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Chapter 1

Laser-based combustion diagnostics; an introduction

Various old and new techniques used in combustion diagnostics are discussed as an introduction
to more detailed studies embodied in this thesis In particular, pulsed laser-based techniques and
their major advantages and drawbacks are summarnized The laser-induced fluorescence technique
1s treated in more detail Laser-induced fluorescence at atmospheric pressures 1s discussed and
basic considerations concerning temperature measurements are given An outline of the thesis
concludes Chapter 1
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Introduction

Fire, and especially the striking of fire from flint stones, received great interest already from
scientists in the prehistoric millennia  Flames and fires have always been worshipped for their
devastating and at the same time impressive effects Fire has disinfecting properties and supplies
us with large amounts of heat energy A flame is one of the best visible chemical processes where
thousands of chemical reactions take place, shrouding the understanding of flames in mystery
for so many time (and in a way still doing it) The scientific research of flames started in the
medieval centuries with the rise of the miming mdustries and was dictated by an engineering
point of view Many centuries later, in the early 1900, flame research also covered atomic and
molecular spectroscopy The fundamental aspects of spectrometnc studies was emphasized and
flames were used mainly since they are excellent producers of special molecules

[t 15 1n the last two decades, after the awareness of diminishing fossil fuel supplies and possi-
ble pessimistic ecological scenarios, such as the environmental acidification and the greenhouse
effect, that combustion diagnostics has received a new scientific impulse from both the funda-
mental and the applied field The spectroscopy and dynamics of flame molecules are now used
to understand the combustion process and chemical reaction models are developed to accurately
model the flames and explosions The models require quantitative information on species con-
centration, flame temperatures and flow velocities with a high spatial and temporal resolution
Several diagnostic techniques, measuring these parameters, have been developed over the years
Laser-based techniques are of particular interest as they have active control over the measured
quantities and because of their non-intrusive properties As an example, nowadays lasers allow
the visualization of nitric oxide formation and fuel combustion in internal combustion engines (1].
processes In the past mainly investigated by trial and error methods

Laser-based techniques are used more and more in the diagnostics of combustion processes
Many different techniques exist and every technique has its own particular merits and demenits
This chapter summarizes some commonly used and also recently introduced techniques Almost
all techniques utilize the presence of molecules in flames Consequently it 1s of utmost importance
that the fundamental molecular spectroscopy and the fundamental molecular dynamics 1s studied
In great detail

1.1 Emission spectroscopy and intrusive techniques

Emission spectroscopy has been used to study combustion processes from as early as 1930 on (2]
In these experiments the light emitted by flames 1s dispersed by a prism or grating spectrometer
and from the observed spectra information is obtained on the rotational, vibrational and electronic
properties of the molecules from which these spectra oniginate Combustion diagnostics using
this techmque 1s complicated for several reasons The molecules might be produced into their
excited state by complex chemical reactions They undergo many collisions, which quench their
fluorescence emission The molecules experience dissociation processes and may not emit light
at all Moreover, mostly only specific radicals with a high transition dipole moment are observed
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Chapter 1

This makes the combustion process very difficult to model

Nt

516 515 514 513 512

«—— A(nm)

Figure 1.1 : The dispersed fluorescence emitted by C, molecules in a
methane/air flame. The Swan-bands. with a band-head at 317 nm, were first
recorded already in 1857.

Sodium atoms are added in some cases to study the absorption and emission processes in
flames. With the so-called line-reversal method [3] temperature determinations are performed.
This method requires a long sampling time, however, and structural information is lost usually.
Moreover the sodium intrudes into the combustion process with unpredictable effects. Infrared
radiation thermometry, or pyrometry, measures the absorption lines of e g CQO, and Hy vibra-
tional transitions Here problems arise how to determine the emissivity of the flame and to find
a good frequency band-pass filter in front of the detector

Probes can be inserted in flames Thermo-couples are used to determine the temperature
of the flue gas of the flame. The physical properties of thermo-couples have been studied for
some time now A thermo-couple consists of a thin platinum wire (diameter 75 - 200 zm)
and are economical The use of thermo-couples 1s imited, however, because of their melting
temperatures (at maximum 1760 K for Pt/Rh wire) In the flame thermo-couples expenence
a net heat transfer and this affects the temperature measured. The thermo-couple radiates to
the colder surroundings of the flame, and the flame in its turn has a strong heat convection
toward the couple Mantles around the flame more or less prevent this heat exchange. Suction
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pyrometers solve the problem of heat transfer Here, the flue gas is extracted from the flame via
a small pipe, where a thermo-couple is installed Suction pyrometers are more suited for larger
type flames, because of their larger dimensions A calibration curve 1s required for most types
of suction pyrometers The pyrometers have more fundamental problems, such as the catalytic
reaction of flame radicals with the platinum (which can be coated) and the suction flux (should
it be 1sokinetic or extremely fast)

Thermo-couples and suction pyrometers are inserted intrusively in the flames The temper-
ature measured 1s apparently different from the one measured without inserting a probe The
flow fields are changed and the flame 1s locally cooled

1.2 Laser-based techniques

From the preceding section the need for non-intrusive techniques i1s evident Lasers offer this
non-intrusive property With pulsed lasers the state distnibution of the molecules 1s determined
on a nanosecond time scale For all laser techniques it 1s important to understand the fundamen-
tal spectroscopy of the molecules under investigation In addition, every laser-based detection
technique comes with a set of advantages, disadvantages, exceptions, warnings, inaccuracies, im-
possibilities, etcetera The common techniques used in combustion diagnostics will be discussed
below

1.2.1 Scattering techniques

One of the first things observed when passing a laser beam through a flame 1s the elastic scattering
of the laser light Scattering occurs off single gas-phase molecules and off soot particles or fuel
droplets When the diameter of the scattering particle 1s small compared to the laser wavelength
the term Rayleigh scattering 1s used Scattering of larger particles is called Mie scattenng
Rayleigh and Mie scattered laser light have the same wavelength as the incident hight Light can
also scatter off at a different wavelength This scattering process i1s called Raman scattering
A frequency shift, corresponding to an energy separation in the ground state of the molecules,
1s observed Raman scattering is an intrinsically weak scattering process, but once stimulated
(by Stimulated Raman Scattering (SRS) [see section 2 2 1] or by Coherent Anti-Stokes Raman
Scattering (CARS) [see section 12 2]) the signals can become very strong Applications of
Rayleigh and Raman scattering in combustion diagnostics are briefly discussed below

Rayleigh Scattering Techniques

Rayleigh scattering is used to quantitatively determine the temperature distribution 1n a flame
The observed signal 1s directly proportional to the density of the scattering species Rayleigh
scattering 1s also proportional to the effective differential Rayleigh cross section, which 1s cal-
culated directly from the molecular gas composition in the area of interest and the individual
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molecular differential Rayleigh cross sections of the major combustion species The Rayleigh
cross section has a 1//\4 wavelength dependence, which makes the deep UV excimer lasers very
well suited for Rayleigh scattering imaging if compared with visible pulsed lasers Moreover,
the polarization inducing the scattering effect grows with decreasing wavelengths for most major
combustion species When applying this technique, flames must be soot- and droplet-free Then,
the observed scattering signal 1s proportional to the total molecular density When dealing with
premixed open air flames, where the pressureis 1 bar over the entire flow field, the temperature
distribution 1s calculated using the ideal gas law As a reference the temperature is calibrated
using the Rayleigh scattering signal from room temperature air on the sides of the flame In
diffusion flames the distribution of unburned hydrocarbons is visualized, because of their very
high Rayleigh cross section Temperature distributions are not calculated in these flames because
of the lack of the molecular species concentration information

Rayleigh scattering, and also Raman scattering, 1s not subject to saturation effects Ten times
more laser light induces ten times more scattering ight This makes the experimental data easier
to interpret compared to other laser-based diagnostic techmques such as CARS and LIF The
Rayleigh scattering technique has many problems with stray light rejection, however Another
serious problem 1s induced fluorescence With the narrow-band excimer laser this problem s
avoided The tunable KrF excimer laser 1s used in most cases, because of 1ts high power and
relatively small number of fluorescence lines within its gain profile The tunable ArF excimer
laser has smaller problems with diffuse stray light A detailed description of the application of
Rayleigh scattening with tunable excimer lasers in flames is found in ref [4]

Spontaneous Raman Scattering

Spontaneous Raman scattering is a very interesting diagnostic technique for combustion pro-
cesses It offers the possibility to measure the temperature and all major species concentrations
simultaneously The techmique has an easy approach, since the signals are directly proportional
to the number density of the probed species and consequently the concentrations can be cali-
brated in a straightforward manner Moreover, the costs of the experimental equipment needed
for a spontaneous Raman scattering setup are relatively low Spontaneous Raman scattering is
of special interest when short wavelengths are available Raman scattering has the same A~%
wavelength dependence as the Rayleigh scattering described above In addition, the Raman scat-
tering cross section is increased further, for molecules which absorb in the near UV, by resonant
enhancement

Spontaneous Raman scattering with broadband excimer lasers has been used for some time
In the UV studies, particularly, the laser-induced fluorescence interferences complicated the 1den-
tification of the spectra, due to the lack of spectral resolution To minimize the LIF interferences
and to improve the spectral resolution, a narrowband KrF laser i1s used The KrF laser, with
OH and Oy resonances in its gain profile, s tuned to a region where no absorptions occur
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Shirley [5] measures Hy and HyO Raman spectra, of interest in the exhaust in rocket engines
(specifically at the exit plane of the space shuttle main engine), successfully with httle LIF in-
terferences. Densities are detected quantitatively with a 7 % uncertainty A higher injection
locking efficiency of the tunable excimer, decreasing the few percent of broadband laser output
inducing the interfering fluorescence, would improve the selectivity Cheng et al. [6], on the
other hand, uses the very thing of broadband emission to excite OH in their supersonic flames
and measures the Raman spectrum simultaneously. An extensive study of their experiments on
spontaneous Raman scattering in combination with LIF of OH with a narrowband KrF excimer
laser is described in detail in ref [6].

1.2.2 Coherent Anti-Stokes Raman Scattering

Figure 1.2 : The principle of ('oherent Anti-Stokes Naman Scattering.
P = pump beam, S = Stokes beam. AS = Anti-Stokes (CARS) beam

Spontaneous Raman scattering, though its experimental simplicity, 1s outvied by a non-linear
Raman technique which delivers much larger signal strengths and instantaneous sampling times
The technique of Coherent Anti-Stokes Raman Scattering (CARS) [7] enhances the blue scattered
Raman signal by several orders of magnitude The CARS technique combines high spectral
resolution, time and spatial resolution and allows studies in media difficult to access [8]. In the
CARS techmque (see fig 1.2) the Stokes scattered signal of the pump beam with frequency wp is
stimulated by a coherent laser beam with frequency ws. A second scattering process of again the
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pump beam from the vibrationally excited ievel generates, through a non-linear four-wave mixing
process of the three incoming beams, a coherent Anti-Stokes signal beam with a frequency wa
The CARS technique 1s most powerful in Ny thermometry CARS signals of minonty species are
very weak when compared with fluorescence techniques CARS is used in many varieties of pump
geometries and detection schemes with broadband and/or pure rotational versions, summarized
in ref [9] The CARS technique i1s rather complicated in its expenimental setup and in particular
in 1ts signal interpretation Special computer codes, containing saturation effects and frequency
shift compensations, are used to interpret the observed scattering signals The CARS signal
depends quadratically on the probed state distribution and sometimes suffers from a disturbing
non-resonant background which influences the temperatures calculated Nonetheless, CARS,
up to now and under very special conditions, offers the possibihity for quantitative single-shot
single-point temperature measurements via Ny Anti-Stokes Raman scattenng

1.2.3 Laser-Induced Fluorescence

Laser-induced fluorescence (LIF) is an attractive alternative to CARS for its experimental sim-
phaty Molecules are electronically excited by the narrowband laser and the induced fluorescence
has a linear correlation with the density of the molecules in the imitial ground state LIF 1s
monitored perpendicular to the laser beam It can also be momtored in two dimensional planes
Section 1 3 treats the LIF technique in more detail

1.2.4 Degenerate Four-Wave Mixing Techniques

Four-wave mixing 1s a non-linear process where three coherent beams interact in a dispersive
medium forming a fourth coherent signal beam Four-wave mixing is among others used for the
generation of VUV radiation and for spectroscopic detection [10] The best known four-wave
mixing process 1s CARS, discussed above The signal 1s increased by several orders of magnitude
when the three (and automatically four) beams are degenerate in frequency This technique 1s
called degenerate four-wave mixing and will be discussed below

Degenerate Four-Wave Mixing

The technique of degenerate four-wave mixing (DFWM) 1s a form of optical phase conjuga-
tion It was discovered just recently that this technique could be applied to molecular gas-phase
absorption spectroscopy DFWM is best explained in its so-called grating picture Two parallel
or counter-propagating coherent beams are crossed having a small crossing angle Interference of
the two beams creates an oscillating pattern of ventral segments and nodes When the beams are
tuned to an absorption line of the molecule under investigation a spatial distribution of ground
state and excited state molecules 1s formed, a grating To illustrate this make a transparent copy
of the adjacent page or use the transparency supplied with this thesis and cover the wave fronts
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Figute 1 3 Wave fionts of a colicrent laser beani Rotate the transparency as
mdicated to fotm a grating

drawn in fig 13 Now rotate the transparency as indicated and watch the grating being formed
Note that a larger angle indeed increase the groove spacing A third coherent laser beam can
be Bragg scattered off the grating The grating, and consequently the scattered beam, 1s only
present when a molecular absorption occurs and therefore the signal beam reflects the absorption
spectrum of the molecules absorbing in the focal point or plane

DFWM s a very sensitive technique The signal comes out as a coherent beam and conse-
quently remote detection can be performed The signal beam 1s passed through narrow pinholes
and straylight problems are drastically reduced DFWM requires very low laser intensities, typi-
cally pJoules, in order to work DFWM s used in different configurations The phase-conjugate
DFWM and the DFWM in forward geometry will be discussed in more detail below

Phase conjugate DI'W [

In the phase conjugate DFWM setup (see fig 1 4) the grating 1s set up by two counter
propagating beams The probe beam can be incident under an arbitrary angle, because the
phase-matching condition for four wave mixing 1s fulfilled for all angles The signal beam s
phase conjugate with the probe beam The four wave mixing in the phase conjugate setup 1s an
nstantaneous process Only very few veloaty groups in the probe region are used to form the
signal beam The phase conjugate DFWM s indeed a sub-Doppler and collision free technique
Because low laser intensities are required the grating-forming laser beams can be transformed
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Phase conjugate DFWM

1 2

DFWM in forward
geometry

,
o
v,
o,

2

Figuic 14 Degencrate Four Wave Miang (DFWM) i two configurations
lop Phase comyugate DI WAL Bottom  DFW n forward geometry

into a sheet allowing two dimensional DFWM with a high temporal and spatial resolution The
probe beam 1s widened to a large circular beam and the phase conjugate signal beam i1s monitored
with an unintensified CCD camera

Important future applications of the phase conjugate DFWM technique probably lies in the
infrared region of the spectrum {11}, probing molecular vibrational transitions Molecules such
as CH, CHy and CO,, so far difficult to observe in fluorescence and ionization, can be visualized
with coherent single-mode infrared sources, such as opto-parametric oscillators (OPQO'’s)

A problem complicating DFWM in complex gas mixtures such as flames, i1s the fact that all
absorbing molecules are detected Especially at higher frequencies the molecular spectra become
more and more congested Too high laser powers should be avoided because of a non-resonant
background which is not observed at low laser powers Beam steering destroys the DFWM signals
in media with large pressure gradients The latter problem is overcome when phase conjugate
mirrors are used for the beams generating the grating
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Degenerate Four-Wave Miaxing 1 forward geometrv

The schematic configuration for DFWM in forward geometry i1s also indicated in fig 14
Two of the three beams set up a grating which 1n its turn 1s probed by the third The angle
between the beams i1s chosen such that the Bragg condition (or phase matching condition) s
fulfilled DFWM in forward geometry has been used for a decade now to study molecules in the
solid state and hiquid phase Recently the technique has been applied to gas phase molecules
Different expenimental setup can be used An easy and direct way of performing DFWM in
forward geometry is to use a mask in the beam profile and to focus the three beams with a
single lens [12] The beams can also be combined with prisms and optical delay lines This
setup allows temporal dependence experiments DFWM in forward geometry has been applied
to combustion processes by Fayer et al [13] We have studied several combustion species using
DFWM in forward geometry with a tunable excimer laser Chapter 6 treats the DFWM technique
in forward geometry in more detail

hv

laser

h

V,
fluorescence

P m— ! ——

Figute 1 5 Laser-mduced fluorescence

1.3 Laser-induced fluorescence

The laser-induced fluorescence (LIF) technique i1s a widespread sensitive diagnostic technique
It 1s a method to quantitatively measure single quantum state distributions at low densities
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Laser-induced fluorescence i1s a two step process holding generally the following equation
AB + hijager — AB* — AB + hfiuorescence

Figure 1 5 shows the basic concept of the laser-induced fluorescence techmque A molecule
1s excited by a laser photon with an energy huj,ge, from an imtial state 1, with a density n,,
to an electronically excited state f, with a density ny The induced fluorescence intensity F 1s
proportional to the density of stater, F & n, When tuning the laser in frequency an LIF spectrum
1s measured Molecules in different rotational states absorb laser photons at different frequencies,
yielding different fluorescence intensities From this the total state distribution, 1 e the relative
population density in the different vibrational and rotational states, of the specific molecule 1s
determined The laser induced fluorescence 1s emitted to different energy levels lying below the
excited level A variety of frequencies is therefore observed It 1s for this reason that the sensitivity
of the laser-induced fluorescence technique is increased even more, because the fluorescence can
be observed away from the laser line against a zero background level An important advantage
of the laser-induced fluorescence technique 1s its application in two-dimensional imaging The
laser beam Is transformed into a thin sheet of laser light and fluorescence 1s observed from the
region where the sheet intersects the flame The fluorescence 1s imaged onto an image intensifier
and two-dimensional maps of the molecule under investigation are collected digitally

The LIF technique 1s used in many applications, such as in fundamental molecular beam
spectroscopy of cold radicals and their van der Waals complexes, in crossed beam collision
dynamics studies yielding information on the integral state-to-state collision cross sections, in
photodissociation dynamics probing the dissociation product state distribution and in recent years
also in combustion diagnostics to analyze the gas composition and temperature Laser-induced
fluorescence is also used to monitor the turbulent explosion in an internal combustion engine and
to study the temperature distributions occurrng during the re-entry of space shuttles into the
atmosphere

1.3.1 Rate equations

The laser-induced fluorescence technique works well in the low laser power and low density
regime, in the so-called linear imit However, at atmospheric pressures and at higher laser
powers, deviations are found of the linear correspondence between the fluorescence and the state
distnibution of the state from which the molecule is excited Laser-induced fluorescence can be
very well modelled by the rate equations It gives a quantitative description of the absorption
and emission processes In figure 1 6 a rate equation model 1s shown Here, o | represents the
rate for absorption and stimulated emission A represents the rate for spontaneous emission and
L is the sum of the rates of all losses in the excited state The spontaneous emission to the same
initial state has been ignored in this model L contains, among others, the rates for collisional
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Figure 1.6 - The diflerent 1ates when applving the laser-induced fluotescence
technique.

quenching, predissociation and 1onization The rate equation model supplies us with two coupled
homogeneous linear equations

(g

% = aln,—olng—Any;— Lny (1.1)
‘

dn, )
- = alng—o.ln, (1.2)

The rate equations are solved to give n, and ny as a function of time The total emitted fluo-
rescence Is given by the integral over time of the spontaneous emission rate times the population
in the excited level f

F=/O\ A - ong(t) di (1.3)

assuming the excitation started at t=0 Some simple calculations show that in the linear
hmit (o | < A + L) the fluorescence obeys the following expression

A

A+ L
The proportionality factors depend mainly on the intensity and the bandwidth of the laser

I x - on, (1.4)

At low densities, where no collisions take place during the radiative lifetime of the excited state

