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IG&KTi Ithaka

As you set out for Ithaka

hope your road is a long one,

full of adventure, full of discovery.

Laistrygonians, Cyclops,

angry Poseidon-don't be afraid of them:

you'll never find things like that on your way

as long as you keep your thoughts raised high,

as long as rare excitement stirs your spirit and your body

Laistrygonians, Cyclops,
wild Poseidon-you won't encounter them

unless you bring them along inside your soul,

unless your soul sets them up in front of you.

Hope your road is a long one.

May there be many summer mornings when,

with what pleasure, what joy,

you enter harbours you're seeing for the first time;

may you stop at Phoenician trading stations

to buy fine things,
mother of pearl and coral, amber and ebony,
sensual perfume of every kind-

as many sensual perfumes as you can;

and may you visit many Egyptian cities

to learn and go on learning from their scholars.

Keep Ithaka always in your mind.

Arriving there is what you're destined for.

But don't hurry the journey at all.

Better if it lasts for years,

so you're old by the time you reach the island,

wealthy with all you've gained on the way,

not expecting Ithaka to make you rich.

Za ftysis aiov 7ir|yaiu6 yia ttjv 10&icr|,

va sux£<roi va'vai uaicprjs o Spouos,

ysuorcos 7tspi7TeTEies, ysuaxos yvcoasis.

Toos Aaiatpuyovas kou tods KvKkanas,

tov 9uueou£vo IloastSaJva ur| <|>opdaai,
T8Toia axov Spouo aou note 8sv 9a Ppsis,
av usv r\ GKevjns aou uv|/uXfj, av sk^skth.

auyKiviais to Ttvsuua Km to acoua aou ayyi^ei.
Tous AaiOTpoyovas Kai tous KoKX(Q7ras,

tov dypio IloasiSc&va Ssv Ga auvavrqasis,

av 8ev tous Kou(3avsis uss o"Tr|v \\iv%t\ aou,

av q v|/uxil aou Ssv tous arqvsi surcpos aou.

Na soxsaai va'vai uaicpus o Spouos.
TloXXa xa KaA,oKaiptvd 7tpanvd va sivat

7tou us xv suxapiaTqai, us ti x«pd

9a urcaivsis as Xiusvas TtpanosiScouEvous

va aTauaTiiasts a'su7topsta OoiviKiKd,

Kai tss ica^ss rcpaudTsies v'ttTCOKT^asis,

asvT8(()ia mi KopdAAia, Ksxpiuftdpia k'sPsvous,
Kai r|8oviKd uupcoSiKd Kd9s A,oyiis,

oao UTtopeis mo d(|>0ova r(8oviKd uupcoSira

ae Tto^eis Aiyu7iTiaKss noXXes va nas,

va ud9eis icai va ud9sis arc'Tous airou8aauEvous.

ndvTa aTov vou aou va exsis tt|V I9dKT|.
To (|>9daiuov sksi siv'o Tipoopiauos aou.

AAAd )iir| pid^sts to Ta^siSi 816A.0U.

KaAAixepa xpovia noXXd va Siapiceast
Kai yepos ma v'apd^sis aTo vqai,
TtXouaios us oaa KepSiass aTov Spouo,

ur| 7tpoa8oKc6vTas %Xomr\ va as Sc&aei r\ I9dKri.

H I9dicr| a'eSoas T'copaio Ta^siSi.

Xcopis auTfjv Ssv 9a'(3yaivss aTov Spouo.
'AAAa Sev exsi va as Scoasi ma.

Ki av <j>tcoxt1 ttiv ppsis, ti I9dKri Ssv as ysXaae.
'ETai ao<|)6s 7tou syivss, us Toar] Tisipa,

f\5r| 9a to KaTdXa(Jss 0119dKss ti aquaivouv.

Ithaka gave you the marvellous journey.
Without her you wouldn't have set out.

She has nothing left to give you now.

And if you find her poor, Ithaka won't have fooled you.

Wise as you will have become, so full of experience,

you'll have understood by then what these Ithakas mean.

KcovCTxavxivos II. KaPcMJms / Constantinos P. Cavafis (1911)
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Abstract

This work presents an experimental investigation on Resonant Holographic

Interferometry as a suitable diagnostic technique for species density measurements in a

combustion environment. Resonant Holographic Interferometry is based on the

dispersion of light close to an electronic transition of a molecule. A novel single-laser,

two-color set up for the recording of resonant holograms is applied to two dimensional

species concentration measurements in a laminar diffusion NH3-02 flame.

The refractive index in a flame can be characterized by the bulk refractive index which

is a function of the temperature and of the local molar fractions of the combustion

species. In the vicinity of a resonant molecular transition the refractive index is

complex. The complex refractive index is described in detail and the spectroscopic

parameters are taken into account. It is also shown that the real part of the complex

refractive index adds to the bulk refractive index and the imaginary part is responsible

for the attenuation of the intensity of the probe wave.

