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Abstract

This thesis work investigates the possibility of ozone detection and imaging
using photofragmentation laser-induced fluorescence (PF-LIF). Measurements
were performed in an ozone gas flow at 293 K and at atmospheric pressure. Within
the same laser pulse from a KrF excimer laser (248 nm), the ozone molecules in
the flow are dissociated and one of its fragments, O2 (X

3Σ−g , v
′′ = 6, 7), undergoes

excitation followed by fluorescence. It was observed that there was no contribution
to the fluorescence signal from oxygen in ambient air. Thus, PF-LIF of ozone is
a species specific technique where the detected fluorescence signal is due to the
vibrationally excited O2 fragment originating from the dissociated ozone. The
fluorescence signal of the oxygen fragment was spectroscopically investigated,
both regarding its absorption and emission characteristics. The O2 fragment
has absorption lines within the tunable range of the laser, 247.9-248.9 nm, and
strong emission in the wavelength range 260 nm to 440 nm. Furthermore, the
fluorescence signal was imaged with an intensified CCD camera and detected with a
photomultiplier tube (PMT). Ozone concentrations down to 850 ppm and 460 ppm
were detected with the ICCD camera and the PMT, respectively, for single-shot
measurements. Further improvement of the detection limit would be possible,
giving 700 ppm and 300 ppm for the mentioned detection systems, respectively.
A brief investigation with a Nd:YAG pumped dye laser (282 nm) showed the
presence of OH radicals after dissociation of ozone at the interface between the
ozone flow and the ambient air.
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Chapter 1

Introduction

1.1 Background

Ozone (O3) is a molecule widely known for its great importance in the atmosphere,
where it absorbs most of the ultraviolet radiation from the Sun [1]. However,
ozone may also be an undesired by-product, which is the case in aseptic food
packaging processes based on electron bombardment as sterilization method. The
electron beam is created by a high energy electron accelerator, where these
energetic electrons are generated from a tungsten or tantalum filament. When
the electrons leave the accelerator, they collide with molecules in the ambient air
and scatter, resulting in a cloud of plasma in which formation of ozone occurs [2].
Depending on the energy of the energetic electrons and the duration of the electron
bombardment, different concentrations of ozone will be generated.

Tetra Pak is a world leading company within aseptic food packaging technology
and it is of their interest, together with Division of Combustion Physics at Lund
University, to investigate the possibility of developing a laser-based technique for
visualizing ozone concentrations. The knowledge about the spatial distribution of
ozone and its concentration could improve the energy selection of the energetic
electrons in the electron beam.

The suggested technique is photofragmentation laser-induced fluorescence
(PF-LIF), which in previous work has been performed on e.g. hydrogen peroxide
(H2O2) [3] and ozone for ozone tagging velocimetry [4]. The principle of PF-LIF
of ozone is to photodissociate the ozone molecules into O and O2 and perform
laser-induced fluorescence on one of its photofragments, the vibrationally excited
oxygen molecule, O2 (X3Σ−g , v

′′ > 0).

1.2 Outline and aim of this thesis

The aim of this thesis is to investigate the possibility of ozone detection
and imaging using photofragmentation laser-induced fluorescence (PF-LIF). The
concept is to dissociate the ozone molecules and probe one of its fragments,
resulting in an indirect detection of ozone. This thesis project involved
collaboration between the Division of Combustion Physics at Lund University
and Tetra Pak Packaging Solutions AB, Lund. The experimental work has been
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carried out at the Division of Combustion Physics.
In the beginning of this thesis, some necessary background theory is presented

in order to create an understanding of the concept of this thesis project. The
experimental work included spectroscopic investigation of the laser-induced O2

fluorescence signal, both regarding its absorption and emission characteristics,
followed by 2D imaging of the fluorescence signal and investigation of the ozone
concentration detection limit. Results from these measurements are presented
and discussed, which are followed by conclusions. Suggestion of future work
with PF-LIF of ozone and an experimental arrangement for industrial applications
conclude this thesis.
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Chapter 2

Theoretical background

2.1 Introduction to diatomic molecular spectroscopy

Compared to the atomic spectra, the molecular spectra are more complex.
In addition to electronic energy levels, the molecules possess also vibrational
energy levels within each electronic state and rotational energy levels within each
vibrational state. This is due to the motion of the molecule, since it can both
vibrate and rotate. Figure 2.1 displays a schematic image of the potential energy
level diagram where all the energy levels are shown. The ground electronic state
is designated X and the excited states are called A, B, C etc. The vibrational
energy levels in the ground state are designated v′′, while in the excited states
the energy levels are denoted v′. The states could be bound or repulsive, which is
shown in figure 2.1. Excitation to a repulsive state results in dissociation of the
molecule. If a bound state is crossed with a repulsive state, then the molecule can
pre-dissociate into fragments when absorbing energy that corresponds to at least
the crossing point [5, 6].

Figure 2.1: Energy levels of a molecule.
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The energy of a state is the sum of the electronic, vibrational and rotational
energies

E = Eelec + Evib + Erot (2.1)

where the electronic energy, similar to the electronic energy in atoms, depends on
the coupling between the total orbital angular momentum and the total spin of
each electron. The vibrational energy is given by

Evib = ωe

(
v +

1

2

)
− ωexe

(
v +

1

2

)2

(2.2)

where the vibrational quantum numbers v assume integer values, v = 0, 1, 2...
and ωe and ωexe are constants. The first term in equation (2.2) accounts that
the vibrational motion of the molecule can be described as a harmonic oscillator,
which is valid for low vibrational levels. For higher-lying vibrational levels the
harmonic oscillator approximation is not valid, thus the approximation needs to
be corrected with the second term in equation (2.2).
The rotational energy can be described by

Erot = BvJ(J + 1)−DvJ
2(J + 1)2 (2.3)

where the rotational quantum numbers assume integer values, J = 0, 1, 2... and
the Bv is the rotational constant that accounts for the moment of inertia of a
rotating molecule. The first term describes the molecule as a rigid rotator where
the constant

Bv = Beq − α
(
v +

1

2

)
(2.4)

takes into account the change in the rotational constant Beq at higher vibrational
energy levels. The second term in equation (2.3) describes the molecule as an
elastic rotator. Further details about molecular structure can be found in the
literature by Banwell et al. [6].

By the absorption of radiation with sufficient energy, the molecule can undergo
electronic excitation. The energy difference between two electronic states depends
also on the energy difference between the vibrational and rotational energy levels,
which can be expressed as

∆εtot = ∆εelec +∆εvib +∆εrot (2.5)

Different types of relaxation of the excited molecule could occur. If the excited
state is repulsive, then dissociation of the excited molecule into fragments will
follow. This process does not give rise to an emission spectrum, unless the
fragments radiate the eventual excess energy according to one of the following
processes. Re-emission of the absorbed radiation could also occur, where the
emitted photons by the molecule have the same wavelength as the absorbed
incident photons.

If the excited molecule ends up in a high vibrational energy level after electronic
excitation, then the excess vibrational energy could be lost by intermolecular
collisions, before the molecule relaxes to the vibrational states of the ground state
by emission of radiation. This process is called fluorescence and the fluorescence
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wavelength is different from the incident excitation wavelength. A special type of
emission that is called phosphorescence occurs when two excited states of different
total spins have comparable energies. The transition between these two states
could occur i.e. through collisions. This results in accumulations of molecules
since the transition to the ground state is spin-forbidden, giving rise to emission
of weak light long after the excitation has been terminated [5, 6, 7].

2.2 Absorption characteristics of ozone

Most of the ozone in the atmosphere is found in the stratosphere where it has
great importance in absorbing the ultraviolet (UV) radiation emitted by the
Sun [1]. The absorption spectrum of ozone in the UV and visible regions can
be seen in figure 2.2. The strongest absorption in the UV region, which peaks at
approximately 255 nm, is called the Hartley band and has the highest absorption
cross section. The vibrational structure in the 310-360 nm region is referred as
the Huggins bands. Chappuis band denotes the wide absorption in the visible
region [1, 8].

Figure 2.2: Absorption cross section of ozone in the UV and visible regions. The different
absorption regions are called Hartley band, Huggins bands and Chappuis band [1].