22



Chapter 1

(L < A), a known density n, in a cell e g, calibrates this constant It must be noted that this
procedure 1s a hittle more complicated for atoms and radicals than 1t is for stable molecules,
which are easily contained in a calibration cell The ratio A/(A+L) 1s called the Stern-Vollmer
factor

1.3.2 Laser-induced fluorescence in the high density limit

As we have seen in the previous section LIF 1s a quantitative diagnostic technique when applied to
experiments at low density The Stern-Vollmer factor i1s constant and independent of collisions
and the fluorescence 1s directly proportional to the density of the probed state At higher
pressures collisions are introduced (n the fluorescence process Electronically excited molecules
loose their energy in collisions, 1onize or react with other species The collisional quenching
rate Q, and consequently the Stern Vollmer factor A/(A+Q), 1s very difficult to quantify It
depends on the density of all collision partners, their collisional cross-section and also on the
surrounding temperature For a complicated gas composition the total quenching rate of the
laser-excited molecules 1s the sum over the individual quenching rates times the corresponding
state distribution of the quenching species In a internal combustion engine, for example, the
quenching rate has an extreme space and time dependence of the density (of more than 25
different species) and temperatures Here, neither rate constants nor densities nor temperatures
are known Quenching 1s, to conclude, an elusive loss channel, which one would hke to get
around

Fortunately, some alternatives are available The quenching can be eliminated if other loss
channels are larger An example of such a case 1s the one where a strong predissociation of
the molecule under investigation dominates all other loss channels The Stern-Vollmer factor
A/(A+Q+P), with P the predissociation rate, i1s approximately A/P The fluorescence 1s deter-
mined by molecular parameters only and i1s independent of the object under investigation If the
predissociation rate 1s known, quantitative density measurements are possible The predissocia-
tion process can be very fast It must be noted that one single molecule either predissociates or
fluoresces The fluorescence occurs only during the predissociation lifetime, which 1s typically in
the sub-nanoseconds range In this time the excited molecule does not experience collisions De-
spite the large loss in fluorescence, the method, called laser-induced predissociative fluorescence
(LIPF), 1s still very sensitive More important however, 1t offers the possibility for collision-free
spectroscopy at atmospheric pressures

The high density limit is best explained with the A2+« X2[1 transition of the OH radical
as an example In figure 17 an energy diagram 1s shown for two cases of OH excitation On
the left-hand side of figure 1 7 the conventional 0 — 0 transition 1s excited at 308 nm On the
nght-hand side OH molecules are excited via the 3 « 0 transition at 248 nm  The fluorescence
Iifetime of the electronically excited state is approximately 1 ps (A = 10% s71) The v'=0 level
1s far off the curve crossing with the repulsive states responsible for the predissociation in the
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LIF LIPF

A = 10%/scc A = 10%/sec
Q = 10(]/86(‘ Q = 100/qoc
P = 10"/sec

Figure I 7 The OH 1adical excited v1a the LIT" and the LIPI techmique

A2S+ state The transition is rather weak and since the predissociation Is absent, the quenching
rate dominates the fluorescence observed, so that not only a loss of 103 in fluorescence photons
is observed but also the state distributions can not be determined quantitatively

When OH s excited via the 3 «— 0 transition at 248 nm a strong predissociation loss channel
1s introduced The predissociation ifetime 1s of the order of 100 ps (P = 1010 s=1), an order of
magnitude larger than the collisional quenching rate at atmospheric pressures (Q = 10° s71)
The Stern-Vollmer factor 1s determined by parameters of the molecule under investigation only
The factor reduces to 10~4, but the intense KrF excimer laser compensates for this loss In
sensitivity When the predissociation rates for the different rotational lines in the electronically
excited state are known, quantitative density and temperature determinations are possible This
1s discussed in section 2 4 of the thesis

The collisional quenching rate can be eliminated also by saturating the transition when we
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deal with a clean two level system Both the fluorescence and the quenching go back into the
mtial ground state level Shortly after starting the saturating laser pulse the population of the
initial state 1s divided over the ground and excited states Molecules are pumped up and down
by the laser photons Because no losses are involved the density remains unchanged and the
fluorescence 1s constant and independent of Q A clean two level system s, for example, found
when exciting Na atoms with a broad laser In molecules, however, only a very small fraction
of the fluorescence and the quenching goes back to the initial ground state Both channels are
clearly a loss and when the rate equations are solved for high laser powers (o | > A + Q) the
expression for the total emitted fluorescence still contains the Stern-Vollmer factor A/(A+Q),
which makes quantitative density measurements as difficult as in the linear limit setup

1.3.3 Temperature measurements via laser-induced fluorescence

The density in a given quantum state n; in thermal equilibrium 1s given by the Boltzmann
distribution

-E
e1p (TT-L)

A

f; 1s the fractional population in the ground state of the molecule Z 1s the sum over all
different fractional populations

n = n  fi=n (2J1+1) (15)

_Em
Z = Z(ZJm'{'l) 617)( Ar]v ) (1 6)

The temperature s calculated from the ratio ny/n; of the densities of two ground state levels
using the equation above Some simple algebra shows

AL

T= 17
b 17

Here, AE 1s the energy difference Eo - E; in the ground state of the molecule k i1s the
Boltzmann constant The temperature is thus calculated from the relative population of the
ground state levels, which in turn (s calculated from the relative fluorescence signals with the
appropriate calibration factors (laser power, line intensities, predissociation rates, etc ) In section
2 4 we use the above equations to calculate temperatures for an adiabatic methane/air flame

We conclude this section with a remark on the accuracies obtained when applying laser-
induced fluorescence diagnostics techniques to temperature measurements With the first deriva-
tive of R, the ratio ny/ny, and with equation 1 1, we find for the error in the temperature T

AT AL AR
T AR n

(18)
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The relative uncertainty in the calculated temperature is determined by the relative uncer-
tainty AR/R of the density ratio, or actually of the fluorescence signals and their calibration
factors. A small energy difference AE introduces large errors. Therefore, the rotational hnes
must be chosen in such a way that their ground state levels lie apart at a reasonably far energy
distance. The errors increase with increasing temperatures The measurement has to be much
more accurate at higher temperatures when a fixed error is required over a reasonably large
temperature range. As an example the hydroxyl radical again, excited by the KrF excimer laser
at 248 nm. The Ry(15) and P1(8) rotational lines are used, which have a ground state energy

=1 At a temperature of 2000 K this corresponds to an

separation of approximately 3000 cm
uncertainty of 100 K in the absolute temperature when a 10 % uncertainty in the ratio R is
assumed The accuracy in the temperature measurement 1s improved by taking more rotational
lines

A final word on the quenching problems For temperature measurements, since only the
density ratio R 1s needed, quenching is a smaller problem compared to density measurements,
because only the difference in quenching 1s important  Quenching problems are completely
eliminated in temperature determinations when the molecules are excited to the same upper
level from different ground state levels. Molecules can be excited via a pair of P and R rotational
lines. The ground state levels lie very closely together, however, resulting 1n a low temperature
accuracy The rotational lines can be chosen to start from different vibrational states and to
end at the same upper level in the electronically excited state with consequently a large energy
separation AE between the probed energy levels It 1s, however, by no means clear that the
vibrational energy distribution 1s thermal and can be used to determine temperatures. Quenching
problems remain very difficult to eliminate

1.4 Outline

Following the introduction on laser-based diagnostic techniques in combustion in this chapter,
we continue with a description of the molecular spectroscopy of combustion species studied with
a tunable ArF and KrF excimer laser (Chapter 2), prefaced with a description of the regular
experimental setup. Here, the tunable excimer laser and the 2-D imaging system are explained
in detail Chapter 2 is concluded with a description how to quantitatively measure temperatures
and densities using the LIPF technique [t treats the problems of rotational level dependent
predissociation of the electronically excited OH radicals and the fast energy redistribution in the
ground state at atmospheric pressures Section 2 4 deals with the problems still to solve in the
future

Chapter 3 describes the frequency cahbration in the ArF laser tuning range using laser-induced
fluorescence of nitric oxide. The calibration spectrum is measured with a frequency doubled and
Raman-shifted dye laser system and with the tunable ArF excimer laser. This chapter gives a
nice example of the use of the excimer laser in the amplified oscillator mode, described in section

26



Chapter 1

2.2.1 . Chapter 4 describes the occurrence of an intra-cavity absorption, caused by metastable
carbon atoms in the discharge of the ArF excimer laser The absorption causes a lack of tunable
and narrowband laser radiation over a region of 5 to 10 cm™1 . The intra-cavity absorption has a
direct consequence for the interpretation of the photodissociation dynamics of carbon monoxide
at 193 nm.

The previous chapters are mainly focussed on the fundamental aspects of spectroscopy. A
direct application-oriented experiment is presented in Chapter 5, where we have studied the flame
of a 100 kW natural gas burner We have determined NO and OH field distributions in a flame
with a diameter of 40 cm and with a length of nearly two meters The problems encountered with
the use of the VUV radiation of the ArF laser in the hot surroundings of the flame are described
The images obtained in this flame show the turbulent character of the combustion process and
show that care has to be taken when interpreting any kind of temperature measurements in these
type of flames.

In Chapter 6 degenerate four-wave mixing technique with a tunable excimer laser 1s applied
to combustion gases Several very weak (two-photon or spin-forbidden) transitions are measured
with the DFWM technique in forward geometry with a very high sensitivity Many spectra are
measured with an ordinary photo diode The dependence of the DFWM signals on various
experimental parameters, such as pressure and laser power, is determined Finally, in Chapter
7 the outlook to the near future is described briefly The progress in the development in the
field of, especially CCD-chips and electronic cameras, is enormous and some new designs will be
discussed as a final remark of this thesis
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Diagnostics with a tunable excimer laser

A detailed description of the experimental setup for two-dimensional laser-induced fluorescence
imaging with a tunable excimer laser 1s given The tunable ArF and KrF excimer laser is discussed
in detail and special modifications for spectroscopic applications are reported The burners used
in our studies are described The molecular spectroscopy of combustion species studied with
the tunable excimer laser 1s summarized The chapter ends up with a discussion of how to
determine temperatures and densities via laser-induced predissociative fluorescence of the OH
radical Rotational level dependent predissociation and other structural problems are discussed
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2.1 General

Since their invention in the seventies, excimer lasers have been used for many applications and
spectroscopic studies in the UV and VUV spectral region The ArF and F laser are used in
tonization experiments because of their high energy photons of 6 4 and 7 9 eV, respectively The
XeCl and KrF excimer lasers are used to pump UV dye lasers directly (without the need for
frequency-doubling) and with a high repetition rate Many studies involve the XeF excimer laser
for 1ts picosecond Fournier-limited pulses

A new class of experiments with excimer lasers started in the early eighties with line-narrowed
excimers (primarnily developed for lithographic purposes) and later continuously tunable excimer
lasers The first spectroscopic studies of room temperature Oy [14] and Hj [15] were soon
followed by new two-photon excitation spectra of HyO [16] and flame studies of OH [17] and hot
05 [17, 18], all experiments done with the spectral bright tunable excimer lasers The linewidth
decreased and the spectroscopic properties of the laser improved after some years of tinkering
The 1mtial oscillator setup with mirrors and seven beam expanding prisms was replaced by a
grating-based setup where three prisms are now commonly used An improved discharge cavity
design concerned particularly the tunable ArF laser, resulting in new flame and cell spectra of
NO [19] and CO [20] The tunable excimer lasers supply us still with new (SiIF [21], HCN [22])
and uninterpreted (O3 ? [23]) spectra of a variety of molecules Table 2 1, on the adjacent page,
summarizes the molecules of importance in combustion identified so far with the use of tunable
excimer (or their Raman shifted) laser light

Spectroscopic studies with the tunable excimer laser involve laser-induced fluorescence (LIF),
resonance enhanced multiphoton 1omization (REMPI), degenerate four-wave mixing (DFWM)
and Rayleigh and Raman scattering experiments In this chapter the experimental setup for the
detection of laser-induced fluorescence from flames with a tunable KrF and ArF excimer laser
is treated Special attention i1s given to two-dimensional imaging of fluorescence with highly-
sensitive electronic cameras

A schematic representation of an experimental setup for two-dimensional imaging of fluores-
cence 1s shown in figure 21 The setup shown here i1s the common one used in our laboratory
The different parts of the experimental setup will be discussed in section 2 2 below First, the
excimer laser will be treated, followed by a detailed description of the electronic camera detection
system Several burner systems will be discussed Then, this chapter deals with the spectroscopy
of the molecules listed in table 21 This chapter concludes with a discussion how to quanti-
tatively determine temperatures using laser-induced predissociative fluorescence of the hydroxy!

(OH) radical
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Molecule Transition Excitation Reference
OH A2v+ (vi=0) — X2 (v"=0) XeCl [24]
AZTH (v=2) — X2 (v'=0) KrFS(2) [25]
A2t (v'=3) « X211 (v'=0) KrF [17]
NO A2X+ (v=3) «— X2 (v'=0) ArF [26]
B2II (v'=7) «— X2 (v'=0) ArF [19]
D2yt (v'=0) « X211 (v'=1) ArF [19]
0, B3N (vi=4) « X3ug (v'=0) AfF [14)
B3S; (vi=7) « X3y (v'=1) ArF (14)
B3V, (vi=10,11) « X3T; (v'=2) ArF (18]
B3y (vi=5) « X3y (v'=3) ArFS(1) [27)
B3\, (v'=14,151617) « X3u; (v'=3) ArF [18]
B3u; (v=7.8) « X357 (vi=4) ArFS(1)  [27]
B3\, (v=0,1) « X3S (v'=6) KrF [17]
B3, (vi=2) « X3up (vi=7) KiF [17]
co M (v'=2) « XITf (v'=0) ArF [20)
BINY (vi=0) ~ XITf (v'=0) ArFS(2) [20]
H,0 ClB, « XAy KrF [28]
H, EFIY) (vi=6) «— X1V (v'=0) AfF [15]

Table 2.1 : Combustion species detected with tunable excimer lasers.
S(i} = the i-th oider Stohes Raman shifted excimer laser.
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Figute 21  The standaird expertmental setup for laser-induced fluotescence
tnagmg n flames with a tunable examer laser A lugh quahitv quarts objective
usually 1eplaces the lens in fiont of the camera

2.2 Experimental setup
2.2.1 Tunable excimer laser system

Tunable excimer lasers are pulsed lasers with a high spectral brightness emitting laser light in the
ultra-violet region A pre-1onized rare gas/halogen gas sample contained between two parallel
electrodes 1s discharged and excimers are formed by electron collisions Excimers (exci-ted di-
mers) are molecules that have a bound electronically excrted state but have a dissociative ground
state Lasing action 1s possible since a population difference 1s automatically maintained as the
lifetime of the bound state 1s much longer 1n comparnison with the hifetime of the dissociative
ground state A typical potential curve for an excimer 1s given in figure 2 2 Examples of excimers
are Kry*, Arp* and Xep*

Another class of excimers consists of heteronuclear excited complexes (exci-plexes) Excited
atoms having a closed electronic shell in the ground state, resemble alkali metal atoms These
excited atoms form strong ionic bonds with the halogens Some known examples of these
exciplexes are Ar¥F, Kr*F, Xe*Cl, Xe*F and Kr*Cl Excimer lasers are very powerful pulsed
lasers They are often used as pump lasers for tunable dye lasers, because of their homogeneous
energy distnbution over the laser beam cross section and therr high repetition rate A XeCl

32



Chapter 2

E
40000 | Kr'CP»FCP)
Kr('P)+F"
20000 |
25+ Kr+FCP)
0

internuclear distance

Figuic 22 Potential cutves foi the valence and 1omic states of hi*F

excimer laser, for instance, can deliver 3 0 Joule 1n a 15 ns pulse at a repetition rate of 40 Hz
Excimers emit radiation in a broad wavelength region, typically 1 nm Because of their spectral
broad laser emission excimer lasers are very well suited for the generation of femtosecond pulses
The green C — A lasing transition of the XeF laser (bandwidth 100 nm), for instance, has
a Fourter mit of only 1 femtosecand An injection seeded KrF laser (248 nm) delwers an
output energy of 8 mJ in a 350 fs laser pulse The excimer lasers can be frequency-narrowed
and are tunable within their gain profiles The tunable KrF excimer laser for example, has a
linewidth of 02 em~1  The spectral brightness of the tunable excimer laser, defined as the

total energy/cm2cm~1

. exceeds that of conventional dye lasers by several orders of magnitude
in this wavelength region The most common tunable excimer lasers are the ArF (193 nm), KrF

(248 nm) and XeC! (308 nm) excimer laser

A schematic drawing of the tunable excimer laser i1s shown in figure 23 The laser 1s shown
in its commercially delivered configuration The laser consists of two discharge cavities, where
one cavity acts as an oscillator and the other cavity acts as an amplifier A discharge between
two electrodes 1s ignited in the oscillator cavity containing a pre-ionized gas mixture of a rare gas
(Ar,Kr,Xe), a halogen (F,Cl) and a buffer gas (He,Ne) The resonator of the oscillator cavity
I1s set up by a reflection grating (Gr) and a partly reflective mirror (M1) The frequency selective
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elements are the grating and an intra-cavity ins diaphragm (D1) Three prisms (Pr) expand the
small laser beam to fully utilize the area of the grating A second diaphragm (D2) helps to align
the oscillator beam and does not affect the lasing action of the oscillator The laser beam 1s
dispersed by the grating and its reflection 1s projected on the ins diaphragm By changing the
angle of incidence at the grating (by tilting the grating with a micrometer screw) different parts
of the laser spectrum can be selected and amplified Mirror M1 transmits a part of the generated
narrowband oscillator beam Two coated aluminum mirrors (M2 and M3) direct the oscillator
beam to the amplifier cavity The amplifier cavity 1s equipped with unstable resonator optics
It consists of a convex 'meniscus’ mirror (M4) and a concave fully reflective mirror (M5) This
configuration 1s also called a Cassegrain resonator, since it resembles the astronomical Cassegrain
telescope mount The oscillator beam 1s injected into the amplifier cavity through a small hole
in mirror M5 Mirror M4 has a special reflective coating in its center to reflect the narrowband
oscillator beam The oscillator beam 1s expanded and made parallel by the concave mirror As the
oscillator beam traverses through the amplifier cavity it locks the stimulated emission generated
by the amplifier cavity discharge to the pre selected oscillator frequency

The mirrors M4 and M5 set up a cavity on their own The amplifier cavity has broadband
laser action when not injected by narrowband oscillator radiation Even when the full power
of the oscillator 1s pumped nto the amplifter cavrty, the laser output will contain a certam
broadband underground This underground increases with decreasing oscillator power The ratio
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laser ArF I KrF:l

wavelength [nm] 193 248
pulse energy (max ) [mJ] 100 250
averaged power (max )  [W] 8 20
bandwidth, FWHM [em 1]} 05 02
tuning range [em=1]1 200 160
locking efficiency [%] 90 90
divergence, full angle [mrad] 02 02
(50 % of the energy)

beam dimensions, h x w [mm?] |21 x4 |21 x5
pulse width [ns] 13 17

Table 22 ‘Lhe specification for the tunable Atl” and Kil™ excumer lasers
(Lambda Phvsih LG 130 MISCT) as specified by the manufactine

between the narrowband part of the laser output and the total intensity 1s called the locking
efficiency We have checked the locking efficiency by dispersing a part of the laser beam in a
double monochromator (Spex 1401-08) with a resolution of 5 cm~!  On the left-hand side of
figure 2 4 the spectrum of the broadband laser radiation i1s seen In the middle the spectrum
of the narrowband laser radiation 1s shown A broadband underground 1s indeed observed The
broadband part of the laser radiation induces fluorescence, which i1s mainly observed on the outer
sides of the tuning range where the oscillator looses 1ts locking control on the amplifier cavity The
broadband radiation-induced fluorescence complicates the spectroscopic results obtained With
the tunable ArF laser, after three hours of operation the locking efficiency 1s mostly dropped
down to 40%, due to decreasing oscillator power The gas filing of the laser has to be refreshed
to regain its specified output power and locking efficiency As remarked before, mirror M4 has
a special reflective coating in 1ts center to reflect the narrowband oscillator beam The coating
does not transmit the center part of the widened laser beam, therefore generating a small hole
in the beam cross section The lack of laser intensity in, for instance, the middle of a laser sheet
causes confusing two-dimensional images At ArF laser operation this problem is less pronounced,
because the oscillator beam 1s reflected by the 4% reflectivity of an uncoated quartz meniscus
lens The specifications for the tunable ArF and KrF EMG 150 MSCT excimer laser, as specified
by the manufacturer, are histed in table 2 2