The frequency dependent change of the refractive index is used to generate a phase shift

between two waves of slightly different frequencies as they pass through the flame. In

fact, the phase velocity of the two waves will be altered according to the total refractive

index, n0+n(v). By interferometric subtraction, the bulk refractive index n0 of the flame

is eliminated yielding the net contribution of the resonance effect to the refractive index

n(v). Holography is applied to perform the interferometric subtraction. The two waves

are recorded on the same holographic plate and subsequently reconstructed

simultaneously to interfere. Fringe shifts are observed in areas where the resonant

species have introduced a refractive index difference for the two exposure frequencies.

RHI is applied to measure two important species, the NH and OH radicals. The

measurements are performed in a laminar diffusion NH3-O2 flame stabilized over a

Wolfhard-Parker slot burner. The burner facilitates the interpretation of the recorded

interferograms since it provides a 2D flame structure. A near interefometrically stable
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2D flame is achieved by providing top hat flow velocity profiles for the three burner

slots and carefully controlling the total and the ratio of the flow velocities of fuel and

oxidizer.

Generally, two lasers are required in order to generate the two colors, thus increasing

the costs and the complexity of the system. In this work, we propose a novel scheme

based on one laser only. The generation of the second color is achieved by optical

phase-conjugation from Stimulated Brillouin Scattering (SBS) in a cell filled with n-

hexane. Phase-conjugation is optimized to provide a high reflectivity of the SBS

process and a high phase-conjugate fidelity. The frequency shift of ~8.5-9.0 GHz

introduced by the SBS process in n-hexane, matches approximately the linewidth of

many molecular transitions at typical flame temperatures. Phase-conjugate RHI (PC

RHI) has been implemented to produce holograms of good contrast and diffraction

efficiency for the first time to our knowledge.

Image plane holography is applied in order to permit white light read-out of the

recorded holograms. Image plane holography has an additional advantage: The object

plane of the imaging lens is carefully chosen to lay at the 2/3's of the flame-probe wave

interaction length. At that position of the object plane, the fringe count may be

considered in the straight line approximation, as if no refraction occurred. A single

reference arm holographic set up is built due to energy constrains. Therefore, phase

stepping techniques cannot be applied and a relatively low resolution fringe measuring

technique is used.

Phase-conjugate RHI is applied for concentration measurements of the NH radical. It is

shown that RHI can indeed provide species selective interferograms. Deformations on

the phasefronts induced by the bulk refractive index, the steering optics, or the

refractive index gradients are successfully canceled.

The experiments are repeated for the second target molecule, the OH radical. A

different laser-system is used to address the resonant frequencies of OH. This laser does
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not provide a beam that can be phase-conjugated successfully. Consequently for these

experiments the phase-conjugate RHI set up cannot be applied. Strong intensity

modulations of the expanded phase-conjugate beam profile prohibited 2D

measurements. These modulations are attributed to the pulse characteristics.

Consequently, a two laser system is employed for the RHI measurements on OH.

The experiments manifest the advantages of utilizing SBS to create the second color in

comparison to the two laser system. The statistical errors, when applying the two laser

system, increase dramatically. This is due to the fact that the two probe waves are not

frequency locked in respect to each other, in contrary to SBS technique. The frequency

jitter of the applied lasers increase the uncertainty of the measurement. The possibility

of tuning one laser off the optimal frequency increases as well. Using SBS to create the

second color features an additional advantage. Small phase deviations on the phasefront

are canceled during the interferometric read-out, since the second beam is the phase-

conjugate of the first.

A theory supporting this work is developed. The interaction of light waves with a

transparent object is described. The model describes the propagation of a wave through

a refractive index medium. It is shown that the wavefront of a probe beam is deformed

by refractive index variations in the transparent medium. This is performed in terms of

a parabolic trajectory for an individual ray pencil. It is also shown that this deformation

includes the integration of the local refractive index along the path of the ray through

the probe medium. Therefore, RHI will be a line-of-sight technique yielding integral

information. The wavefronts are reconstructed by the ensemble of these rays.

A numerical model of the complex refractive index is developed. This model is

extended to calculate the fringe shift for a two-color RHI experiment and the intensity

attenuation. Two combustion related parameters are the deterimined in the model. The

temperature and the probe species concentration.
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For comparison, 2D absorption measurements are also applied on the NH3-02 flame.

The 2D absorption measurements are performed for the same flame conditions. CARS

measurements provide absolute temperatures in the flame.

Using these temperatures, the fringe shift and the attenuation is converted by the model

to the NH concentration. Unexpectedly, the absolute concentrations obtained by the two

techniques differ by a factor of 2-4. RHI appears to overestimate the species

concentration. It is also observed that the discrepancy is species concentration

dependent. For a given absorption coefficient, a high species abundance is leading to a

higher deviation of the results obtained by RHI in respect to absorption.

Trying to investigate the discrepancy between the two measuring techniques, three

effects were studied. First, the finite fringes introduced to facilitate the interpretation of

the RHI measurements. It was theoretically shown that the error introduced by the

slightly longer path of the tilted beam is negligible. Second, the refraction of the beams

caused by the refractive index gradients in the flame was theoretically investigated. The

gradients from the temperature distribution and from the resonant refractive index were

included in the model. Calculations showed that for the positions where the

measurements are performed, i.e. the position of maximum species concentration, the

effect is again negligible. Finally, it was assumed that the bulk refractive index as

probed by the second probe pulse is changed by heat dissipation introduced by the high

absorption during the passage of the first pulse. Experimental investigations could not

verify any refractive index changes induced by the first probe pulse. Consequently, the

discrepancy in measuring species concentrations by RHI and absorption have not been

explained.