Due to the weak chemical bond between the oxygen atoms, the ozone molecule
dissociates into O and O2 when it absorbs radiation with wavelengths shorter than
1.12 µm [1]. Depending on the incident radiation wavelength, the fragments will
end up in different energy states. The main dissociation channels are [8]:

O3 + hν(λ < 310nm)→ O(1D) +O2(a
1∆g) (1)

O3 + hν(λ < 411nm)→ O(1D) +O2(X
3Σ−g ) (2)

O3 + hν(λ < 463nm)→ O(3P ) +O2(b
1Σ+

g ) (3)

O3 + hν(λ < 612nm)→ O(3P ) +O2(a
1∆g) (4)

O3 + hν(λ < 1180nm)→ O(3P ) +O2(X
3Σ−g ) (5)
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The dissociation channels 1 and 5 are spin-allowed since the spin quantum number
for both fragments are conserved, whereas channels 2, 3 and 4 are spin-forbidden.
The fragments in channel 1 are in the excited state while the fragments in channel
5 are in the ground state. Dissociation channels 1 and 5 are predominating
at radiation wavelengths shorter than 300 nm, with the quantum yields of
approximately 0.9 and 0.1, respectively. The quantum yield is defined as the
production of the singlet oxygen atom O(1D) [8]. Due to the reactive nature of
the singlet oxygen atom, the hydroxyl (OH) radical can be produced, which occurs
if there are water molecules present in the environment

O(1D) +H2O→ 2OH (2.6)

The singlet oxygen atom can also react with nitrogen and produce nitrous oxide
(N2O)

O(1D) +N2 +M→ N2O+M (2.7)

Collisions with a third body (M = O2 or N2) is required in order to deactivate the
nascent N2O, which otherwise will rapidly dissociate. By reaction with the singlet
oxygen atom, the nitric oxide (NO) can be produced [1, 8]

O(1D) +N2O→ 2NO (2.8)

2.3 Photofragmentation laser-induced fluorescence of O3

Photofragmentation laser-induced fluorescence (PF-LIF) is a technique for indirect
detection of molecules which are interesting to investigate. These molecules possess
repulsive excited state and will dissociate into photofragments when absorbing
UV laser radiation. Indirect detection of the parent molecule is possible if the
fragments are detectable by laser-induced fluorescence. Depending on the laser
pulse energy that is required to photodissociate the parent molecule and excite
the fragments, radiation from one or two different laser beams is needed.

In the case of ozone, the molecule is photodissociated into O and O2 fragments
when absorbing UV laser pulse and the detected laser-induced fluorescence is
originating from the O2 fragment. With the knowledge about the absorption cross
section of ozone and the absorption wavelength of the O2 fragment, a suitable
laser wavelength can be chosen. In previous work, the laser radiation from a KrF
excimer laser has been used [4]. Within the same laser pulse, the ozone molecule
is photodissociated and the O2 (X3Σ−g , v

′′ > 0) fragment, which is vibrationally
excited, undergoes excitation accordingly

O3 + hν(λ = 248nm)→ O(1D) +O2(a
1∆g) (2.9a)

→ O(3P ) +O2(X
3Σ−g , v

′′ > 0) (2.9b)

O2(X
3Σ−g , v

′′ = 6, 7) + hν(λ = 248nm)→ O2(B
3Σ−u , v

′ = 0, 2) (2.10)

The vibrationally excited O2(X
3Σ−g , v

′′ = 6, 7) fragment has absorption lines that
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are within the tunable range of the KrF excimer laser operating at 248 nm. Thus,
the O2 fluorescence signal that is detected originates from this fragment. This
process, with a KrF excimer laser, is used in this work for indirect detection of
ozone and is illustrated in figure 2.3.

Figure 2.3: Photofragmentation laser-induced fluorescence of O3. First, the ozone
molecule dissociates into O2+O followed by excitation of the O2 fragment. The first and
second process occur within the same laser pulse. Finally, the laser-induced fluorescence
from O2 is detected.

PF-LIF of ozone can be described as a two-photon process where the first
photon dissociates the ozone molecule and the second one excites the vibrationally
excited O2 fragment [7]. The photodissociation process of ozone is proportional
to the laser irradiance and the absorption cross section of the ozone. In addition
to this, the amount of vibrationally excited O2 fragments that can be excited
by the laser pulse depend on the photodissociation process and on the laser
irradiance together with the absorption cross section of the vibrationally excited O2

fragments. Thus, the O2 fluorescence signal is proportional to the laser irradiance
(quadratically) and to the absorption cross sections of the ozone and the O2

fragments
SPFLIF ∝ I2laserσO3σO2 (2.11)

The logarithm of the fluorescence signal provides the laser power dependence.
If the O2 fluorescence signal is saturated, further increment of the laser irradiance
will not provide stronger signal, since saturation of the fluorescence signal implies
that all of the molecules have been excited by the laser pulse. Thus, the O2

fluorescence signal will be constant and the laser power dependence will have a
slope of zero. On the contrary, when saturation is not reached, the O2 fluorescence
signal will be quadratically proportional to the laser irradiance as presented in
equation (2.11). The laser power dependence would then have a slope of 2.
However, complete saturation of the signal is difficult to achieve throughout the
whole laser beam profile. The wings of the laser beam profile do not have sufficient
energy to provide saturation of the fluorescence signal and thus, this effect might
result in a non-zero slope of the laser power dependence even though saturation
is achieved [7].
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2.4 Oxygen photofragment

Subsequent to the photodissociation of ozone, the vibrationally excited
O2 (X

3Σ−g , v
′′ > 0) fragment undergoes excitation by the KrF excimer laser pulse.

The transitions that are within the tunable range of the laser (247.9-248.9 nm)
are (B3Σ−u −X3Σ−g , v

′ = 0, 2 ← v′′ = 6, 7), which occur in the Schumann-Runge
absorption band of O2. Figure 2.4a displays the potential energy level diagram of
the oxygen molecule, where the ground state and first four excited states of O2 are
shown. Since the ground state is a triplet state, the spin-allowed transitions occur
to the upper triplet states. The (A3Σ+

u −X3Σ−g ) transition is forbidden due to the
parity change, however, it does occur weakly. This absorption transition is called
the Herzberg continuum. Schumann-Runge band denotes the (B3Σ−u − X3Σ−g )
transition, which is spin-allowed. The (B3Σ−u ) state is crossed by a repulsive state
at approximately v′ = 4, which provides ground state oxygen atom fragments of
the oxygen molecule [9]. The absorption spectrum of O2 in the UV region is shown
in figure 2.4b, where the Schumann-Runge system and the Herzberg continuum
are designated.

(a) Potential energy level
diagram of O2.

(b) Absorption spectrum of O2.

Figure 2.4: Absorption characteristics of the oxygen fragment showing a) the potential
energy level diagram of the ground state and the first four excited states of O2 [9]
and b) the absorption spectrum of oxygen [1]. The abbreviations denote: S-R,
Schumann-Runge system; H, Herzberg continuum; A-A, atmospheric bands.

The absorption lines of the vibrationally excited O2 fragment that can be
observed within the tunable range of the KrF excimer laser are presented in
table 2.1. Depending if the transition results in decrement or increment of the
rotational quantum number J in the upper state compared to the lower state, the
absorption lines originates from the so called P- and R-branches and are denoted
in the table 2.1 with P and R, respectively. For further details about the molecular
structure, see e.g. literature by Banwell et al. [6]. The corresponding emission
wavelength range subsequent to the excitation of one of the absorption lines of O2

(B3Σ−u −X3Σ−g , v
′ = 0, 2← v′′ = 6, 7) is presented in table 2.2.
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Table 2.1: Absorption lines of O2 (B3Σ−u − X3Σ−g , v
′ = 0, 2 ← v′′ = 6, 7) in the

Schumann-Runge bands that are within the tunable range of the KrF excimer laser [10].
The rovibronic transitions are given in cm−1.