Many of the problems discussed above are solved by rearranging the optics in both the
oscillator and the amplifier In the so-called amplified oscillator mode of the laser, the output
lacks the broadband underground and the laser energy 1s homogeneously distributed over the
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Figuie 24 The dispersed output of the tunable excimer laser  Left  the
bioadband output  Middle  the laser output when Cassegrain optics are
used Right  the laser output m the amphfied osallator mode

beam profile Figure 2 5 shows the laser in its new mode Both diaphragms (D1 and D2) in
the oscillator and the unstable resonator optics (M4 and M5) in the amplifier are removed The
oscillator beam now has the dimensions of an ordinary excimer laser beam and Is directed in
a single pass through the amphfier discharge The amplifier discharge 1s not encapsulated by
resonator mirrors and has no laser action when not injected by the oscillator beam The dispersed
laser spectrum 1s shown in the night-hand side of figure 24 No broadband underground 1s
observed in this setup The amplified oscillator mode has clear advantages for spectroscopic
applcations (lack of underground} and for two dimensional imaging purposes (lack of center
intensity dip) Of course, a price must be paid for the reconstruction of the laser The laser
power drops to approximately 50 mJ (half of the original energy) for ArF laser operation and to
225 mJ (almost unchanged) for KrF laser operation In addition, the laser beam becomes much
more divergent, which has negative consequences for focusing purposes, such as Raman shifting
In the course of all experiments both setups are used throughout each other, depending on the
specific application Degenerate four-wave mixing in forward geometry, for instance (see Chapter
6). 1s not possible with the laser in the amplified oscillator mode In contrary, the intra-cawity
C-atom absorption in the ArF laser tuning range (see Chapter 4) would not have been observed
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with the laser in its commercially delivered configuration

An obvious disadvantage of the tunable excimer laser is its limited tuning range In wavelength
units the tuning range 1s more or less 1 nanometer for all tunable excimers The stimulated Raman
scattering (SRS) technique offers the possibility to shift the gain profiles of the excimers to other
UV regions Briefly, stimulated Raman scattering 1s a process where the spontaneous Raman
scattering 1s stimulated coherently to a vibrationally excited level of the Raman-active gas The
frequency of the incident laser light 1s frequency-shifted several thousands of wavenumbers,
corresponding to the difference in vibrational energy in the molecule under consideration

We have studied the SRS of the tunable ArF excimer laser in hydrogen (Hp) Molecular
hydrogen has a Raman shift of 4155 cm=!  We have expenimented with different cell and lens
configurations A soft focus in a 100 cm cell turned out to be the best setup to generate the
first (S1) and second (S;) order Stokes beams at 210 nm and 230 nm, respectively A saturation
of the SRS signals, at 3 and 7 bars respectively, 1s observed for both components The stability
of the Sy and Sy beam 1s comparable to that of the fundamental laser beam The components
are separated by a Pellin-Broca prism We have observed very high Stokes components Even
a yellowish green laser beam i1s observed, which corresponds to the eighth order Stokes beam
at 542 nm We have checked the spectroscopic properties of the second order Stokes beam
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by measuning the Q-branch of the two-photon Bll}; (v'=0) — Xlllg (v"'=0) CO exatation
spectrum [29] The laser-induced fluorescence is visible by eye as a green discharge in the focus in
the cell Kim et al [27] have measured new oxygen resonances with the first order Raman shifted
tunable ArF laser Ketterle et al [25] have measured OH at 277 nm with the first order Stokes
beam of a tunable KrF laser We achieve to get approximately 5% of the fundamental energy
into the S; or Sy beams In particular, in the region above 215 nm, pulsed dye lasers, especially
those systems which are injection seeded by a continuous-wave ring dye laser, have a much
larger spectral density, because of their higher energy per pulse and their smaller bandwidth
Below 215 nm the use of SRS of a tunable ArF excimer laser offers interesting spectroscopic
possibilities, surely since other Raman gases, such as Dy or CHy, can be taken into account
Moreover, the vacuum ultra-violet region can be reached easily by generating several Anti-Stokes
beams

A final word on the maintenance of the tunable excimer laser As mentioned before, the
laser action of the tunable ArF excimer laser i1s very critical It takes some time to learn about
the peculiarities of the laser The MgF, windows, sealing the discharge cavities, have to be
repolished after each month of operation, because metal vapors are deposited on them The gas
mixture has to be warm for optimal performance We never cool the laser head, when working
at 10 Hz repetition rate After refreshing the gas filling it takes some time for the gas mixture
to warm up The tunable KrF excimer laser acts sort of, as an antipole Lasing action can be
achieved with a piece of white paper Care should be taken when aligning the KrF laser, since
laser action 1s achieved on almost any reflecting surface The gas filling of the KrF laser has to
be refreshed only once every three or four days It is known that chlorine- and fluorine-containing
excimer lasers can hardly be interchanged This 1s even more critical for tunable excimer lasers
It 1s worthwhile to notice that changes from ArF to KrF affect the discharge conditions to some
extent The discharges of both excimers burn differently on the electrodes The electrodes loose
their optimum shape for the specific excimer and the discharge burns irregularly This problems
mainly concerns the operation of, again, the tunable ArF laser The instability of the discharge
results in an increase of the bandwidth of the ArF laser We started with a bandwidth of 0 35

em~1 and now, three years later, we end up with a bit more than 12 cm~!

, mainly caused by
the fact that we now use only two beam-expanding prisms in the oscillator cavity New electrodes
can be installed to regain the quoted specifications Up to now, we have no experiences with

the tunable XeCl excimer laser

2.2.2 Laser beam transportation and sheet construction

The laser light 1s directed toward the flame or other object under investigation In most cases
it 1s sufficient to pass the laser beam (dimension 5 mm x 25 mm) through the flame without
focussing For imaging purposes the laser beam 1s converted into a laser sheet by cylindrcal
lenses We have worked with different lens configurations, mostly with two cylindrical lenses
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(f = 40 mm and 15 mm) reducing the width of the laser beam from 5 mm to 250 ym The
height of the laser sheet remains unaltered at 25 mm The power density increases by an order
of magnitude If higher power densities are required a spherical lens 1s used to focus the laser
photons in or just behind the flame A tight focus in the area of interest 1s mostly avoided because
of problems concerning the easily ignited breakdown in air, which disturbs the expeniments With
a spherical lens enormous energy densities are available For KrF, for instance, with a 150 mm
spherical lens power densities up to 50 TW/cm? are achieved In some applications very large
laser sheets are required We have obtained slightly diverging laser sheets with a height of 20 cm
near the focal point by using a combination of a cylindrical lens (f = 300 mm) and a negative
spherical lens (f = -200 mm) The laser sheet i1s remarkably thin, approx 150 ;m

2.2.3 Fluorescence detection systems

The laser-induced fluorescence is collected in a direction perpendicular to the laser beam The
detection of Rayleigh scattering, peaked collinear with the laser beam and a large precursor at
atmospheric pressures, 1s very much reduced in this setup Two detection schemes are available
First, a monochromator-based photo-multiplier detection scheme with a high detection efficiency
and important properties to study the spectroscopy of molecules Second, a two-dimensional
imaging system producing single-shot 2D maps of the molecules and radicals under investigation
Both detection schemes will be discussed in more detail below

Monochromator-based PMT detection

The fluorescence 1s focused onto the entrance shit of a 0 25 m monochromator with a 50 mm
diameter Suprasil | lens In most cases a f — 100 mm lens and a 1 1 image 1s used The
monochromator 1s then placed at a distance of approx 40 cm The transmrtted photons are
detected by a photo-multiplier The slits of the monochromator are fixed at a width of 100
pm, resulting in a resolution of approx 1 nm The detected signal is time-averaged in a boxcar
integrator and displayed on a fast digital oscilloscope The gate of the boxcars i1s usually set to
30 ns, as the LIF signal appears essentially during the laser pulse, due to either the predissociation
of the molecule or the quenching of the fluorescence The averaged signal is recorded on a strip
chart recorder The advantages of using a monochromator-based detection scheme are numerous
First, the monochromator acts as a very narrow bandpass filter, rejecting Rayleigh (and other)
scattering and the laser-induced fluorescence of other species in the flame It also prevent room
light and strong emussion light from the flame (OH*, CH*  Cy*) to be detected Second, by
scanning a dispersion spectrum the monochromator-based detection scheme helps to assign the
spectroscopic features of the molecules that do fluoresce When scanning a dispersion spectrum,
the excitation laser 1s fixed and the induced fluorescence 1s dispersed by the monochromator
In this way the branching and the decay channels of the electronically excited state can be

39



Experimental setup

unraveled supplying us with the unique spectroscopic information (a molecular fingerprint) of
the vibrational structure of the electronic ground state of the molecule under investigation

2D imaging system
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Figute 26 An umpression of the camera svstem [30] A ('CD video clup 1s
coupled to the phosphor scicen of an nnage mtenstficr via a fiber optic taper

We have constructed a two-dimensional imaging system to detect fluorescence photons gen-
erated in a thin laser sheet An impression of the camera system is shown in figure 26 The 2D
imaging system s basically constructed of a CCD camera attached to the phosphor screen of an
image intensifier The connection between the intensifier and the video chip i1s accomplished by
a hiber-optic taper For sharp focusing a UV transparent objective is placed in front of the image
intensifier The CCD camera i1s connected to a digital image processing umt This umit digitizes
the analog 50 Hz video output With special software the collected data are acquired and image
processing is applied False-color images are represented on-line on a RGB color momitor The
different parts of the camera system are discussed in more detail in the following

I Quaitz objectne
For sharp focusing a special quartz objective 1s used By using normal lenses the images
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are blurred and small details are invisible. With the objective images as sharp as 100 um are
easily resolved. The objective is transparent from 200-900 nm and has a focal length of 105
mm. A diaphragm is present in the lens system to increase the depth of field of the images.
Sharp focussing 1s possible over the oo - 0.35 m range. In the experiments described here the
diaphragm was always opened and consequently the depth of field was completely determined by
the thickness of the laser sheet. In the wavelength region around 200 to 250 nm, a transmission
of 70 percent is achieved Because of the small opening of the lens system (diameter 25 mm),
the objective is not well suited for extreme low light level detection. Here, one has to make a
compromise between signal to noise ratio and resolution of the image. The objective is attached
to the imaging system with a C-type bayonet mount and can therefore be easily removed. Special
glass and/or interference filters can be installed in a filter holder in front of the lens system

2. Image intensifier

Photocathode

L Screen
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Figure 2.7 : A cross section of an image intensifier. A photocathode ejects
photo-electrons and these are amplified by the MCP. The phosphor screen

shows the intensified image.

Image intensifiers are light amplifiers which preserve the original image Image intensifiers are
used in many low light level detection applications, such as in medicinal microscopy, astronomical
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telescopes and in night vision equipment An image intensifier 1s schematically shown in figure
2 7 The ntenstfier consists of a photocathode (similar to the cathodes of a photomultiplier tube),
one or two multichannel plates (MCP) and a phosphor screen Incident photons are converted
into so-called photo-electrons with a given quantum effictency, in the UV region usually about 8
percent The image intensifier 1s gateable by applying a reverse potential between the cathode
and the input of the MCP Gating times as low as 5 ns are obtained for our image intensifier
The photo-electrons are amphfied, sometimes as much as 10% times, in the multichannel plates
These electrons are then pulled toward the phosphor screen Here the electrons are converted
into photons again The electrons light up a green phosphorescence for a typical duration of 25
msec, depending on the type of the phosphor screen

The use of a gated image intensifier is important for several reasons First, the small number
of fluorescence photons have to be amplified In this way the fluorescence 1s amplified to such a
level that it 1s now detectable by camera or eye Second, up to now no video camera systems are
available that are able to detect ultra-violet photons directly In this way the conversion from the
UV to the visible (green) 1s accomplished Third, video rate cameras work on a sampling time
of 16 (US) or 20 msec (Europe) By using an image intensifier the short-lifetime fluorescence
(typrcal Iifetime 10 ns) 1s converted to long-lived phosphorescence (25 ms) The video cameras
have sufficient time to detect the fluorescence signal Finally, the image intensifiers are gateable
This means that the intensifier i1s only opened at the specific moment when the fluorescence
1s induced This reduces the continuous emission light of the object to 6 or more orders of
magnitude The fluorescence 1s basically collected from a dark object There are different ways
to monitor the phosphor screen of the image intensifier The phosphorescence can be detected
by eye if the room lights are dimmed out Mostly the phosphor screen 1s monitored by a CCD
camera The camera allows for image processing and video recording of the phosphor screen

3 The fiber-optic taper

To match the image on the phosphor screen (diameter 18 mm) onto the chip of the video
camera (dimension 9 x 11 mm), a special configuration is needed In the early days a simple
f = 100 mm lens was used to image the phosphorescence onto the chip Because of spherical
aberration problems, some resolution s lost in this configuration A more direct coupling of
the intensifier onto the camera 1s accomplished with a fiber-optic taper The taper consists
of more than 10 fibers and 1s directly coupled onto the fiber-optics of the phosphor screen,
which s already supplied by the manufacturer The taper reduces the image to the appropriate
size On the camera-side, the taper is also directly coupled to the fiber-optics of the CCD chip,
also supplied by the manufacturer Special immersion oll improves the contact between the two
surfaces The taper also seals the video chip, which 1s continuously monitoring the phosphor
screen, from light leaking through the camera housing
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4 The CCD video chup

A CCD wvideo chip monitors the phosphorescence, which 1s transmitted by the fiber-optic
taper The photo-sensitive layer of the chip contains 390 x 295 pixels, arranged in a rectangle
An identical, but covered, layer 1s found next to the first layer After illumination the image
is transferred from the first to the second chip according to the frame transfer principle From
here the image 1s read out by the electronics of the camera installed shortly behind the chip
Chip and electronics cover only a volume of 3 cm x 2 cm x 15 cm The camera can not be
triggered externally and therefore it monitors the phosphor screen continuously We have used a
trick to control the adjustments of the sampling time of the camera and the gating time of the
image intensifier This is discussed (n section Triggering The read-out time of the transfer-chip
is slightly less than 20 ms This 1s called fast, as 250 kByte of information s transferred in
this period A lot of read-out noise i1s introduced in this way The camera can be switched to
a slow-scan mode In this mode the transfer chip is read in 0 3 seconds, thereby eliminating
the read-out noise In this case electronic noise i1s gaining importance The shot noise can be
drastically reduced by cooling the chip with a Peltier element In all our experiments so far we
did not work In the slow-scan mode, nor did we cool the video chip In our research of the 100
kW burner, discussed in Chapter 5, Peltier cooling would have led to a longer observation time,
because of the heating of the camera system Progress in the field of video chips i1s enormous
After one year a camera system i1s already considered old-fashioned Some new developments
are discussed in Chapter 7

5 Image pirocessing hardvare

The analog signal of the CCD camera is digitized in a frame grabber (Matrox PIP-1024)
installed in a, 25-MHz Intel 80386 micro-processor-based, personal computer The frame grabber
re-arranges the imported image in a frame buffer contaiming 512 x 512 pixels The dynamical
range of the image processing board 1s at an 8-bits level sufficient for video rate images containing
the read-out noise discussed above

6 Image processing softuware

We have developed special software to control the image processing board and many other
features of our expenment The program, called MTX, is written in the programming language
Microsoft Fortran and Microsoft C with the help of special software libraries supplied with the
imaging board With the software we have access to the digitizers (to set the gan and offset),
we control the output signals (color tables, spectra) and we have the ability to select a various
number of special functions (averaging, pixel read out, contract enhancement and many others)
Images are snapped from the input signal and stored in the frame buffer of the imaging board
The software has access to this buffer and single images can be processed 1n many ways (such
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as pixel addition, kernel averaging, smoothing and line/column pixel value display) The buffer
allows storage of 4 different images The software has the option for two-picture operations,
such as subtraction, division and more complicated Boltzmann-plot-like calculations A detailed
description of the MTX program can be found in ref [31] Two special option, of interest for
combustion diagnostics, will be discussed here in more detail  Specfium and IempPlot

Spectium

The software option Spcetrum offers the possibility to scan molecular excitation spectra with
the electronic camera A rectangle in the field of wision of the camera 1s selected and the
pixel values in the rectangle are read out and added while the laser is scanned The image
processing board takes snapshots continuously (but synchronized to the experiment, see section
synchronization and timing on page 47) For a fast data acquisition these images are directly
transported to the expanded EMM memory of the computer Here the fast C-routines act upon
the images The sum of the pixel values 1s entered in a computational array and displayed on
the computer monitor The sum can be averaged over several laser shots When scanning the
laser a spectrum 1s built on the screen The spectrum 1s automatically rescaled when needed
The spectrum can be plotted on a plotter or laser printer The stored spectra can be processed
Among others they can be divided enlarged interfering peaks can be removed smoothed and
many more Scanning spectra this way i1s very user friendly When a gas s contained in a cell and
the (resonant) laser i1s passed through the cell the camera immediately detects the fluorescence
induced The next thing to do 1s to select the area of interest and to start scanning the laser
Compare this with the difficulties met when trying to image an invisible fluorescence signal onto
the entrance sht of 3 monochromator under the correct angles, especially when the laser beam
is focused Though this option does not supply us with detailed spectroscopic information on
the spectral characterization of the fluorescence (as i1s obtained with a monochromator based
setup), fluorescence filtering in front of the camera already teaches us the major decay channels
of the molecule under study An example of a spectrum measured with this function i1s shown in
figure 5 4

TempPlot

The option TempPlol 1s developed to determine two-dimensional temperature distributions
in flames The temperature i1s calculated from the fluorescence intensities of two rotational
transitions in OH (see section 14 3and 2 4) usingeqn 15 The fluorescence fields are measured
two-dimensionally 1n a 512 x 512 matrnix The calculation in eqn 15 has to be carried out for
every single pixel The Stern-Vollmer factors and the energy difference in the ground state AE
are asked for in the MTX program For high speed calculation the images are again transported
to the EMM memory, now in blocks of 8 x 8 pixels Here fast C-routines make the Boltzmann
calculation The result 1s written into the memory and after finishing transported back to the
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frame buffer The total calculation time 1s not more than 2 minutes Though this option looks
sort of trivial, 1t 1s really easier said than done Particularly, handling the small pixel values in a
picture-to-picture division requires some thoughts in advance In section 2 4 some results using
this option are found

7 Supplementarv standard expetimental equipment

The monochrome images delivered by the CCD camera can be stored on a VHS video recorder
The wvideo recorder i1s a very useful way of storing large amounts of information (corresponding
to approximately 20 Mbyte per second), directly Analog storage has to be applied, however,
which results in a loss of information in the images when acquired at a later time The specific
details concerning the problems of data storage on a video recorder are described in ref [31]

Some additional output devices accompany the computer network Processed images are
plotted on a Paint-jet color printer A 4-pen color plotter plots selected spectra The software
controlling the plot and print routines 1s implemented in the MTX 1mage processing program

8 Optical multi-channel analvzer (OMA)

The electronic camera system can be installed behind the monochromator of which the exit
sht has been removed The fluorescence passing the entrance sht of the monochromator is
imaged onto the photocathode of the image intensifier after being dispersed by the grating In
this way a dispersion spectrum is recorded in a single laser shot The complete spectroscopic
information, both in absorption and in emission, 1s now obtained by a single scan of the excitation
laser The resolution 15 determined by the combination of the fringe spacing of the grating, the
width of the entrance slit and the row density at the CCD chip In our setup the resolution of
07 nm s determined by the 100 i:m width of the entrance slit