This work has left unanswered questions on respect to absolute concentration

measurements of species in flames environments by RHI. On the other hand, a better

understanding of RHI has been obtained by comparing it with a more reliable

laboratory technique. Additionally, phase-conjugate waves have been applied to
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holography for the first time to our knowledge. This has a beneficial effect on the

applicability of RHI in many laboratories, since it significantly lowers the costs by

eliminating one laser. Furthermore the two probe frequencies are locked in respect to

each other, by the acoustic frequency. The experimental constrains of using two lasers

are thus relaxed and more reliable results are obtained. Extension of RHI with

heterodyne techniques will increase the sensitivity of the technique. The high sensitivity

of RHI, the insensitivity to background disturbances and the high spatial resolution it

offers can yield PC RHI competitive to more standard techniques such as PLIF.
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Zusammenfassung

Ziel dieser experimentellen Arbeit ist es, das Potential der resonanten holographischen

Interferometrie (RHI) zur Messung der Spezieskonzentrationen in Flammen zu

untersuchen. Diese Technik beruht auf der Tatsache, dass Licht, dessen Frequenz einem

elektronischen Ubergang des zu untersuchenden Molekiils entspricht, eine zusatzliche

Dispersion erfahrt. Ein experimenteller Aufbau wurde entwickelt, welche es erlaubt, die

fur RHI benotigten zwei Lichtfrequenzen mit einem einzigen Laser zu erzeugen. Dieses

System ermoglicht es, zweidimensionale Spezieskonzentrationen in einer laminaren

NH3-O2 Diffusionsflamme zu messen.

Der Brechungsindex eines Mediums kann in zwei Anteile aufgespalten werden: der

erste, nichtresonante Anteil (n0) hangt von der Temperatur und der Teilchendichte ab.

Der zweite ist durch den komplexen Brechungsindex in der Nahe eines elektronischen

Uberganges eines Molekiils beschrieben. Dieser Brechungsindex wird in der

vorliegenden Arbeit detailliert behandelt, wobei die spektroskopischen Daten

beriicksichtigt werden. Wahrend sich die Realteile sich zu einer Phasenanderung

addieren, fiihrt der Imaginarteil zur Abschwachung des Messstrahles.

Die Anderung des frequenzabhangigen Brechungsindexes in der Nahe einer

Molekulresonanz fiihrt zu einem Phasenunterschied zwischen zwei Laserstrahlen,

welche mit unterschiedlicher Frequenz (v) die Flamme durchlaufen. Die

Phasengeschwindigkeit ist eine Funktion des totalen Brechungsindexes n0+n(v). Durch

interferometrische Subtraktion der beiden Wellen kann n0 eliminiert werden. Der

resultierende Anteil kann demnach auf den frequenzabhangigen Teil n(v) zuruckgefuhrt

werden. Holographie wird benutzt, um diese interferometrische Subtraktion zu

erreichen. Die beiden Wellen werden nacheinander auf demselben Hologramm

aufgenommen. Diese holographische Technik erlaubt, es die Interferenz zwischen den

beiden Wellen spater zu rekonstruieren. An denjenigen Stellen, wo die beiden

Probefrequenzen durch das resonante Molekiil einen unterschiedUchen Brechungsindex
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erfahren, zeigt das Interferenzmuster Verschiebungen.

Zwei fiir den Verbrennungsprozess relevante Radikale, NH und OH, wurden mit RHI

gemessen. Die untersuchte laminare Diffusionsflamme wurde iiber einem Wolfhard-

Parker-Brenner stabilisiert. Die zwei-dimensionale Flammenstruktur vereinfacht die

Auswertung der gemessenen Interferenzbilder. Eine beinahe interferometrisch stabile

2D-Flamme wurde durch eine prazise Kontrolle des Zuflusses des Brennstoffes und des

Oxidationsmittels erreicht.

Da zwei verschiedene Wellenlangen benotigt werden, erfordert dieses Experiment zwei

Laser, was die Kosten und die Komplexitat des Systems vergrossert. In dieser Arbeit

demonstrieren wir die Moglichkeit, diese Messungen mit nur einer Laserquelle

durchzufuhren. Die zweite Frequenz wird mittels Phasenkonjugation erzeugt. Die

Phasenkonjugation beruht auf der stimulierten Brillouin-Streuung (SBS) in n-Hexan.

Der SBS-Prozess wurde optimiert, um eine hohe Reflektivitat und Strahlqualitat zu

erreichen. Die durch SBS in n-Hexan verursachte Frequenzverschiebung von ~ 8.5-9.0

GHz entspricht der Linienbreite der elektronischen Ubergange bei Flammentemperatur.

„Phase-conjugate" RHI (PC RHI) wurde in dieser Arbeit erstmalig verwendet, um

resonante Hologramme mit gutem Kontrast und guter Beugungseffizienz zu erzeugen.