0 ← 6 2 ← 7
R(19) 40199.9 R(15) 40199.0
P(15) 40217.4 P(11) 40215.2
R(17) 40235.9 R(13) 40227.3
P(13) 40251.4 P(9) 40241.1
R(15) 40267.7 R(11) 40251.3
P(11) 40281.2 P(7) 40262.7
R(13) 40295.3 R(9) 40270.9
P(9) 40306.7 P(5) 40279.9
R(11) 40318.5 R(7) 40286.2
P(7) 40328.0 P(3) 40292.8
R(9) 40337.6 R(5) 40297.2

P(1) 40301.4
R(3) 40303.8
R(1) 40306.1

9



Table 2.2: Wavelength range for emission subsequent to excitation of one of the
absorption lines of O2 (B3Σ−u − X3Σ−g , v

′ = 0, 2 ← v′′ = 6, 7) according to table 2.1
[10]. The wavelength ranges are given in nm.

v” Excitation: 0←6 Excitation: 2←7
0 202.6 - 203.9 197.2 - 198.1
1 209.2 - 210.6 203.4 - 204.4
2 216.1 - 217.6 210.0 - 211.0
3 223.4 - 224.9 216.9 - 217.9
4 231.1 - 232.7 224.1 - 225.1
5 239.2 - 240.8 231.7 - 232.8
6 247.7 - 249.4 239.7 - 240.8
7 256.7 - 258.5 248.1 - 249.3
8 266.3 - 268.2 257.0 - 258.3
9 276.4 - 278.4 266.4 - 267.7
10 287.1 - 289.2 276.3 - 277.7
11 298.5 - 300.6 286.9 - 288.3
12 310.5 - 312.8 298.0 - 299.5
13 323.4 - 325.8 309.8 - 311.4
14 337.1 - 339.7 322.4 - 324.1
15 351.8 - 354.5 335.8 - 337.6
16 367.4 - 370.3 350.0 - 351.9
17 384.2 - 387.2 365.2 - 367.2
18 402.2 - 405.4 381.4 - 383.5
19 421.6 - 424.9 398.8 - 401.0
20 442.4 - 445.9 417.4 - 419.7
21 464.8 - 468.6 437.3 - 439.8
22 489.1 - 493.1 458.7 - 461.3
23 515.3 - 519.5 481.7 - 484.4
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Chapter 3

Experimental Methods

This chapter provides details on the experimental setup used in this thesis work
and the experimental methods. Section 3.1 gives an overview of the experimental
arrangement whereas the equipment is presented in section 3.2. The procedure for
the spectroscopic investigation of the fluorescence signal is presented in section 3.3
and the details regarding the ozone detection limit measurements together with 2D
imaging of the fluorescence signal are described in section 3.4. A brief investigation
of the possible occurrence of the OH radical in the ozone flow was performed and
the experimental procedure is presented in section 3.5. The experimental work
was performed at room temperature (293 K) and atmospheric pressure.

3.1 Experimental setup

The experimental setup consisted of an KrF excimer laser operating at 248 nm
(LambdaPhysik EMG-150 MSC), optical components (mirrors, lenses and filters),
an ozone generator (O3-Technology AC-20) and three different detection system
arrangements. The detection systems consisted of a 0.5 m spectrograph (Princeton
Instruments Acton Series SP 2556) with an ICCD camera (Princeton Instruments
PI-MAX 3, 1024 × 1024) mounted on it during the spectroscopic investigation,
an ICCD camera (Princeton Instruments PI-MAX 2, 1024 × 1024) during 2D
imaging measurements of ozone, a photomultiplier tube (Hamamatsu R758-10)
during point measurements and an oscilloscope (LeCroyWavemaster 8300, 3 GHz).
Figure 3.1 shows the experimental setup.
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Figure 3.1: Schematic view of the setup used for PF-LIF measurements in an ozone gas
flow. The abbreviations denote: SFO, sheet-forming optics; OGF, ozone gas flow; PM,
power meter; ICCD, intensified CCD camera; CL, camera lens; PMT, photomultiplier
tube. In front of the PMT, a liquid n-butyl acetate filter and a pinhole was used (*).

The laser beam emitted by the excimer laser has a wavelength of approximately
248 nm. The beam was propagated with highly reflective dichroic mirrors
through sheet-forming optics. Due to the rectangular profile of the laser beam
and its difference in divergence along the vertical and horizontal directions, the
sheet-forming optics consisted of two cylindrical lenses. The focal lengths of the
lenses are f = 400 mm, with vertical focus, and f = 200 mm, with horizontal
focus. The laser beam continued then through the ozone gas flow, which is the
measurement volume. When the ozone molecules are photodissociated and its
O2(X3Σ−g , v

′′ = 6, 7) fragment undergoes excitation by the laser pulse, fluorescence
is emitted. The fluorescence signal was detected by three different detection
arrangements and the laser pulse energy was measured with a power meter.

During the 2D imaging measurements, the fluorescence signal was imaged with
an intensified charge-coupled device (ICCD) camera equipped with a UV sensitive
camera lens (f = 105 mm, f/4.5 UV-Nikkor). To suppress the laser background
radiation a liquid n-butyl acetate filter was placed in front of the camera.

During the spectroscopic investigation, a spectrograph with an ICCD camera
mounted on it was used. Two spherical lenses with focal lengths f = 150 mm
and f = 200 mm were placed in front of the spectrograph in order to collect the
fluorescence signal and focus it onto the entrance slit of the spectrograph.

The experimental setup during low ozone concentration detection
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measurements was similar to the setup used for the spectroscopic investigation
except that the spectrograph was removed and replaced by a photomultiplier
tube (PMT). The same collection optics were used in front of the PMT as for
the spectroscopic investigation. In addition, a liquid n-butyl acetate filter and a
pinhole were used in order to block the laser radiation. The PMT was connected
to the oscilloscope in order to display the detected signal.

3.1.1 Ozone gas flow arrangement

Figure 3.2 shows a schematic view of the gas flow arrangement where teflon tubes
were used as connections. The ozone generator was supplied with dry oxygen gas
through a mass flow controller (Bronkhorst, calibrated for CH4) with flows ranging
from 0.5 l/min to 3 l/min. This resulted in ozone molecules in the oxygen flow
and is in this thesis work referred as ozone gas flow or ozone flow.

In order to obtain variation in the ozone concentration, the ozone flow was
diluted with additional dry oxygen gas. During these measurements, a mass flow
controller (Bronkhorst, calibrated for air) was used to supply dilution flows ranging
from 1 l/min to 15 l/min. For ozone detection limit measurements, two mass flow
controllers (Bronkhorst, calibrated for air and CO2 respectively) were used in
order to dilute the ozone flow with 30 l/min and 55 l/min of additional oxygen
flow, respectively. A 3 m long teflon tube was used between the ozone generator
and the burner in order to obtain a homogeneous ozone flow in the measurement
volume. The reactivity of ozone with oxygen inside the tube has been assumed
to have a negligible effect on the ozone concentration due to the long half-time of
ozone [11] compared with the flow through the tube.

With the intention of having the possibility to shield the ozone flow from the
ambient air, a burner with two pipes, one inside the other, was used. The burner
is made of stainless steel where the inner-pipe has a diameter of 10 mm and the
outer-pipe has a diameter of 30 mm. The ozone flow was supplied to the inner-pipe
of the burner while the outer-pipe was supplied with 5 l/min of argon in order to
shield the ozone flow from the ambient air.

Figure 3.2: Schematic overview of the ozone gas flow arrangement. Dry oxygen gas
(1) was supplied to the ozone generator and the ozone gas flow was during concentration
measurements diluted with additional dry oxygen gas flow (2). Co-flow of argon was used
to shield the ozone gas flow from ambient air. The abbreviation OGF denotes ozone gas
flow.
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3.2 Experimental equipment

3.2.1 Excimer laser

An excimer laser is a gas laser where the active medium consists of molecules
("excited dimers") with repulsive ground state but with short-lived excited states.
Molecules such as XeCl, ArF and KrF are used as active medium [5]. In this thesis
work, an injection-locked KrF excimer laser was used (LambdaPhysik EMG-150
MSC). The laser is tunable from 247.9 nm to 248.9 nm, which was obtained by
tuning the grating of the laser. Laser pulses of roughly 17 ns pulse duration with
linewidth of 0.2 cm−1 were produced at a repetition rate of 10 Hz.

3.2.2 Ozone generator

An ozone generator (O3-Technology, AC-20) was used in order to produce ozone
according to the principal of dielectric barrier discharge [12]. The ozone generator
is supplied with dry oxygen gas, which is passed through an electric field. The
electric potential will cause gas discharge where the oxygen molecule is dissociated
into two oxygen atoms. These oxygen atoms can react with the unaffected oxygen
molecules and generate ozone:

O +O2 +M → O3 +M

where M is excess gas, in this case O2. In order to control the gas discharge a
dielectric material is present, which is ceramic in this ozone generator.