Calibration of the electronic camera system

Before any measurements can be carried out the performance of the electronic camera system
has to be tested The linearity of the camera system has to be checked and the response of
the camera when a certain amount of photons are incident has to be calibrated The calibration
is performed with a HeNe laser attenuated with grey filters A f = 42 mm lens increases the
diameter of the laser beam to fit the size of the image intensifier In this setup two vanables
can be varied (a) the number of photons incident on the photocathode (b) the gain of the
image intensifier (a) 1s varied by using different grey filters or by varying the gating time of the
ymage intensifier (b) 1s varied by varying the bias voltage of the image intensifier The response
of the camera system as the number of photons i1s varied is shown in figure 2 8a

Here the number of photons 1s varied by using different grey filters We have measured at
three different gain voltages We find a linear relationship between the number of photons and
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the total number of pixel values measured with the camera system In figure 2 8b the gating time
1s varied at a MCP setting of 800 Here we also find a linear correspondence between number of
photons and the sum of the pixel values Note that the image intensifier can not be gated longer
than 500 ns Finally in figure 2 Bc the response of the camera system 1s shown as the gain of
the image intensifier 1s varied Between 700 and 900 the number of pixel values grows more or
less hnearly with the applied MCP voltage Therefore this region is selected for our experiments
As observed 1n figure 2 8c 1t is hardly of any use to turn the camera to the maximum gain as
the MCP saturates at these high amplification factors

To determine the relationship between the pixel value measured by the camera system and the
number of photo-electrons, we measure the power of the HeNe laser with a calibrated photodiode
We measure a power of 2 mW at 632 nm This corresponds to 6 4 x 10!° photons/s With a
2% transmission grey filter and a gating time of 200 ns, the number of photo-electrons generated
is2 x 10% A quantum efficiency of 8% 1s assumed The camera system records 3 x 108 counts
at a MCP setting of 800 This means that with our electronic camera system we are able to
detect single photo-electrons Moreover, the camera is linear in a large range, which makes the
unit surted for quantitative spectroscopy and for 2D imaging

Synchronization and timing
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Figure 29  The tuming diagtam of the experunent
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The main role in the synchronization and timing 1s claimed by the pulse/delay generator

a7



Expenmental setup

The pulse generator determines which apparatus receives a trigger pulse at what given time
This 1s schematically shown in figure 29 and 210 The bars are electronically connected to
the different experimental apparatus with the appropriate time delay The CCD camera (1)
can not be tnggered externally Therefore the complete experiment 1s locked to the internal
synchronization pulses of the video chip The communication between video chip, computer (2)
and RGB monitor (3) 1s accomplished in the Matrox image processing unit, installed in one of
the computer slots The unit can be locked to the internal computer synchromzation or to the
external camera or video synchromization The image processing unit sends the selected sync-
pulse to the RGB monitor Here, the synchronization pulse 1s extracted In this way the internal
video rate camera cycle is available indirectly by the external sync-mode of the Matrox image
processing unit

s Pl

] [=]7

CD E

Figute 210  The pulse/delav generator contiols the neural networh of the

experiment The numbers are eaplamed in the teat

An image on the RGB monitor 1s built up of so-called half-images A half-image 1s displayed
in either the even or the odd rows One cycle (= 20 ms) later the next half-image 1s displayed
in the alternate rows The synchronization pulse of the monitor 1s a complex high-frequency
pulse containing the information and trigger pulses for every row to fill It also contains the
50 Hz trigger pulse for the monitor to start a new half-image at the left-hand upper corner of
the screen This latter trigger pulse is extracted from the high frequency synchronization pulse
by means of a frequency filter (4) The 50 Hz trigger pulse (S m figure 2 9) i1s used to trigger
the pulse/delay generator (5) and determines the reference time Tg for all other trigger pulses
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It 1s now possible to snap images at the same time in every camera cycle This is important
for averaging collected data The Matrox image processing board does not have an option to
average images on board This Is the main reason for developing the timing diagram described
above It takes some time for the computer to transfer an image from the imaging board to the
EMM memory of the computer, where all images are added for averaging A frequency of 50
Hz 15 therefore not realistic The sync-frequency has to be divided This problem is solved by
using a special feature of the pulse/delay generator The pulse generator does not accept a new
trigger pulse before the longest delay time plus 800 us has elapsed This time 1s called T,
(see figure 2 9) We select a relatively long delay time for channel A, sufficient for the computer
to read out the frame buffer of the image processing board The value of 111 ms (= 5 x 20 ms
+ 1 ms, recording every sixth frame) 1s selected for most of the applications With this value the
experiment runs at a repetition rate of slightly more than 8 Hz The computer needs a trigger
to start reading out this frame buffer A separate simple pulse generator (7) triggered by the
Tg pulse, sends a pulse to a data port (COM2) of the computer The software controlling the
imaging board react on this special trigger pulse It turns out that the computer needs time
(several milliseconds) to start taking a snapshot Therefore the computer trigger pulse (pulse
E) has to be given before firing the laser and opening the image intensifier The firng of the
laser (8) 1s controlled by trigger pulse B, delayed 21 ms with respect to Tg Finally the image
intensifier has to be opened and closed at the correct moment We need two delay channels for
this, trigger C 1s delayed with respect to tnigger B (1 e the time delay for the laser to fire after
receving its trigger pulse approx 14 ps) and tnigger D 1s delayed with respect to tngger C
determining the corresponding gating time (30 - 50 ns) The delay times have to be adjusted
some times during an experiment The delay time between trigger B and C i1s the most critical
due to thermal effects All data are collected in either the even rows or the odd rows By
changing the value of Ty, to eg 131 ms (= 6 x 20 ms + 1 ms, recording every seventh
frame), the data will appear in alternating rows

2.2.4 Burner systems

In our experiments we have utilized burners of designs with different fuels with different di
mensions and constructed for different applications They are summarized and discussed briefly
below

1 Regular tvpe buiners

In the laboratory three regular type burners are used First, probably the most common
burner, the Bunsen burner The Bunsen burner burns a premixed methane (or natural gas) /
air mixture The air 1s mixed at the base of the burner When the air supply 1s blocked a sooty
flame burns on the burner head The stoichiometry can be varied only roughly The Bunsen
burner 1s used as a calibration flame, rather than for quantitative spectroscopy because of its
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instability. Second, an oxy-acetylene welding torch, with a rather high combustion temperature
is used. The torch flame is nitric oxide-rich, because of its high temperature. The flame has
a high velocity and is stable when a proper CoHy/O7 mixture is supplied. This burner is used
as a calibration flame when performing NO measurements (chapter 5) and for quantitative NO
spectroscopy (chapter 3). Finally, we have at our disposal a Hy/O; glass welding torch. This
flame is very OH-rich, but the main reason for using this burner is the fact that hydro-carbons are
absent. When utilizing a monochromator in the second order reflection of its grating (because
the grating is not blazed for the ultra-violet wavelength region), the emission of electronically
excited radicals (OH* ,CH*) in the flame dazes the photo-multiplier, unless gated. Extreme care
should be taken when burning hydrogen with oxygen.

2. Adiabatic burner

Figure 2.11 : Laser-induced fluorescence of OH observed from the adiabatic
burner. The OII radicals are distributed in structured layers. The flame is

shown in near blown-ofl conditions.

In cooperation with the Technical University of Eindhoven (TUE), the Netherlands, we have
started experiments on quantitative temperature determinations. A special technical adiabatic
burner is constructed. Theoretical calculations of the temperature distribution in the flame of the
adiabatic burner can be performed. The flame burns at a level of adiabatic energy exchange. The
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flame radiation and energy release to the cooling water are in equilibnium, which makes the flame
reasonably easy to model The burner uses methane as fuel The circular burner head consists of
approximately 2800 pinholes with a diameter of 400 ;:m each The flame 1s computer controlled
Both the stoichiometry and the gas mixture flow velocity are adjustable by computer-controlled
mass flow controllers Just below the burner plate a set of thermo-couples are installed The
thermo-couples check the temperature of the gas mixture before 1t 1s burned on the burner head
If a flat temperature profile i1s found, the flame burns adiabatically With a one-dimensional
lamtnar gas flame model [32], developed at the TUE, the flame temperature 1s calculated, given
certain burner conditions In figure 2 11 the OH distribution in this flame 1s given Note the
flat structure of the different OH concentrations Some results of the experiments performed
with the adiabatic burner are discussed in section 24 More details on the burner are found in

ref [33]
3 Ceramic buiner

We have performed some preliminary experiments in a low NOy ceramic burner, in cooperation
with the Energy Research Centre of the Netherlands (ECN), Petten, the Netherlands At ECN
research 1s done to minimize exhaust of polluting species The use of porous ceramics as a
matenal for the burner plates 1n natural gas burner systems seems to be a solution for this
problem because of the lower combustion temperatures This new type of burner s n principal,
better to adjust if compared to conventional burners and has a much smaller exhaust of polluting
species The burner 1s utilized with a burner plate, made of ceramic foam with a dimension
of approximately 11 cm x 11 cm, which from the bottom side 1s supplied with a premixed
methane/air mixture The gas is burned on the ceramic plate in the open ar Between 100
kW/m?2 and 2000 kW/m? a very low NOy exhaust is achieved The burner act as a radation
burner up to approximately 700 kW/m? At higher powers the burner plate acts a the burner
head, with a flame on top We have focused on the oxygen distributions in the burner

4 Scaled 100 WY coal power plant burner (KIVI)

We have studied a down-scaled power plant burner, burning natural gas and air  The burner
has a power of 100 kW The flame 1s very turbulent and has a length of approximately 2 meters
and a diameter ranging from 20 to 50 cm, depending on the stoichiometry of the gas mixture
Chapter 5 deals with the study of OH and NO distributions in this 100 kW flame

3 Glass welding torches (Phidips)

In cooperation with NV Philips we have made a prelimiary study of the interaction of
flames of glass welding torches, burning natural gas and air, on glass or quartz surfaces An
image 1s shown in figure 212 Here, a quartz rod 1s rotating around 1ts axis and the flame
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Figure 2.12 : Laser-induced fluorescence of OH observed from the flame of a
glass welding torch of Philips. The flame heats a rotating quartz rod.

burns from the bottom side. The flame front is visible, surrounded with a mantle of OH. In
the center photo-dissociated hydro-carbons, which are also fluorescing, are visible. The image is
approximately 3 x 3 cm.

2.3 The molecular spectroscopy of transient combustion species
studied with a tunable ArF and KrF excimer laser

1. Hydroxyl (OH)

The hydroxyl radical plays an important role in the intermediate chemical reactions occurring
during combustion. It is present in large quantities, up to several Torrs in atmospheric flames.
The OH radical is distributed in a large area of the flame, which makes it an interesting molecule
to use for temperature determinations. OH is detected with a tunable KrF laser at 248 nm. An
energy level diagram is shown in figure 2.13.

The radicals are excited from the X2II (v =0) ground state to the first electronically excited
A2g+ (v'=3) state. Different rotational states, ranging from N = 6 to N = 15 with a ground
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OH

R(A)

Figme 213 An energv level diagiam for the hvdioavl 1adical [34] The
X2M and A2S* states are shown The tepulsive quattet states aie also ind-
cated

state energy difference greater than 3000 cm=!

, are excited in the frequency range covered by the
tunable KrF laser The large energy difference allows for an accurate temperature determination,

as discussed in section 14 3

The A28+ (v'=3) state of OH 1s a predissociating state with a predissociation lifetimes of
20 - 200 ps, depending on the rotational quantum number The repulsive states responsible
for the act of predissociation are indicated in figure 2 13 Because many states are involved n
the process of dissociation 1t 1s difficult to calculate the expected lifetime of the v' = 3 state,
not to speak of the rotational level dependence of the predissociation The short lifetime allows
for a quantitative determination of densities and temperatures as already discussed in section
14 In section 2 4 the rotational level dependence of the predissociation will be discussed n
more detall The fast predissociation leads to a large loss in fluorescence Moreover, the 3 « 0
transition has a relatively small Frank-Condon factor The high power of the KrF excimer laser
compensates for the loss in fluorescence The fluorescence 1s emitted to the v'=1 (270 nm),
v'=2 (295 nm) and v"=3 (330 nm) states in the ground state of OH with an intensity ratio of
1 4 1, respectively The off resonance fluorescence causes a high detection efficiency because

53



Experimental setup

of the absence of straylight problems In addition, the fluorescence is emitted to unpopulated
levels in the ground state, eliminating fluorescence trapping.

The hydroxyl radical can be detected also by Raman shifting the KrF excimer laser [25, 20, 35]
The radicals are excited to the A2X+ (v’ = 2) state. This state 1s only shightly predissociated
resulting in a larger quantum efficiency, according to eq 1.4. Especially when only qualtative
data are requested, this option supplies the experimenter with high S/N ratio images The
tunable XeCl excimer laser, exciting the v'=0 « v"=0 transition, can also be used for the
detection of hydroxyl radicals.
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Figure 2.14 : An energy level diagram of the nitric oxide radical. The bottom of
the X211 potential curve is drawn. The electronically excited potential curves

reached by the tunable excimer laser are indicated.
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2. Nitric Oxide (NO)

The visualization of nitric oxide in flames and combustion is important as NO has acidifying
environmental effects. Once at higher altitudes in the atmosphere NO reacts with several chem-
ical species producing acid rain. Nitnc oxide emission should therefore be reduced as largely
as possible NO 1s measured with a tunable ArF excimer laser at 193 nm. An energy level
diagram 1s shown in figure 2 14. Two transitions are easily accessible, one chooses according
to application. The B2l (v'=7) «— X2II (v"=0) transition is preferably excited when NO s
contained 1n sub-atmospheric pressure cells. The electronically excited state has a lifetime of
approximately 500 ns and the fluorescence from this state extends into the 450 nm region When
NO is monitored in a flame the DXt (v'=0) — X2II (v’ =1) 1s preferred The transition 1s
strong with a fluorescence lifetime of approx 20 ns, resulting in a much stronger fluorescence
signal due to a large Stern-Vollmer factor The B « X transition is not observed in a flame due
to 1ts relatively long lifetime The D2\ + (v'=0) level fluorescence is confined to the wavelength
region near 210 nm, mainly emission down to the v'=3 level in the ground state of NO The
spectroscopy of nitric oxide at 193 nm 1s extensively discussed in chapter 3
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Figure 2.15 : The gain profile of the tunable Ail" excuner laser when trans-
mitted through air. The absorptions are due to the Schumann-Runge (4-0)
transition.
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3 Oxvgen (02)

The most inewitable molecule in combustion, oxygen, 1s also monitored with a tunable excimer
laser Both ArF and KrF tunable excimer lasers are used Oxygen has many transitions, the
so-called Schumann-Runge bands, in the deep ultra-violet The bands are discrete, but move
closer and closer together in the wavelength region near 175 nm, where the continuous oxygen
absorption band appear The many absorption bands cause problems when the ArF laser radiation
1s transported through air, for instance In figure 2 15 the gain profile of the ArF laser 1s shown
The B3S; (v'=4) « X3Sg (v"=0) transition causes large absorptions in the gain profile of the
excimer, as discussed in section 22 Vibrationally excited oxygen in flames 1s monitored with
the tunable ArF laser The strongest features observed using this laser are the B3X; (v'=10,11)
— X3Eg (v"=2) transition and the 8313; (v'=14,15,16,17) « Xallg (v"=3) transition The
fluorescence is observed to very high ground state vibrational quantum numbers (up to v =35
in some cases) The fluorescence has an oscillating pattern caused by the vibrational overlap of
the wave functions, the Franck-Condon factors
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Figute 216 A dispersion spectium of osvgen eacited by a tunable A1l ex-
cmer laser at 193 nm The Schumann-Runge (4 0) transition 1s excited

A dispersion spectrum is shown in figure 2 16 The oxygen molecule s also detected with the
tunable KrF excimer laser at 248 nm The B3S] (v'=0,1) — X3S (v"=6) and B3Z; (v'=2)
— XaSg (v'=7) Schumann-Runge band transitions are excited The oxygen molecules are
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vibrationally hot and onginating from molecular reactions rather than thermal heating More
specific details on the spectroscopy of the oxygen molecule can be found in ref [17, 19, 18]
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Figure 217 An excitation spectrum of the unidentified transition of oavy-
gen Oxygen molecules are excited by a sharphy focussed tunable \1F laser at
193 nm

We have observed new features when focusing the tunable ArF excimer laser in air  An
excitation spectrum 1s shown in figure 2 17 These resonances can not be assigned to the
Schumann-Runge band transitions The spectrum is also observed in a cell containing pure
oxygen The fluorescence is very strong and can be observed by eye when the room lights are
dimmed out A white laser beam i1s observed The fluorescence has been observed before by Huo
et al [36] We did not succeed in assigning the observed features, despite the many different
experiments we performed The imited tuning range of the excimer laser complicates a clear
spectroscopic assignment We speculate that the resonances belong to a transition in the quartet
system of the oxygen 1on By focussing the laser beam tightly oxygen ions are formed, either by
direct three-photon ionization or by secondary reactions with reactive species Many transitions
of O3 he within the tuning range of the ArF laser (eg Y — b%T at 51700 cm~! ) The
strong lines in the spectrum of figure 2 17 have a sphitting of 0 9 cm=1 | which 1s also observed in
emission spectra of the ¢ — b transition Little spectroscopic information 1s available, however,
for the high-lying quartet states of the O3 1on The preceding explanation i1s most speculative and
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1s not supported by a constructive experimental evidence An excitation spectrum, measured over
several nanometers (with a dye laser e g ), would help to assign the spectrum discussed above

4 Carbon Monoxide (CO)

Carbon monoxide, though not present in a flame at large quantities, plays an important role
in combustion by its reaction with the hydroxyl radical Carbon monoxide 1s poisonous and
odorless, therefore an originator of many deaths from asphyxiation when emitted by badly tuned
up geysers and stoves Carbon monoxide 1s detected with the tunable ArF excimer laser via its
spin-forbidden a31I (v'=2) - XIE; (v"=0) transition The metastable CO molecules absorb
two additional 193 nm photons to end up in a dissociative continuum to produce metastable C
atoms, which fluoresce at 247 9 nm Chapter 4 of this thesis will deal in greater detail with the
multiphoton laser-induced fluorescence scheme discussed above

Carbon monoxide can also be detected via the two-photon Bl‘_)g — XISE transition at
87000 cm~!  The tunable ArF excimer laser 1s Raman shifted and the second Stokes order
1s used to excite the molecules to the B state A Q-branch with many overlapping rotational
transitions 1s observed S- and O-branch transitions are not observed because of their relatively
weak transition probability [37]

5 Water (H,0)

Water, one of the two major end products of combustion, 1s detected by laser-induced fluo-
rescence with a tunable KrF excimer laser The two-photon C1B; «— X!A| transition 1s excited
Different decay channels exist A large part of the excited water molecules dissociate and form
OH radicals in its first electronically excited AZS+ state, whereafter its fluorescence to the ground
state at 308 nm 1s monitored Many excited water molecules are transported further up in en-
ergy to produce water 1ons Another important decay channel is the ClBl — AIB; bound-free
transition Emussion to the repulsive AlB; state (similar to the excimer energy level diagram)
occurs between 400 and 500 nm The dynamics of the excited C1Bj i1s discussed in detall in ref
[38]

6 Hvdiogen (I1,)

The visualization of the hydrogen molecule shows its importance in numerous applications
associated with aviation and space agencies Hydrogen 1s a fuel for many (future) jet engines
and 1s usually burned in supersonic combustors The two-photon E,F «- X transition in Hyp 15
often used in a (2+1) REMPI expeniment A (2+1) REMPI spectrum s shown in figure 2 18
Here only 10~® Torr of hydrogen gas is contained between the REMPI electrodes The excited
state fluoresces, too, in the near infrared region [39] at approximately 850 nm A red-sensitive
image intensifier has to be replaced by the UV-sensitive image intensifier of the electronic camera
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Figure 218 A (241) REMPI spectium of iy drogen measured with a tunable
ArF excuner laser at 193 um  The I-,‘.FISE (v'=06) «— ,\'IS:E (v©=0) transition
is excited.