„Image plane holography" (EVIH) kommt zum Einsatz, da die aufgenommenen

Hologramme mit Weisslicht ausgelesen werden konnen. DVIH hat einen weiteren

Vorteil: die Objektebene der abbildenden Linse liegt bei 2/3 der friteraktionslange des

i

Probestrahles mit der Flamme. Es wird gezeigt, dass Brechungseffekte vemachlassigt

werden konnen, d.h. der Messstrahl kann als gerade angenommen werden. Da die

Energie der Laserpulse in unserem Experiment beschrankt ist, wird nur ein

Referenzarm fur die holographische Aufnahme verwendet. Auslesetechniken, welche

auf aktive Phasenverschiebungen beruhen, sind daher ausgeschlossen. Die Auswertung

erfolgt deshalb konventionell, was die Auflosung einschrankt.

Mit PC RHI werden die Konzentrationen der NH-Radikale gemessen und so wird
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aufgezeigt, dass RHI tatsachlich speziesselektive Interferogramme liefert.

Verzerrungen, verursacht durch Gradienten des Brechungsindexes und durch optische

Elemente, werden erfolgreich ausgeloscht.

Mit der RHI-Technik wird auch die OH-Verteilung abgebildet. Ein anderes Laser

system wird eingesetzt um OH anzuregen. Die Strahlqualitat dieses Lasers ist fiir die

Phasenkonjugation ungeeignet, was die PC RHI in diesem Fall verunmoglicht. Das

inhomogene, instabile Strahlprofil des konjugierten Pulses verhindert 2D-Messungen.

Fiir die OH-Messungen muss daher ein zweiter Laser beigezogen werden. Diese OH-

Messungen machen die Vorteile der Phasenkonjugation durch SBS deutlich. Der

statistische Fehler nimmt fiir Messungen mit zwei Lasern drastisch zu, da die

Frequenzen der beiden Laserpulse - im Gegensatz zu SBS - voneinander unabhangig

sind. Die Varianz der Frequenz beider Laser erhoht die Messunsicherheit. Ein

zusatzlicher Vorteil der Phasenkonjugation ist es, dass kleine Phasenunterschiede der

Wellenfronten beim Auslesen der Hologramme aufgehoben werden, da der zweite

Laserstrahl zum ersten phasenkonjugiert ist.

Die in der Arbeit benotigte Theorie wird entwickelt, welche die Wechselwirkung und

Ausbreitung einer Lichtwelle in der Flamme beschreibt. Es wird gezeigt, wie die

Wellenfront eines Probestrahls durch Anderungen des Brechungsindexes verformt wird.

Zu diesem Zweck wird der parabolische Weg eines einzelnen Lichtstrahles berechnet.

Diese Deformation ist eine Folge des integrierten Brechungsindexes entlang des vom

Lichtstrahl zuriickgelegten Weges. Die Messtechnik liefert demnach nur eine integrale

Information.

Ein numerisches Modell des komplexen Brechungsindexes wird entwickelt, welches es

erlaubt, die Verschiebung des Beugungsmusters und die Lichtabsorption in einem

zweifarbigen RHI-Experiment zu simulieren. Aus dem Vergleich mit dem Experiment

kann damit die lokale Temperatur und die Konzentration des geprobten Molekiils

bestimmt werden. Diese Resultate werden mit unabhangigen Messungen uberpriift,
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welche unter denselben Bedingungen in der NH3-02 Flamme durchgefiihrt werden: 2D-

Absorptionsmessungen liefern die Spezieskonzentration; CARS-Messungen die

Temperatur. Mit den gemessenen Temperaturen, der Verschiebung des

Beugungsmuster und der Absorption berechnet das Modell die Molekulkonzentration.

Die absoluten Spezieskonzentrationen gemessen mit den zwei verschiedenen Techniken

unterscheiden sich um einen Faktor 2 bis 4, wobei RHI die Spezieskonzentration zu

uberschatzen scheint. Der Unterschied zwischen diesen beiden Methoden ist

konzentrationsabhangig. Fiir einen gegebenen Absorptionskoeffizienten fiihrt eine

hohere Spezieskonzentration zu einer grosseren Diskrepanz der gemessenen Resultate.

Um diesen Unterschied zu erklaren, werden drei verschiedene Ansatze verfolgt. Erstens

werden im Experiment die zwei Probestrahlen leicht zueinander geneigt, um durch die

Erzeugung eines linearen Beugungsmusters die Auswertung der RHI-Messungen zu

vereinfachen. Es wird jedoch theoretisch gezeigt, dass der leicht langere Weg des

geneigten Probestrahles vernachlassigbar ist. Zweitens wird die Beugung der Strahlen

untersucht, welche durch die Gradienten des Brechungsindexes in der Flamme

verursacht wird. Gradienten, hervorgerufen durch die Temperaturverteilung und durch

den resonanten Teil des Brechungsindex, werden beriicksichtigt. Die Berechnungen

zeigen, dass fiir die Positionen, an welchen unsere Messungen durchgefiihrt werden

(maximale Spezieskonzentrationen), dieser Effekt ebenfalls vemachlassigt werden

kann. Schliesslich wird die Hypothese untersucht, dass die Erwarmung der Flamme

durch die Absorption des ersten Laserpulses den nichtresonanten Anteil des

Brechungsindexes, den der zweite Probepuls erfahrt, verandert. Experimented

Untersuchungen konnen die Anderung des Brechungsindexes im Medium durch den

ersten Laserpuls aber nicht bestatigen. Der Unterschied in der Spezieskonzentration

gemessen mit den zwei verschiedenen Techniken kann somit nicht erklart werden.

