements were performed
in the between the lines of the R-branch. Due to the close proximity of the
individual lines in the R-branch (±2 cm−1 between lines), the resulting ring
down signals are no longer mono-exponential and, as such, cannot be correctly
analysed by our method.
In Fig. 4.1 the O2 N2 CIA for the three mixtures is shown. Both the magnitude and the shape of the curves are the same for all three mixtures, which
reveals that the data treatment is consistent. The absolute absorption coeffi-
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cients are only of the order of 10−8 cm−1 amg−2 . We note that the O2 N2 CIA is
only a small fraction of the total observed absorption, which explains partially
the statistical spread in the data. The negative values above the bandhead and
in the Q-branch do reflect a systematic error, as the O2 N2 CIA values should
be positive. We have looked at various possible sources for this effect. For the
Q-branch, setting the Rayleigh scattering to the theoretical value (table 4.2)
increases the overlap between the measurements as well as negating the negative values. This procedure has no effect on the other measurements. For the
measurements just beyond the R-branch bandhead, replacing our earlier O2 O2
CIA values by those published by Tran et al. does not mitigate this problem.
In principal, we have only one free parameter, the interbranch coupling parameter, r. This parameter also affects the O2 O2 CIA and variation showed that
the most consistent data were obtained keeping the value fixed to that found
in our work on pure oxygen (r=0.8).
We have simulated the effect of a systematic error in the pressure reading.
The observed pressure determines how much of the observed absorption is ascribed to the magnetic dipole transition and the O2 O2 CIA. An overestimation
of the pressure results in O2 N2 CIA values that are too small. In the final error
analysis, we have allowed for an uncertainty in the pressure of ±1%. It is likely
that a refinement of the LM model or modifications of the line parameters may
remove the unphysical negative values. We note that all mixtures consistently
give near zero O2 N2 CIA values below 13000 cm−1 and above 13200 cm−1 , in
contrast to the O2 O2 CIA spectrum as will be shown below.
Figure 4.2 shows the average Rayleigh Scattering (RS) retrieved from the
observations and compared to the computed values. The error bars reflect the
statistical spread. These data may well be the first retrieval of absolute RS
values below a magnetic allowed transition. The retrieved RS spectra have a
small systematic component which follows the shape of the P-branch. The RS
values of mixture two are smaller than expected. Although the RS contribution
is retrieved from the linear dependence in density and the CIA contribution
is quadratic in density, it is noteworthy that the apparent RS values increase
close to the bandhead where the apparent CIA values become negative.
In Fig. 4.3 we show the averaged O2 N2 CIA resulting from the three different gas mixtures. For an estimate of the error bars, we allowed for the
possible ± 1% error in the pressure readings. The error indicated is taken to
be the largest of the possible error from the pressure readings or the observed
statistical error. In order to estimate the integrated CIA band coefficient as
well as provide a full O2 N2 CIA spectrum, we fitted our observed CIA spectrum with a fit based on the A-band spectrum using Gaussian lines broadened
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Figure 4.1: The O2 N2 CIA for the three mixtures (see table 4.1). Cirlces:
mixture one. Triangles: mixture two. Squares: mixture three.

to a width of 7 cm−1 (20 cm−1 FWHM), a procedure suggested by Tabisz
et al.[40] for generating CIA spectra. The resulting fit is displayed in Fig.
4.3 and reproduces the observed contour of the P-branch remarkably well.
The total integrated absorption including the part under the R-branch yields
(1.24 ± 0.3) × 10−5 amg−2 , which agrees reasonable well with the value obtained
with the value of (0.96 ± 0.1) × 10−5 amg−2 reported by Tran et al.[41]. The
difference can be understood by comparing our results with the CIA spectrum
retrieved by Tran et al. with a 0.5 cm−1 resolution FT instrument at several
pressures between 50 and 150 amg (see Fig. 4.3). Their O2 N2 CIA spectrum
predicts smaller values below the R-branch ((0.42 ± 0.1) × 10−5 amg−2 ) than
below the P-branch ((0.54 ± 0.1) × 10−5 amg−2 ). Integrating our spectrum
from 129750 cm− 1 to 13123 cm− 1 yields (0.63 ± 0.3) × 10−5 amg−2 , reducing
the difference between the two experiments. Our spectrum is more structured
and predicts a minimum near the Q-branch. The LM-models used by Tran
et al. and here are very similar. A small difference is that in Tran et al. a
smoothing has been applied to the O2 O2 CIA spectrum which may also affect
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Figure 4.2: The observed averaged RS (cross) and theoretical value (solid line)
for pure O2, mixture one (circles) and (dotted line), mixture two (triangle) and
(dashed line) and mixture three (square) and (dot-dashed line) .

their O2 N2 CIA spectrum slightly. In view of the very different experimental
methods and the very different pressure ranges of both studies, the agreement
in the spectrum and the integrated value is surprisingly good. We stress that to
our knowledge our method is the first to determine the CIA below an allowed
band using experiments at single frequencies.
When comparing the spectrum of O2 N2 CIA with the O2 O2 CIA (see
Fig. 4.4), large differences can be seen. The largest difference is found above
the bandhead. The O2 O2 CIA is slowly decreasing, while the O2 N2 CIA almost
directly goes to zero. The wings are often explained invoking exchange between
photon energy and the kinetic energies of the collision partners. Whether excitation energy and kinetic energy can be exchanged, depends on the change
in the intermolecular potential during the excitation process and the impact
parameter of the collisions involved. As had been concluded already in earlier
theoretical treatments of Tipping and co-workers, the mechanism that generate
the O2 N2 CIA spectrum is insufficient to describe the O2 O2 CIA completely.
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Figure 4.3: The averaged O2 N2 CIA spectrum at 293 K. Furthermore, a fit to
the data (solid line) and the spectrum obtained by Tran et al.[41] (dashed line)
is shown.

We note here that whereas the average photon energy < ν̄ > of the O2 O2 CIA
spectrum is larger than the average photon energy of the allowed magnetic
dipole transition, our results indicate that for the O2 N2 CIA spectrum the average photon energy is equal to the average of the allowed dipole transition.
Here, the average photon energy is defined as
R∞
α(ν̄)ν̄dν̄
,
< ν̄ >= R0 ∞
α(ν̄)dν̄
0

(4.4)

where α(ν̄) is the absorption at wavenumber ν̄. In comparison, the CIA spectrum reported by Tran et al. implies that the average photon energy is smaller
than that of the allowed magnetic dipole spectrum, as the CIA coefficients below the R-branch are smaller than below the P-branch. On average, in the CIA
process involving two oxygen molecules part of the photon energy is converted
in either internal rotational energy of the other partner or in extra kinetic en-
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Figure 4.4: The averaged O2 N2 CIA (cirlce) and O2 O2 CIA (cross) spectra at
293 K. The O2 O2 CIA spectrum is taken from FS[61].

ergy of the two collision partners, whereas this is not he case for O2 N2 CIA.
Our experiments unravel the various contributions to the total extinction of
solar light around the oxygen A-band spectrum for an Earth-like atmosphere
containing 79% nitrogen and 21% oxygen. We show the results on a log scale
(Fig. 4.5). As a reference, Figure 4.5 also shows the relative contributions in
the case of pure oxygen. In both cases the absolute contribution of Rayleigh
scattering is approximately the same. As the contribution of the oxygen A-band
is a factor five smaller in air, the relative contribution of Rayleigh scattering
is significantly higher in the case of air. The CIA contribution of collisions
with nitrogen is comparable to the CIA contribution due to oxygen due to
the larger nitrogen content of air. The integrated impact of CIA at ambient
pressures is small. CIA contributes to about 2% of the total extinction. The
relative contribution is largest in the region above the R-branch bandhead
and the windows in between the lines. We stress that the effects are small in
the case of linear absorption. The CIA becomes quantitatively more relevant
in cases where the maxima of the resonances are saturated such as in the
Earth atmosphere. As Rayleigh scattering is linear and CIA is quadratic in
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Figure 4.5: Top: The extinction contributions in pure O2 at 1amg and 296K.
The blue line displays the absorption due to magnetic dipole absorption, the
purple line collision induced absorption and the green line the Rayleigh scattering. The total extinction is given by the black line. Bottom: The extinction
contributions in a mixture of 21% O2 and 79% N2 at 1amg and 296K. The blue
line displays the absorption due to magnetic dipole absorption, the purple line
the collision induced absorption due to O2 O2 complexes, the red line the collision induced absorption due to O2 N2 complexes (identical to the fit of Fig. 4.3)
and the green line the Rayleigh scattering. The total extinction is given by the
black line. For both figures, the O2 O2 CIA spectra results from interpolation
of the measurements of FS, except for the R-branch region, which is modelled
in the same way as the O2 N2 CIA.
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density, the relative contribution is valid for one density, being 1 amagat in
this case. It is of interest to note that in the minima in between the lines LM
results in general in a small decrease in the predicted absorption whereas CIA
increases the absorption, reducing the error in case both effects are neglected.
Nevertheless, recently Tran and Hartmann showed that with their values errors
in retrieving local atmospheric pressure values based on the total atmospheric
column reduced from larger than 1.5 % to less than 0.5% after inclusion of LM
and CIA[57].

4.5

Conclusion

For determination of CO2 emissions using remote sensing, accurate oxygen
spectra are needed especially far away from the line centres. Line mixing and
collision induced absorption must be taken into account. In FS we determined
the O2 O2 CIA spectrum. In this work, we expanded our measurements to
the effects of LM and CIA in mixtures of oxygen and nitrogen, in order to
determine the O2 N2 CIA.
Using cavity ring-down spectroscopy in combination with density ramps, we
determined absolute absorption coefficients for mixtures of O2 and N2 in the
oxygen A-band (760 nm) at room temperature as function of the density. We
employed the ABC-model to describe the absorption spectrum due to magnetic
dipole absorption with line mixing and Doppler broadening. We used our
knowledge of the O2 O2 CIA and deduced the O2 N2 CIA and, as a control of
our analysis, the Rayleigh scattering cross section. The RS determination may
well be the first below an allowed band.
The resulting O2 N2 CIA spectrum could be fitted well using Gaussian
broadened lines of the magnetic dipole transitions, with resonance frequencies and intensities based on the HITRAN08 database. The FWHM width of
the lines turned out to be about 20 cm−1 .
Our method shows to be able to retrieve very small absorption coefficients
and to unravel the different processes determining the A band spectrum at
ambient conditions.