system

2.4 Temperature determinations via OH LIPF

When the state distributions of molecules are used as temperature indicators, a suitable molecule
should be selected Nitrogen, since it 1s most abundant in a flame, I1s a good candidate However,
it 1s difficult to excite and 1t hardly fluoresces The nitrogen molecule 1s selected in CARS
thermometry The hydroxyl (OH} radical 1s another good candidate, since it covers a large
region of the flame and 1s reasonably abundant (up to 1 %) for an intermediate species The OH
radical 1s easily monitored in fluorescence When the AZX* (v'=3) — X211 (v =0) transition of
OH 1s excited at 248 nm the fluorescence 1s collision-free which allows, in principle, quantitative
density and temperature measurements The excitation spectrum has numerous lines lymg within
the gain profile of the tunable KrF excimer laser The ground state energy difference of these
rotational lines is large, which implies a good temperature resolution up to 40 K Oxygen seems
to be another good candidate, since 1t has very fast predissociating states, with lifetimes down
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to 2 picoseconds Within the gain profiles of the exaimers the rotational lines of the oxygen
molecule lie too close together, however, for a good temperature resolution The B constant of
the X3Sg state 1s too small to see a difference in the ground state density distnbution at flame
temperatures

We take a closer look at eqn 17 The ratio of the state distributions ny/ng 1s calculated
from the fluorescence intensities F, using eqn 14 Eqgn 17 can now be wnitten the following

T _ E2 - E]
= kin( 2 R2ALER B

St WL (21 41) k2

(21)

with S, the line strength, including Franck-Condon and Honl-London factors and with A,
and P,, the fluorescence and predissociation rates, respectively |, is the laser intensity Here we
assume the absorption cross section to be the same for the two rotational transitions The values
needed ineqn 2 1 are known from spectroscopy A problem arises when dealing with the terms for
the predissociation, because 1t 1s known that it has a rotational level dependence [40] Recently,
Gray and Farrow [41] and Heard et al [42] have investigated this problem experimentally They
indeed found a rotational level dependence, but the values are not in agreement with each
other Gray and Farrow's values are not measured for high rotational quantum numbers and
seem to be non-applicable when using LIF of OH in the KrF excimer laser tuning range We
have also checked the values of the Crosley group in an adiabatic flame on which theoretical
temperature calculations are also performed Up to now we have not yet successfully measured
absolute temperatures quantitatively We did, however, learn the difficulties associated with the
expeniments with a tunable KrF laser and these will be discussed in this section

2.4.1 Required information

1 Spectioscopic information

Applying eqn 21 a hist of spectroscopic information 1s needed Not only the spectroscopy
of the OH radical must be known The oxygen molecule has many rotational lines in the tuning
range of the KrF laser When selecting an OH line for temperature measurements, one has to
be sure that the line 1s free of other OH or Oy excitation lines Of the OH lines selected for
temperature measurements, one has to know the ground state energies These are histed in ref
[43] Furthermore, the ground state quantum number J and the excited state electronic radiative
decay rate A are asked for The Franck-Condon factors and electronic transition moment are
fixed, because we deal with transitions between states with the same quantum number The
Honl-London factors are taken from ref [43] or [38]

Care should be taken in choosing the way of fluorescence filtering When a single line s
excited, a set of P,Q and R lines are observed The fluorescence hnes lie several nanometers
apart, easily resolved by a simple monochromator, due to the large B constant of the OH
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molecule. The fluorescence of different excitation lines lies apart also, because of the difference
in B constants in the 2IT and 2S* states. Normally, broadband fluorescence filtering with
a UG-11 glass filter is applied. Here the fluorescence from 275 to 350 nm is transmitted.
Fluorescence from levels other than v'=3 are transmitted as well. These levels are populated
through vibrational energy transfer (VET) in the electronically excited state. Although only a
very small fraction is transferred the detected fluorescence from these levels is strong, because
of the large Franck-Condon factors, which are typically 2 orders of magnitude larger than for the
v'=3 — v" transition. The fluorescence of the levels populated by VET is quenched, because
of the longer lifetimes of the levels The total fraction of VET-induced fluorescence amounts up
to 20 to 40 %, depending on the type of flame [17]. Narrowband interference filters (5 nm) are
used to select only the v'=3 — v"=2 fluorescence. Then, the detected fluorescence 15 free of
VET, but since this fluorescence is spread over several nanometers, one should be aware of the
fact that some fluorescence is not detected in this setup This of course affects the temperature
measured from the line intensities In our temperature determinations so far we have only used
a 2 mm thick UG-11 filter in front of the camera system.

2. Excitation conditions

It 1s important to check the excitation conditions of the fluorescence observed The fluo-
rescence is proportional to the density in the probed state only when the transition 1s linearly
excited. The intensity of the laser light at different excitation frequencies must be known, as it
is appears in eqn 2.1. We measure our fluorescence data digitally with the camera system. We
automatically normalize our fluorescence intensities by dividing it by the corresponding laser light
intensity. The intensity 1s measured in the following way A part of the laser beam is extracted
by means of a MgF, beam splitter This reflected part i1s passed through a set of grey filters
and is focused onto the surface of a quartz fiber The opposite end of the fiber is placed just
next to the flame under investigation in the field of view of the electronic camera In a single
laser shot, the camera detects both the laser-induced fluorescence of the OH radicals in the
flame and the part of the laser beam transmitted through the fiber With the option Spectrum,
described in section 2 2 3(6), two rectangles are selected and read out when scanning the laser
frequency In this way a normalized excitation spectrum i1s measured. Note, that only the nar-
rowband laser light induces the fluorescence of the single lines observed and that consequently
only the narrowband part of the laser output should be monitored When the laser operates
in the mode using Cassegrain optics, especially on the sides of the tuning range, the output
of the laser contains both broadband and narrowband radiation Therefore, when temperature
measurements are performed the laser must work in the amplified oscillator mode in order to be
able to monitor the laser light intensity correctly.

As mentioned before, the excitation must be linear, i.e the fluorescence must be proportional
to the laser intensity. The product of the absorption cross section o and the laser intensity |
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should be much smaller than unity in this case If not, upper state molecules are pumped down
by stimulated emission  This causes the molecules to be divided among the two states and
saturation of the fluorescence is observed At the 0 0 transition of OH, when increasing the
laser intensity, this i1s very quickly the case (at several ;J’s), because of the high absorption
cross section of the transition For the 3-0 transition the Franck-Condon factor 1s 30000 times
smaller and saturation of the fluorescence intensity 1s observed only at very intense and focused
laser pulses Here, we must bear in mind that this transition has a fast predissociation and most
molecules disappear before they are pumped down by the laser again A large fraction of the
molecules are pumped away from the ground state however, leaving behind a deep hole in the
Boltzmann distribution Collisions in the ground state are fast and the probed level (s repopulated
from neighboring rotational levels during the laser pulse This rotational energy transfer (RET)
increases the number of fluorescence photons, consequently falsifying the experimental results
When the population of the probed level 1s kept at comparable number with respect to the
neighboring levels, refilling of the probed level 1s more or less avoided From ref [41] and [42],
510 10 MW/(:m2cm'1 can be considered to be the upper limit to use when exciting OH in an
atmospheric flame This implies the use of not more than 5 mJ in a normal sheet with a tunable
KrF excimer laser when depletion of the ground state levels 1s to be avoided

2.4.2 Rotational-level dependent predissociation

It was already known for several years that the v'=3 level of OH has a rotational level dependence
of its predissociation Sink et al [40] made theoretical calculations on different vibrations of the
A2S+ state Three repulsive states disturb the bound potential curve of the AZY* state, as
shown in figure 213 Recent measurements by Copeland et al [44] support earlier theoretical
speculations that the predissociation of the higher vibrational levels (v' > 5) 1s dominated by
the #IT state The lower levels (v' < 2) are most likely predissociated due to a mixing with the
repulsive *37 state The predissociation of the v'=3 and 4 levels 1s caused by a combination of
mixing of the bound state and the repulsive states

Very recently, Gray and Farrow [41] measured absolute predissociation rates in the A2V =3
level using linewidths from a Doppler free double-resonance technique in a flow tube Heard et
al [42] made measurements of the relative predissociation rates as a function of rotational level
using LIF excitation scans in low pressure flames Gray et al s experiment gives absolute rates
up to N'=9, Heard et al give relative rates for N'=0 through 14 within the v'=3 level When
the two studies are compared some data points indeed overlap However, large deviations, up
to a factor of three, are found for other data points Such large deviations cause temperature
differences of 3000 K, which are of course out of proportion In the next section we compare
the predissociation rates with our own preliminary results obtained from a calibrated atmosphenc
methane/air flame

The predissociation rates of the OH AZY* (v'=3) level from ref [41] and [42] are given in
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Figute 219  Eacited state piedissodiation rates plotted as a fuuction of 1ota-
tional quantum number N° Left  Data obtawed fiom optical-optical double-
tesonance lmewidth measurements [11] Right  Data obtammed fiom laser-
miduced fluorescence detection m a low-pressure flame [12]

figure 219 Both F; and F3 levels from N'=4 to N'=11 are shown The data from Gray and
Farrow are absolute rates, the relative rates of Heard et al are calibrated by equalizing the values
of N'=4 A discrepancy at N'=6 and 7 complicates a unique assignment of the predissociation
rates We have tried to determine temperatures using either one of these data sets in a calibrated
adiabatic flame using a tunable KrF excimer laser We did not obtain a rehable value for the
flame temperature Gray and Farrow's data are not measured for the higher rotational quantum
numbers, which appear in the KrF laser tuning range Only four lines are selected and this
number 1s too small to determine a temperature with enough accuracy Using Heard et al 's data
set eleven lines are selected However, a proper Boltzmann plot was never measured from these
experiments

The adiabatic flame 1s well calibrated and temperatures are calculated for different stochiome-
tries and gas flow velocities We have measured OH excitation spectraina 0 8 mm x 06 mm
area at about 2 mm above the flame front A temperature of 2000 K * 150 K 15 calculated
using a one-dimensional flame model [32] The line intensities in the excitation spectrum are
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Figure 2 20 Piedissocation 1ates, plotted as a function of 1otational quantum
number N’, obtamed from a calibiated adiabatic flaime using laser induced
predissociatine fluorescence of OH with a tunable Kil eacimer laser

normahized and relative predissociation rates are calculated using eqn 2 1 The rate for radiative
decay 1s fixed The results are shown in figure 220 Eight lines are not included due to too
small hne intensities or due to interfering O) resonances The error in the rates is in the 15 to
20 % range, mostly determined by the maccuracy of the flame temperature calculation The
relative values are given an absolute scale to best match the absolute rates measured by Gray
and Farrow In principal, this expeniment is not different of that of Heard et al The difference
lies in the way of calibrating the flame temperature to start with Our data show an agreement
with the linewidth measurements of Gray et al whereas only little overlap i1s found for the rates
of the SRI group (as expected, because our Boltzmann plots never fitted a temperature) Using
our data set temperatures are determined with an accuracy of 13%

2.4.3 Comparison of predissociation rates

The three different experiments show clearly the rotational-level dependent predissociation pre-
dicted theoretically Also the expected increase with increasing rotational quantum number 1s
observed in all three studies Apart from these crude similanities, large deviations, non-tolerable
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for temperature determinations, are observed As far as our own experiment i1s concerned, some
reasons, already indicated in the previous section, can be given In our expeniment we use an
atmosphenc flame and the fluorescence signal, transmitted through a UG-11 filter, contains
collision-induced VET It 1s not clear what fraction of the fluorescence signal 1s due to VET,
nor 1s it known how these collisional energy transfer processes detoriate the signal observed or
the temperatures determined from them This must be checked in the near future Filtening by
narrowband filters would eliminate the detection of VET, but, as discussed above, care should
be taken in selecting a proper center wavelength of the fiter In addition, problems arise with
polarization effects when single P, Q or R lines are detected in fluorescence In all three experi-
ments the spectral density of the laser is reduced to minimize or exclude depletion of the probed
ground state level At atmospheric pressures the rotational energy transfer in the ground state
of the molecule can become large, but to our knowledge no experimental data are yet available
This also needs more detailed investigations The crucial point in the experiment by Heard et al
1s their flame temperature determination using the 0 «— 0 transition A possible problem in the
experiment by Gray and Farrow lies in complexity of the Voigt profile line shape fitting and n
the extrapolation to zero laser intensity of the homogeneous linewidths from the OODR spectra

We have learned many new aspects of quantitative temperature determinations n flames
using laser-induced predissociative fluorescence At this stage little i1s yet known on vibrational
energy transfer in the electronically excited state and on rotational energy transfer in the ground
state of the molecule Both processes will be studied in more detail for quantitative temperature
determinations at atmospheric pressures
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Frequency calibration in the ArF laser tuning range
using laser-induced fluorescence of NO

Michel Versluis, Maarten Ebben, Marcel Drabbels and J. J. ter Meulen

University of Niymegen, Department of Molecular and Laser Physics
Toernooiveld, NL-6525 ED Nymegen, the Netherlands

A frequency calibration in the tuning range of the ArF excimer laser near 193 nm s performed
Different electronic spectra of nitric oxide are measured by laser-induced fluorescence (LIF)
detection in a cell and In an oxy-acetylene flame Excitation spectra are measured with a
frequency doubled and Raman shifted dye laser system and with a tunable ArF excimer laser
with a modified configuration A list of absolute frequencies of the B*1I(v'=7)} «— X?lI(v"=0)
and D2X+(v'=0) « X?1I(v'=1) transition n this spectral region 1s given, cluding a more
comprehensive assignment of the latter excitation spectrum
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3.1 Introduction

In the past few years there has been a growing interest in the application of tunable excimer
lasers 1n combustion [17, 18, 24] and flow diagnostics [14] Because of its high power, high
repetition rate and high spectral brightness the laser allows for density and temperature field
measurements at atmospheric, or even higher, pressures [1, 47] In addition, new spectroscopic
information on diatomic molecules [18, 20, 21] 1s gathered in the tuning range of the ArF
excimer laser, a frequency region that 1s accessible to conventiona! dye lasers only with a great
effort For spectroscopic reasons the need for a frequency calibration i1s evident This can be
achieved by absorption, fluorescence or ionization in a gas sample contained in a calibration
cell Several stable molecules, ke eg O), Hy, CO or NO, have electronic one- or two-
photon transitions 1n this frequency region Both resonance-enhanced multiphoton iomization
(REMP1) [15] and laser-induced fluorescence (LIF) [39] can be applied as detection techniques
for Hy Five rotational lines of the E,F — X transition lie within the gain profile of the ArF
excimer laser  The B3V (v'—4) state of Oy, reached by excitation in the Schumann-Runge
band, 1s a predissociating state Consequently, the lines are broadened to several wave numbers,
making them less suitable for calibration CO, as Meyjer et al [20] pointed out, i1s well suited for
frequency calibration, because the transitions of this molecule are accurately measured and well
tabulated Typically, 30 mJ of laser output however, 1s required for measurement of LIF of the
forbidden a3li(v'=2) — X 1\ *(v"=0) transition

NO has three different electronic transitions ( AN+ (v'=3) « X21[(v'=0) , D2V*(v'=0)
X2T1(v" =1) , B21I(v'=7) — X21I(v"=0) ) lying within the wavelength region near 193 nm Both
LIF [19] and resonant two-photon tonization (R2PI) [26] can be applied in a cell experiment
Recently, Robie et al [26] measured the R2PI| spectrum of NO for frequency calibration and
determination of the bandwidth of the laser The accuracy of the line positions 1s, however,
imited to + 05 cm™1 because of the alineanty of their frequency scales The assignment 1s
confusing because of the high density of lines in the spectrum The 1onizatron from the A and
D state 1s efficient, but the ground-state levels are not well populated at room temperature
The transitions that can be excited by the ArF laser start from J = 305 for the A — X band
and from a vibrationally excited level for the D — X transition Consequently, the overall 1on
yield 1s low in both cases LIF spectroscopy of these states is difficult for the same reason The
lonization cross section from the B state 1s rather small {48], making laser-induced fluorescence
from this state most preferable in a cell experiment The D « X transition can also be used for
calibration if the NO molecules are measured in a flame The B + X and A «— X transitions are
not observed in the flame experiment, because of quenching of the fluorescence, which 1s due
to the relatively long lifetime of the excited states and the low abundance of NO in the flame
We choose to apply laser-induced fluorescence in the flame experiment For both the B «— X
and D «— X transitions we calibrate the line positions A new assignment of the rotational hnes
belonging to the D « X transition is obtained
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Figuie 3.1  The experimental setup for a fiequency calibration near 193 nm

3.2 Experimental Setup

The calibration cell consists of a stainless steel vacuum chamber equipped with two Suprasil |
windows (diameter 50 mm x 5 mm) A diaphragm and light baffles control the size of the laser
beam and reduce stray light in the cell NO 1s made to flow continuously through the cell The
flow 1s controlled by a needle valve The pressure in the cell is 100 mTorr The fluorescence is
dispersed by a 1/8 m monochromator (Onel 77250, 1200 g/mm) with a maximum resolution
of 1 nm The transmitted photons are measured with a photomultipher (EMI 9863 B 350 AC)
and the signals are time averaged with a boxcar integrator (SRS 250) Light can be detected for
wavelengths above approximately 280 nm, so no interference of resonant laser hight influences
the measurements

Flame spectra were measured in an oxy-acetylene welding torch The laser-induced fluores-
cence of abundant NO s collected from a region 1-2 cm above the flame front by means of
a Suprasil | lens The fluorescence is focused onto the entrance sht of a 0 25-m-focal-length
monochromator (Jobin Yvon M25, 610 g/mm, 1 nm resolution) and 1s detected by a photo-
multipher (EMI 9635 QB) The signals are time averaged with a second boxcar integrator (SRS
250) The flame and the cell spectra are recorded simultaneously on a strip chart recorder

The spectra are recorded by using two laser systems The actual calibration spectra are taken
by Raman shifting a frequency-doubled tunable dye laser The output of a Nd YAG laser (Quantel
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681-10C) 1s doubled to pump a dye laser (Continuum TDL 60) operating on Rhodamine 6G
The dye laser beam 1s frequency doubled in a KDP crystal delivering typically 30 mJ of pulse
energy This UV light 1s then focused with an f = 150 mm Suprasil | lens into a stainless-steel
cell containing 15 bars of hydrogen, generating several Stokes and Anti-Stokes beams The
fourth Anti-Stokes 1s directed to the calibration cell by a Suprasil | prism Less than 50 uJ of
tunable 193 nm radiation 1s used to irradiate the gas sample contamed in the calibration cell A
part of the fundamental dye laser beam s used for [ absorption measurements In this way the
frequency of the VUV laser light is calibrated by using 1odine frequency tables [49] Because we
want to calibrate our spectra to an accuracy of 01 em~! the Hy Raman shift has to be accurate
within 002 cm™!  The value of the Raman shift shows a pressure dependence [50] We adopted
the value of 4155 21 cm~1 | in agreement with the constants given in reference [50] Five lines
of the B «— X transition, three at the blue end and two at the red end of the spectrum, are
measured together with the odine lines

The spectra are also taken with a tunable ArF excimer laser (Lambda Physik EMG 150
MSCT) The laser consists of two discharge cavities In the normal setup one cavity 1s used as
an oscillator In combination with beam-expanding prisms and a diffraction grating, a diaphragm
and a circular aperture of 2 mm diameter in the resonator cavity are used for the generation of
narrowband radiation By tilting the grating and moving its reflection along the aperture the
oscillator, we can tune the frequency of the oscilllator within the gain profile of the laser The
other discharge cavity is used as an amplifier The relatively small oscillator beam 1s expanded
and amplified by means of unstable resonator (or Cassegrain) optics Typically 100 mJ per pulse
tunable narrowband radiation 1s achieved for ArF-optimized excimer lasers The laser 1s tunable
over 200 cm~! with a bandwidth of 04 cm ! The use of unstable resonator optics results in
a beam divergence of less than 0 2 mrad