The production rate of ozone strongly depends on the supplied oxygen flow.
Figure 3.3 displays the produced ozone flow at different oxygen input flows
performed by the manufacturer. The second order fit is valid for oxygen input
flows between 0.5 and 2.5 l/min. The maximum oxygen input flow that the ozone
generator can be supplied with is 3 l/min, which is obtained by increasing the
pressure of the flow through the ozone generator. Thus, the ozone production for
this input flow differs from the other flows and is not presented in the figure. An
oxygen input flow of 3 l/min generates 0.0941 l/min of O3.
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Figure 3.3: Generated ozone flow for different oxygen input flows to the ozone generator.
The second order fit is valid for oxygen input flows between 0.5 and 2.5 l/min.

3.2.3 Spectrograph

A spectrograph from Princeton Instruments (Acton Series SP 2556) with a focal
length of 0.5 m was used in order to disperse the fluorescence signal. The
spectrograph contained two different gratings with 150 grooves/mm and 1200
grooves/mm, respectively. The 150 grooves/mm grating is used for low resolution
spectrum acquisition while the 1200 grooves/mm is used for high resolution
spectrum acquisition. An ICCD camera was mounted at the output port of the
spectrograph in order to record the dispersed fluorescence signal. The spectrograph
was oriented in such a way that the entrance slit became horizontal.

3.2.4 ICCD camera

The intensified CCD camera is preferred to use for detecting light in the UV
region. The intensifier enables detection of weakly radiating objects. In addition,
the ICCD camera can be gated. This enables to open and shut the intensifier
and to detect the rapid fluorescence signal. The two intensified charge-coupled
device (ICCD) cameras that were used are PI-MAX 2 (1024× 1024) and PI-MAX
3 (1024× 1024), both from Princeton Instruments.

3.2.5 Photomultiplier tube

The photomultiplier tube (PMT) is a Hamamatsu R758-10 with spectral response
between 160-930 nm and maximal response occurring at 300-800 nm was used.
The photocathode material is GaAs and it has a circular-cage structure with 9
dynodes [13]. The PMT characteristics are listed in table 3.1.
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Table 3.1: Hamamatsu R758-10 photomultiplier tube specifications [13].

Specification Value Unit
Spectral response 160-930 nm
Maximum response 300-800 nm
Max. voltage supply between anode and cathode 1500 Vdc
Average anode current 1 µA
Cathode radiant sensitivity (at 350 nm) 62 mA/W
Anode radiant sensitivity (at 350 nm) 2.8× 104 A/W
Rise time 2 ns

3.3 Spectroscopic investigation

The spectroscopic investigation included excitation and dispersed fluorescence
spectrum acquisition of the O2 (X3Σ−g , v

′′ = 6, 7) fragment. Throughout the
experiment, the oxygen input flow to the ozone generator was set to 3 l/min.
Measurements were performed in a laminar ozone flow and the sheet-forming optics
were arranged in such way that a laser sheet with the dimension 8× 0.5 mm2 was
obtained. The low-resolving grating (150 grooves/mm) of the spectrograph was
used with a centre wavelength of λc = 350 nm. The slit width was set to 50 µm.
In all spectra, the background luminosity was subtracted.

Excitation spectrum of O2 was obtained by tuning the grating of the laser and
recording the fluorescence at different grating angle position. In order to cover
the tunable range of the laser, 3000 images with 10 hardware accumulations each
were recorded.

The dispersed O2 fluorescence was investigated when the laser was tuned to
the R(15) (B3Σ−u −X3Σ−g , v

′ = 0 ← v′′ = 6) absorption line, which corresponds
to 248.34 nm. Emission spectrum of a non-resonant transition corresponding to
an excitation wavelength of 248.63 nm was also studied.

Possible influence of other molecular species in the O2 emission spectrum was
examined by mixing the ozone flow with 2 l/min O2 and N2 separately. Excitation
scans with and without 5 l/min co-flow of argon were carried out.

3.4 Ozone detection limit and 2D imaging

During both the ozone detection limit investigation and the 2D imaging, the laser
was tuned and set to the R(15) absorption line of the O2 transition (B3Σ−u −
X3Σ−g , v

′ = 0 ← v′′ = 6). As described in the previous section, measurements
were performed in a laminar ozone flow and the laser sheet-forming optics were
arranged in such way that a laser sheet with the geometry 8× 0.5 mm2.

The fluorescence signal dependence on ozone concentration was recorded with
the ICCD camera. The oxygen input flow to the ozone generator was set to 1 l/min
and 3 l/min, respectively. By diluting the ozone flow with additional dry oxygen
gas, with flows ranging from 1 l/min to 15 l/min, different ozone concentrations
were obtained. The ozone flow was shielded from the ambient air with 5 l/min
co-flow of argon. For each concentration, 5 images with 10 hardware accumulations
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were recorded. The background luminosity was subtracted from the fluorescence
signal.

The concentration detection limit for ozone was examined both with the ICCD
camera and the PMT. The O2 fluorescence was imaged for three different ozone
concentrations corresponding to 0.5, 1 and 3 l/min oxygen input flows to the
ozone generator, all diluted with additional 30 l/min. For each concentration
25 single-shot measurements were performed. The O2 fluorescence was also imaged
with the ICCD camera for non-diluted laminar and turbulent ozone flows, with
the oxygen input flow set to 3 l/min to the ozone generator.

The fluorescence signal detected with the PMT was carried out for the same
ozone concentrations as used during the imaging measurements. However, the
ozone flows were also diluted with additional 55 l/min oxygen flow. Most of the
ozone flow was by-passed in order to obtain low flows in the measurement volume.
The sheet-forming optics were in this case arranged to obtain a point with the
dimension 2× 2 mm2. Single-shot measurements and hardware accumulations of
10 and 100 images were performed, resulting in 10 images/second, 1 image/second
and 0.1 image/second respectively. The supplied voltage between the anode and
cathode of the PMT was set to 1000 V. The background luminosity was subtracted
from the fluorescence signal.

3.5 OH measurements in the ozone flow

One of the fragments after photodissociation of ozone molecules is the singlet
oxygen atom, O (1D). Due to its reactive nature, hydroxyl (OH) radicals can be
generated when the oxygen atom fragment reacts with water molecules present
in the ambient air, according to chemical reaction (2.6) in section 2.2. Thus, a
brief experiment with the aim of investigating the possible occurrence of the OH
radicals in the ozone flow was performed.

Laser radiation from a Nd:YAG pumped dye laser was utilized in order to both
dissociate the ozone molecules and probe the OH radicals in the ozone gas flow
simultaneously. Only the cylindrical lens with the focal length f = 200 mm of the
sheet-forming optics was used in order to obtain a laser sheet with the dimension
4 × 0.4 mm2. An excitation scan was carried out by rotating the grating of the
laser. In order to cover several absorption lines of OH [14], the laser was tuned
from 281.0 nm to 283.5 nm. The low-resolving grating (150 grooves/mm) of the
spectrograph, with a slit width of 50 µm, was used in order to detect the dispersed
OH fluorescence signal. The oxygen input flow was set to 3 l/min to the ozone
generator and the generated ozone flow was not shielded from the ambient air.

The OH fluorescence signal was also imaged with the intensified CCD camera.
In order to suppress the laser background radiation, a WG 305 filter was placed
in front of the camera.
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Chapter 4

Results and Discussion

The results of the experimental work are presented and discussed in this
chapter. Section 4.1 provides the results of the spectroscopic investigation of
the O2 fluorescence signal while the imaged fluorescence signal and the ozone
concentration detection limit are presented in section 4.2. Result and discussion
covering the power dependence of the O2 fluorescence are presented in section 4.3.
The results connected to the brief investigation of the occurrence of the OH radical
in the ozone flow are presented in section 4.4.

4.1 Spectroscopic investigation

4.1.1 Excitation spectrum of the O2 photofragment

The experimentally obtained excitation spectrum of the vibrationally excited O2

(X3Σ−g , v
′′ > 0) fragment at excitation wavelengths ranging from 247.9 nm to

248.9 nm can be seen in figure 4.1. By comparing the experimental results
with table 2.1 in section 2.4, absorption lines corresponding to the O2 (B3Σ−u −
X3Σ−g , v

′ = 0 ← v′′ = 6) transition are identified to be those with the highest
intensity. Absorption lines belonging to the (v′ = 2 ← v′′ = 7) transition
are denoted in the spectrum with a star (*). The arrows in the figure indicate
which excitation wavelengths that were used during the dispersed fluorescence
investigation. The line indicated with the left arrow at 248.34 nm corresponds
to the R(15) (0 ← 6) absorption line. The dispersed fluorescence spectrum
corresponding to non-resonant O2 excitation was studied using an excitation
wavelength of 248.63 nm, which is indicated by the right arrow. The choice of
this non-resonant transition was of spectroscopic interest.
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Figure 4.1: Excitation spectrum of the O2 (X3Σ−g , v
′′ = 6, 7) fragment, where the

absorption lines belonging to the (v′ = 2 ← v′′ = 7) transition are denoted with a star
(*). The arrows indicate at which excitation wavelengths the dispersed fluorescence was
investigated.