CHAPTER

Collision-induced
absorption in the O2
B-band region near 670 nm
Abstract

We have determined the collision-induced absorption (CIA) spectrum
in the O2 B-band in pure oxygen. We present absolute extinction coefficients of the minimums in between rotational lines using cavity ring-down
spectroscopy. The measured extinction is corrected for the B-band magnetic dipole absorption using a model which includes line-mixing. The remaining extinction consists of collision-induced absorption and Rayleigh
scattering. We retrieve the magnitude of the Rayleigh scattering and the
CIA spectrum based on their individual different behavior with density.
The CIA spectrum of the B-band resembles that of the oxygen A-Band
in shape but not in magnitude. The contribution of CIA to the total
B-band absorption is 40% higher in comparison to that of the A-Band.1
1 This
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CHAPTER 5. COLLISION-INDUCED ABSORPTION IN THE O2
B-BAND REGION NEAR 670 NM

Introduction

A considerable number of studies have been performed on the atmospheric
bands of oxygen in the last decades. The strongest of these bands, known
as the A-band, is used extensively for satellite calibration [31], as well as for
atmospheric temperature and pressure measurements [30]. Recently, the second
band in the atmospheric system, known as the B-band, is also receiving interest,
in order to further increase the quality of retrieved atmospheric properties [63].
However, in order to be effective, the A- and B-band spectra must be known to
better than 1% accuracy, requiring an extensive understanding of all processes
responsible for the extinction.
The atmospheric bands of oxygen result mainly from the magnetic dipole
3 −
transition b1 Σ+
g ← X Σg [42]. The A-band is due to the ν = 0 ← ν = 0 transition and the B-band to the ν = 1 ← ν = 0 transition. The magnetic dipole
transition of the B-band is weaker by about a factor of 14. The total extinction
of light in these bands is the sum of Rayleigh scattering (RS)[2], the allowed
magnetic dipole absorption, and collision-induced absorption (CIA), where CIA
describes the absorption taking place during a molecular collision[34]. The
magnetic dipole absorption and hence the line-shapes of the B-band are affected by Doppler broadening, by pressure broadening, resulting from elastic
intermolecular collisions, and line mixing (LM)[34, 55], related to inelastic collisions.
The Doppler effect and collisional broadening are generally accounted for
by the Voigt profile, a convolution between the two profiles involved. However,
collisional processes are speed dependent, and also the process of Dicke narrowing [32] may be of influence. Dicke narrowing may be accounted for in the
Galatry profile [38] or in the Rautian Sobel’man profile [39]. Speed dependence
can be accounted for in the speed dependent Voigt profile [53]. Inclusions of
both speed dependence and Dicke narrowing is also possible [55]. LM should
be accounted for in all of these models.
Most earlier studies on oxygen A- or B-band absorption focused on individual rotational lines from high resolution spectra, which were obtained by means
of Fourier transform spectroscopy or laser spectroscopy (see for example Brown
et al.[35], Robichaud et al.[36], Predoi-Cross et al.[37], Xu et al.[64], Cheah et
al.[65], Barnes et al.[66], Lisak et al.[67] and references therein). Predoi-Cross et
al. analyzed the A-band line-shapes using a high resolution FT technique[37].
In the analysis of their results, they used various line-shapes, but in order
to fit their lines within the experimental noise level they still needed to add
LM. Lisak et al. performed frequency stabilized cavity ring-down spectroscopy
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measurements on the B-band[67]. They included speed dependence and Dicke
narrowing, but no attempt to include LM was made. To fit their lines they
proposed instead to increase previously measured linewidths by 48%.
The CIA is difficult to determine. Until relatively recently the presence of an
observable CIA contribution in the A- and B-band was even questioned. Tabisz
et al.[40] were the first to report a CIA contribution in the A-band deduced
from measurements at high densities (100-300 amagat. Later Greenblatt et
al.[18] reported CIA to be absent in both bands. In Greenblatt et al., also the
collision induced bands were measured in which one photon is distributed over
the two oxygen collision partners. Here a surprising observation was made.
1
1
3 −
3 −
1 +
1 +
3 −
The X 3 Σ−
g + X Σg → b Σg + b Σg and X Σg + X Σg → a ∆g + a ∆g
collision-induced transitions are stronger when one of the molecules is formed
in the ν = 1 level. A similar surprising effect of the vibrational excitation and
the CIA is observed in the two infrared bands of oxygen, being the transitions
1
X 3 Σ−
g (ν = 0) → a ∆g (ν=0 and 1).
In a recent paper, Tran et al. [41] quantified the CIA spectrum for the
A-band. They used a 0.5 cm−1 resolution Fourier Transform spectrometer and
oxygen densities up to 150 amagat. To the best of our knowledge, Tran et al.
were the first to use a quantitative LM model to extract the CIA contribution
from the observed absorption in the region of the A-band. Up till now, no
experimental CIA continuum has been determined in the B-band region.
In this paper we present the O2 -O2 CIA spectrum in the region of the
B-band. This spectrum is determined from the absolute values of extinction
coefficient measured in the minimums between the magnetic dipole lines of
the P-branch, in the region of the missing Q-branch and in the region beyond
the band head of the R-branch. The measurements are performed using cavity
ring-down spectroscopy and pressure ramps. We further validate our LM model
and determine the Rayleigh scattering below the B-band. We also compare the
CIA spectra for the A-band and the B-band in order to look for a vibrational
effect.

5.2

Theory

The extinction around the oxygen B-band has three contributions. Rayleigh
scattering (RS), the allowed magnetic dipole transition, and finally the contribution of collision-induced absorption (CIA). The RS cross section (σRS )) at
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wavenumber ν̄ is given by
24π 3 ν̄ 4
σRS (ν̄) =
L2s d2



n2 − 1
n2 + 2

2
F (ν̄),

(5.1)

where d is the particle density in amagat, Ls is the Loschmidt number, n the
refractive index, and F the King correction factor. This equation is identical
to the one derived by Rayleigh except for the King correction factor [2]. This
factor was introduced by King [3] in order to take into account the anisotropy
of molecules. Bates has presented both the refractive indexes and the King
correction factor[48]. It should be noted that the refractive indexes in this paper
are given at a reference temperature of 288.15 K, and that we need to correct
these numbers for our operational temperatures. The Rayleigh scattering is
proportional to the density, and described by σRS (ν̄)Ls d.
The next step is to discriminate between the magnetic dipole absorption
strength and CIA. We note that the Galatry and Rautian Sobel’man profile
do not differ from the Voigt profile in the far wing regions. Since the measurements were performed in between the lines, we therefore asumed a Voigt
profile. The profile was calculated using Humlı̀cek’s W4 algorithm [13]. We
subsequently correct the Voigt profile using a line mixing (LM) model. Also
accounted for were the contributions from the two most abundant isotopomers
of O2 , 16 O17 O and 16 O18 O. The other isotopomers were ignored, as were the
electronic quadrupole transitions. All these transition are at least six orders
of magnitude weaker than the 16 O16 O magnetic dipole transition[68, 69, 70],
and, as such, will not influence the retrieval of the CIA. Our LM model, developed by Tonkov et al.[12], is based upon the hard collision model. For an
extended description of how this model is implemented, see Spiering et al. [61].
Our model in combination with the Voigt profile predicts the absorption coefficient resulting from the allowed magnetic dipole transition as function of
density. The density dependence is complicated. Near the peak maximums,
the absorption coefficient is nearly independent of density whereas the collisional broadening and line mixing result in a near quadratic dependence in the
far wings. The magnetic dipole absorption coefficient including line mixing is
given by αM D (ν̄, d). Our model calculation for αM D (ν̄, d) has only one free
parameter in the part in which we take into account line mixing, the so-called
branch coupling parameter. However, the value of this parameter was taken
from our experiments on the CIA spectrum in the A-band[61].
The remaining extinction is attributed to CIA, which is assumed to be the
result from both isotropic and anisotropic quadrupole interactions transiently
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present during molecular collisions [45]. The CIA thus depends quadratically
on the density, a feature used to check the consistency of our measurements.
Hence αCIA (ν̄)d2 , with d the density in amg, gives the contribution of CIA to
the total extinction.
Most CIA spectrum are relatively featureless and smooth. In previous studies on the A-band[41, 61] the retrieved CIA spectrum is broad and largely
without structure, apart from some structure roughly following the P- and Rbranches of the allowed magnetic dipole transition. It also contains long wings
at both sides stretching beyond the allowed magnetic dipole spectrum. We note
that we recently published the CIA spectrum attributed to O2 N2 collisions [49]
which does not have these wings. We also note that no theoretical description
exists which reproduces the shape of the CIA spectrum in the case of O2 .

5.3

Experimental

We make use of pulsed cavity ring-down [20, 22] in combination with a pressure
cell for determination of the extinction coefficients of O2 . This method has
been developed by Naus et al. and has been used to determine the Rayleigh
scattering of various gases [25, 26] and CIA contributions [23, 24]. An extensive
description of our set-up is given in Spiering et al. [61]. A Lambda Physik dye
(pyridine 1) laser was used as a laser source. As in Spiering et al.[61], the
measurements were performed in between the P absorption lines of the Bband, as well as in the region beyond the band head. No measurements were
performed in between the lines of the R-branch, as the distances between Rlines are of the order of the laser bandwidth, which results in errors in the
retrieved extinction coefficients. All ring-down transients were corrected for
the baseline voltage of the photo-multiplier tube before being converted to a
logarithmic scale. The transients were fitted, using this scale, with a weighted
first-order polynomial least-squares algorithm. We could discriminate between
RS, CIA, and the magnetic dipole contribution by varying the density and
making use of the density dependencies of the different processes.
As described in section 5.2, the extinction coefficient (κ(ν̄, d)) contains different contributions and the total extinction is given by:
κ(ν̄, d) = αCIA (ν̄)d2 + αM D (ν̄, d) + σRS (ν̄)Ls d,

(5.2)

where d is the density in units of amg, αCIA is the CIA coefficient, αM D is the
computed absorption due to the magnetic dipole transition, and σRS presents
the RS cross section. For the determination of the B-band magnetic dipole
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absorption, we take the parameters from the hitran08 database[6] and include
the effect of LM. The resulting magnetic dipole contribution was subtracted
from the measured total extinction coefficient, resulting in a linear part due to
RS and a quadratic part due to CIA. As a result, both quantities were retrieved
with a second-order polynomial. The retrieved values for RS are compared to
literature values as a consistency check.

5.4

Results and Discussion

In Fig. 5.1 the results are shown for RS retrieved with the method outlined
above. We note that around 1 amg the magnitude of the RS is only ∼ 4.10−8
cm−1 . We furthermore note that the observed scatter in the points is not
correlated with the structure of the B-band. The error bars were determined
with use of a parametric bootstrap method. A one-parameter fit through the
retrieved scattering coefficients, using the expected functional behavior of RS
with wavelength, (solid line) reproduces the theoretical magnitude (Eq. 5.1)
within a accuracy of 0.5%. We believe that these determinations are the first
for RS in the case of O2 in this wavelength region. We also conclude that our
experimental method does not give rise to large systematic errors.
Since the measurements are performed in the line-wings, the intensity due to
magnetic dipole absorption is expected to scale quadratically with the density.
Removing the RS from the measured extinction results in a binary absorption
coefficient which depends fully quadratically on the density. As this coefficient
is independent of the used model for the magnetic dipole absorption, it can
be a valuable tool for satellite retrieval studies. A quadratic fit was therefore
performed on the measurements to retrieve the coefficients in the minimums
between the lines as well as the region beyond the band head (14558 cm−1 ). In
order to provide a single number per minimum, multiple measurements were
averaged, thus also providing a statistical error. The results are displayed in
Table 5.1.
The retrieved CIA data are given in Fig. 5.2, together with a smoothed
interpolation through these data points. We found that the final CIA results
had less scatter when correcting the density ramps using theoretical values for
the RS and when fitting the RS corrected extinction with a purely quadratic fit
to retrieve the CIA contribution. An experimental determination of the CIA
coefficients is impossible over the wavelength region of the R-branch (14526
cm−1 to 14558 cm−1 ). In comparison to the A-band, the gap in the CIA spectrum in the B-band is smaller. It is unlikely that the CIA spectrum contains a
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Figure 5.1: Retrieved values of Rayleigh scattering below the B-band. The
points reveal the retrieved Rayleigh scattering values. The prediction for
Rayleigh scattering for O2 is given by the straight line, which was calculated
using Eq. 5.1 and the experimental results from Bates[48] for both the refractive index and the King correction factor. A one parameter fit based on the
observations and using the theoretical wavelength dependence of Rayleigh scattering agrees with the prediction within 0.5%. The dashed lines reflect the 1σ
error
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Wavenumber
(cm−1 )
14382.88
14396.54
14409.65
14423.53
14434.13
14443.13
14455.06
14465.07
14475.52
14491.89
14499.93
14507.28
14514.39
14520.75
14526.86