The amplification stage has some disadvantages, however, for two dimensional fluorescence
imaging and for spectroscopic reasons In the first place the application of Cassegrain optics
results in a circular (diameter 25 mm) intensity dip in the middle of the beam cross section
The spatially inhomogeneous distribution of pulse energy in a laser sheet, produced by cylindrical
lenses, will result in misleading planar fluorescence images Second, the amplifier discharge cavity
equipped with unstable resonator optics 1s a lasing medium on its own, typically delivering 50 mJ
per pulse broadband energy when not injected by narrow-band oscillator radiation If, because
of decreasing oscillator power, the amplifier 1s not completely locked to the oscillator, the laser
output will be a combination of narrowband and broadband radiation making spectroscopy, both
LIF and REMPI, more complicated This artifact occurs on both red and blue ends of the tuning
range and every time the oscillator hits an oxygen absorption line belonging to the Schumann-
Runge B*Xj(v'=4) — X’% (v'=0) band The spectral density of the broadband light s still
01 mJ/em~! | enough to induce a lot of additional (and therefore confusing) fluorescence
Removing the unstable resonator optics and guiding a wide oscillator beam in single pass through
the amplifier discharge tube would eliminate this problem
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Research by Wodtke et al [18] describes insertion of rectangular apertures in the oscillator
resonator of a Lambda Physik EMG 150 EST, where cylindrical fenses expand the osciliator beam
before injection into the amplifier
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Figute 32 A part of the NO DYV — N2 spectrum measured with two

diflerent configurations of the excimer laser  Ihe left eacitation spectrum 1o
O

measured with Cassegramn optics The night spcctium s measured without the

unstable 1esonator optics

We find that removal of the diaphragm and the circular aperture does not influence the
bandwidth of the oscillator By using beam-expanding prisms of 30 mm height, one can generate
an oscillator beam (dimensions 22 mm x 4 mm) delivering 1 mJ per pulse with a bandwidth
of 04 cm=!  This beam 1s then passed through the amplifier discharge cavity yielding at
maximum 40 mJ per pulse tunable narrowband radiation  The tuning range increases up to
300 cm~! In combination with the absence of broadband laser emission this modified set-up
1s more suited for spectroscopic measurements This 1s demonstrated in figure 3 2, where the
same rotational lines of the NO  D?YF(v'=0) « X?lI(v"=1) transition near 51650 cm=1 are
measured with the two different configurations of the ArF laser The left-hand spectrum Is
measured with Cassegrain (unstable resonator) optics, whereas the right-hand one is measured
without the unstable resonator optics Notice that the offset in the left-hand spectrum is due to
excitation of the NO molecules by broadband radiation and therefore it depends on the pulse-
to-pulse fluctuations of the power Moreover, it depends on the fluctuating NO concentration in
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the flame Because the intensity dip originating from the unstable resonator optics 1s no longer
present one can generate laser sheets with a homegeneous energy distribution suited for planar
fluorescence imaging

3.3 Results and Discussion

All spectra in this expeniment are measured without Cassegrain optics A part of the
NO BZII{v =7) « X?TI(v =0) spectrum, measured with the tunable excimer laser, 1s shown in
figure 33
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frequency (cm™)

Figute 33 \ part of the NO  BI(v =7) — \2lI{v =0) spcctium near
51770 (m~1

The hnewidth of 0 38 cm~1 1s determined by the bandwidth of the laser The monochromator
1s set to transmit the fluorescence around 337 nm The monochromator has a resolution of
approximately 15 nm The identification of the rotational lines 1s also indicated in the figure
The sphitting of the R;(30 5) line at 51775 cm~Lis due to the \ doublet splitting in the ground
state The splitting grows linearly with the quantum number J No sphtting 1s observed in the
Fo manifold because 21[3/2 states couple only weakly with the electronically excited T states

The B — X (lower) and the D «— X (upper) excitation spectra are shown in figure 3 4
These spectra are recorded simultaneously durning the frequency scan Notice the absence of the

72



Chapter 3

R 35 295 715 255 25
2 T ' T T T 7 1 T
5 5 08 35 295
Q, 7 T T T T T T T —T
395 375 355
R T T —
35 295 275 256 238 215 195
R, = T T T T T S | m—
15 355 338 s 295 75 %5
0‘ I T T T T 1 T T T T T T
5 355 335
p 2 7

] | ﬂ.ﬁw" o‘ ,’
o ) UV U\JU‘VL"“/ y !V"LJAw"U K‘U\JWUAW

2
L]

__JAJ{ L. M I

T
51800 51700
frequency (em ')

sl

e S

T
51600

Figuie 34 Upper pait  The excitation spectium of the
DS+ (v'=0) « X*MI(x =1) transition of natural abundant nitric oxrde mea
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broadband 'wings’ on the extreme sides of the tuning range Because the lineanties of both the
grating stepper motor and the strip chart recorder are not known, the calibration lines are fitted
to a polynomal function

We find that the horizontal axis i1s inear with the frequency within the present accuracy The
lines of the B «— X transition lying within the tuning range of the ArF laser are tabulated n
Table 31 The observed error of the line positions 1s 0 2 cm~!

For the observation of the NO D?T+(v'=0) « X2[I(v" =1) excitation spectrum the monochro-
mator 15 set to transmut the D(v'=0) — X(v"=3) fluorescence at 208 nm only The monochro-
mator 1s set to the maximum resolution (1 am) in order to prevent detection of O, fluorescence,
which 1s induced 1n the same spectral region All lines are assigned to P,Q and R lines of the
D(v'=0) « X(v"=1) transition and are tabulated in Table 3 2 together with their assignments
and calculated frequencies It must be noted that reference [19] contains some misassigned lines
The calculation 1s performed in the following way The energy values of the D(v =0) state are
given by the usual expression

F(N) = Ilo+ BN +1)—1)‘\2(\+1)2+1)~\ (31)
Iy(\V) = TU+13\(\+1)—D\2(\+1)2—1)~(\+1) (32)

where Tg, B and D are taken from reference [51] and [52] The ground state energy values
in the v"=1 are taken from reference [53] The \-doublet splitting 1s ignored Frequencies are
calculated by subtracting the energy values of both electronic states The agreement between
measured and calculated lines 1s good within the indicated error (02 cm™! ) Some lines are
overlapping, which makes 1t difficult to determine the exact center of the line position

3.4 Summary

We have performed a frequency calibration in the tuning range of the ArF excimer laser near
193 nm A hst of absolute frequencies of the B21I(v'=7) « X*II(v"=0) and the

D?EH+(v'=0) « X?1I(v"=1) transitions in NO 1s given Both electronic transitions can be used
as a calibration in this spectral region Whether a cell or a flame experiment 1s used depends on
the application
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Observed  Transition
Frequency
1 518497 R;(285)
2 518478 P(255)
3 518396 Rp(265)
4 518356 Py(235)
5 518132 Ry(295)
6 518109 Py(265)
7 518052 Ryp(275)
8 518010 Py(245)
9 517747 Ry(305)
10 517727 Py(275)
11 517691 Ryp(285)
12 517652  Py(255)
13 517348 Ry(315)
14 517330 P;(285)
15 517316 Ry(295)
16 517276  Py(26 5)
17 516920 P(295)
18 516892 Py(275)
19 516498 P1(305)
20 516487 Py(285)

Table 31 P and R hnes of the BTl (V'=7)— \4TI (+"=0) transition of NO
observed withm the tumng range of the \F laser (in cmi=!') The numbers
correspond to the labeled hnes mn figuie 38 The observed etror 1s 02 ¢n !

The notation 1« Ny (J7)
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Frequency calibration of the ArF laser

Table 3 2 (neat pagc)  Absolute ficquencies of the D?XY — \21I transtion
of NO obsetved in the tuning range of thc \iF excuner laser (in cm™!)

a notation A" (]")
b not obseived because of absence of laser action due to an intra cavitv ('

atom abhsoiption
¢ not calculated because eneigv levels m 1ef [53] are not calculated for such

high J values
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Table 3 2

Observed Transition®)  Calculated
Frequency Frequency |
518195 R1(315) 518197

8195 Q(38 5) 8196
8195  Q(375) 8189
8151  Ry(325) 8150
7968  Ry(305) 7970
796 8 Q1(36 5) 796 3
517953  Qy(375) 794 9
not obs ) Ro(315) 7900
517751  Ry(295) 7750
7751 Qy(355) 7744
7710 Q»(36 5) 7708
7660  Ry(305) 765 6
7535  R(285) 7536
7535  Q(345) 7531
7478 Qy(355) 7474
7419 R2(29 5) 7418
7325 R1(275) 7328
7325 Qi(335) 7324
7251 Qy(345) 724 5
7188 Ry(285) 7186
7125  Ry(26 5) 7127
7125 Q((325) 7124
7125 P(395) 517120
709 3 P>(405) not calc )
7025 Q2(33 5) 51702 2
6962  Ry(275) 696 0
6928  Ry(255) 693 3
6928  Qi(315) 693 0
6928  Py(385) 516921
687 4 P5(395) not calc !
516807  Qy(325) 516805

77



Frequency calibration of the

ArF laser

Observed Transition ®  Calculated
Frequency Frequency
516743  Ry(245) 516744
6743  Q1(305) 674 3
674 3 R2(26 5) 674 0
6730  P(375) 6728
665 8 P,(385) 665 7
659 6 Q,(315) 659 5
656 2 R1(235) 656 3
656 2 Q1(29 5) 656 2
654 2 P1(36 5) 654 1
652 6 R,(25 5) 652 6
644 8 P»(37 5) 644 9
638 9 Q2(30 5) 6390
6389 R1(22 5) 638 7
6389 Q1(285) 6387
636 0 P1(355) 6361
6316  Ry(245) 6317
624 6 P2(36 5) 624 7
6216 Q,(27 5) 6219
6216 R1(215) 6218
6189  Qy(295) 619 1
6189 P1(345) 6187
6114  Ry(235) 6115
6053  Qq(265) 605 7
605 3 R1(205) 6056
605 3 P»(35 5) 6051
6019 P1(335) 6019
599 6 Q,(28 5) 599 8
5917 Ry(225) 5919
5895 Q1(255) 590 2
589 5 R1(19 5) 5900
51585 3 P1(32 5) 51585 8

Table 3 2 (contmued)
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Chapter 4

Intra-cavity C atom absorption in the ArF laser
tuning range

Michel Versluis and Gerard Meijer

University of Nymegen, Department of Molecular and Laser Physics
Toernooiveld, NL-6525 ED Niymegen, the Netherlands

Our tunable ArF excimer laser has no laser action in a region around 51790 cm~! due to an
intra-cavity 31P «— 21D C atom absorption This has a direct consequence for the interpretation
of the photodissociation processes in CO at 193 nm
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Intra-cavity C atom absorption

The photodissociation of carbon monoxide at 193 nm has received great experimental in-
terest in recent years [54, 55, 56, 57, 58, 20]. The resonant excitation of the spin-forbidden
a31I(v'=2) « XIT*(v"=0) transition of CO by the ArF excimer laser at 193 nm, followed by
absorption of at least two additional 193 nm photons, leads to the dissociative production of
C(3P) atoms, which fluoresce at 247 9 nm to the C(2!S) state. This is schematically ind-
cated in figure 4.1 There are two possible dissociation channels leading to the production of
31P carbon atoms : (a) by a one-photon dissociation of the a3ll state, forming atomic car-
bon C(2!D), followed by the resonant excitation to the C(3!P) state at 193 1 nm or (b) by a
two-photon dissociation of the a’ll state whereafter C(3!P) atoms are directly formed. Many
studies [54, 55, 56, 58] follow the pathway according to case (a), where the coincident overlap of
the atomic carbon transition with the ArF gain profile is needed to produce 3!P carbon atoms.

dissociative
continuum

193 nm

CcO

Figure 4.1 : The photodissociation process of carbon monoxide.

In this note we want to draw the reader’s attention to the possible occurrence of an intra-
cavity absorption in the discharge cawity of the ArF excimer laser at exactly the C- 31P — 21D
transition frequency. In our tunable ArF excimer laser (Lambda Physik EMG 150 MSCT) an
intra-cavity absorption prevents laser action around 51790 cm~1  The absorption line is as broad
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as 2510 10 cm™1 , depending on the quality of the laser filing Lasing could never be achieved
at the center frequency By calibrating the laser against NO [59], the center frequency of the
absorption was determined to be 51789 2 + 02 cm~1  The absorption 1s located near two well
known oxygen resonances (O B3N7(v'=4) — X3‘jg(v":0) P(15) and R(17) at 51783 6 and
51788 3 cm~1 [60], respectively), and has previously been confused with these The absorption
1s clearly seen only when the oscillator output is monitored directly, e g when the laser 1s used
in the so-called amphfied oscillator mode In this mode the unstable resonator optics of the
amplifier are removed and the oscillator beam s directed in a single pass through the amplifier
cavity [59] When the laser is used in the standard mode the cessation of laser action in the
oscillator does not appear in the total output energy of the laser, because the amplfier itself
delivers 50 mJ of broadband energy when not injected by sufficient oscillator power in the
amplified oscillator mode the power drops to zero when no oscillator power 1s available

We believe that the absorption is due to the strong 3!P — 21D transition of the meta-stable
carbon atom at 51789 18 cm~1  This absorption line has been reported before under near lasing
conditions of a broadband ArF excimer laser [61] The 3'P «— 2!D transition 15 one of the
strongest C atom transitions, with a transition probability of 37 x 108 5! [62] Several ppb of
meta-stable 1D carbon atoms in the discharge cavity are therefore enough to defeat laser action
at this frequency

The output power of the tunable ArF excimer laser (bandwidth 0 4 cm~! ) near the C atom
absorption line 1s shown in the upper part of figure 4 2 For this the beam path to the detector
and the intra- and extra-cavity components of the laser are flushed with nitrogen to decrease
the intensity of the oxygen absorption lines The C atom absorption is clearly seen in the figure
The O, B3Y;(v'=4) — X3EIE(V"=0) P(15) and R(17) transitions are indicated in the upper
part of the figure This plot 1s taken with a fresh gas filing  After 3 x 10% laser shots at
10 Hz the absorption line appears much broader as i1s seen in the lower part of figure 42 The
carbon atoms may be formed in the discharge from impurities in the filling gas or from other
materials in the discharge tube The filling gas 1s composed of 90% Helium (gas purnity 99 99%),
which contains several ppm of CO, CO; and hydro-carbons In the discharge these molecules
can dissociate to produce C(21D) atoms which give rise to the absorption line Contamination
by oll, originating from the rotary pump used to evacuate the laser tubes, may be an additional
source of the meta-stable C atoms

Although not always recognized as such, the strong C atom absorption is reflected in excita-
tion spectra measured with the tunable excimer laser [20, 21] It should be explicitly noted that
resonant 31P — 21D excitation of meta-stable C(2'D) atoms 1s not possible with our tunable
excimer laser, since there are no ArF laser photons available at the transition frequency
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Figure 4.2 - Upper : The output power of the tunable ArF laser near

51790 em™1 with a fresh gas fillmg  The stiongest absorption. due to the
carbon atom 3 P~ 211 transition. has a linewidth of 26 cn=! . The calcu-
lated line profile of the 0. BTSG (v'=1) — .\""SE (v7=0) P(13) and R(I7)
absorption lines are indicated i the upper part of the fisure  The hnewidth
of 3.9 em= 1 i< determmed by the predissociation Ifetime of the li"l]; {v'=d)

1

state. TLe Iimewidth of the Ark laser is 0 L em™ Lower  The output power

after 3 x 10! laser shots The absorption newidth has mcreased to 8.2 em=1

due to an increased number of carbon atoms
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Laser-induced fluorescence imaging in a 100 kW

natural gas flame

Michel Versluis, Maarten Boogaarts, Robert Klein-Douwel, J. J. ter Meulen,
W. Leo Meerts and Gerard Meijer

University of Niymegen, Department of Molecular and Laser Physics
Toernoowveld, NL-6525 ED Niymegen, the Netherlands

Bert Thus, Wiggert de Jongh and Ad Braam

KEMA, Department of Applied Physics
Utrechtseweg 310, NL-6812 AR Arnhem, the Netherlands

A tunable excimer laser at 248 nm (KrF) and 193 nm (ArF) has been used to monitor two-
dimensional OH and NO distributions in the turbulent flame of a 100 kW natural gas burner
Spatially resolved fluorescence (spatial resolution better than 10 mm) from a 20 ecm x 20 cm
area s collected under single shot conditions We describe the problems encountered when laser-
induced fluorescence imaging techniques are applied to large scale flames Special experimental
arrangements, imposed by the turbulent behavior of the flame we used, are also described
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LIF imaging in a 100 kW flame

5.1 Introduction

During the last three decades the reduction of pollutants in combustion processes has received
great interest [63] Different diagnostic methods, e g emission spectroscopy [2] and the line-
reversal method [3], have been applied in order to characterize temperatures of flames and
densities of combustion species About 15 years ago laser diagnostics entered the field of com-
bustion with techniques as Laser-Induced Fluorescence (LIF) [7] and Coherent Anti-Stokes Ra-
man Scattering (CARS) [7] Recently other non-linear techniques such as degenerate four-wave
mixng [64, 65] have been added to this st Rayleigh scattering [66] and spontaneous Raman
scattering in combination with LIF [6] are promising spectroscopic tools for flame diagnostics So
far, most techniques have been well experimented on at laboratory scale flames Less experience
has been obtained with the application of these techniques to larger scale flames, as for instance
to flames in utihity boilers of power plants

In the Netherlands all power plants together are responsible for 15% of the total NO, release
in the Dutch atmosphere [67] The combustion process in a utility boiler of a power plant, and its
almost inevitable exhaust of nitnic and sulfuric oxides, 1s mainly determined by the charactenstics
of the flames, such as temperature, species concentration distributions and local stoichiometry
The visualization of nitric oxide formation n the combustion process 1s of utmost importance for
determining the optimum condition of the burner parameters, such as swirl and stoichiometry in
order to develop a better, that is to say a cleaner, low NOx-burner [68]

Laser-Induced (Predissociative) Fluorescence (LI(P)F) is one of the most sensitive diagnostics
techniques used in combustion, as has been demonstrated by various groups [17, 69, 24, 70,
71] The detection of laser-induced predissociative fluorescence of OH [17] has an important
advantage over detection of 'normal’ LIF of OH, because of its lack of collisional quenching
at atmospheric pressures When saturation of the electronic transition 1s avoided [41], LIPF
gives the possibility of measuring quantitative densities and temperatures, even in large two
dimensional areas When OH is excited to the A2L¥(v'=3) state with a tunable KrF excimer
laser at 248 nm, the off-resonant fluorescence to unoccupied states 1s monitored, so there are
no problems of fluorescence reabsorption [17] The excimer lasers can work at a repetition rate
of 50 Hz and the imaging of fluorescence with highly sensitive UV cameras with gated image
intensifiers yield the opportunity to perform on-line measurements, e g changes of the burner
configuration or of the burner conditions on the NO distribution are directly observed on the
videa monitor

In this article we present two-dimensional laser-induced fluorescence measurements in a 100
kW natural gas flame We have succesfully monitored the OH and NO distributions in a large
area with a tunable excimer laser operating on KrF and ArF, respectively, in a single laser pulse
This article describes, from an application-oriented point of view, the problems encountered when
laser-induced fluorescence imaging techniques are applied to large scale flames The complicated
expenmental conditions, among others caused by the turbulent behavior of the flame we used,
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Figute 31 The eapetumental setup Sce text for further details
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forced us to improvise and to improve our expenmental apparatus These special arrangements
are also descrbed

5.2 Experimental Setup

The expenimental setup 1s schematically given in fig 51 The different parts will be discussed
below

5.2.1 100 kW burner

A photograph of the burner is shown in figure 52 The burnerisa 1 100 down scaled model
of a 10 MW burner used in natural gas fired utility boillers The burner burns horizontally and 1s
located 1n a furnace supplied with a chimney The walls of the furnace are isolated with aluminum
oxide The internal dimensions of the furnace are 07 x 07 x 20 meters All expeniments are
done with a stretched natural gas flame The flame has a typical diameter of 25 ¢cm and its
length 1s approximately 1 5 meters The natural gas 1s composed of about 80% methane and
14% nitrogen, the remaining 6% consists of higher hydrocarbons, and also contains aromatic
hydrocarbons like toluene and benzene [72]