4.1.2 Fluorescence spectrum of the O2 photofragment

The dispersed O2 fluorescence spectrum presented in figure 4.2 was obtained when
the laser was tuned to the R(15) (0 ← 6) absorption line. Tuning the laser to
a non-resonant transition, at excitation wavelength of 248.63 nm, an emission
spectrum as shown in figure 4.3 was recorded.

Most of the emission peaks in both emission spectra are identified to originate
from the transitions (v′ = 0, 2 ← v′′ = 6, 7) according to table 2.2 in section
2.4. Even though the laser was tuned to a non-resonant transition at 248.63 nm,
fluorescence signal was detected. A possible reason could be that the laser excites
rotational transitions of other vibrational energy levels of O2.
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Figure 4.2: O2 dispersion fluorescence spectrum after excitation at the R(15) (0 ← 6)
line, corresponding to excitation wavelength 248.34 nm.
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Figure 4.3: O2 dispersion fluorescence spectrum after excitation of a non-resonant
transition, corresponding to excitation wavelength of 248.63 nm.

The spectral difference in the dispersed fluorescence spectrum regarding the
choice of excitation wavelength is presented in figure 4.4. Emission spectra are
shown after excitation at the R(15) (0 ← 6) line, the P (13) (2 ← 7) line and
the spectrally closely lying lines P (13) (v′ = 0 ← v′′ = 6) and R(11) (v′ = 2 ←
v′′ = 7). There is a clear difference in intensity between the emission spectra
corresponding to excitation of the (0 ← 6) transition compared to the (2 ← 7)
transition. The laser linewidth of 0.2 cm−1 enables the possibility of probing

21



the spectrally close lying absorption lines P (13) (v′ = 0 ← v′′ = 6) and R(11)
(v′ = 2← v′′ = 7) simultaneously. Probing these transitions result in an emission
spectrum with slightly higher intensity than for the emission spectrum obtained
after excitation of the R(15) (0← 6) line. In order to obtain high O2 fluorescence
signal, it is more favourable to tune the laser where both of the absorption lines
P (13) (v′ = 0← v′′ = 6) and R(11) (v′ = 2← v′′ = 7) are probed simultaneously
or to an absorption line of the vibrational transition (0← 6).

The difference in intensity between the obtained emission spectra at
wavelengths shorter than 280 nm and longer than 400 nm could be due to the
difference in population distribution of the rotational levels.
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Figure 4.4: O2 dispersed fluorescence spectrum after excitation of the R(15) (0 ← 6)
line, the P (13) (2← 7) line and the spectrally close lying lines P (13) (v′ = 0← v′′ = 6)
and R(11) (v′ = 2← v′′ = 7).

4.1.3 Possible interference from other molecules

As a result of the unknown emission peaks present in the emission spectrum
(figure 4.3), possible interference from other molecular species was of interest to
investigate. The ozone flow was mixed with 2 l/min of O2 and N2 separately and
excitation scans for all cases, with and without co-flow of 5 l/min argon, were
carried out. Figure 4.5 presents the excitation scans. As can be see in the scans,
for each excitation wavelength the corresponding O2 fluorescence spectrum can be
retrieved. The enhanced contrast of the scans have been scaled with respect to
each other in order to make them comparable.

If there were a significant difference between the scans, possible emission from
other molecular species would be clearly present. However, in this case it is difficult
to deduce if there are any differences between the scans due to the strong O2

fluorescence signal.
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(c) O3 and N2 with Ar co-flow
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(e) O3 and O2 with Ar co-flow
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Figure 4.5: Excitation scans of O2 and different mixture gases a), c), e) with and b),
d), f) without argon co-flow.
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The potential interference from other molecular species in the emission
spectrum could be examined by analyzing the fluorescence spectrum at a certain
excitation wavelength retrieved from the excitation scans in figure 4.5. In figure
4.6 the dispersed O2 fluorescence spectrum for all excitation scans are presented
when the laser was tuned to the R(15) (0 ← 6) absorption line. Figure 4.7
presents on the other hand the fluorescence spectrum retrieved at an excitation
wavelength of 248.63 nm, which corresponds to a non-resonant transition. The
lower fluorescence signal of the mixed ozone flow with O2/N2 is due to dilution of
the ozone concentration and thus, the O2 (X3Σ−g , v

′′ = 6, 7) fragment.
Overall, the intensity of the fluorescence signal is lower when the scans were

performed without co-flow of argon (figures 4.6b and 4.7b) than with co-flow of
argon (figures 4.6a and 4.7a). Without the co-flow, the ozone flow is not stabilized
and thus it spreads out over both of the pipes of the burner, leaving a slightly
lower amount of ozone flow over the inner-pipe. This could contribute to the lower
intensity of the fluorescence signal since the collection optics and the spectrograph
was arranged to collect fluorescence signal at the centre of the inner-pipe of the
burner.

As can be seen in both figure 4.6 and 4.7, disregarding the use of co-flow, the
fluorescence signal at shorter emission wavelengths than 280 nm is higher when
the ozone flow is mixed with O2/N2 than for non-mixed ozone flow. A possible
explanation could be that the fluorescence quenching rate by the photodissociation
products O2, O, O∗, O∗2 and O3 are more effective than the quenching rate of just
O2/N2.

The arrows in figure 4.7 indicate emission peaks that could not be identified
to origin from the O2(X3Σ−g , v

′′ = 6, 7) fragment according to table 2.2 in section
2.3. Due to the reactive nature of the singlet oxygen atom fragment, O(1D), the
formation of the OH and NO radicals are possible in the ozone flow when the ozone
molecules are dissociated, according to the chemical reactions (2.6) and (2.8) in
section 2.2. However, it cannot be deduced from only these experiments that the
unknown emission peaks originates from these radicals, even though LIFBASE [14]
suggests emission in the wavelength range 300-320 nm. Experiments involving
other laser wavelengths that are resonant with absorption transitions of the OH
and NO radicals could be used in order to investigate the presence of OH and NO
in the ozone flow after photodissociation of ozone. With this kind of experiments,
the emission from OH and NO would not be drowned in the strong O2 fluorescence
signal. The presence of OH radicals in the ozone flow has been briefly investigated
in this thesis work and the results are presented in section 4.4.
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Figure 4.6: Dispersed fluorescence spectrum of O2 and different mixture gases a) with
and b) without argon co-flow. The laser was tuned to the R(15) (0← 6) absorption line.
The blue curve overlaps with the red curve.
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Figure 4.7: Dispersed fluorescence spectrum of O2 and different mixture gases a) with
and b) without argon co-flow. The laser was set to a non-resonant transition at excitation
wavelength 248.63 nm. Emission peaks that are identified to not origin from excitation
of the O2(X3Σ−g , v

′′ = 6, 7) fragment are indicated with arrows. The blue curve overlaps
with the red curve.
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4.2 Ozone detection limit and 2D imaging

4.2.1 2D imaging

The imaged photofragmentation laser-induced fluorescence of the laminar ozone
flow with an average of 10 single-shots is shown in figure 4.8. The imaged
fluorescence signal originates from the vibrationally excited O2(X3Σ−g , v

′′ = 6, 7)
fragment, with the laser tuned to the R(15) (0 ← 6) absorption line. Prior to
the measurements, it was examined and observed that there was no contribution
to the signal from oxygen in the ambient air, which is in thermal equilibrium.
Thus, the excitation wavelength of 248.34 nm, corresponding to the R(15) line, is
not sufficient to excite oxygen in ambient air since the energy difference between
the ground state and the excited state is larger. The oxygen input flow to the
ozone generator was 3 l/min which corresponds to an ozone concentration of
31685 ± 370 ppm, calculated according to appendices A and B. The propagation
direction of the laser beam is from right to left in the image. The pulse energy of
the laser was 65 mJ with laser sheet dimension of 8×0.5 mm2, resulting in a laser
fluence of 1.6 J/cm2.