Binary absorption
coefficient
(10−9 cm−1 amg−2 )
2.3±0.1
3.4±0.1
5.3±0.1
7.2±0.1
10.3±1.7
16.2±1.7
25.4±1.7
37. ±2
66. ±2
93. ±3
117. ±3
131. ±3
134. ±3
103. ±3
49. ±2

R
R
R
R
R
R
R
R
R
R
R
R
R
R
R

Wavenumber
(cm−1 )
14569.90
14579.85
14589.84
14599.90
14609.91
14619.91
14629.85
14639.92
14649.94
14659.97
14669.90
14689.95
14709.94
14730.03
14750.03

Binary absorption
coefficient
(10−9 cm−1 amg−2 )
16.3±0.7
13.1±0.7
11.5±0.7
10.6±0.8
9.9±0.8
9.5±0.8
9.0±0.8
8.7±0.8
8.6±0.8
7.9±0.9
7.8±0.9
6.7±0.9
6.4±0.9
5.2±0.9
4.4±0.9

Table 5.1: The averaged measured binary absorption coefficients for various excitation energies in wavenumbers in between the P-lines (P...Q...-P...P...) and the region of the missing Q-branch (Q) of the oxygen
B-band, as well as in the region beyond the R-branch band head (R)

P31 Q30 -P29 P29
P29 Q28 -P27 P27
P27 Q26 -P25 P25
P25 Q24 -P23 P23
P23 Q22 -P21 P21
P21 Q20 -P19 P19
P19 Q18 -P17 P17
P17 Q16 -P15 P15
P15 Q14 -P13 P13
P11 Q10 -P9 P9
P9 Q8 -P7 P7
P7 Q6 -P5 P5
P5 Q4 -P3 P3
P3 Q2 -P1 P1
Q
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sharp structure in this region. The error bars are determined from a statistical
analysis of multiple experiments. The data treatment may have introduced
further systematic errors. For example the hitran parameters have not been
retrieved in combination with a LM model. Furthermore, although our LM
model has no free parameters, it contains certain assumptions and approximations, such as the hard collision approximation. The spread in the points near
the maximum is at least partially ascribed to such possible systematic effects
and because the CIA coefficients are small in comparison to the allowed magnetic dipole transitions near the maximum of the P-branch. As mentioned in
section 5.2, the short duration of molecular collision results in the expectation
that the CIA spectrum should be smooth. The sudden decrease in the CIA
coefficients in our data just above the band head (14558 cm−1 ) was also found
in our experiments on the A-band near 760 nm. We consequently conclude that
the description of the line-wings in our line mixing model might be improved.
In Fig. 5.3 the presently determined CIA spectrum in the B-band is displayed as well as the previously obtained CIA spectrum in the A-band[41, 61].
For comparison the A-band spectrum was shifted by 1404 cm−1 , which is equal
to the difference between the band origins, and its intensity was multiplied by
a factor of 1/10.7. This multiplication factor was determined by a least square
fit. One can see that the CIA spectrum in the B-band is surprisingly similar in shape to that of the A-band, as both reveal identical broad wings on
both sides of the magnetic dipole spectrum. It is worth mentioning that especially the wing beyond the band head (13167 cm−1 ) is absent in the A-band
CIA spectrum obtained for the O2 N2 collisions. This fact has been observed
both in experiments at high pressures using a Fourier transform spectroscopy
technique[41], where it was also observed for O2 CO2 collisions[59], as well as
from our experiments using CRDS[49]. It can thus be assumed that the wing
beyond the band head is a specific feature of the O2 O2 CIA spectrum.
We determined, using the smoothed interpolation, the integrated intensity
coefficient of the B-band CIA spectrum to be (4.4 ± 0.4) × 10−6 cm−2 amg−2 .
As the actual CIA in the R-branch region may be somewhat higher than the
interpolated value, our result is a lower limit of the total integrated CIA. The integrated CIA coefficient of the B-band is 10.7 times weaker than the coefficient
below the A-band of (4.69 ± 0.04) × 10−5 cm−2 amg−2 found by Tran et al.[41]
At the same time the ratio between the integrated band strengths of magnetic
dipole allowed A-band and B-band equals 14.9, where the band strengths were
determined from the hitran08 database. This factor is dominated by the ratio
between the Franck-Condon factors between the two transitions [71], which has
a value of 14.0. We thus conclude that the presence of a vibrational quantum
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Figure 5.2: CIA spectrum in the oxygen B-band including a line to guide the
eye using a smoothed interpolation method

in the final state of the transition to the b1 Σ+
g -state effects the CIA process,
by enhancing the CIA almost 40%.
This vibrational effect is significant but much smaller than found in the case
of the a1 ∆g -state. In table 5.2 we collected the data on absorption contributions
1
for two infrared atmospheric bands (X 3 Σ−
g (ν = 0) → a ∆g (ν = 0, 1)) and the
A- and B-band for comparison. From the hitran database we find a ratio
between the integrated band strengths of the two infrared atmospheric bands to
be equal to 250. The ratio of the Franck-Condon factors for these transitions[71]
equals 75.7. The transition dipole moment depends on the intra-molecular
distance[72] and must cause this difference. Chagas et al.[60] observed a very
large CIA coefficient for the transition to the ν=1 level. The ratio between the
integrated CIA coefficients for the transitions to the ν = 0 and ν = 1 levels
of the a1 ∆g -state is in fact only 1.52 (see Table 5.2). The vibrational effect in
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Figure 5.3: Comparison of the CIA spectra in the A- and B-bands of oxygen:
data on CIA in the B-band is from the present work (points together with the
smoothing line (solid)), data on CIA in the A-band, taken from Spiering et
al.[61] (open circels), from Tran et al.[41] (dashed line). The A-band CIA data
are shifted by 1404 cm−1 and their intensity multiplied by a factor 1/10.7.

the a1 ∆g -state is thus a factor of 50 based on the Franck-Condon factors and
even 170 on comparing the integrated band strength of the magnetic dipole
transitions. The vibrational effect on the CIA process is clearly much larger in
the case of the a1 ∆g -state than in the case of the b1 Σ+
g -state and is basically
not understood.
It is interesting to search for an explanation of this large difference in behavior between the a-state (the infrared atmospheric bands) and the b-state
(the A- and B-bands). An electronic transition is normally described as a
product of an electronic transition dipole moment and a Franck-Condon factor. Hence, changes in Franck-Condon factors often explain the difference in
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Table 5.2: Integrated intensities of magnetic dipole absorption (MD) and collision induced absorption (CIA), as well as Franck-Condon factors (FCF) of
1
3 −
1
the infrared (transition X 3 Σ−
g (0) → a ∆g (0)) and (X Σg (0) → a ∆g (1)) and
1 +
3 −
1 +
3 −
visible (X Σg (0) → b Σg (0)) and (X Σg (0) → b Σg (1)) transitions of oxygen. FCF∗ is a Franck-Condon factor, corresponding to a -3,5% shift in the
equilibrium internuclear distance of the potential energy curves of the a1 ∆g
and b1 Σ−
g states. Ratios of the corresponding values for transitions to the v=0
and v=1 levels are given in the last row.
MD
cm amg−1
5.99 · 10−3
(HITRAN[6])

1 +
X 3 Σ−
g → b Σg
CIA
cm−2 amg−2
4.69 · 10−5
(Tran et al. [41])

νb = 1

4.02 · 10−4
(HITRAN[6])

ratio
(νb = 0/νb = 1)

FCF

FCF∗

0.931

0.9107

4.4 · 10−6
(This work)

0.0665

0.0888

14.9

10.7

14.0

10.3

MD
cm amg−1
8.62 · 10−5
(HITRAN[6])

1
X 3 Σ−
g → a ∆g
CIA
cm−2 amg−2
3.50 · 10−4
(Maté et al.[73])

FCF

FCF∗

0.987

0.8123

νa = 1

3.44 · 10−7
(HITRAN[6])

2.3 · 10−4
(Chagas et al.[60])

0.01303

0.1835

ratio
(νb = 0/νb = 1)

250

∼1.5

75.7

4.4

−2

νb = 0

−2

νa = 0
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excitation strengths when comparing transitions to different vibrational bands
within an electronically excited state. For the discussed CIA spectra this is not
the case however. Here we look at the possibility of simple distortions of the
potential curves during the collision. The a-state potential has an equilibrium
internuclear separation (121.6 pm), which is about 0.5% larger than that of
the electronic ground state (of 120.8 pm), and in the case of the b-state the
equilibrium separation is 1.5% larger (122.7 pm). A distortion of the molecular
potentials during a collision will thus have a larger effect on the a1 ∆g -state than
on the b1 Σ+
g -state. If we assume a reduction of the equilibrium separations of
the excited a- and b-states during a collision by 3.5 % or 4 pm (or equivalently
if the ground state equlibrium separation increases by the same amount), both
the a- and b-states would have an internuclear separation somewhat smaller
than the ground state. If such a contraction happens, the ratio between the
Franck-Condon factors to the ν = 1 and the ν = 0 would decrease by a factor
of 17 for the a-state and only by a factor 1.27 for the b-state (see FCF∗ values
in Tab.5.2). The calculated vibrational effects in the CIA spectra are much
more similar to those measured for transitions to the a- and b-states in case of
such distortions of the potential curves.
We of course realize that our observed vibrational enhancement of 40% for
the CIA under the B-band does not rationalize the observations in the one pho1 +
ton double excitation processes during a collision, the b1 Σ+
g (ν = 1) + b Σg (ν =
3 −
3 −
0) ← X Σg (ν = 0) + X Σg (ν = 0) transition observed by Greenblatt et
1 +
al. [18]. This transition is stronger than the b1 Σ+
g (ν = 0) + b Σg (ν = 0) ←
3 −
3 −
X Σg (ν = 0)+X Σg (ν = 0) transition. We note that Poll and Hunt discussed
the induced dipole moment in pairs of molecules and concluded that symmetry
favors a transition where two molecules end up with different vibrational energy, as is observed[74]. The process of collision-induced absorption is clearly
far from understood.
In Fig. 5.4 we show the relative contributions to the extinction by O2
in the region of the B-band at 1 amg by the three processes at work, RS,
CIA and allowed magnetic dipole transition. CIA is not a largely contributing
process, as the integrated value is approximately 1% of the integrated strength
of the allowed magnetic dipole absorption of the B-band at 1 amg. Rayleigh
scattering is not negligible in the case of the B-band, because the B-band is an
order of magnitude weaker than the A-band. At 1 amg, RS is also considerably
stronger than CIA.
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Figure 5.4: The absorption in the B-band at 1 amg and 296K. The absorption
due to the magnetic dipole transition corresponds to the dashed line, the CIA
to the lower solid line and the RS to the dashed dotted line. The upper solid
line displays the total extinction

5.5

Conclusion

The aim of this work was to quantify the CIA process in the B-band region
of molecular oxygen and to determine the effect of vibrational excitation on
the relative CIA strength. Apart from the fact that CIA in the B-band region
had not been determined yet, the inspiration for this research came from two
observations. One is the remarkable observation by Greenblatt et al. [18],
on the one photon, double molecule excitation process, where producing one
excited oxygen molecule in a vibrational excited state is favorable over forming
two ground state molecules. The other observation is the enormous vibrational
effect of CIA in the infrared atmospheric bands connected with the a1 ∆g -state.
Our data shows that the CIA in the B-band is 40% more effective in comparison
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with the A-band, an effect much smaller than that in the infrared atmospheric
bands.
Our experimental method to look directly at the CIA signal by making
observations in the minimums between allowed magnetic dipole transitions is
sensitive, but depends on the quality of the line-mixing model employed. We
have indications that the model may be further improved. We have opted
for using the input of the hitran database in our line mixing model in order
to minimize the number of free parameters effectively to zero. Because we
look near the minimums in between absorption lines, our method is largely
independent from the different speed dependent effects that change the line
shapes close to the maximums. The CIA process certainly must be taken into
account when the B-band is to be used in satellite retrieval studies.