Diese Arbeit lasst Fragen bezuglich der Messgenauigkeit von RHI zur Bestimmung der

absoluten Spezieskonzentration offen. Der hier durchgefiihrte Vergleich mit einer

bestehenden Methode tragt jedoch zum besseren Verstandnis der RHI-Technik bei.
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Zusatzlich wird die Phasenkonjugation in dieser Arbeit erstmalig in der Holographie

eingesetzt, was RHI fiir viele Labors attraktiver macht. Die Verwendung nur eines

Lasers ermoglicht wesentliche Kosteneinspamngen. Eine deutliche Verbessemng

besteht zusatzlich darin, dass die beiden Messfrequenzen tiber die akustischen Frequenz

fest gekoppelt sind. Die experimentellen Einschrankungen, durch die relativen

Frequenzschwankungen der zwei Laser, fallen somit weg. Zusatzlich wurde das

Erweitem von RHI mit einem Heterodyn-Verfahren die Messempfindlichkeit erhohen.

Ausgezeichnet durch hohe Messempfindlichkeit, die hohe ortliche Auflosung und

Unempfindlichkeit gegeniiber Storeinfltissen konnte PC RHI zu einer Alternative von

etablierten Techniken, wie zum Beispiel PLIF, werden.
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Introduction

Combustibles are the most versatile and readily available energy storage with a good

energy to weight ratio. As a consequence 90% of the energy consumption is based on

combustion. In spite of this fact, an insight of many areas of combustion science and

technology has not been obtained. However, regarding the dependence on fossil fuels

and the increasing constraints with respect to the environment, a detailed understanding

of combustion processes is compulsory. A better knowledge of the combustion process

will increase its efficiency and cleanliness and contribute to the development of new

promising combustion schemes.

A multitude of interdependent parameters determines the performance of technical

combustion systems. Mathematical models can help to find the optimal conditions of

various combustion parameters. Experimental data can be directly used to improve the

combustion process. More often, the development procedure is more indirect and

experimental data obtained under controlled conditions, serve the validation of

simulations models.

A limitation for obtaining valuable information is the lack of readily available

measuring techniques. Two prime reasons are the hostility and delicacy of combustion

processes. The high temperatures and heat transfer rates make physical probing with

high spatial and temporal resolution a difficult task. Additionally combustion processes

are easily altered by physical intrusion.

Laser diagnostic techniques have long been recognized as suitable combustion

diagnostic tools overcoming these limitation due to the non intmsive nature of probing

the combustion processes. Such laser based techniques can provide in situ, real-time

information on technical combustion processes and furnish data for a thorough

validation of current theoretical models. They have replaced more traditional probe

methods due to their intrinsic high temporal and spatial resolution, along with a high

species selectivity and sensitivity.
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The understanding of the chemical processes are of vital importance. For parameters

such as ignition, heat release, quenching or pollutant formation, the measurement of

temperature and of species, radicals and intermediate products involved in the chemical

process is necessary. They can be measured by applying established techniques such as

Raman, laser absorption, laser-induced fluorescence, [Refs. 1, 2], or other emerging

techniques such as Four-wave-mixing [Ref. 3], stimulated emission pumping [Ref. 4]

or multi-photon spectroscopy. Coherent Antistokes Raman Scattering (CARS) is widely

applied for Temperature measurements [Refs. 2, 5].

Holography has also been proposed as a diagnostic tool in combustion environments.

Two-color Holographic Interferometry was used to simultaneously measure the heat and

mass transfer on a fuel droplet [Ref. 6]. Taking advantage of the high resolution

abilities of- Heterodyne Holographic Interferometry, the temperature and species

concentration was measured in natural convection boundary layers [Ref. 7]. In general,

in order to apply Holographic Interferometry assumptions are required on the

composition of the probed combustion environment, since the technique measure the

refractive index that itself is a function of all combustion components. Therefore a self

consistent holographic technique exploiting the resonant refractivity, i.e. the change of

the refractive index close to a spectral line, was suggested for enhancing visualization

of flow phenomena [Ref. 8] and selectively measuring changes in the concentration of

species [Ref. 9].

It wasn't long after that Resonant Interferometry combined with holography was

suggested by Dreiden et al [Ref. 10] for plasma diagnostics determining atomic and

electron densities. Sirota and Christiansen [Ref. 11] proposed Resonant Holographic

Interferometry (RHI) as a laser diagnostic technique for obtaining full-field species-

selective measurements in combustion environments.

RHI can provide a background-free, species-selective hologram by recording two

simultaneous holograms at two different laser wavelengths: one tuned in the proximity
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of a resonant transition of a target species and the other tuned off any resonance. Since

the relative difference in the index of refraction between these two wavelengths is

significant, the phase difference between these two wavefronts, after passing through

the medium containing the target species, will be non-zero. Reading-out the holograms

forms an interference pattern of fringes. This pattern can be directly attributed to the

target species density since all phase contributions from background species, thermal

and pressure gradients or optical aberrations from the steering optics will be

interferometrically subtracted out during the reconstruction. Sirota and Christiansen

also showed that RHI can be used for the measurement of flow parameters such as

velocity, pressure and temperature.