The decrease in the fluorescence signal at the centre in figure 4.8 is due to
the focusing of the laser beam. At the position of the focus, less volume of gas
can be affected by the laser. Thus, less ozone molecules are present at the focus
of the laser beam than where the laser is not focused, which results in weaker
fluorescence signal. The marked area in the figure represents where the intensity
of the O2 fluorescence was examined when the ozone concentration was varied,
which is presented in section 4.2.2.
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Figure 4.8: PF-LIF image of laminar ozone flow with argon co-flow, accumulation of 10
single-shots. The marked area shows where the O2 fluorescence signal was investigated
when the ozone concentration was varied, see section 4.2.2.

Figure 4.9 displays arbitrary single-shot PF-LIF images of a turbulent ozone
flow. As can be seen from the images, it is possible to detect turbulent flows
and visualize the structure of the flow. A teflon tube was used to lead the ozone
flow to the measurement volume instead of the burner. The oxygen input flow to
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the ozone generator was also in this case 3 l/min which corresponds to an ozone
concentration of 31685 ± 370 ppm. With the same laser sheet dimension as used
in the laminar flow and a pulse energy of 45 mJ gave a laser fluence of 1.1 J/cm2.
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Figure 4.9: Single-shot PF-LIF images of turbulent ozone flow.

4.2.2 Ozone concentration measurement

The fluorescence signal dependence on the ozone concentration was investigated
for different ozone flows. The results are presented in figure 4.10. Two different
oxygen input flows to the ozone generator, 1 l/min and 3 l/min respectively, were
diluted with additional oxygen gas flow, ranging from 1 l/min to 15 l/min. Co-flow
of 5 l/min argon was used in order to shield the ozone flow from ambient air.
The ozone concentrations were calculated according to following the expressions
presented in appendix A. Experimental results obtained in this thesis work show a
linear correlation (R2 = 0.9985) between the fluorescence signal and the ozone
concentration. The vertical error bars indicate the standard deviation in the
uniformity of the detected fluorescence signal.

The uncertainty in ozone concentration was mainly due to the mass
flow controllers that were used in the ozone gas flow arrangement and was
approximately± 2.6% of the ozone concentration. This uncertainty was calculated
according to appendix B and is presented as horizontal error bars in figure 4.10,
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which are so small that they hardly are observable in the figure.
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Figure 4.10: Variation in the detected fluorescence signal as the ozone concentration is
varied. The different data points indicate two different oxygen input flows to the ozone
generator. The R-squared value of the first order fit is R2 = 0.9985.

4.2.3 Concentration detection limit

In order to examine the ozone concentration detection limit, the ozone flow needed
to be diluted since too high ozone concentrations were generated by the ozone
generator. Additional oxygen gas flow of 30 l/min was added to the oxygen input
flows 0.5 l/min, 1 l/min and 3 l/min, respectively. These flows produced ozone
concentrations of approximately 850 ppm, 1490 ppm and 2850 ppm, respectively.
The uncertainty in the ozone concentration has the same origin as mentioned in
section 4.2.2 and was roughly ± 2.6% of the ozone concentration.

The imaged O2 fluorescence corresponding to these concentrations can be
seen figure 4.11, which are single-shot images. The laser fluence was 1.5 J/cm2.
A co-flow of 5 l/min argon was used in order to shield the ozone flow from the
ambient air. The turbulence of the ozone flow was due to the expansion of the
high ozone flows (up to 33 l/min) in the measurement volume which could not
be stabilized with the co-flow. This experiment could be improved by either
by-passing most of the flow to the exhaust ventilation or by using an ozone
generator that provides low ozone concentrations which enables lower dilution
flows.
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(c) 847 ± 26 ppm

Figure 4.11: Single-shot PF-LIF images of low ozone concentrations, where a)-c)
indicate the ozone concentrations.

Figure 4.12 displays the signal-to-noise ratio for the single-shot PF-LIF
images presented in figure 4.11, where the noise is the standard deviation of the
fluctuations in the image where no fluorescence signal is present. In order to
be able to distinguish the O2 fluorescence signal from the noise in the images,
a signal-to-noise ratio of 2 is used which resulted in a detection limit. This was
roughly the case in figure 4.11c. According to the result presented in figure 4.12, it
could then be possible to image the O2 fluorescence signal originating from ozone
with a concentration of approximately 700 ppm.
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Figure 4.12: Signal-to-noise ratio of the single-shot 2D imaging measurements of the
O2 fluorescence signal.

The ozone concentration detection limit was also examined with a
photomultiplier tube (PMT). Same ozone concentrations were used as when the
O2 fluorescence signal was imaged with the intensified CCD camera. In addition,
the O2 fluorescence signal was also detected for ozone concentrations of roughly
1620 ppm, 820 ppm and 460 ppm. Measurements including single-shot, averaging
of 10 single-shots and 100 single-shots, respectively, have been performed. The
laser fluence of 0.6 J/cm2 was approximately the same during these measurements.
Figure 4.13 shows the fluorescence signal dependences on the ozone concentration.
As for the obtained results in figure 4.10, there seems to be a linear correlation
between the detected fluorescence signal and the ozone concentration. The vertical
error bars indicate the standard deviation of the fluorescence signal detected by
the PMT. The uncertainty in the ozone concentration was approximately ± 2.6%
and is represented with horizontal error bars. The discrepancy in the fluorescence
signal between the single-shot measurements and the accumulated ones could be
due to poor uniformity and dilution of the ozone flow, which leads to a difference
in intensity of the detected fluorescence signal.
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(a) Dilution with 30 l/min O2.
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(b) Dilution with 55 l/min O2.

Figure 4.13: Detected fluorescence signal at low ozone concentrations using a PMT.
The ozone flow was diluted with additional O2 flow of a) 30 l/min and b) 55 l/min. The
measurements were performed with three different accumulations.

In order to make a comparison with the ozone detection limit obtained for
the imaging single-shot measurements, the signal-to-noise ratio for single-shot
measurements with the PMT are presented in figure 4.14. The graphs have in
figure 4.14 have an offset which is most likely due to few measurement points.
From the results in the figures 4.14a and 4.14b it would be possible to detect
fluorescence signal corresponding to ozone concentrations of roughly 750 ppm and
300 ppm, respectively. The difference in the obtained detection limit for these
measurements could be due to the difference in the collection optics efficiency.
Since the O2 fluorescence signal corresponding to 460 ppm of ozone was detected,
the detection limit is 300 ppm for the concentration measurements with the PMT.

0 500 1000 1500 2000 2500 3000
0

1

2

3

4

5

6

7

Ozone concentration (ppm)

S
/N

 r
a
ti
o

(a) Dilution: 30 l/min O2.
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(b) Dilution: 55 l/min O2.

Figure 4.14: Signal-to-noise ratio of the single-shot low ozone concentration
measurements detected with the PMT. The ozone flow was diluted with a) 30 l/min
and b) 55 l/min of additional O2 flow.
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4.3 Laser power dependence investigation

In the course of the experiments, it became of interest to investigate how the
fluorescence signal varies with laser power. During this investigation, the laser
was tuned to the R(15) (v′ = 0 ← v′′ = 6) absorption line and the oxygen input
flow to the ozone generator was set to 3 l/min. The laser power was varied by
inserting an attenuator in the beam path, consisting of two high reflective dichroic
mirrors. The laser sheet dimension was 8 × 0.5 mm2. Figure 4.15 shows the
obtained variation in the fluorescence signal as the laser pulse energy was varied,
resulting in a slope of 0.3. The uneven distribution of measurement points is
due to the experimental difficulty of adjusting the attenuator in order to obtain
detectable fluorescence signal for low laser pulse energies.