CHAPTER

Collision induced
absorption in the 922 nm
band of molecular oxygen
Abstract
Using cavity ring-down spectroscopy we measured the collision induced absorption spectrum associated with the a1 ∆(v = 2) ← X 3 Σ−
g
(v = 0) band of oxygen near 922 nm both in pure oxygen and in mixtures
of oxygen and nitrogen. For pure oxygen, we report for this band an integrated absorption of (1.56 − 0.04/ + 0.40) · 10−5 cm−2 amg−2 . We find
that collisions between oxygen and nitrogen do not result in any measurable CIA signal. At 1 bar of oxygen, this collision induced transition is
much stronger than the allowed magnetic dipole and electric quadrupole
transitions.1

1 This

chapter is published as: Frans R. Spiering and Wim J. van der Zande Phys. Chem.
Chem. Phys. 14, 9923 (2012)
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6.1

Introduction

Molecular oxygen is special, having a number of low lying electronic states that
are coupled to the ground state with very weak transitions being of magnetic
dipole (MD) and/or electric quadrupole (EQ) character in combination with
spin-orbit induced coupling. Even in spite of the large amount of molecular
oxygen in our atmosphere, part of the sun light shining through the atmosphere,
with wavelengths corresponding to these transitions, reaches the surface of the
earth. However, a collision partner, for example another O2 molecuul or an
N2 molecuul, can induce a transition moment in oxygen during a molecular
collision[34]. This collision induced absorption (CIA) is only a weak source of
direct heating of the atmosphere. CIA bands are nevertheless highly useful for
remote sensing as these bands can be found over a large part of the visible and
near UV parts of the spectrum[23, 24, 75].
In this paper, we concentrate on the a1 ∆g state, which has a radiative lifetime of the order of minutes indicative of its weak excitation strength. Transitions between the ground state (X 3 Σ−
g ) and the a-state are weak and result
from an induced magnetic dipole moment transition. Spin orbit coupling makes
this transition possible as it mixes the d1 Πg -state character into the ground
state. The transition between the a1 ∆g and d1 Πg -states is magnetic dipole
allowed. The a ← X transition strength furthermore increases sharply during
molecular collisions[76]. More remarkably, each of the a1 ∆g vibrational bands
has a different sensitivity to O2 -O2 collisions. Already for the v = 1 band –
near 1.06 µm – CIA at atmospheric pressures is much stronger than the MD or
EQ a ← X transitions. Based on the intensities of the MD transitions to the
v = 0 and v = 1 levels, we would predict a large decrease in the CIA coefficient
for the v = 1 with respect to the v = 0. The CIA coefficient of the v = 1 state
is however only about a third smaller than that of the v = 0 state. Minaev has
produced a series of theory papers[77, 78, 79] describing the molecular basis of
the various transitions in order to describe collision induced emission (CIE),
a process closely related to CIA. He rationalized the surprisingly large v = 1
CIE coefficient from symmetry arguments in the O2 -O2 complex[72].
Another intriguing aspect of the bands associated with the a-state is the
qualitative difference between O2 -O2 collisions and O2 -N2 collisions. For the
v = 0, the integrated O2 -O2 CIA coefficient is a factor three to four stronger
than the O2 -N2 coefficient[60, 80](see Table 6.1). For the v = 1 the O2 -N2 has
been measured by Tran et al.[41], but no details or results from the experiments
are given, except for the total integrated absorption. However, these integrated
absorptions indicate that for the v = 1 band the CIA by O2 -O2 is about twenty

6.2. EXPERIMENT

97

times more effective than the CIA by O2 -N2 (see Table 6.1), which is in stark
contrast with the values observed for the v = 0 band. The CIA spectra at
room temperature are due to transient short lived O2 O2 and O2 N2 collision
complexes. Campargue et al. required temperatures as low as 77 K to measure
absorption by bound long lived Van der Waals O4 complexes[81].
Although the articles by Greenblatt et al.[18] and Hermans et al.[86] suggest
that the region of the a1 ∆(v = 2) ← X 3 Σ−
g (v = 0) band – around 922 nm –
shows no detectable CIA signal, it seems that this part of the spectrum has
not been analyzed by these authors. This region is most likely ignored by
these authors because of the strong absorptions from water vapor. Thus, to
the best of our knowledge, the a1 ∆(v = 2) ← X 3 Σ−
g (v = 0) band has not been
studied so far. Because of the combination of a relative strong CIA and a weak
absorption strength, the higher vibrational excited states of the a-state have
only been characterized in detail via transitions among different electronically
excited states [87, 76, 88] and not via direct excitation from the electronic
ground state.
For all of these reasons, we decided to determine the CIA coefficients for
the third vibrational level in the a-state. For this state, the so-called allowed
magnetic dipole and electric quadrupole transition strengths are very small
because of a combination of a vanishingly small (10−5 ) Franck-Condon factor
[76] with an intrinsically weak transition. Thus, the observed absorption is
only sensitive to the CIA process.

6.2

Experiment

The cavity ring-down (CRD)[20, 21, 22] set-up used in this experiment is described by Fig.6.1, and is a modification of the set-up used previously[61, 49,
89]. We have constructed an optical cavity inside a high pressure cell (max. 10
bar) using two mirrors with a reflectivity above 99.99% (Layertec) that are
separated by approximately 350 mm, resulting in an effective absorption path
length of 3.5 km. The mirrors have a radius of curvature of 1000 mm. As a
light source, we used a continuous wave external cavity diode laser (Toptica
DL100) with a power of about 70 mWatt around 935 nm. The line width of this
laser is of the order of 1×10−4 cm−1 and is smaller than the free spectral range
of the cavity ( 0.0143 cm−1 ). We determined the line width and wavenumber
of the laser with a wavelength meter (Ångström HighFinesse WS/R7-11). The
wavenumber region over which measurements can be taken is limited at the
blue side by the maximum wavenumber at which the laser operates – 11250
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2.27 × 10−4
2.53 × 10−4
2.53 × 10−4
2.14 × 10−4
2.95 × 10−4
2.30 × 10−4
2.74 × 10−4
2.49 × 10−4
0.28 × 10−4

1.56 × 10−5
1.56 × 10−5
(−0.04/ + 0.40) × 10−5

O2 -O2
a1 ∆g (v) + X 3 Σg− (v = 0) ←
X 3 Σg− (v = 0) + X 3 Σg− (v = 0)
v=1
v=2

2.96 × 10−4
0.35 × 10−4

3.00 × 10−4

2.97 × 10−4

2.52 × 10−4
2.60 × 10−4
3.34 × 10−4
3.33 × 10−4

v=0

8.96 × 10−5
2.60 × 10−5

5.8 × 10−5

1.50 × 10−5

1.5 × 10−5

< 2 × 10−7
< 2 × 10−7

O2 -N2
a1 ∆g (v) + X 1 Σg+ (v = 0) ←
X 3 Σg− (v = 0) + X 1 Σg+ (v = 0)
v=0
v=1
v=2

Table 6.1: Integrated Collision Induced Absorption in the near infrared atmospheric atmospheric bands of
oxygen from various sources. All quantities are expressed in cm−2 amg−2

Badger et al.[82]
Blickensderfer et al.[83]
Chagas et al.[60]
Cho et al.[84]
Dianov-Klokov [85]
Greenblatt et al.[18]
Hermans [86]
Mlawer et al.[80]
Tabisz et al.[40]
Tran et al.[41]
This work
average
standard deviation
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cm−1 – and at the red side by the characteristics of the mirrors, which have a
strongly reduced reflectivity below 10500 cm−1 .
Each measurement commenced with emptying our pressure cell to a pressure of a few mbar using a membrane pump (Pfeifer Vacuum MVP 055-3).
Next, we slowly filled the pressure cell to a few bar with either O2 (Linde gas,
99.9999% purity, less than 0.5 ppm water) using one flowcontroller (Bronkhorst
High-Tech) or mixtures of N2 (Linde gas, 99.999% purity, less than 5 ppm
water) and O2 using two flow controllers. During measurements on these mixtures, we kept the wavelength fixed while performing measurements on various
mixtures of nitrogen and oxygen. We continuously measured the pressure inside the cell with a diaphragm pressure detector (Pfeiffer Vacuum D-35614),
accuracy 0.3 %. We achieved coupling of the light to the cavity modes using
small current variations in the diode, as well as small variations in the cavity
alignment created by slowly filling the cell with gas. This procedure adds an
uncertainty in the wavelength of about half the free spectral range of the cavity
(0.007 cm−1 ). We detected the light leaking out of the cavity with an avalanche
photodiode (APD, Licel GmbH LP-1A series). When the intensity behind the
cavity reaches a predefined threshold, the laser was disabled within 1 µs for
a period of about 200 µs by a home-built electronic switch. This threshold is
set to about 12% percent of the maximum intensity possible in the cavity. We
simultaneously recorded the resulting ring-down signals as well as the pressure
and the laser current with an oscilloscope (HP infinium). The repetition rate
of the data acquisition could be in the order of 100- 300 Hz, but is in practice
limited to 20 Hz by the speed of the data transfer from the oscilloscope to the
computer. All experiments where performed at a temperature of 293 ± 1 K.
Although not mentioned so far, Rayleigh Scattering (RS)[2] contributes to
the measured extinction. Based on the paper by Bates[48], which has been
validated to give the correct scattering intensities[49, 89, 25], we estimate the
RS for both O2 and N2 to be in the order of 1.5×10−8 cm−1 amg−1 . This
estimate of the RS is in the same order of magnitude as the CIA. If we measure
the absorption as function of the pressure, we are able to separate RS from CIA,
since CIA processes scale quadratic with pressure while RS scales linearly.
As there are H2 O bands in the spectral region of the a1 ∆(v = 2) ←
3 −
X Σg (v = 0) transition[6] we heated the pressure cell and all tubing to reduce as much as possible the amount of water vapor. To even further reduce
the possible influence from these H2 O bands, we selected wavelengths at the
minima between water rotational lines. Based on the quality of the oxygen
gas (99.9999%), we expect that the absorption by water in the minima below
10750 cm−1 is about 10−9 cm−1 amg−2 . Above 10750 cm−1 , we expect a value
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Figure 6.1: The setup used for the determination of pressure dependent extinction. Light from the DL100 laser diode is coupled into the optical ring-down
cavity. Part of the laser signal is used for determination of the wavelength.
The light leaking out of the cavity is detected using an avalanche photo diode.
When the detected signal reaches a tresshold, the switch controller switches
the laser off and provides a trigger for the oscilloscope. The oscilloscope captures the signal detected by the avalanche photo diode as well as the pressure
measured by the pressure sensor
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in the minima of 10−11 cm−1 amg−2 . We determined these values by applying
a Voigt line shape to the line parameters provided by the Hitran database
[6]. For reference and for estimating the effect of water on quadratic signals,
we used pure nitrogen gas (Linde Gas 5.0, < 10 ppm water), in which normally
only RS causes extinction. The presence of trace amounts of water is expected
to cause both linear and quadratic deviations in measurements of RS.