RHI has been gaining attention due to the fact that in contrast to laser induced

fluorescence it is not subject to excited state redistribution phenomena such as

quenching since the species is probed in the ground state level. RHI is not only

insensitive to effects from thermal and pressure gradients or high background

luminosity and scattering but offers some significant advantages over absorption

spectroscopy, both in sensitivity and in data-handling capability. Combination of RHI

with tomographic techniques can provide three-dimensional characterization of the

index of refraction which can be converted to species density. The utilization of RHI for

hydroxyl density measurements in simple laboratory flames and in a reactive flow

produced in a shock tube facility has been reported [Refs. 12,13].

The scope of this work is to present a detailed investigation of the RHI technique as a

diagnostic tool for species concentration measurements in combustion environments.

First the underlying theory is presented. The interaction of light wavefronts with a

transparent medium is described in terms of the deformation of the phasefronts of the

probe light by the refractive index of the transparent medium. Since a wavefront can be

considered as an ensemble of individual light rays, the influence of the refractive index

gradients on an light ray is described.
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As absorption, RHI is a 'line of sight' technique. The information is integrated along

the probe path. This has the consequence that the hologram recorded does not contain

3D information of the species density, but rather the integration along a path.

The resonant refractivity is theoretically derived for the case where the target species is

probed in a flame, taking into account relevant parameters of the flame. The resonant

refractivity is complex, described by the Voigt profiles. The real part describes the

contribution of resonance to the refractive index. The imaginary part is related to the

absorption taking place at resonant frequencies. The resonant refractive index is a

function of known spectroscopic parameters but primarily of two combustion-related

parameters, the temperature of the flame and the density of the probed species. The

refractive index and the absorption are interrelated, and can be individually measured,

the first by RHI and the second by standard absorption techniques. A system is

therefore proposed to derive both parameters, the temperature and the density of the

species.

An experimental set up is built to perform two-color RHI. The need of two colors

necessitates the implementation of two tunable dye lasers. Utilization though of

Stimulated Brillouin Scattering (SBS) enable us to create a second, phase-conjugate to

the first, beam. The frequency difference introduced by the SBS process matches

ideally typical widths of resonant transitions of interesting species in flames, thus

allowing an optimal utilization of the RHI technique.

Taking advantage of basic features of this set up, 2D absorption measurements are

performed by recording the wavefront at the hologram plane. In this way a direct

comparison of the two methods can be made. Using temperature measurements

performed with the transportable CARS system developed at Paul Scherrer Institute, the

species concentrations arriving from both measuring techniques are compared. The

calculations are performed using a numerical approximation to the Voigt profiles. The

problems in correctly evaluating the obtained data are discussed and simulation



Resonant Holographic Interferometry on NH and OH 1

programs are developed in order to investigate the influence of the refractive index

gradients on the propagation of the probe wavefronts through the flame.

Finally, the results are discussed and conclusions are made concerning the applicability

of RHI as a method for obtaining species concentration measurements. The advantages

and disadvantages of implementing RHI are discussed. Schemes are described that

increase the resolution of RHI by implementation of phase stepping techniques.

Additionally an experimental set up for performing simultaneously RHI and 2D

absorption measurements is presented.
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Theory

In the following chapter the interaction of light with matter will be presented. The

description is focused on resonant holographic interferometry, and on the

characteristics of the subject of investigation, the flame.

Basic properties of the EM wave

From EM theory we know that the wave-number is defined as [Ref. 14, p. 16]

27i co 27i nco co

kn =
-—

=
— in vacuum and in a medium k =

—

=
—

= —.

A0 C A C 0)

co is the angular frequency of the wave, A the wavelength, c the speed of light in

vacuum. The subscript 0 (zero) denotes values for the vacuum, i.e. no medium present.

The vacuum velocity of light is defined as c = I/^/eoHo an(I n = V^M- denotes the

refractive index of a medium with s and \i the dielectric constant and the magnetic

permeability respectively. Since for most substances p.=l, we get that e = n2 .The local

propagation velocity of light in a medium is given by \) = c0/n.

A solution to Maxwell's wave equation is a plane polarized transverse wave [Ref.15, p.

88]

E(f,t) = E0exp[i(cot-k •?)] and

H(r, t) = H0 exp[i(cot - k • r)],

with r the position vector and kthe propagation wave-vector. E(f,t) and H(f,t) are

the electric and magnetic field vectors respectively. They are mutually perpendicular

and lie in a plane normal to k: E • H = 0, E • k = 0 and H • k = 0. The unit propagation

wave-vector s is defined as k = ks and therefore [Ref.14, p. 14-17]

E(f,t) = E0exp[i(cot-ks ?)] (1)

Equation (1) describes a plane wave since for each instant E(r,t) is constant over each

of the planes s • r = constant. These planes are called wavefronts, surfaces of constant

phase (iso-phases).
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For a more general type of fields we can write [Ref. 14, p. 111-112]

E(f ,t) = E() exp[i(C0t-k()O(r)l, where <E>(r). the optical path, is a real scalar function

of position and obeys the eiconal equation: (VO(f))~ = n2. Again the surfaces

O(r) = constant are called the geometrical wavefronts.