The natural gas i1s injected in the primary combustion air flow via six small pipes, which
have an effective opening of 4 mm?
combustion [73] The swirl of both air flows is adjustable in order to change the flame shape

each A secondary air flow i1s added to create a staged

and to create an internal recirculation zone in the furnace We have measured at different
stochiometnies' ranging from 09 to 15 The diameter of the flame is varied from 15 to 50 cm
Depending on the stoichiometry, soot is formed in the flame We tried to avoid soot formation
in the detection region and adjusted the swirl and air supply accordingly The furnace has
optical access via quartz windows There are two Suprasil | windows, a 100 mm diameter laser
entrance window and a 200 mm x 200 mm laser exit window A 200 mm x 200 mm air-cooled
Dynasil window on top of the furnace is used to transmit laser-induced fluorescence All windows
are 3 mm thick The windows have to be cleaned with alcohol after several hours of operation
because of deposition of aluminum oxides from the inside All windows heat up within 15 minutes
of burner operation and start to radiate strongly The detection window 1s cooled with arr to
prevent heating of the electronic camera system

5.2.2 Laser system

A tunable excimer laser (Lambda Physik EMG 150 MSCT) 1s used to resonantly excite hydroxyl
and nitric oxide radicals  The laser i1s operated on KrF (248 nm) for the OH measurements

The stoichiometry is defined as the ratio of the actual oxygen concentration in the unburned mixture to the
oxygen concentration at the stochiometric point 1 e for complete combustion of the fuel to CO9 and HyO [74]
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Figure 5.2 : Photograph of the natural gas flame. The natural gas is burned

with air. The flame has a diameter of approximately 30 ¢ and a length
of 1.5 m. The burner is located in a furnace with optical access via quartz

windows. The laser exit window is visible behind the flame

and on ArF (193 nm) for the NO measurements. The laser is grating-tunable over about
200 cm~! within the gain profiles of the lasing transition of both exciplexes. The bandwidth of
the laser is 0.4 cm=1 for KrF and 0.7 cm~! for ArF. The laser is sometimes used in a modified
setup without unstable resonator (or Cassegrain) optics to remove the fluorescence from species
excited by the broadband background radiation of the laser [59]. However, often we need the
full power of the laser and use Cassegrain optics in the amplifier. The output energy of the laser
with unstable resonator optics is 250 mJ for KrF and 100 mJ for ArF. Tuning of the laser is
performed by a stepper motor attached to a micrometer screw on the grating. To image a large
part of the flame the rectangular laser output beam (25 mm x 5 mm, divergence < 0.2 mrad)
is transformed into a laser sheet of approximately 20 cm wide using a combination of spherical
and cylindrical lenses. The thickness of the sheet depends on the imaging technique and the
molecule under investigation (500 y/m for OH and 5 mm for NO)
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5.2.3 Calibration flame

For calibration of the excitation wavelength, 10% of the laser beam ts deflected by means of
a MgF, beam splitter and directed into a small flame, where the excitation spectra of the
species under investigation are recorded simultaneously A monochromator-based system dis-
perses the fluorescence and serves as a narrow-band filter The monochromator (Jobin Yvon
M25, 610 g/mm, resolution 1 nm) makes an unambiguous molecular assignment of the combus-
tion species possible via detection of vibrationally resolved fluorescence [17] A Bunsen burner
(methane and air) 1s used as a calibration flame for the OH expenments, while an oxyacetylene
welding torch 1s applied for the NO measurements The laser passes through the flame approx-
imately 2 ¢cm above the flame front in both cases The fluorescence of the specific molecules
1s collected with a f = 100 mm Suprasil | lens The monochromator was set to transmit the
OH A2u*(v'=3) - X21I(v" =2) off-resonant fluorescence at 295 nm in the OH expenment [17]
and the NO D2V *(v'=0) — X2[I(v" =3) off-resonant fluorescence at 208 nm in the NO exper-
iment [19] The transmitted photons are detected by a photomultiplier (EMI 9863 QB) and the
signal 1s time averaged with a boxcar integrator with a gate width of approximately 50 ns The
averaged output of the integrator 1s recorded on a stnp chart recorder

5.2.4 Detection system

The fluorescence emitted in the direction of the top of the furnace 1s collected with either an
f = 105 mm UV-transparent objective (Nikon, UV-Nikkor, f/4 5) or a 4" diameter f = 100 mm
UV-graded fused silica lens The fluorescence is focused on the photocathode of a gated image
intensifier Gating 1s performed with a modular gating unit suited for gating times down to
5 ns Qur gating time 1s typically 50 ns The distance from the flame to the image intensifier 1s
adjustable between 1 10 and 1 60 m A CCD camera (Theta Electronic Systems) working in the
European video rate mode (50 Hz) 1s attached to the phosphor screen of the image intensifier via
a fiber optic taper The video signal 1s digitized in a frame grabber (Matrox PIP-1024) installed
in an IBM-compatible personal computer, equipped with an Intel 80386 microprocessor Data
processing and data acquisition i1s accomplished by home-written software The video signal 1s
simultaneously recorded on a VHS video recorder |Images are displayed on-line in a false color
representation on a RGB color monitor Processed images can be plotted on a color printer

(HP-Paintjet)

5.2.5 Triggering

The CCD-camera 1s a free running unit which can not be triggered externally Therefore we
choose the camera to tngger the experiment The imaging board can be externally triggered
by the synchromzation pulse delivered by the camera The output sync pulse of the board,
attached also to the RGB monitor, is a 15 kHz pulse with a 'restart’ pulse every 20 ms The
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latter pulse forces the monitor to start at the left-hand upper corner of the screen for a new
image This 50 Hz pulse s filtered from the 15 kHz sync pulse of the image processing board
by means of a 500 Hz low-pass filter The output of the filter 1s used to trnigger a pulse/delay
generator (SRS DG535) The pulse generator down converts the repetition rate to 10 Hz, a
rate for optimum performance of the excimer laser The output signals of the pulse generator
are set to trigger the laser, the gating unit of the image intensifier and a senal port (RS-232)
in the computer, which activates the software to process images for averaging and recording of
spectra This configuration allows to take synchronized snapshots from the camera’

5.3 Results

5.3.1 Small scale burner experiments

The results of the measurements in the 100 kW flame are better understood if compared to the
results from smaller flames Therefore we started our studies with 248 nm and 193 nm radiation
in a Bunsen burner burning natural gas with air The laser-induced fluorescence 1s monitored
with the Nikon objective in front of the above described camera system Bandpass filters are
placed in front of the objective A laser sheet of 200 ;m thickness and 25 mm height 1s used for
these measurements

OH

Hydroxyl radicals (OH) are excited in a flame by inducing the AZS+(v'=3) — X2II(v’=0)
transition at 248 nm with a tunable KrF excimer laser [17] The off-resonant fluorescence from
the excited state to, predominantly, the v'=2 in the ground state near 295 nm is monitored
Rayleigh and Mie scattered laser light 1s filtered with a 2 mm thick Schott UG-11 glass filter If
a sheet of a tunable KrF laser passes through a Bunsen burner several laser-induced processes
occur as indicated in figure 5 3

First, if the KrF laser 1s tuned to an OH resonance, fluorescence 1s induced on the outer
sides of the flame In addition, we observe the fluorescence of, so far, unidentified radicals
produced shortly beyond the flame front This fluorescence is not resonant with respect to the
excitation laser wavelength and it is always present in the images Furthermore, photodissociation
of (aromatic) hydrocarbons, present in the natural gas, i1s detected via the fluorescence of the
dissoctation products This fluorescence i1s located below the flame front where the gas has
not burned yet Between the radicals produced on the flame front and the OH radicals in the
flame, a region without fluorescence is present This fluorescence pattern, from the burner head,
where we have unburned fuel, to the location where the combustion 1s completed, 1s seen back

?Due to the synchronization the frame transfer beat images have now also disappeared
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OH flame front

|

hydrocarbons read-out area

Figure 5.3 : A two dimensional KrF laser-induced fluorescence image from
a Bunsen burner. The laser is tuned to the Po(8) resonance line of the
OH: AZE+(\":.‘3) — A\'2ﬂ(\'":{)) transition. Due to a hole in the beam pro-
file of the KrI laser. less fluorescence is observed in the middle of the image.

Further details are discussed in the text.

in every natural gas combustion process. Due to a hole in the beam profile of the KrF laser, less
fluorescence is observed in the middle of the image.

With our software a rectangular area can be selected in the viewing region of the camera.
The computer adds up all grey values within this specific region, and the sum value, if wanted
averaged over several pictures, is plotted on the computer monitor or on a plotter. The laser
can be tuned within its gain profile and an excitation spectrum of a molecule that is spatially
separated from other molecules in the flame can be recorded this way. This is demonstrated in
figure 5.4 where the intensity in the white rectangle indicated in figure 5.3 is measured as the
laser is scanned. All lines can be assigned to the well-known OH transitions [17]. Laser-induced
fluorescence of Op(v"=6) [17] is also seen in the figure, since vibrationally hot oxygen is located
at the same position in the flame. This option turned out to be important to recognize which
species fluoresce in more complex flame types. Two dimensional pictures of OH excited from
different rotational energy levels in the ground state can be processed to give a two dimensional
temperature profile of the flame. For a quantitative interpretation of absolute temperature mea-
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surements one should be aware of inherent difficulties, such as the variation of the predissociation
lifetime with rotational quantum number [40] In addition, the depletion of the ground state
level population might complicate a quantitative analysis The refilling through collisions of the
probed level from neighboring levels during the laser pulse causes an undesired enhancement
of the fluorescence signal Saturation of the electronic transition should therefore be avoided
Calibration measurements, using recently measured absolute predissociation Iifetimes of the ex-
cited rotational states of OH [41, 42], are in progress to determine the absolute temperature
distnibutions

NO

The NO molecules are detected in a flame by exciting the D2S*(v'=0) «— X21[(v" =1) trans:-
tion at 193 nm with a tunable ArF excimer laser [59, 19] Off-resonant fluorescence from the
excited state to the v'=2,3,4 in the ground state near 210 nm 1s momtored Rayleigh and Mie
scattered laser light 1s filtered with a highly reflective 193 nm/0° ArF laser mirror, transmitting
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Figure 5.5 : A two dimensional Ar[l laser-induced fluorescence image from a
Bunsen burner. The laser is tuned to the R;(26.5) and Q(32.5) resonance line
of the NO: DSt (v'=0) « X*Il(v"=1) transition. Nitric oxide is distributed

homogeneously on both sides of the flame front.

A > 210 nm. The non-resonant excitation of radicals on the flame front is more intense than
the NO fluorescence. This can be seen in figure 5.5. The burner conditions are altered with
respect to the OH measurements. The NO is distributed homogeneously on both sides of the
flame front. The D «— X transition of NO is saturated if the full power of the ArF laser is used to
excite the molecules. The sheet can therefore be widened to excite more molecules, and hence,
to increase the signal level.

5.3.2 100 kW burner experiments

OH

In the left-hand side of figure 5.6 a single laser shot image is shown when the laser is tuned to
the P5(8) resonance line of the OH: AZV*(v'=3) « X2II(v"=0) transition. A laser sheet of
500 pm thickness and 20 cm width is used. The energy of the KrF laser is 100 mJ per pulse,
leading to an excitation condition near saturation. The OH radicals are distributed in a narrow
line along the flame front. The fluorescence is collected from a region as big as 16 cm x 14 cm
at about 8 cm from the burner head. Most prominent, however, is the broadband non-resonant
fluorescence of the photodissociated hydrocarbons under the flame front as seen before in the
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Figure 5.6 : The OIl distribution in the 100 kW flame. Left-hand image on
the Py(8) resonance, right-hand image ofl resonance. The O radicals are

distributed along a small line around the flame. No special filtering is applied
o (o]

to remove the broadband fluorescence of the hydrocarbons
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Bunsen burner It will be possible to suppress this emission light to a great extent by applying
special fluorescence filtering  The nght-hand side of figure 5 6 shows a single laser shot spatial
distribution while the laser 1s tuned off the OH resonance The photodissociated hydrocarbon
fluorescence remains, while the shim line along the flame front disappears It 1s important to use
a high-quality objective in front of the camera to detect the spatially confined OH fluorescence
Using normal lenses the image s blurred and dominated by the emission of the hydrocarbons
The flame i1s extremely turbulent The OH contour can, however, be followed all around the
flame at every laser shot The signal-to-noise ratio for OH detection in a single-shot image s
approximately 40 Temperature fields can not be measured under such turbulent conditions,
unless one has access to two laser systems and two camera systems Even then only moderate
information is gained on the temperature distribution in such flames, since only a small area 1s
covered by the OH molecules

NO

The OH signals were strong and easily measured compared with our work in this burner concerning
nitnic oxide field distributions  We encountered problems due to absorption of the 193 nm
laser radiation The total integrated absorption of the flame and its surroundings amounts up
to 70 percent In air oxygen strongly absorbs due to the Oy B3Y;(v'—4) — X3Sg(v"=0)
transition [75] , which gives rise to reduced laser action at five frequencies in the tuning range of
the ArF laser The O absorption lines are broadened due to predissociation of the vibrational
levels in the 833,_‘, state The problem of absorption can be solved by flushing the laser beam
path with nitrogen A more serious problem is the absorption of laser radiation in and around the
flame and successive disturbing fluorescence due to O) resonances starting from the vibrational
levels v’ =2 and 3 in the X3Sg ground state [18, 75] The hot surroundings of the flame contain
vibrationally excited ground state oxygen molecules, especially when the flame 1s situated in a
closed environment From the 50 transitions in NO in the tuning range of the ArF laser the
R1(26 5) and Q(325), which lie both at a frequency of 51712 5 cm~! [59], can be excited
having the smallest effect of the O) resonances The transition frequencies and absorption
intensities of the vibrationally hot oxygen resonances in the tuning range of the ArF excimer
laser have been carefully examined by Lee ¢t «/ [76] The two aforementioned resonances of
NO are the resonances we use to measure the NO distribution 1n the 100 kW flame The use
of a 4" diameter fused silica lens turned out to be essential to collect enough photons onto the
photocathode of our camera system As a result of this we could increase the thickness of our
laser sheet to approximately 5 mm without loosing our spatial information  With high power
densities the fluorescence s saturated, more molecules (in a bigger volume due to a thicker sheet)
simply increase the signal level The energy of the ArF laser 1s 10 mJ per pulse The excitation
condition for the fluorescence 1s therefore linear Excitation spectra measured with our special
software option described in section 531 turned out to be essential too to find the location of
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highest NO concentration in the flame. Several areas within the viewing region of the camera
were scanned for NO presence. The use of the calibration flame, to check whether the laser is
on a NO resonance, was very important because of the enormous additional fluorescence from

05(v"=2,3) in and around the 100 kW flame.

Figure 5.7 : The NO distribution in the 100 kW flame. The laser is tuned to
the R;(26.5) and Q(32.5) resonance line of the D « X transition. The image
is averaged over 100 laser shots. The absorption of the laser radiation (from
the bottom to the top) is clearly seen in the figure.

A typical NO field distribution is shown in figure 5.7. The image is averaged over 100 laser
shots. The fluorescence is collected from a region as big as 16 x 14 c¢cm at about 7 cm from
the burner head. The absorption of laser radiation is clearly seen in the figure. The image is not
corrected for this absorption, since it is almost impossible to determine the exact laser fluence at a
given point in the flame. Single shot NO distributions are obtained too. Again the distribution is
extremely turbulent. The signal-to-noise ratio for NO detection in a single shot image is 15. The
Kolmogorov microscale of turbulence for this flame is calculated to be 400 ym [77]. Therefore,
with a sheet thickness of 5 mm, the single shot images have lost their structural information
concerning the smallest turbulent eddies in the flame. The results give only a qualitative view
of the turbulences associated with this flame. From the number of photo-electrons a rough
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estimate indicates a NO concentration in the 100 ppm range [29], in accordance with what 1s
expected for these type of furnaces We have changed the stoichiometry of the flame, which
is known to lead to a varnation of NO production, while simultaneously monitoring the on-line
NO fluorescence in the flame and the NOx emission in the chimney with a probe We find a
qualitative correlation between the probe data and the NO fluorescence data Less NO in the
flame corresponds to a smaller amount of NOy emission in the chimney As a first result of
our experiments the design of the burner has been improved The flame appears more stable
and produces a remarkable smaller amount of NOy, as was checked with the probe To venfy
this, however, one would need quantitative NO concentration fields, requiring also instantaneous
temperature fields, for the different burner designs and correlated exhaust data, which lie beyond
our present experimental possibilities

5.4 Summary

We have applied the technique of laser-induced fluorescence in a relatively large natural gas
flame Density field distributions of OH and NO have been measured An attempt to measure
temperature fields was unsuccessful due to the turbulent behavior of the flame and due to the
small area in which the OH molezules are produced More general, the OH and NO images
show directly that care has to be taken with the interpretation of any type of temperature
measurements due to the extreme turbulent character of the flame
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Degenerate four-wave mixing with a tunable excimer
laser to detect combustion gases

Michel Versluis and Gerard Meijer

Unwversity of Nymegen, Department of Molecular and Laser Physics
Toernooiveld, NL-6525 ED Niyymegen, the Netherlands

David W. Chandler

Combustion Research Facility, Sandia National Laboratories
Livermore, CA 94550, USA

We report the use of a simple, forward-geometry degenerate four-wave mixing (DFWM-FG) setup
to monitor weak absorptions of various gas-phase molecules with a tunable excimer laser With
this technique state-selective detection of Hy, CO, Hy0 and O, 1s demonstrated The depen-
dence of the DFWM-FG signals on various experimental parameters (e g pressure, laser power)
1s determined The apphcation of this technique to flames and other combustion environments
1s discussed
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6.1 Introduction

Degenerate four-wave mixing (DFWM) has been demonstrated as a sensitive technique to mon-
itor gas phase species [78, 79] The techmque has been appled to radicals such as OH and
NH where transitions to electronic states are easily accessible We demonstrate here a DFWM
experiment using a tunable excimer laser to state-selectively detect weak gas-phase transitions in
H,, CO, Hy0 and Oy The ability to detect all of these species sensitively makes this technique
an ideal diagnostic tool for many combustion environments This technique 1s one of a host of
gas-phase grating experiments that are being developed to measure "background free” gas-phase
absorptions Related grating based techniques have recently been demonstrated by Hayden et
al [81] and Zhang et al [82] Hayden's technique, termed CADLS, uses non-degenerate light
pulses and requires multiple resonances in the molecule in order to work Zhangs technique
1s also a double-resonant technique where an excitation laser preceeds a degenerate four-wave
mixing scheme, in order to carry out DFWM from the excited state These DFWM and grating
based techniques complement laser induced fluorescence, direct absorption, and ionization de-
tection schemes The techniques are quite sensitive and solely rely on the absorption process,
the detected molecules do not have to radiate or 1onize in order to be detected Additionally,
the signal comes out as a coherent light beam and can be detected in a "zero background”
manner in a remote location from the interaction region Similar techniques have been used to
study optical phase conjugation [83, 84] and to detect transient absorptions in hiquids [13, 85]
We report here the use of a simple, forward-geometry degenerate four wave mixing (DFWM-
FG) setup [86, 87] to momitor weak absorptions of stable molecules in the gas-phase using a
tunable excimer laser In particular we demonstrate the detection of Hy via the E.F 1‘_);, v’
— XIEE, v"=0 two-photon transition and detection of CO via the one-photon spin-forbidden
singlet-triplet transition a3ll(v'=2) «— X!L+(v'=0) detection of Oy via the B3u] (v'=4) «
Xaf}g(v":O) (Schumann-Runge band) and detection of HyO via the two-photon C1B; « X!A;
transition These spectra demonstrate the sensitivity and utility of using the tunable excimer
laser in the DFWM-FG setup to monitor these important combustion species We have deter-
mined the dependencies of the DFWM-FG signals on both the pressure of the probed gas and
the pressure of the foreign gas Laser power dependencies are determined as well

6.2 DFWDM in forward geometry

The theory of degenerate four-wave mixing can be explained both in a non-linear optics picture,
in terms of an induced non-hnear polanization and the third-order susceptibility tensor \ 3, or
in a dynamic grating picture Both pictures are being used concurrently [85, 88] For reasons of
clanty, the grating picture will be given here The experimental evidence for the generation of
density gratings, discussed in section 6 4 2, supports the choise of the more elucidating grating
picture
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Figure 61 Schematic view of the eaperimental setup for a Degenetate Four-
Wave Mixing with Forward Geometiy (DWW T'G) experiment

The degenerate four-wave mixing spectroscopy in forward geometry (DFWM-FG) technique
described here 1s schematically represented in fig 61 A mask 1s placed in the excimer laser
beam, to define three parallel coherent laser beams, located at three corners of a rectangle The
three beams are crossed in a cell containing the sample by focusing through a single lens If the
wavelength of the beams 1s resonant with an absorption in the gas sample, interference of two of
the beams creates a periodically varying spatial distribution of excited molecules, a grating The
grating period \, equivalent to the grating fringe spacing, i1s determined by the wavelength Ap
of the coherent laser beams creating the grating and the angle 0 between the interfering beams

\ = Ap/2sin(0/2)

A third laser beam of wavelength A, in this case degenerate with the pump beams, focused at
the interaction region in the cell, is diffracted off the grating The diffracted beam comes out of
the sample at an angle a at the fourth corner of the rectangle (behind the focus) The diffraction
of the probe beam can be described as a Bragg-reflection where the following condition holds

sina =m Ae/2\ = msin(0/2) Ac/Ap = msin(8/2) m=12,

The deflected beam s degenerate in wavelength with the two beams setting up the grating
(Ac = Ap) and 1s automatically phase-matched if the holes in the mask are chosen as described
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From the above equations i1t follows that the the grating can also be probed from an angle of
incidence of higher order This method of probing the grating i1s required if DFWM-FG 1s to be
appled in a single plane or f DFWM-FG is planned along a line using cylindrical lenses The
reflectivity of the grating 1s determined by the total number of probed grooves, hence by the
combination of the groove spacing and the spatial overlap of the beams A long focal length
lens makes large groove spacings, whereas a short focal length lens creates a small interaction
region of the grating-generating beams

It 1s important to note that gratings will be set up in the medium by various combinations
of the incoming beams Beams (2) and (3) will set up a grating to which beam (1) 1s phase-
matched and thus part of beam (1) will be deflected through the spatial filter, onto the detector
Similarly, beam (1) and beam (2) will set up a grating off which part of beam (3) will deflect onto
the detector, although the diffraction will not be as strong due to the larger angle of incidence
A third grating, set up by beam (1) and (3) 1s not detected in this geometry Beam (2) takes
part in the creation of both of the gratings that are detected

6.3 Experimental

In the DFWM-FG experiments described here, a line-narrowed tunable excimer laser (Lambda
Phystk EMG 150 MSCT) 1s used as the radiation source Operating on ArF at 193 nm the
linewidth of the laser 1s about 1 0 cm™' The laser is tunable from 51600 cm™! to 51850 cm™!