6.3

Analysis

The analysis of the data involves fitting each measured ring-down time with an
exponential decay, resulting in an extinction (κ) as function of the wavenumber
(ν̄), density (N ), and partial pressures of oxygen (ρO2 ) and nitrogen (ρN2 ). The
extinction by CIA, RS and mirror losses is given by:


κ(ν̄) =N 2 ρ2O2 αO2 O2 (ν̄) + ρO2 (1 − ρO2 )αO2 N2 (ν̄)
+ N Ls [ρO2 σO2 (ν̄) + (1 − ρO2 )σN2 (ν̄)] + C(ν̄),

(6.1)

where αO2 O2 (ν̄) is the CIA induced by O2 O2 collisions, αO2 N2 (ν̄) is the CIA
induced by O2 N2 collisions, σO2 and σN2 stand for the RS cross sections of
O2 and N2 , and C(ν̄) is a constant due to the reflectivity of the mirrors. Furthermore, in Eq.6.1 we have used that we only have mixtures between O2 and
N2 , thus ρO2 + ρN2 = 1. In this wavelength region RS contributes only little
to the total extinction. We removed the RS from our measurements using the
theoretical values summarized by Bates [48]. Since we vary the pressure and
correct for Rayleigh scattering, we obtain the residual extinction, as function of
the density. From Eq.6.1 it follows that this extinction increases quadratically
with density, except for pure N2 , which should have no extinction processes
apart from Rayleigh scattering. To obtain the CIA due to O2 O2 collisions
we fitted the pressure ramps measured for pure O2 with a reduced version of
Eq.6.1 given by
κ(ν̄) = n2 αO2 O2 (ν̄) + C(ν̄).
(6.2)
To obtain the collision induced absorption due to O2 N2 collisions, we fitted
multiple density ramps – measured at the same wavenumber, but with different
mixing ratios between O2 and N2 . We used Eq.6.1 without RS and the constant
C(ν̄). The constant C(ν̄) is determined from the extinction determined in
the empty cavity. Its value serves as a benchmark of the cavity alignment.
An example of the fitting procedure is given in figure 6.2. The origin of the
oscillation between one and two amagat is not completely clear, but most likely
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Figure 6.2: Four of the 21 density ramps used for the determination of the
O2 N2 collision induced absorption at 10810 cm−1 . Dark blue: 100% N2 , 0%
O2 ; green: 70% N2 , 30% O2 ; red: 35% N2 , 65% O2 ; light blue: 0% N2 , 100%
O2 . The black lines show the obtained fit

results from a sound wave created by filling the cell. Such oscillation was absent
in the pure O2 measurements, in which the cell was filled much slower. Due
to the technical limits on the flowmeters, we were unable to fill the cell slower
with the mixtures.

6.4

Results and Discussion

We measured the extinction by Rayleigh scattering (RS), both in pure nitrogen,
where RS is the only source of extinction and in oxygen, by analyzing the
extinction that varies linearly with density. The RS coefficients are very small
at these wavelengths and the resulting experimental values have a large error

Collision Induced Absorption (cm−1amg−2)
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Figure 6.3: Collision Induced Absorption spectrum; (1) Using pure oxygen:
blue dots – observations; red line – skewed Lorentz fit; turquoise dashed line
– shifted v = 0 profile[60] (2) Using oxygen-nitrogen mixtures: green triangles
– αO2 O2 (ν̄); green diamonds – αO2 N2 (ν̄). For reference purposes the QDD’s
obtained for pure nitrogen are also displayed (purple circles)

(50%). The values agree within this error with the theoretical values, but
because the error is relatively large, we decided to use the theoretical RS values
and correct the observations with these values. This procedure leaves us, in case
of pure N2 , with the behavior of the quadratic density dependences (QDD’s)
as experimental observable.
Figure 6.3 shows the QDD’s in pure nitrogen. Above 10800 cm−1 the QDD
values are small, with variations in the order of 1 × 10−9 cm−1 amg−2 . Below
10700 cm−1 , the observed values are around 5 × 10−9 cm−1 amg−2 . Between
10700 cm−1 and 10800 cm−1 , we see a large scattering in the results. These
wavenumbers correlate with a part of the spectrum with a relatively large line
density of water vapor. In view of the greater purity of oxygen in comparison
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with nitrogen, we conclude that interference by water in the regions below
10700 cm−1 and above 10800 cm−1 is negligible for our oxygen measurements.
Also, Fig. 6.3 summarizes our results obtained for CIA by oxygen, as well
as for CIA by oxygen and by nitrogen obtained from the oxygen and nitrogen
mixtures. We find that the retrieved αO2 O2 (ν̄) values obtained from mixtures
and from pure oxygen are the same. Strikingly, the αO2 N2 (ν̄) values are very
small, with an average value of (4 ± 3) × 10−10 cm−1 amg−2 , which is less than
1% of the maximum CIA measured in pure oxygen. Our experiments show
that sharp absorption lines due to the MD/EQ absorption are absent in our
data. Also, no other sharp features can be observed in the CIA spectrum
in agreement with the fact that the photon energy is divided over the single
molecule excitation energy and changes in the kinetic energies of the colliding
partners. This collision aspect is often invoked as explanation that a CIA
spectrum is asymmetric with an enhanced probability to absorb greater photon
energies, effectively heating the colliding molecules kinetically.
To further analyze the CIA profile, we fitted the obtained CIA with a skewed
Lorentzian profile:
Γr
A
, ν̄ < ν̄0
π (ν̄ − ν̄0 )2 + Γ2r
A
Γ2b
I=
, ν̄ < ν̄0 ,
πΓr (ν̄ − ν̄0 )2 + Γ2b
I=

(6.3)

where ν̄0 is the frequency at the maximum of the spectrum, Γr is the line width
at the red side of the resonance frequency and Γb is the line width at the blue
side. A is related to the integrated absorption of the spectrum A0 by
A0 =

A A Γb
+
.
2
2 Γr

(6.4)

The values for the obtained fit of the skewed Lorentz profile are given in Table
6.2 and a graphical display is given in Fig.6.3. From this figure we can see that
the observed spectrum is very well described by this simple form. It should
be noted that this form does not imply any underlying mechanism. The small
deviations in the fit at the red side of the spectrum between 10600 cm−1 and
10700 cm−1 are attributed to the trace amounts of water vapor. Integrating the
fitted skewed Lorentz line shape in the region between 10500 cm−1 and 11250
cm−1 results in a value of (1.55 ± 0.04) · 10−5 cm−2 amg−2 . The error in this
integrated absorption strength result from the fitting procedure and is caused
by the statistical fluctuations in the individual data points. Both the error
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Table 6.2: The values for the skewed Lorentz profile fitted to the CIA
A0 (cm−2 amg−2 )
(1.96 ± 0.04) · 10−5

ν̄0 (cm−1 )
10842 ± 3

Γr (cm−1 )
89 ± 4

Γb (cm−1 )
158 ± 3

due to uncertainties in pressure (±0.01 · 10−5 cm−2 amg−2 ) and temperature
(±0.012·10−5 cm−2 amg−2 ) are smaller than the statistical error. The error due
to the presence of water is minimized by measuring in between the absorption
lines of the water and reducing the amount of water to 1 part per million. We
estimate this error to be smaller than (0.004 · 10−5 cm−2 amg−2 ). We have
also performed a smoothing over the obtained CIA data, which resulted in
an identical shape and integrated absorption as the skewed Lorentz profile.
Using this skewed Lorentzian profile, we find an value of (1.96 ± 0.04) · 10−5
cm−2 amg−2 for the integrated CIA coefficient. A systematic error results from
the necessary extrapolation of the CIA profile. As a Lorentz profile has a
relative large absorption in its line wings, the obtained extrapolated value is
considered an upper bound for the integrated CIA coefficient.
With the skewed Lorentz fit, we can also attribute a full width at half
maximum (FWHM) value of 247 ± 7 cm−1 to the CIA spectrum. This value is
larger than the value estimated from the published v = 0 and v = 1 transitions.
For comparison, we have drawn in figure 6.3 the v = 0 profile obtained by
Chagas et al.[60] The shifted profile αv=2 (ν̄) is given by
αv=2 (ν̄) = Aαv=0 (ν̄ − ∆ν ).

(6.5)

Here, A is a scaling factor, αv=0 (ν̄) is the v = 0 spectrum of Chagas et al. shifted
by a value ∆ν . The value ∆ν is obtained from the theoretical band origins of
the v = 0 and v = 2 bands and has a value of 2941.20 cm−1 [87]. We observe
that the maxima of the profiles, 10837 ± 2 cm−1 for the shifted Chagas v = 0
profile and 10842 ± 3 cm−1 for our v = 2 profile (see Table 6.2), correspond
well with each other. We also notice that the difference between the profiles
at the red side is less than the difference at the blue side. This broadening
at the blue side may be explained by the possible distribution of vibrational
quanta over the two oxygen molecules involved. The vibrational excitation can
be distributed over the a-state and over the X-state. Because of the larger
vibrational spacing in the electronic ground state than in the a-state, these
additional vibrational excitations will give rise to signals shifted to the higher
energy side.
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Although we have determined quantitatively the magnitude of the CIA
process for O2 -O2 collisions and for O2 -N2 collisions, we have no fundamental
answers why collisions with oxygen are about a factor of 100 more effective than
collisions between oxygen and nitrogen molecules in generating electronically
excited molecules. The fact that also the CIA processes of the v = 0 and v = 1
levels are similar in strength whereas the intensity to the third vibrational level
is smaller by at least a factor of 20 (see Table 6.1), is not easily rationalized.
In a previous article[89] we reproduced the effect of collisions by assuming that
during the collision the excited state is contracted, thus changing the effective
Franck-Condon (FC) factor. The data available for the integrated CIA of the
v = 0 (1.27 µm) and v = 1 (1.06 µm) are displayed in Table 6.1. Table 6.1
shows that the different studies have a relatively large spread, 12% for the
v = 0 and 11% for the v = 1. This table also shows the sparse data available
for the integrated CIA coefficient resulting from O2 -N2 collisions. Using these
average values, we determined the efficiency (η), which is given by
η=

A0 (v)
,
A0 (v = 0)

(6.6)

where A0 (v) is the integrated collision induced absorption for vibrational level
v. The results are displayed in Fig. 6.4 for the both O2 -O2 and O2 -N2 data. Due
to the small data set available for O2 -N2 , errors are omitted. Fig. 6.4 also shows
the efficiencies based on the FC factors connected to the different transitions.
We have used the vibrational constants from Nieh and Valentini[88] to construct
the a-state potential. The X-state potential given by Krupenie[71] was used.
Upon comparing integrated CIA’s and associated FC factors in combination
with vibrational excitation, the relative CIA transition probabilities increase.
If we assume a change of the equilibrium distance, we find that a compression of
the inter-atomic distance in the excited a-state, from 121.56 pm, to 115.2 pm,
changes the FC factors in such a way that the corresponding efficiencies agree
within error to the efficiencies for the integrated O2 -O2 CIA’s. For the O2 -N2
collisions, we require an inter-atomic distance of 117.7 pm. N2 thus deforms the
equilibrium distance of the O2 molecule less, which is a result of the 1 Σ-ground
state of the N2 molecule[90]. The resulting efficiencies are also displayed in
figure 6.4. In this very simple picture, a compression of the a-state equilibrium
separation can not be distinguished from an identical stretch of the ground
state equilibrium separation. We fully realize this analysis oversimplifies CIA
with regard to the complex effects which occur during the collision, such as the
changes in the inter-molecular distance dependence of the transition moment.