The above illustrates the importance of the refractive index on the propagation of EM

waves. For a homogeneous medium, n =constant, it follows that the local light velocity

u remains constant along the trajectory and consequently k as well. The wavefronts

propagate unchanged through the medium. For the case of a non-homogeneous medium

the wavefronts of the propagating light will be distorted since the light wave, depending

on the local refractive index, will propagate with different velocities.

Light rays

Figure 1: Illustrating the relation between wavefronts and rays.



10 Resonant Holographic Interferometry on NH and OH

It is convenient here to introduce the concept of light rays in order to describe the effect

of refractive index inhomogeneities on the propagation of light. A light ray is defined as

the orthogonal trajectory to the geometrical wavefronts 0(f) = constant. We consider

them as oriented curves whose direction coincides everywhere with the unit

propagation vector s = VO(?)/|VO(f )|. If r( s) denotes the position vector of a point P

on a ray, for an illustration see Figure l,with s the travelled distance along the

trajectory, then df/ds = s and the equation of the ray may be written as [Ref. 14, p.

121-124]

n^ = VO(f) (2)
ds

The meaning of this equation may be made clearer considering two neighboring

wavefronts <D(r) = constant and <E>(r) + dO(r) = constant. Then

dO(r) dr_ , ,
——

=
—

VO(r) = n (3)
ds ds

Hence the distance between the points where a normal intersects the two wavefronts is

inversely proportional to the refractive index, i.e. directly proportional to the local light

velocity u.

The integral J nds along a curve Q is called the optical path length of the curve.

Q

Denoting by square brackets the optical length of the ray which joins points Pi and P2

we have

p2

[P1P2]=Jnds = 0(P2)-0(P1) (4)

Pi

These equations specifies the rays by means of the function<D(f). They can be

transformed into a differential equation which specifies the rays directly in terms of the

refractive index function n(f). Differentiating equation (2) with respect to s we obtain,

_dV ^_d_ ..

ds v ds J ds

and after some calculations we obtain the vector form of the differential equation of a

light ray



Resonant Holographic Interferometry on NH and OH 11

ds V ds
(5)

For a homogeneous medium Vn = 0, the light rays have the form of straight lines, since

a solution of equation (5) has a form r(s) = sa + b, a and b being constant vectors. In

non-homogeneous media it is more difficult to find solutions for the ray trajectories

[Ref. 16, p. 2-3].

However, under some circumstances certain simplifications are possible. The simplest

case of a non-homogeneous medium, is the case in which the refractive index depends

only on one co-ordinate. This is the so called stratified medium. Figure 2 shows the

situation where the refractive index varies along the y-axis. The light rays enter the

medium in the direction normal to the refractive index gradient, i.e. along the z-axis.

1

y

y(z. yeL

n = n0 n = n(y) / n = n0

\
)\^

h

0 L z

Figure 2: Refraction in a stratified medium n - n{y). The stratified medium

is confined in ze[0..L], with a surrounding refractive index of n„. The beam

enters the stratified medium parallel to the z-axis at a height of ye.

A light ray incident at (0, ye) denoted by y(z, ye) lies in a plane formed by its initial

propagation direction and the direction of the refractive index variation. In this case the

general equation (5) simplifies to:
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d J (\dy\ dn

(6)
d

ds "MfH
fdyY

It follows from Figure 2 that ds =.. 1 + —— dz. Combination of these two equations

y"dy dn

1 + y n(y)

The prime denotes differentiation with respect to z. Using the boundary conditions of

the ray trajectory y(z, ye) at z = 0: y(0, ye) = ye. /(0, ye) = 0 and n(ye) = ne ,
we can

integrate the second order differential equation to yield:

f
-
V

1 + y'2
n

vney
(8)

The exact knowledge of the refractive index distribution would allow us to calculate the

propagation of each individual ray through this inhomogeneous medium and that

consequently enabling the prediction of the deformations of the wavefronts.

A wave propagating through a inhomogeneous medium will experience locally different

refractive indices. Each ray will register the passage through the medium in two ways:

The actual passage through the medium, i.e. the optical path length will be an

"integration of the refractive index along its path" as shown in equation (4) since the

ray will travel with different velocities through the medium. Additionally the path will

be deformed due to the refractive index gradients. The wavefront can be considered as

an ensemble of individual rays. Describing the deformation of individual rays describes

therefore the deformation of the phasefronts <P(r) as they propagate through a phase

medium, n = n(y).

To asses information on an inhomogeneous medium, an experimental technique is

requested that can detect these deformations of the wavefronts caused by the medium.

The technique used in this work is holographic interferometry. In the following a

conceptual description will be given to illustrate the method.
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Holography

Holography is a well established technique used to record and reproduce a true three-

dimensional image [Ref. 17]. Holography differentiates itself from classical

photography by its ability to record and reproduce the complete wave-field, i.e. the

intensity and the phase of the light waves 'scattered' by the object. The information are

usually recorded on a photographic emulsion. Since these media respond to radiation

intensity, it is necessary to convert the phase information, that contain the information

of the refractive index distribution, into variations of intensity. This is done by using

coherent illumination and adding a reference wave to the wave scattered by the object,

see Figure 3.