Photofragmentation laser-induced fluorescence of ozone can be described as a
two-photon process. The first photon dissociates the ozone molecule while the
second photon excites the vibrationally excited O2(X3Σ−g , v

′′ = 6, 7) fragment.
Due to the weak chemical bonds of the ozone molecule, it is easily dissociated when
it absorbs radiation with wavelengths shorter than 1.12 µm. Thus, absorption
of laser wavelength of 248 nm, which corresponds to the highest absorption
cross-section part of ozone (Hartley band) [9], will dissociate most of the ozone
molecules in the ozone flow. The photolysis process of ozone could then get
saturated. If the laser-induced fluorescence of the O2 (X3Σ−g , v

′′ = 6, 7) fragment
would have been saturated, then the slope of the power dependence would have
been zero. Whilst, if both the photolysis and LIF processes were not saturated,
then the power dependence in figure 4.15 would have a slope of 2. However, in
this measurement a slope of 0.3 was obtained, which means that the LIF process is
partially saturated since the only contribution to a change in the LIF signal comes
from the wings of the laser beam profile. Thus, increasing the laser pulse energy
would not provide significantly higher fluorescence signal. However, the signal is
then insensitive to quenching and laser fluctuations.
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Figure 4.15: Laser power dependence of the O2 (X3Σ−g , v
′′ = 6, 7) fluorescence

originating from O3, giving rise to a slope of 0.3.
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In order to investigate the influence of the ozone photolysis process on the
power dependence of the O2 fluorescence, the measurements that have been
performed in this thesis work could be compared with laser power dependence
measurements when the laser is tuned to a non-resonant transition. The first
measurement involves both the ozone photolysis and the LIF process, while
the second involves the photolysis process. A comparison between these two
investigations could give an insight about the photolysis and LIF processes.

4.4 OH measurements in the ozone flow

A single-shot image of the OH fluorescence in the ozone gas flow is displayed in
figure 4.16. The OH radicals were created after dissociation of the ozone molecules,
where the singlet oxygen atom fragment, O(1D), reacts with water molecules
present in the ambient air. With a laser pulse energy of 6.5 mJ and a sheet
dimension of 4× 0.4 mm2, the laser fluence was 0.4 J/cm2. As can be concluded
from the image, the formation of OH radicals occur at the interface between the
ozone flow and the ambient air, which is depicted in figure 4.17.
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Figure 4.16: Single-shot image of the OH fluorescence in the ozone gas flow.

Figure 4.17: Schematic image of the burner and the formation of the OH radicals in
the ozone flow, which occurs at the interface between the ozone flow and the ambient air.
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Figure 4.18 shows the imaged dispersed OH and O2 fluorescence spectrum that
has been contrast enhanced in order to make the emission lines of O2 observable.
The ozone flow was placed in such a way that the fluorescence spectrum from both
OH and O2 could be detected simultaneously. The upper part of the spectrum
shows the dispersed fluorescence spectrum of O2 while the lower part of the
spectrum shows the dispersed OH fluorescence. Rayleigh scattering from the laser
is present at approximately 282 nm in the imaged spectrum. This result show that
O2 can be excited with the 282 nm laser beam and detected. However, compared
with the OH fluorescence, the fluorescence from O2 is very weak.
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Figure 4.18: Image of the dispersed fluorescence spectrum of OH and O2 at excitation
wavelength 282.2 nm. Dispersed O2 fluorescence is visible in the upper half of the image
while OH fluorescence is visible in the lower half of the image. Rayleigh scattering of the
laser is visible at 282 nm.

An excitation scan of OH and O2 is presented in figure 4.19. Rayleigh scattering
from the laser is present at emission wavelength 282 nm and the prominent OH
fluorescence is seen between 300-320 nm. Fluorescence from O2 are the other
emission peaks. The scan has been contrast enhanced in order to make the O2

fluorescence peaks observable. From the scan it is apparent which excitation
wavelengths should be used in order to excite both O2 and the OH radical
simultaneously or separately.
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Figure 4.19: Excitation scan of OH and O2. The spectrum has been contrast enhanced
in order to make the fluorescence from O2 visible. Rayleigh scattering from the laser,
with emission wavelength of approximately 282 nm, is present in the spectrum.
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Chapter 5

Conclusion

Detection and imaging of ozone using photofragmentation laser-induced
fluorescence (PF-LIF) have been successfully performed in this thesis work.

The ozone molecule dissociates when it absorbs radiation with wavelengths
shorter than 1.12 µm, resulting in the fragments O and O2 that can be in
several different energy states. With the laser radiation from a KrF excimer laser
(248 nm), the ozone molecule dissociates and the O2 (X3Σ−g , v

′′ = 6, 7) fragment
can undergo excitation by the same laser pulse. The laser-induced fluorescence
of the O2 (X3Σ−g , v

′′ = 6, 7) fragment have in this work been detected with a
spectrograph and a photomultiplier tube (PMT) and imaged with an intensified
CCD camera.

It has been observed that there was no contribution to the fluorescence
signal from the O2 molecules in the ambient air. Hence, the laser-induced
fluorescence signal originates from the O2 (X3Σ−g , v

′′ = 6, 7) fragment and PF-LIF
of ozone is in that sence a species specific method. However, in the dispersed O2

fluorescence spectrum, there were emission peaks present which did not originate
from excitation of the O2 (B3Σ−u − X3Σ−g , v

′ = 0, 2 ← v′′ = 6, 7) transitions.
In order to investigate the possibility of emission from other molecular species,
the ozone flow was mixed with O2 and N2 separately and excitation scans were
performed. A comparison between the influence of shielding the ozone flow with
a co-flow of argon and direct contact with ambient air was also made. Due to
the strong O2 fluorescence signal, it could not be concluded from which molecular
species the unknown emission peaks arose from. Considering the atmospheric
chemistry of ozone, there might be emission from the OH and NO radicals present
in the emission spectrum of O2. The presence of the OH radical was briefly
investigated with a Nd:YAG pumped dye laser (282 nm), which occurred at the
interface between the ozone flow and the ambient air. In similar manner, the
presence of the NO molecule could be investigated with a proper selection of
excitation wavelength.

Furthermore, experimental results have shown a linear correlation between the
O2 fluorescence signal and the ozone concentration. The uncertainty in the ozone
concentration was mainly due to the mass flow controllers used in the experimental
setup. Fluorescence signal of O2 with ozone concentrations down to 850 ppm
have been imaged with the ICCD camera in single-shot measurements with a
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laser fluence of 1.5 J/cm2. With detection limit corresponding to signal-to-noise
ratio of 2, it would be possible to image O2 fluorescence signal with the ozone
concentration of roughly 700 ppm. Fluorescence signal corresponding to the
ozone concentration 460 ppm has been detected with the PMT in single-shot
measurements with a laser fluence of 0.6 J/cm2. With a signal-to-noise ratio of 2,
there is a possibility of decreasing the detection limit to ∼ 300 ppm.

Even though the experimental results are promising, there are room for
improvements. The O2 fluorescence signal could be further improved by
tuning the laser to the spectrally close lying absorption lines P (13) and R(11)
corresponding to vibrational transitions (v′ = 0, 2← v′′ = 6, 7), respectively. The
O2 (X3Σ−g , v

′′ = 6, 7) fragment would be efficiently excited by a more narrowband
laser, which could give rise to a stronger fluorescence signal.

Regarding the experimental setup in this thesis work, the collection optics in
front of the PMT and the spectrograph could be more efficiently arranged in order
to increase the collected fluorescence signal. Due to the high generation of ozone
concentrations by the ozone generator, there was a need of diluting the ozone
flow with high oxygen flows in order to obtain low ozone concentrations when
the detection limit was investigated. The uncertainty in the ozone concentration
increases with the number of mass flow controllers used in the experimental setup.
Thus, by utilizing an ozone generator that produces low ozone concentrations,
there will be less need of dilution and hence, the uncertainties in the produced
ozone concentrations will be lower.
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Chapter 6

Outlook

Throughout the experimental work, it became of interest to investigate some
physical properties of the O2 (X3Σ−g , v

′′ = 6, 7) fragment. However, due to
the limited time frame of this thesis project, it could not be carried out. Thus,
suggestion of future research investigations are presented below.

• The influence of the ozone photolysis process on the power dependence could
be further examined at lower laser pulse energies. By investigating the power
dependence when the KrF excimer laser is tuned to an absorption line of
O2 (X3Σ−g , v

′′ = 6, 7) and comparing it with when the laser is tuned to a
non-resonant transition would provide an insight of the photolysis and LIF
processes of ozone. The LIF process could be investigated by utilizing two
laser beams in order to separate it from the photolysis process.

• Investigation of the fluorescence lifetime of O2 is also of interest and could
be carried out by using a picosecond laser system. The lifetime could be
examined by recording the fluorescence signal with two intensified CCD
cameras with partially overlapping gate. A streak camera can also be used,
since it will provide a temporally resolved fluorescence signal.

• The overall quenching rate of the photodissociation fragments O2, O, O∗, O∗2
and O3 on the O2 (X3Σ−g , v

′′ = 6, 7) fluorescence signal could be investigated
by fluorescence lifetime imaging with picosecond laser system. A comparison
could be made with the fluorescence lifetime obtained from an ozone flow
that is gradually being diluted with O2.