The ArF laser output energy 1s approximately 50 mJ per pulse and this energy 1s homogeneously
distnbuted in a 7 mm by 22 mm rectangular shaped beam Running on KrF at 248 nm, the laser
output 1s approximately 150 mJ, in a 05 cm~! line, tunable from 40200 cm~' to 40350 cm~!

The beam dimensions of the KrF excimer laser are almost identical those of the ArF laser The
tunable excimer laser has a tuning range of approximately 1 nm, which 1s an obvious limitation for
doing spectroscopy This and previous articles show, however, that many important combustion
species can be detected using these spectral bright lasers The laser radiation 1s coherent enough
over the whole beam cross-section that three parallel coherent beams can simply be formed
by sending the main laser beam through a mask The use of unstable resonator optics in the
amplifier of the excimer laser 1s required to keep this coherence No DFWM-FG signals have
been recorded so far with the laser in the amplified oscillator mode [59] Pulsed dye lasers are
known to have rather incoherent properties over their beam cross section Therefore, with a dye
laser, generating and probing a grating in forward geometry can probably only be done efficiently
by splitting the dye laser beam (and compensate for the optical path length) with beam splitters
and by focussing the splitted beams separately This again shows an important advantage of the
application of tunable excimer lasers in this field of spectroscopy

The mask, positioned 5 cm behind the amplifier’s output coupler, consists of three 20 mm
diameter holes in an aluminum plate The holes are located on three corners of a rectangle, with
sides of 40 and 100 mm The position of the mask in the laser beam 1s adjusted such that
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the energy per pulse of the constructed beams are equal for all the three beams. The energy
of the individual laser beams is 1 mJ per pulse at maximum In some experiments two or three
masks are used to prevent straylight from the fundamental excimer laser beam to interfere with
the signal beam. The three beams are focussed with a 50 mm diameter, 30 cm focal length
lens, passing a quartz window of a stainless steel cell filled at sub-atmospheric pressures, typically
between 10 and 300 mbar, with the gases under investigation. The experiments on O, and H,0
are partly performed in room air at a pressure of 1 bar. An iris diaphragm behind the cell spatially
filters the DFWM-FG signal beam, located at the fourth (dark) corner of the rectangle, from the
main laser beams A lens-pinhole-lens arrangement is set up to minimize straylight effects A 50
jtm pinhole is used 1n most cases. The signal beam is detected with either a photo diode detector
(Lambda Physik LF 302 UV) or with a photomultiplier tube detector (EMI 9635QB) With H,0
in ambient air (typical Dutch humidity) the DFWM-FG signal is intense enough to be traced by
eye via its blue fluorescence on a piece of white paper, even with the room lights on! The signal
from the photo-detector 1s fed into a boxcar integrator and the 10 or 30 shots averaged output
is displayed on a strip chart recorder None of the spectra shown here are normalized to laser
power.

6.4 Results and Discussions
6.4.1 Molecular spectra

In the upper panel of fig 6 2 the DFWM-FG spectrum of the spin-forbidden one-photon tran-
sition from the X1S+(v"=0) state to the metastable a31I(v'=2) state n CO 1s shown As-
signments of all the individual lines in the spectrum, as well as a simulation of the expected
linestrengths, is given in reference [20] A direct comparison of the observed and theoretically
expected linestrengths 1s somewhat difficult. First, a spectral fluctuation in the intensity of the
locked, 1 e narrow-band, laser power over the ArF gain profile exists Around 51790 ¢m™!, for
instance, narrow bandwidth laser operation ceases completely due to an intracavity metastable
C-atom absorption [89] Second, some well known rotational lines in the v'=4 — v"=0 band
of the Schumann-Runge system of O, absorb the laser light between the laser head and the
detector to a large extent [60]. Nevertheless, a comparison of the DFWM-FG spectrum shown
here with the theoretically predicted spectrum for CO at 300 K [20] shows a more or less linear
correspondence between observed and calculated line intensities The CO spectrum shown here
has been recorded with 300 mbar of CO in the cell, but even with the photo diode detector CO
spectra could be measured at pressures down to 10 mbar

In the lower panel of fig 6.2 the DFWM-FG spectrum of the two-photon E,F ISE,
XIS;(V"-——O) transition in 50 mbar of Hy 1s shown. The four lowest Q-branch transitions to the
v'=6 level, as well as the Q(2) transition to the v'=7 level, lie within the tuning range of the
ArF laser [90, 91, 39] Some non-resonant signal 1s visible in the spectrum, possibly produced

v o—
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by a three-photon direct 1onization i1on grating The dips in this broad signal are due to the
aforementioned O resonances absorbing the laser hght on its way to the detector Identical
spectra to the one shown here have been obtained using either (2 ( 1)-REMPI with total 1on
current detection [90] or two-photon excited LIF [91] For H; a second order deflection 1s also
visible, even at a pressure of 50 mbar The H9 spectrum measured via this second order deflection
shows more non-linear line intensities however It 1s interesting to note that only beam (1) is
deflected in second order The physical origin of the second order deflected beam is still unclear
to us

We have obtained molecular spectra of Oy and HyO by focussing the three excimer laser
beams in room air The Oy DFWM-FG signal i1s obtained by focusing the 193 nm ArF excimer
laser beam 1n air The predissociative B3V 5 (v'=4) — X3‘_?g(v":0) (Schumann-Runge band)
transitions of O, [60] are detected The line intensities in the observed spectrum are somewhat
distorted as much of the laser light (including the signal beam) is absorbed on the oxygen reso-
nances by Oy in the beam path Supenmposed on the broad B — X O, transitions, unassigned
sharp transitions of either Oy or O3 are observed These resonances have also been observed

103



DFWM with a tunable excimer laser

using laser induced fluorescence [36, 23]

Fig 6 3 shows the spectrum obtained when the KrF (248 nm) excimer laser is scanned
over the HyO C1B; «— X!A; transition This transition has been observed before using (24+1)-
REMPI [16] as well as using two-photon excited fluorescence [28], and the individual rotational
transitions have been assigned In reference [16] the photo-dynamics of the predissociation,
ronization and fluorescence processes have been determined The OH photo-product spectra are
clearly very different from our DFWM-FG spectra The spectrum we observe 15 nearly identical
to the aforementioned (24+1)-REMPI spectrum and the parent molecular fluorescence excitation
spectra This leads us to conclude that the grating probed in this experiment is a density grating,
detectable through the difference in the total number of electronically excited HoO molecules
and/or HyO™* 1ons The probed grating 1s clearly not composed of regular population differences
of the OH photo-products nor is it composed of differences in the total number of ground-state
water molecules

6.4.2 DFWM-FG pressure dependence

In order to quantify the onigin of the observed four-wave mixing processes the pressure depen-
dencies of the DFWM-FG signals are determined Fig 6 4 shows the pressure dependence of the
four-wave mixing signal of pure Hy The pressure in the cell is varied between 10 and 200 mbar
The curve in fig 6 4 corresponds to a cubic pressure dependence and 1t fits the data remarkably
well The experiment is repeated for pure CO and also a cubic pressure dependence is found In
the CO experiment the pressure ts varied from 20 to 550 mbar

To check the influence of the background pressure on the signal, the cell s filled with 50 mbar
of Hy Helium i1s added as a foreign gas and the total pressure is varied whilst monttoring the
DFWM-FG signal The measured dependence 1s shown in fig 6 5, where a clear linear behavior
1s observed, indicating the presence of a collision induced density grating The line does not fit
to the lowest pressure data point, since in fact the total number of collisions should be plotted
on the horizontal axis The aforementioned data point needs a correction since only Hyo—H»
collisions are relevant here The data point has not been included in the fit From the two
experiments above we can conclude that a density grating 1s generated by the two pump beams
and by successive collisions in the sample More collisions generate a better defined grating In
addition, the DFWM signal grows quadratically with the density of the probed molecule, as 1s
the case in every four wave mixing process like DFWM and CARS One should be aware of the
fact that DFWM-FG 1s different from earlier DFWM expertments, since it 1s not a t = 0 type of
experiment Collisions are needed to generate a proper grating
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The fact that the DFWM-FG signal increases with pressure makes the technique comple-
mentary to existing diagnostic techniques, such as LIF and REMPI, which work better at lower
pressures due to collisional quenching of the fluorescence the reduction of the mean free path of
the electrons and 1ons at atmospheric pressures, respectively

6.4.3 DFWM-FG laser power dependence

Curious enough, the intensity patterns observed for the two-photon absorption in Hy and HyO
appear to have very similar relative intensities compared with the (24 1)-resonance enhanced
multi-photon 1omzation (REMPI) spectra of the same transitions The spin-forbidden one-photon
transition in CO has approximately the intensity of the calculated transition strengths We mea-
sured the DFWM-FG signal dependence on the total laser power and found a hinear dependence
over one order of magnitude, which 1s in agreement with the aforementioned similarties
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The dissociation of the molecule, either through predissociation of the resonant state or
by further absorption of photons creates a larger density of species at the parts of the grating
where a constructive interference between the laser beams exists than at those parts exhibiting a
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destructive interference This grating i1s then proportional to the transition strength of the weak
first step and we obtain spectra that have well behaved linear spectral intensity patterns

6.4.4 Application to combustion environments

Earlier degenerate four-wave mixing experiments [78, 79] show the applicability of the DFWM
technique in flames and combustion environments These experiments were done using the
backward geometry detection scheme Phase-conjugate mirrors can then be used to maintain
the coherence properties of the grating-generating beams, even in turbulent environments Our
forward-geometry detection scheme does not posses this phase-conjugate property Recent ex-
periments by Fourkas et al [92] have shown that transient grating experiments in flames can be
performed with an experimental geometry simiar to the one we use

6.5 Summary

We have shown here that the DFWM-FG technique can be used to detect local densities of H»,
CO, Hp0 and Oy This work complements work by others on the detection of radicals using
similar techniques We have determined the pressure and power dependencies of the DFWM-FG
signals We conclude that the grating we form are density gratings, formed after collisions The
DFWM-FG technique works better at higher pressures, which makes this single laser technique
complementary to existing diagnostic tools
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Future outlook

Laser-based spectroscopic techniques now cover a fast growing field of applications not only
in specific areas of combustion diagnostics, but also in atmospheric environmental sensing and
wind tunnel experiments, for example The tunable excimer laser proves to be a suitable piece of
equipment and Rayleigh scattering, laser-induced fluorescence and degenerate four-wave mixing
in forward geometry are relatively straightforward techniques used with it Many aspects need
further investigation For instance, the origin of the presumed O3 spectra, appearing every time
when sharp focussing in flames 1s applied and complicating other spectroscopy Effort has to be
directed to find ways to quantitatively measure state distributions of specific molecules For in-
stance, will fluorescence depletion by 1onization be a way to perform quantitative measurements?

A large field of unexplored spectroscopic information awaits discovery Can intermediate
combustion species, such as CHy, CH3 and CyH, be traced in a flame efficiently? We have
always detected fluorescence of intermediates near the flame front, but apart from the fact that
their absorption 1s rather broadband little spectroscopic information 1s yet gathered from these
species

New and faster camera techniques will certainly help to clarfy aspects of molecular spectro-
scopic research The developments of camera techniques and image processing units are very
fast 18-bits cameras are commonly used in imaging and spectroscopy In our setup the image
intensifiers are still the imiting factor because of their 10-bits, at maximum, resolution Image
processing gives the possibility of very fast data acquisition with 50 MHz Intel 486-based sys-
tems Digitally recorded images grabbed in a memory frame of the computer can be actively
supplemented with numerous experimental information, such as the dispersive spectroscopic data
of the image grabbed or information on the pressure in the cell or internal combustion engine
Optical multichannel analyzers (OMA's) reduce the experimental measuring time to the dura-
tion of a single laser scan The dispersed fluorescence of the molecules under investigation s
recorded after every laser shot and stored in a row of the frame buffer of the image processing
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board. The spectroscopic information of dispersion spectra (in the rows) or excitation spectra
(in the columns) can now be analyzed by special software The simultaneous measurement of
excitation and dispersion spectra gives much more insight in the spectroscopy of the molecules,
as many information i1s undetected in the conventional setup Some fundamental problems are
still to be solved In section 2 4 we have discussed the problems of rotational level dependent
predissociation of the hydroxyl radical in respect to quantitative measurements of densities and
temperatures.

Combustion diagnostics using laser-based techniques has, and will have, many applications in
the near future. We have measured the OH and NO field distributions in a large natural gas flame
and more detailed experiments in this direction will follow The interaction between flames and
surfaces, for instance diamond deposition with CoHy/air welding torches, 1s now investigated.
Turbulent combustion processes in both petrol and diesel-fired internal combustion engines is
studied. As a net effect, we believe the laser-based molecular spectroscopic techniques will help
to understand the complex chemical physics of combustion processes and, as a result of this, it
will contribute to the reduction of excessive fuel consumption and to a cleaner and more healthy
environment
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Samenvatting

Diagnostiek aan verbrandingsprocessen bij atmosferische drukken
met behulp van een afstembare excimeer laser

Dit proefschnft beschryft de experimenten aan verbrandingsprocessen by atmosferische drukken
gebrutkmakend van een afstembare excimeer laser opererend in het diepe UV Moleculaire dicht-
heids- en vlamtemperatuursverdelingen worden twee dimensionaal zichtbaar gemaakt door ge-
brutk te maken van laser geinduceerde fluorescentie (LIF) van vlamradicalen en -moleculen De
spectraal heldere ArF of KrF excimeer laser bundel wordt omgevormd tot een laserlint, welke
vervolgens door de te onderzoeken vlam sniydt Daar waar de moleculen de laser-fotonen ab-
sorberen ontstaat fluorescentielicht dat op UV gevoelige electronische videocamera’s afgebeeld
wordt Zo kan een film gemaakt worden van de moleculaire dichtheidsverdeling van bijvoorbeeld
stikstofoxide (NO), een veroorzaker van zure regen, in de vlam Naast de LIF techniek beschnft
dit proefschnift ook andere diagnostische technieken om verbrandingsprocessen te bestuderen
De opbouw en onderdelen van het experiment, zoals de laser en de camera, worden in detail
beschreven Een overzicht van de spectroscopie van moleculen in verbrandingsprocessen wordt
gegeven Een nieuwe techniek in verbrandingsonderzoek, degenerate four-wave mixing, wordt
toepgepast op verschillende moleculen die in vlammen voorkomen De afstembare excimeer
laser, zes jaar geleden commercieel geintroduceerd, 1s in detail bestudeerd en verbeterd

Het inleidende hoofdstuk 1 beschryft diagnostische techmeken in verbrandingsonderzoek, vari-
erend van thermokoppels tot geavanceerde lasertechnieken Rayleigh en Raman verstrooing wor-
den beschreven en niet-lineare optische processen zoals Degenerate Four-Wave Mixing (DFWM)
en Coherent Anti-Stokes Raman Scattering(CARS) worden kort behandeld In detail is gekeken
naar laser geinduceerde fluorescentie en de implicaties by het meten bij atmosfensche drukken
De methode van laser geinduceerde predissociatieve fluorescentie (LIPF) om quantitatief tem-
peraturen en dichtheden te meten wordt verduideljkt

In hoofdstuk 2 wordt de experimentele opstelling in detail beschreven Hier vinden we gegevens
over de afstembare excimeer laser en wordt de speciaal geconstrueerde camera en het bijbe-
horende beeldverwerkingssysteem beschreven Een deel van dit hoofdstuk i1s gewyd aan de
spectroscopte van vlamradicalen en moleculen gemeten met behulp van een afstembare excimeer
laser Hoofdstuk 2 wordt afgesloten met een beschryving van het meten van vlamtemperaturen
gebrutkmakend van de LIPF meetmethode en de daaraan verbonden expenmentele voorwaarden
Hoofdstuk 3 beschryft de spectroscopie van het NO radicaal met een afstembare ArF excimeer
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laser by een golflengte van 193 nm Gebruikmakend van deze informatie 1s het afstemgebied van
de laser gecalibreerd Absolute lijnposities van de B — X en D «— X overgang worden gegeven
Een intra-cavity absorptie ten gevolge van metastabiele C atomen is gevonden in het afstemgebied
van de ArF laser De laser vertoont geen laserwerking over een gebied van 5 tot 10 em~L |
afhankelyk van de kwaliteit van het gasmengsel in de ontlading Het gebrek aan laserwerking
in dit gebied heeft een direkt gevolg voor de interpretatie van fotodissociatie experimenten van
CO Dit wordt kort beschreven in hoofdstuk 4

Zyn de vonge hoofdstukken vriy fundamenteel van aard, in hoofdstuk 5 wordt een direkte toepas-
sing van de meetmethode gedemonstreerd Hier wordt een grootschalig expertment beschreven
aan een 100 kW aardgasvlam De vlam s een geschaald model van een 10 MW vlam uit een
kolengestookte energiecentrale We hebben single-shot OH en NO dichtheidsverdelingen gemeten
in gebieden van 20 by 20 cm Laserlicht absorptieproblemen zijn opgelost door de kennis van de
fundamentele spectroscopie van het NO radicaal

In hoofdstuk 6 wordt degenerate four-wave mixing in voorwaartse richting beschreven In een
relatief eenvoudige opstelling I1s zeer gevoelig aan zwakke twee-foton of spin-verboden overgangen
vanoa H;en CO gemeten Met deze nieuwe meetmethode verrichten we absorptiespectroscopie
tegen nul achtergrond De signalen zijn sterk genoeg om met fotodioden te worden gemeten
Hoofdstuk 7, tenslotte, beschryft in het kort wat de toekomst mogelijk brengen zal Met name
op het gebied van de beeldverwerking verwachten we veel nieuwe en snellere systemen, die data
acquisitie nog eenvoudiger zullen maken
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