6.4. RESULTS AND DISCUSSION
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Figure 6.4: The efficiencies of the integrated CIA’s for the a-Xtransitions of
O2 -O2 collisions (blue ∗) and O2 -N2 collisions (green squares). Also displayed
are the efficiencies based on FCF’s (red dashed line) of a-Xtransitions, the
efficiencies of the FCF’s after a shift in equilibrium position for O2 -O2 collisions
(blue solid line) and the efficiencies of the FCF’s after a shift in equilibrium
position for O2 -N2 collisions (green dotted line)

The CIA coefficients are small and it is not clear that one can measure this
absorption process in our atmosphere. For example, at the peak of the CIA
spectrum, at perpendicular solar illumination the effective optical thickness is
less than 10−3 , and accompanied by a power absorption of approximately 25
mWatt/m2 . Absorption through this band requires long path lengths such as
at sunset or sunrise to become important in our atmosphere.
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6.5

Conclusion

Using cavity ring-down spectroscopy in combination with pressure ramps, we
were able to determine the collision induced absorption of oxygen in the a1 ∆g
(v = 2) ← X 3 Σ−
g band. To determine the influence of water on the retrieved
collision induced absorption, we performed measurements on pure nitrogen
in the same spectral region. We report absolute CIA absorption coefficients.
Assuming a Lorentzian line profile we report a value of (1.56−0.04/+0.40)·10−5
cm−2 amg−2 for the total integrated absorption.
Our results may clear up the confusion arising from literature data[18, 86],
which suggest that the CIA absorption strength near 922 nm in oxygen is
negligible. Apparently, this part of spectrum was simply not analyzed. More
importantly this band may well be suited for the retrieval studies in case of
very long path lengths through our atmosphere, as water vapor effects part of
the CIA band, but not all of the CIA band. We provide data to assess the
possibility of using this band for retrieval studies as well as for estimating the
radiative forcing of this band. Finally, the interestingly mechanistic result may
well be that collisions with nitrogen does not give rise to any measurable CIA
absorption providing an upper limit of the O2 N2 CIA to be less than 1% of
the O2 O2 CIA. Even in our nitrogen dominated atmosphere, the small CIA
signal of this band is dominated by O2 O2 collisions. This observation forms an
obvious challenge for theory.

CHAPTER

Rayleigh scattering by
oxygen and nitrogen
between 660 and 1000 nm
Abstract
Rayleigh scattering is important for satellite retrieval studies and also
has an influence on climate. In this study we performed measurements on
nitrogen and on oxygen (12800-15000 cm−1 ) to determine the Rayleigh
scattering in both. Although the Rayleigh scattering in oxygen is not the
only extinction process, we were able to confirm theoretical predictions
within 1%. For nitrogen, we measure a Rayleigh scattering of 85±1% of
the predicted value.
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CHAPTER 7. RAYLEIGH SCATTERING BY OXYGEN AND
NITROGEN BETWEEN 660 AND 1000 NM

Introduction

The atmosphere of the earth is important for maintaining a climate in which
water and carbon based life can flourish. It is widely known that greenhouse
gasses increase the temperature on the surface of the Earth. Sources and sinks
for these gasses are monitored, for which various methods are used, e.g. satellite
measurements performed by GOSAT (Greenhouse Gases Observing Satellite).
Especially of importance are the A- and B-band transitions, which are used for
calibration of satellite measurements. In all measurements performed between
200 nm and 1000 nm a permanent wavelength dependent background is present
due to scattering by molecules and atoms, known as Rayleigh scattering [2]
(RS), for which a correction is performed. Below 200 nm, RS does not influence
these measurements, since the light will be efficiently absorbed by oxygen,
while above 1000 nm, the RS is neglectable. Since the atmosphere consists
mainly out of N2 ( 78%), O2 ( 21%) and Ar ( 1%), the total RS is dominated
by the scattering contributions of these components. These contributions are
determined using theoretical models linking experimental data for the refractive
index with experimental results for the anisotropy. For both N2 and Ar the
resulting RS has been experimentally verified [25], but experimental verification
for O2 is difficult, most likely due to the large amount of absorption features
present in O2 .
In Chapter 4 RS in mixtures of O2 and N2 was measured and in Chapter
5 the Rayleigh scattering in the B-band for pure O2 was experimentally determined. In this chapter, I will describe RS in the A-band region present in the
pure O2 measurements performed in Chapter 3. The resulting RS in return
will be combined with the RS in the B-band (see Chapter 5) This combined
data set will then be compared with theoretical values. Furthermore, we have
performed measurements on the RS by pure nitrogen, which I will also show
in this chapter.

7.2

Theory: Rayleigh scattering

The RS cross section (σRS ) is given by
σRS =

24π 3 ν̄ 4
L2s



n2 − 1
n2 + 2


Fk ,

(7.1)

where ν̄ is the wavenumber (cm−1 ), Ls the Loschmidt number (2.687 · 10−19
molecules cm−3 ), n the refractive index and Fk the King correction factor

7.3. EXPERIMENTAL

111

(KCF). The KCF reflects the anisotropy in the polarizability (α) of a molecule
and is given by [3]
2 γ(ν̄)
Fk (ν̄) = 1 +
,
(7.2)
9 α(ν̄)
with the anisotropy γ equal to
γ = αk + α⊥ ,

(7.3)

where αk and α⊥ are the parallel and perpendicular component of the polarizability and are related by
αk + 2α⊥
.
(7.4)
α=
3
The second fraction present in Eq.7.1 results from the Lorentz-Lorenz relation,
which relates the polarizability to the refractive index by
n(ν̄)2 − 1
4
= πN α(ν̄).
n(ν̄)2 + 2
3

(7.5)

The polarizability results from the strength the molecular transitions, including
electronic, vibrational and rotational transitions.
For oxygen, Simbotin et al. [91] showed that the parallel polarizability re3 −
sults from the B 3 Σ−
u ← X Σg transition, whereas the perpendicular polariz3
ability results from the 2 Πu ← X 3 Σ−
g transition. Furthemore, these authors
were able to calculate these polarizabilities and thus determine the refractive
index, anisotropy and the RS. Their results agree well with those obtained
semi-empirical by Bates [48], which are displayed in Table 2 of Chapter 4. It
should be noted that in the results collected by Bates, the KCF factor is not
expressed by Eq.7.2, but instead is approximated by a polynomial.
For nitrogen, no theoretical calculations have been made. However, Bates
[48] did collect measurements on both the refractive index and anisotropy,
resulting in the King correction factor. It should be noted that although the
electronic structure of nitrogen and oxygen is very different, in the wavelength
region between 600 - 1000 nm, both the refractive index and correction factor
of oxygen and nitrogen are comparable. The difference between the resulting
Rayleigh scattering for O2 and N2 is less than 3%.

7.3

Experimental

The set-ups that are used to obtain the RS are described in detail in Chapter
3, for the measurements above 12800 cm−1 , and in Chapter 6 for the measurements below 11500 cm−1 . In both set-ups a ring-down cavity is constructed
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inside a pressure cell, using two highly reflective mirrors. For the measurements above 12800 cm−1 a Nd:YAG pumped dye laser is used, while for the
measurements below 11500 cm−1 a continuous wave diode laser is used. During
a measurement, the laser is kept at a constant wavelength, which for oxygen
corresponds to a wavelength at which the absorption is minimal (i.e. in between two absorption lines). The pressure cell was then slowly filled with
either oxygen or nitrogen. Each resulting ring-down signal is then fitted with
an exponential decay, resulting in the extinction. This way the extinction coefficient as function of the density is determined. An example of such a density
ramp is given by Fig. 3(a) of Chapter 3.

7.4

Results

For nitrogen, obtaining the RS σRS can be done by fitting the density ramp
by a first order polynomial
σext = σRS N + σmirror ,

(7.6)

where σext is the measured extinction, N is the density and σmirror is a constant offset resulting from the mirror. Due to the presence of magnetic dipole
absorption and collision induced absorption, retrieval of RS in oxygen is more
involved. A detailed explanation of how the RS in oxygen is obtained is given
in the results section of Chapter 5.
In Fig.7.1 the obtained RS extinction is shown for the three measured bands
of molecular oxygen. Of the three sets of measurements, only the set obtained
for the B-band (14000 - 15000 cm−1 ) can be fully used. The set obtained for
the A-band (12900 - 13400 cm−1 ) seems to follow the A-band profile, but the
edges of this band behave quite well. The origin of this visible profile lies in the
maximum density up to which the measurements in the center of the band could
be performed. In large parts of the A-band the maximum measured density is
about 0.5 amg, making it impossible to accurately separate the CIA and RS
components. For the B-band the maximum measured density in the center is
5 amg. However, the measurements performed at the edges of the A-band are
measured up to a density of 5 amg, comparable to the measurements in the
B-band. The measurements performed in the 922 nm band are also performed
up to a density of 5 amg, but here the RS is three times smaller than the RS
in the A-band, due to the ν̄ 4 factor. Furthermore, the lower reflectivity of
the mirrors used for the 922 nm experiment results in a shorter path length.