• Considering the chemistry of the fragments from dissociated ozone with the
ambient air, it could be of interest to investigate the OH radical consumption
in the ozone flow could be done by making use of two laser wavelengths, i.e.
266 nm and 282 nm, with a time delay between the laser pulses. With
266 nm laser beam the ozone molecules are dissociated and the OH radicals
are probed with 282 nm laser beam. With stepwise increment of the time
delay, the variation in the OH fluorescence signal is recorded, giving a OH
consumption behaviour over time. In similar matter, the consumption of
the NO molecules could be investigated with a probe laser wavelength of
226 nm. The creation and consumption of the OH radical could be detected

39



with a streak camera, where the OH fluorescence is visualized and a temporal
resolution of the processes is obtained. A future implementation could be
probing on the OH radical in order to examine if ozone is present in the
investigated environment.

In addition to ozone flows, future utilization of PF-LIF of ozone with a KrF
excimer laser could for example be in plasma assisted combustion. Here, it
could be of interest to image the ozone distribution since ozone is one of
generated products. However, it shall be noted that fluorescence from the hot
O2 (X3Σ−g , v

′′ = 6, 7) which are not due to dissociation of ozone would be present
in the combustion process [10, 15].

The main concerns for Tetra Pak are the physical dimensions of the equipment and
the optical access in an ionizing radiation environment. Thus, the experimental
setup in this work is not satisfying. Based on the obtained experimental results,
a potential setup for ozone detection in industrial application includes a KrF
excimer laser (248 nm). GAM Laser, Inc. and Coherent, Inc. are the main
producers of KrF excimer lasers. In order to detect the PF-LIF signal of low ozone
concentrations, sufficient laser pulse energy is required. Suggestion of a compact
KrF excimer laser is the EX350 model (225 mJ pulse energy, 20/50/100 Hz
repetition rate, 18-22 ns pulse duration) by GAM Laser [16]. Since most of the
lasers from GAM laser and Coherent have a broader linewidth than the KrF
excimer used in the thesis work, it is of interest to investigate the O2 fluorescence
signal strength with a laser with broader linewidth.

For point measurements where only ozone detection is of interest, there is a
need of using collection optics in front of the detector in order to detect the O2

fluorescence signal. The suggested detection system includes following

• Optical fiber
Companies like Ocean Optics and Thorlabs provide optical fibers that are
constructed for UV radiation and that covers the spectral range of the O2

fluorescence signal [17, 18]. It should be taken in consideration to select
an optical fiber that is solarization-resistant. Solarization is a result of
absorption of UV radiation by the silica material and the subsequent change
in the transmission properties due to formation of defect centres in the fiber.
This will give rise to reduced transmission and generation of new wavelengths
[19]. Collection optics needs to be attached to the fiber in order to collect
the fluorescence signal.

• Photomultiplier tube (PMT)
The PMT that was used in this work (Hamamatsu R758-10) is sufficient
due to its cathode radiant sensitivity of 62 mA/W. However, Hamamatsu
provides photomultiplier tubes that have even faster rise time than the one
used in this work. A suggestion is H6780-04, with a rise time of 0.78 ns and
a cathode radiant sensitivity of 60 mA/W [20]. The detected fluorescence
signal by the PMT can be displayed on an oscilloscope.

In order to image the ozone distribution, an intensified CCD camera is required.
With the intensifier, weak fluorescence signals in the UV region can be imaged. In
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environments that have limited optical access, imaging through endoscope could
be favoured. Laser-induced fluorescence imaging with endoscope detection systems
have been previously performed in i.e. engines where there is limited optical access
[21, 22]. La Vision offers endoscope detection systems for UV with the optimized
spectral range of 280-340 nm [23]. This covers the strongest emission peaks of O2.
The optical fiber and the endoscope can also be used to guide the laser beam to
the measurement volume. However, laser pulse energies of less than 1 mJ through
the optical fiber and 10 mJ through the endoscope have been used in previous
work [19, 21]. These pulse energies might be too low for PF-LIF of ozone and
higher pulse energies through the optical fiber would damage it.
A potential future project for Tetra Pak is to investigate different suitable detection
systems and the ozone detection limit regarding the pulse energy of the laser. From
these results it would be more apparent what kind of detection system would be
suitable for their environment.
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Appendix A

Concentration calculations

In this thesis, an ozone generator was used in order to produce ozone. The ozone
concentration in the measurement volume was calculated by taking the ratio of
the produced ozone flow and the oxygen input flow to the ozone generator with
correction for the oxygen flow that was consumed in order to generate ozone. If
the ozone flow is diluted with additional oxygen flow, it is added to the numerator
of the ratio. The concentration can be written accordingly

[O3] =
Ogen

3

Odil
2 +Oout

2 +Ogen
3

× 106 [ppm] (A.1)

where Ogen
3 is the generated ozone flow, Odil

2 is the additional oxygen flow that
is used for dilution and Oout

2 is the output oxygen flow from the ozone generator.
The input oxygen flow to the ozone generator is

Oin
2 = Oout

2 +Ocon
2

where Ocon
2 is the amount of oxygen flow that is consumed in order to produce

ozone. Furthermore, the correlation between the generated ozone flow and the

consumed oxygen flow is Ocon
2 =

3

2
Ogen

3 , which gives

Oin
2 = Oout

2 +
3

2
Ogen

3 ⇔ Oout
2 = Oin

2 −
3

2
Ogen

3

Thus, the ozone concentration can now be written as

[O3] =
Ogen

3

Odil
2 +Oin

2 −
1

3
Ogen

3

× 106 [ppm] (A.2)
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Appendix B

Error estimations

The main source of uncertainty in the ozone concentration was caused by the
mass flow controllers (MFC) that were used in the ozone gas flow arrangement.
The uncertainty in produced ozone flow from the ozone generator is negligible.
According to the instruction manual of the MFC [24], the uncertainty lies in
the flow and in the conversion factors that needs to be applied when the MFC is
calibrated for other gas than what it is used for. Thus, the uncertainty can be
written as

σ =
√
σ2flow + σ2conv

[
l

min

]
(B.1)

where

σflow = 0.5%× (input flow)+ 0.1%× (full scale of the MFC)

σconv =

{
2%× (conversion factor)× (input flow) if conversion factor > 1
2% / (conversion factor)× (input flow) if conversion factor < 1

As presented in appendix A, the ozone concentration is calculated from the
obtained flows accordingly

[O3] =
Ogen

3

Odil
2 +Oin

2 −
1

3
Ogen

3

× 106 [ppm] (B.2)

Furthermore, the generated ozone flow can be approximated with the second order
fit as presented in figure 3.3. The generated ozone flow and the oxygen input flow
to the ozone generator are dependent on each other due to the use of the same
MFC while the additional oxygen flow that is used for dilution is independent of
the other flows since that flow is supplied by a separate MFC to the ozone gas
flow. Thus, the ozone concentration can be rewritten to

f(x, y) =
αx2 + βx+ γ

y + x− 1

3
(αx2 + βx+ γ)

× 106 [ppm] (B.3)
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where x is the oxygen input flow, Oin
2 , to the ozone generator and y is the dilution

flow, Odil
2 . The constants for oxygen input flows which the second order fit in

figure 3.3 is valid for are α = −0.005174, β = 0.04838 and γ = 0.002926. For
oxygen input flow of 3 l/min, it is assumed to follow similar trend but have other
intersection point of the second order fit, γ = −0.004474.

The generated ozone flow in the numerator is almost two orders of magnitude
smaller than the oxygen input flow and the dilution flow and thus it will
be negligible in the error estimation. Hence, the ozone concentration can be
approximated to

f(x, y) =
αx2 + βx+ γ

y + x
× 106 [ppm] (B.4)

The uncertainty range of the obtained ozone concentration was calculated
according to the principal of error propagation [25]:

σ =

√(
∂f(x, y)

∂x

)2

σ2x +

(
∂f(x, y)

∂y

)2

σ2y × 106 [ppm] (B.5)

where σx/y are given in equation B.1 and the partial derivatives are

∂f(x, y)

∂x
=

2αxy + αx2 + βy − γ
(y + x)2

× 106
[
ppm

min
l

]
(B.6)

∂f(x, y)

∂y
=
−αx2 − βx− γ

(y + x)2
× 106

[
ppm

min
l

]
(B.7)
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