7.4. RESULTS
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Figure 7.1: The retrieved Rayleigh scattering of pure oxygen (blue points; green
points). The green points indicate the reduced data set. Also so shown is the
theoretical prediction (red line)

Resultingly, it becomes increasingly difficult to determine the linear Rayleigh
component.
If we ignore the central region of the A-band and the 922 nm band, we are
left with reliable measurements of the RS. On this data set, referred to as the
reduced data set, we can perform a one parameter fit in order to determine the
fraction w between the average experimental results (σexp ) and the theoretical
prediction σthe . In other words, we multiply the theoretical value by a free to
choose variable and minimize the sum of the differences between theory and
experiment, or
σexp = wσthe
(7.7)
The fit on this reduced data set then results in a fraction w of 1.006 difference
between theory and experiment. For the A-band, the fraction is 1.03, while for
the B-band the fraction is 0.98. Assuming a 1% error in the temperature, and
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Figure 7.2: The retrieved Rayleigh scattering of pure nitrogen (blue points) and
the corresponding average Rayleigh scattering (blue points). Also shown is the
theoretical prediction (red line). The green lines indicate the 1-σ deviation of
the average

a 0.3% error in the pressure, the combined error is 1%, resulting in a fraction w
between 0.99 and 1.01. The found experimental fractions thus lies within the
errors of the experiment. Extending the analysis to the full data set including
the 922 nm band, but still excluding the central region of the A-band, we
obtain a fraction w of 1.20. This large difference is mainly due to the inability
to correctly separate the components in the 922 nm band. As such, we assume
that our experiment is able to check the theoretical predictions up to 12800
cm−1 (780 nm).
For pure nitrogen, no measurements were performed in the A-band region.
The resulting measurements for the B-band region are shown by Fig.7.2, in
which also the predictions by Bates are shown. It should be noted that although the transitions responsible for RS in N2 are different from those of O2
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the RS for both is comparable. The measurements result from two individual
measurement series. In between these measurements, both the dye laser and
the optical cavity were realigned. From the figure, it is clear that the measured
RS is lower than the predicted RS. Using an identical analysis as for the oxygen measurements, we obtain for the fraction w a value of 0.85 ± 0.11. From
this result we observe that the experimental value lies lower than the theoretical value, and does not agree within one error margin with the predictions.
However, in section 4.4 we have shown that for mixtures of O2 and N2 around
760 nm the predictions by Bates result in a fraction w of 1.01. Furthermore,
recent studies by Zhang et al. on the refractive index of nitrogen [92] result in
a refractive index identical to the index used by Bates. The difference in n − 1
at 800 nm between the results of Zhang et al. and Bates is less than 0.007%.
The King correction factor in this wavelength region is in the order of 1.036,
smaller than the fraction 1/w of 1.17. Concludingly, the difference between the
theoretical predictions and the observed experimental values, most likely result
from errors in the measurements. Unfortunately, it is unclear what creates the
much lower fraction w for the measurements on N2 around 680 nm, although
it could be that the pressures up to which the measurements were performed
were not high enough.

7.5

Conclusion

Using cavity ring-down spectroscopy, we measured the extinction in both oxygen and nitrogen, from which we determined the Rayleigh scattering for both
gasses. We have shown that the theoretical predictions for oxygen correspond
with the experimental values within 0.6%. For nitrogen, the experimental results are 15% lower than the predictions, indicative that more experimental
studies should be performed on the Rayleigh scattering.

Summary
Oxygen is an important constituent of the atmosphere and vital for most of the
Earth’s lifeforms. Furthermore, the Earth’s atmosphere contains various trace
gases – such as carbon dioxide and methane – which have an influence on the
Earth’s climate. Detection of this trace gases can be performed by satellites,
which require a very precise calibration (0.3% error). A relatively easy way for
this calibration is by measuring absorptions by oxygen and compare these to
the known distribution of oxygen through the atmosphere. Both these points
– oxygen’s importance for life on Earth and satellite calibration – require a
detailed understanding of the (physical) properties of oxygen. This thesis especially focuses on experimentally determining the absorption and scattering
of near infrared and red light by oxygen, while the oxygen in turn is perturbed
by collisions.
Chapter 1 provides a short historical insight of and describes globally the
processes that are responsible for the extinction of light in gases. These extinctions can be divided in broadly two groups, namely scattering and absorption.
Of the possible scattering processes, only Rayleigh scattering is described, since
other forms of scattering, e.g. Compton scattering, are of no relevance for the
extinction by oxygen in the red and infrared wavelength region. Furthermore,
two absorption processes play a role, namely magnetic dipole absorption and
collision induced absorption. Here, the magnetic dipole absorption is heavily
influenced by collisions, resulting in broadening and mixing. The collision induced absorption is a result of collisions. All these processes will be applied to
oxygen.
Since the extinctions in oxygen are very small, a sensitive detection technique is needed. For this thesis, we made use of cavity ring-down spectroscopy,
of which two different examples are given by Chapter 2. This chapter gives a
detailed explanation of cavity ring-down in terms of the electric fields, starting
with a short recapitulation of reflectivity and transmittance for these fields.
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Following, a discussion is presented on the mirrors used in cavity ring-down,
since the mathematics involved to determine the reflectivity of these mirrors
is comparable to the mathematics used for cavity ring-down. The next part
of Chapter 2 then discusses various properties of cavity ring-down, such as the
transmitted intensity, the shape of the transmitted intensity, etc. Since detection of gases, and especially oxygen, is the mean subject of thesis, the effect
of absorption by a gas on cavity ring-down is determined. Finally, the chapter
will close with a comparison of the two set-ups used in this thesis.
For the purpose of satellite calibration, one oxygen band is especially of
importance: the oxygen A-band. Both Chapter 3 and Chapter 4 focus on absorption in this band. In both these chapters, the extinction in between the
(magnetic dipole rotational) absorption lines are measured with pulsed cavity
ring-down, from which the contribution by the molecular dipole is subtracted.
For the light source a Nd:YAG pumped pulsed dye laser was used, and instead
of scanning the light source during a measurement, the pressure was slowly
increased, resulting in density ramps. Here, we made use of a theoretical description for the magnetic dipole absorption, in which line mixing is included.
From the extinction measurements minus the magnetic dipole absorption, we
were able to determine both collision induced absorption and Rayleigh scattering. In chapter 3, we also show that inclusion of line mixing is necessary in
order to obtain a physically meaningful collision induced absorption. Whereas
both chapter 3 and 4 describe experiments in the A-band, chapter 3 only considers pure oxygen. Chapter 4 on the other hand, describes measurements on
mixtures of oxygen and nitrogen. Not completely expected, the collision induced absorption in pure oxygen differs from the collision induced absorption
resulting from oxygen nitrogen collision. Currently, we are unable to provide
a satisfactory theory to explain this difference. Furthermore, the contribution
by collision induced absorption to the total absorption is small, in the order
of a few percent. However, in order to have a calibration of satellites within a
0.3% error bound, collision induced absorption needs to be taken into account.
Although it is possible to calibrate satellites purely with the A-band, inclusion of the oxygen B-band can enhance the accuracy of the calibration. Chapter 5 describes measurements performed on pure oxygen in the B-band region,
using the same set-up as in Chapter 3 and Chapter 4. Using the same analysis and line mixing model as in the previous chapters, the Rayleigh scattering
and collision induced absorption were determined. In the resulting collision
induced absorption, which as for the A-band contributes only a few percent
to the total absorption, a relative enhancement with regard to the magnetic
dipole transition is observed, as result of the additional vibrational quantum.
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We explain this behavior by a small shift in the equilibrium distance between
the oxygen atoms in the molecule. Although this model is rather crude, it does
provide some insight into the nature of collision induced absorption.
In order to test if vibrational quanta indeed enhance the collision induced
absorption, the 922 nm band of oxygen was measured in Chapter 6. This band
result from a different electronic transition than the A- and B-band, and was up
to this research unobserved. Using a different type of light source (continuous
wave diode laser) compared with the light source of the previous chapters, but
still with cavity ring-down, the collision induced absorption of this band was
determined for both pure oxygen and oxygen nitrogen mixtures. It is shown
that the collision induced absorption by pure oxygen is much stronger than oxygen nitrogen collisions. However, as for the B-band, a relative enhancement
due to vibrational quanta was observed in the collision induced absorption, for
both pure oxygen and oxygen nitrogen mixtures. The enhancement is compared to the B-band much stronger, but the enhancement in collision induced
absorption observed for both pure oxygen and oxygen nitrogen mixtures can
be described with the same model as in Chapter 5. From the measurements it
was also observed that the contribution due to di- or multipole absorption is
neglectable.
The last chapter, Chapter 7, analyzes the measured Rayleigh scattering
for oxygen and nitrogen and compares the measured Rayleigh scattering with
theoretical values. For oxygen, the agreement between theory and measurement
is good, but for nitrogen, there is an unexplained difference between theory and
experiment.
Concludingly, this thesis shows that the cavity ring-down method in combination with pressure ramps is capable of absolute extinction measurements.
Furthermore, this thesis also shows that the pulsed dye laser can be replaced
with a diode laser, drastically decreasing the size of the set-up while at the
same time opening up new wavelengths regions. Furthermore, it is shown
that collision induced absorption is present in both the A- and B-band, but
that this contribution is relatively small. A new band in oxygen at 922 nm is
described, and by analyzing the obtained collision induced absorption of the
various band, vibrational enhancement of collision induced absorption has been
shown. However, the difference in enhancement between oxygen and nitrogen,
observed especially in the 922 band, opens up the question if this difference
in enhancement would also be observed in the B-band. Furthermore, it was
discovered that the amount of measurements on collision induced absorption
by oxygen-nitrogen collisions in the 1060 nm band is very low, and either the
lineshape of this feature is not analyzed, or the amount of uncertainty is high.
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Also, the Rayleigh scattering in oxygen is validated. For nitrogen, more measurements on Rayleigh scattering are needed in order to determine the source
of the differences between theory and experiment.

Absorptie door zuurstof:
Het effect van moleculaire
botsingen op atmosferische
metingen
De hier weergegeven samenvatting is geen directe vertaling van de Engelse
samenvatting. In plaats daarvan is gekozen voor een populair wetenschappelijk
artikel, welk ook verschenen is in het Nederlands Tijdschrift voor Natuurkunde
in november 2012. Ondanks dat dit geen letterlijke vertaling is, geeft dit artikel
wel de essentie van dit proefschrift weer.
Het is langzamerhand duidelijk geworden dat de mens een aanzienlijke invloed
heeft op onze atmosfeer. De toename van CO2 door ontbossing en de verbranding van fossiele brandstoffen is hiervan het meest bekende voorbeeld. Instrumenten aan boord van satellieten moeten deze veranderingen in de toekomst
gaan volgen. Dergelijke experimenten zijn gebaseerd op de meting van de
absorptie van licht door gassen. Om CO2 - metingen te corrigeren voor atmosferische omstandigheden zoals wolken en stof, kan gelijktijdig zuurstof gemeten
worden, waarvan de hoeveelheid goed bekend is. Onderzoek aan de absorptie
van licht door zuurstof levert niet alleen de hiervoor benodigde kennis, maar
blijkt ook een interessante inkijk te geven in de rol van botsingen in eenvoudige
absorptieprocessen.
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Figure 1: De drie laagst gelegen elektronische toestanden van zuurstof, X
(groen), a (blauw) en b (rood). Enkele vibratieniveaus op deze elektronische
toestanden zijn eveneens weergegeven. De inzet laat een vergroting zien rond
het eerste vibratieniveau, waar ook de rotatieniveaus zichtbaar zijn. De pijlen
A en B geven mogelijke elektronische rotatie met vibratieovergangen weer. Aan
de onderkant van de grafiek zijn bij A en B behorende spectra weergegeven.

De banden van zuurstof
Voor de bepaling van de hoeveelheid zuurstof in de atmosfeer worden twee
optische absorptiebanden gebruikt. De aard en eigenschappen van die absorptiebanden kunnen worden toegelicht aan de hand van figuur 1. Hierin zijn
de laagste drie elektronische toestanden gegeven in de vorm van de potentile energie van zuurstofmoleculen als functie van de afstand tussen de (twee)
atomen. De bewegingen van de twee zuurstofatomen zijn quantummechanisch
vastgelegd en zijn in deze figuur als vibratie- en rotatieniveaus terug te vinden.
Tussen de verschillende toestanden, gekarakteriseerd door hun elektronische, vibrationele en rotationele quantumgetallen, zijn absorptieovergangen mogelijk.
De twee absorptiebanden die in dit onderzoek van belang zijn, hebben allebei
de elektronische en vibrationele grondtoestand (met de ’X’ als termsymbool en
v = 0) als begintoestand.
Na absorptie van een passend foton zal het zuurstofmolecuul vervormen
naar een molecuul met de elektronische b-toestand en een vibratietoestand.
Deze vibratietoestand is gelijk aan de grondtoestand (v = 0) of de eerste
aangeslagen toestand (v = 1). Kirchhoff was de eerste die deze absorptiebanden beschreef en een naam gaf: de A-band (v = 0) en de B-band (v = 1). Deze
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naamgeving heeft de tand des tijds overleefd. De spectra zijn weergegeven aan
de linkerkant in figuur 1. Hier zijn verschillende lijnen te zien, waarbij iedere
lijn resulteert uit een combinatie van rotationele begin- en eindtoestand.
Uit figuur 1 zijn ook nog andere gegevens af te leiden. De afstand tussen
de atomen in het molecuul is ongeveer 10−8 cm. De oppervlakte van het
molecuul is dus ongeveer 10−16 cm2 . Aan de hand van de symmetrien van de
elektronische toestanden (zie paragraaf Elektronische toestanden) is ook iets
te zeggen over de sterkte van de absorptie. Uit deze symmetrien volgt dat
het magnetisch dipoolmoment van het molecuul verantwoordelijk is voor de
absorptiesterkte en de effectieve werkzame doorsnede in de orde van 10−23 cm2 .
Dit betekent dus dat slechts 1 op de 10 miljoen fotonen die door het molecuul
gaan geabsorbeerd wordt! Nu zitten er in een luchtkolom met de hoogte van de
hele atmosfeer en met een oppervlakte van een molecuul ( 10−16 cm2 ) ongeveer
één miljard moleculen, dus ieder foton wordt onderweg geabsorbeerd.

Elektronische toestanden
De termsymbolen geven aanwijzingen over de sterkte van de overgang. Een
elektrische dipoolovergang koppelt een ungerade (u) aan een gerade (g) toestand en mag tevens niet gepaard gaan met een verandering van elektronspintoestand (triplet (3) in de X-toestand en singlet (1) in de btoestand). Ook
kan een elektrische dipoolovergang geen koppeling maken tussen een + en een
-. Kortom, deze overgang is elektrisch verboden. De magnetische component
van het foton moet het dus doen.

Botsingen tussen moleculen
In het voorgaande gedeelte is ervan uitgegaan dat zuurstofmoleculen niet botsen. In werkelijkheid zal ieder molecuul in de atmosfeer gemiddeld vijf miljard
keer per seconde met een ander molecuul botsen. Deze botsingen zorgen voor
veranderingen in de rotatie van de moleculen, maar zijn niet in staat om de
vibrationele en elektronische toestanden te veranderen. Door de verstoring
van de rotaties zullen de bijbehorende energieniveaus verschuiven, waardoor
absorptielijnen verbreden.
Daarnaast kunnen de absorptielijnen ook mengen. Dit gebeurt als de verstoring groot genoeg is om bij een andere lijn in de buurt te komen. Hierdoor
bestaat de kans dat de absorptie zal plaatsvinden door een andere absorptielijn. Als gevolg hiervan verandert de intensiteit van de lijnen. Wat gebeurt
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Tijd

Figure 2: Een schematische weergave van cavity ring-down. Een lichtpuls wordt
aan de linkerkant de cavity ingeschoten, alwaar deze heen en weer zal kaatsen
tussen de spiegels. Iedere keer als de lichtpulse tegen een spiegel kaatst, zal
een klein deel door de spiegel gaan, resulterend in een serie van exponentieel
afnemende pieken

er nog meer tijdens een botsing? Gedurende de tijd van de botsing kan een
zuurstofmolecuul een klein beetje vervormen. Hierdoor zal de absorptie heel
even sterker worden. Dit proces heet botsingsgeı̈nduceerde absorptie.

Rayleigh verstrooiing
Tot nu toe is alleen nog maar absorptie behandeld, maar licht kan ook verstrooien aan individuele moleculen. Als gevolg hiervan is de verstrooiing lineair met het aantal moleculen. Deze vorm van verstrooiing staat ook bekend
als Rayleigh-verstrooiing, als eerbetoon aan Lord Rayleigh, die als eerste een
volledige afleiding gaf van het fenomeen [2].

Absorptie tussen de lijnen
Voor absorptie in de atmosfeer moeten wij dus rekening houden met zowel
verstrooiing, botsingsgeı̈nduceerde absorptie als magnetische dipoolabsorptie.
Zoals eerder gezegd is de sterkte van de magnetische dipoolabsorptielijnen in
de orde van 10−23 cm2 , waardoor bijna alle fotonen geabsorbeerd worden. In
de gebieden tussen de lijnen is absorptie veel zwakker. Hier is de absorptie veel kleiner (10−26 cm2 ) waardoor de absorptie door de atmosfeer in dit
golflengtegebied slechts enkele procenten bedraagt.

125

Het meten van zwakke absorpties: Cavity ring-down
spectroscopie
De absorptie door zuurstof in de atmosfeer is zo gering, dat klassieke meetmethodes niet werken. Wij passen daarom caviteit ring-downspectroscopie toe
in combinatie met variatie van de druk. In figuur 2 is een schematische weergave gegeven van deze vorm van spectroscopie. Door gebruik te maken van
spiegels met een reflectiviteit van 99,995% en een onderlinge afstand van 50 cm
realiseren we voor licht dat door spiegels binnenkomt een padlengte van tientallen kilometers. Wij hebben deze resonantieruimte of caviteit in een drukcel
geplaatst. We laten langzaam de druk op lopen en meten ondertussen de levensduur van het licht in de caviteit. Bij een lege caviteit wordt deze levensduur
door de reflectiviteit van de spiegels bepaald. Als de caviteit volloopt, verandert deze levensduur door de verstrooiing, botsingsgeı̈nduceerde absorptie
en de magnetische dipoolabsorptie. Hierbij zal de levensduurverandering als
gevolg van verstrooiing lineair veranderen met de dichtheid en als gevolg van
de botsingsgeı̈nduceerde absorptie kwadratisch.

Resultaten
Figuur 3 toont een voorbeeld van een meting, waar de extinctie is weergegeven
als functie van de dichtheid1 . Ieder punt in deze absorptiecurve volgt uit een
individuele meting van de levensduur van de caviteit, de zogenaamde ringdowntijd. De figuur laat zien dat een deel van de absorptie bestaat uit absorptie
door de A- of B-band, Rayleigh-verstrooiing en de botsingsgenduceerde absorptie. Aangezien de Rayleigh-verstrooiing lineair met de dichtheid toeneemt en
de botsingsgenduceerde absorptie kwadratisch, kunnen beide onafhankelijk van
elkaar bepaald worden.
Deze metingen zijn herhaald bij een aantal golflengten (in de figuren gebruiken we golfgetallen als maat). De resultaten hiervan zijn in figuur 4
weergegeven, waarbij de absorptie op een logaritmische schaal is aangegeven.
Onze metingen zijn verricht in de gebieden tussen de scherpe lijnen van de
magnetische dipoolabsorptie van de A- en de B-band. Bij deze lijnen wordt de
absorptie gedomineerd door de magnetische dipoolabsorptie. Tussen de lijnen is
de bijdrage van de dipoolabsorptie vergelijkbaar met de bijdrage door Rayleigh1 De gebruikte eenheid voor dichtheid is de amagat. Eén amagat komt overeen met
2.687·1019 moleculen per cm3 . Dit aantal is bijna identiek aan de dichtheid die volgt uit de
ideale gaswet bij een temperatuur van 273.15 K en een druk van 1.013 bar.
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Figure 3: De absorptie gemeten als functie van de dichtheid (punten). De rode
lijn is een fit door de punten. Ieder punt is een resultaat van een ring-down
curve (kleine figuur, blauwe punten), waar een exponentieel verband door is
gefit (rode lijn). Ook aangegeven zijn de bijdragen van Rayleigh verstrooiing,
magnetische dipool absorptie en botsings-geı̈nduceerde absorptie, het belangrijkste resultaat van onze metingen

verstrooiing en botsingsgeı̈nduceerde absorptie. De gebieden tussen de lijnen
zijn ook de gebieden waar satellieten hun metingen verrichten. Om veranderingen te kunnen bepalen zal dus botsingsgeı̈nduceerde absorptie meegenomen
moeten worden om systematische fouten te voorkomen.

De invloed van stikstof
Tot nu toe hebben we alleen nog maar gekeken naar pure zuurstof, maar
onze atmosfeer bestaat voor 79% uit stikstof, 20% uit zuurstof, 1% argon.
Ook stikstof is een botsingspartner voor zuurstof die aanleiding kan geven tot
botsingsgenduceerde absorptie. Om deze reden hebben we de experimenten
herhaald bij verschillende verhoudingen van stikstof en zuurstof, en de resultaten van een mengsel van 79% stikstof en 21% zuurstof zijn weergegeven in
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Figure 4: Links: De resulterende extinctie in de A-band bij een druk van 1 Bar
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Figure 5: De extinctie in een mengsel van 79% stikstof en 21% zuurstof bij een
druk van 1Bar en een temperatuur van 273K. Weergegeven zijn: de dipoolabsorptie (blauw, de Rayleigh verstrooiing (groen), de botsings-geı̈nduceerde absorptie O2 -O2 (paars), de botsings-geı̈nduceerde absorptie O2 -N2 (rood) en de
som van alle contributies (zwart)
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figuur 5. Uit de resultaten blijkt dat de Rayleigh-verstrooiing door mengsels
van stikstof en zuurstof bijna identiek is aan de verstrooiing door pure zuurstof. De relatieve bijdrage van de Rayleigh-verstrooiing aan de extinctie in
mengsels van zuurstof en stikstof is daardoor duidelijk veel groter dan de relatieve bijdrage van de verstrooiing in pure zuurstof. Het spectrum van de
botsingsgeı̈nduceerde absorptie door zuurstof-stikstofbotsingen is veel smaller
dan voor zuurstof-zuurstofbotsingen. Hiervoor bestaat nog geen verklaring of
kwantitatieve beschrijving.

Conclusie
Met behulp van ring-downspectroscopie in een caviteit is absorptie van zichtbaar licht door zuurstof- en stikstofmoleculen onder omstandigheden van onze
atmosfeer gemeten. Deze metingen zijn in overeenstemming met metingen uitgevoerd bij drukken van 50 bar en hoger. En passant is ook nog kwantitatief
Rayleigh-verstrooiing, een proces dat zo zwak is dat het meestal niet in extinctie wordt gemeten, bepaald. Over de totale hoogte van onze atmosfeer is de
absorptie van deze processen zwak, ongeveer 1% van het zonlicht, maar niet
onbelangrijk bij de kwantitatieve bepaling van zuurstof met behulp van satellieten. Een ruwe schatting leert ook dat ongeveer 0,1 Wm−2 aan zonlicht wordt
weggenomen door botsingsgeinduceerde absorptie. Het is verbazingwekkend
dat zulke zwakke absorpties op een lasertafel in een cel van 50 cm nauwkeurig
gekwantificeerd kunnen worden.
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