RECORDING RECONSTRUCTION

Chemical

Process

Viewer

Holographic
emulsion Hologram

Figure 3: Recording and reconstructing a hologram.

The interference pattern of the two waves is recorded on the emulsion and the intensity

at each point of this pattern depends on both the intensity and the phase of the original

object wave. This encoded pattern can reproduce the original object wave by

illuminating it with the reference wave, see Figure 3. Actually, the hologram will not

only reproduce the original object wave but three other waves as well. In this work, only
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the recording and subsequent reconstruction of the original object wave is of interest.

For a more detailed analysis of the holographic process, the reader is referred to the

detailed work of P. Hariharan [Ref. 17] or R. R. A. Syms [Ref. 18].

In the following the method is described in more detail for the case of plane waves,

without loss of the generality. Below, the utilisation of volume transmission holograms

will be described [Ref. 17, p. 41-62]. The volume nature of the hologram can be

justified when considering the hologram to have an emulsion thickness of hundreds of

micrometers, i.e. orders of magnitude bigger than the characteristic parameters of

holography such as the wavelength of the light or the spacing of the recorded

interference pattern [Ref. 18, p. 21-27 and p. 35-64].

Consider two plane monochromatic waves as formulated in equation (1), originating

from the same source, impinging on a holographic emulsion as illustrated on Figure 4.

The first wave is assumed carrying the information of the object and the second is the

reference wave. Both are defined by their wave-vectors k0 andkR. If r is a position in

the hologram volume the registered intensity is given by (the asterisk * depicts the

phase-conjugate wave):

I(r) = |E 0(r) + E R(rf = |e Q(f)f + |e R(r )f + E*R (f)E 0(f) + E R(r)E*0 (?)

,
or analytically

Kf) = exp[i(cot-k0 f)] + |ER exp[i(cot-kR f)|

EoKm^o-kJ-r)
2 | 12

+K\+2 (9)

+ 2 cos(K-F)

Integration over the exposure time/pulse duration averages out the time dependent part

of the two waves. The so-called grating-vector K = kQ -kR determines not only the

orientation of the interference surfaces, since it is normal to them, but the distance

between two of them as well (A0 the recording wavelength):

A„
Kd = 27t=>d =

2sin-
9

(10)
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Hologram

Figure 4: Vector presentation of the recording of a hologram. The two

interfering waves represented by the wave-vectors k0 and kR create an

interference pattern with a spacing d between the interference surfaces.

Their orientation in the emulsion is defined by the half interference angle

\|/ = e/2.

The interference pattern must be transformed into a variation of transmitivity or

refractive index of the photographic emulsion. This is obtained by chemical processing

the holographic emulsion in a similar manner as in photography. If it is assumed that

the amplitude transmittance of the emulsion, after chemical processing, has a linear
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(ID

relation to the recorded interference pattern, the amplitude transmittance can be written

as:

t(f) = t0+pi(f) = t0+p(|Eo(f)|V^
Illuminating the developed hologram with a read-out wave, depicted by its wave-vector

kR0 we obtain two interesting for us images:

Eim(f) = ERO(f)t(f)

ERO(?)E;(f)E0(f) = |ERO(f)ER(f)E0(f)|exp[i(kRO+K).f]

ERO (?)ER (?)E; (f) = |ER0 (f)ER (f)E0 (f)|exp[i(kR0 - k) • f ]
= E. (f)exp[ik. f]

The first image is the reconstmction of the original object wave while the second is the

phase-conjugate wave of the object wave. The object wave is reconstructed if

k. =kD„ ±K = kD^ ±k_ +k_. This is the Laue-condition, known from x-ray
im RO RO OR •>

diffraction experiments, for constmctive interference of a spatially periodic structure

described by the grating vector K. The Laue-condition is equivalent to Bragg's

condition for constmctive interference of the reflections from several layers. Taking

into account that the recorded holograms are thick volume holograms, re-illumination

with a read-out wave will reconstmct only one of the two waves: the original object

wave or its phase-conjugate, depending on the illumination angle. In Figure 5, the

reconstmction scheme of the original object wave is shown. We get directly Bragg's

condition:

2% K ti

sina = — =
— => 2d sinoc = ARO

A RO

Combination of this equation with equation (10) results in:

^ro
.

©
sinoc = ^—sin—

A0 2

Thus for A = A we obtain a perfect reconstmction of the original object wave, since

k. =±k_.
im 0
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The wave can be considered as an ensemble of light rays. Each individual ray is

described by equation (8) relating the position and propagation vectors f and s. Since

the wave-vector is defined as k = ks, we see that the hologram will record and

reconstmct each of the individual rays and consequently the whole distorted wavefront.

Figure 5: Vector presentation of the reconstmction of a hologram. The wave

defined by its wave-vector kR0 is reflected on the interference pattern. With

angles satisfying Bragg's condition the image wave, k
,
will emerge from

the hologram.
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Holographic Interferometry

In general we can define Holographic Interferometry (HI) as the interferometric

comparison of two or more waves, where at least one of them is holographically

reconstmcted. The composite of these two or more waves will be referred as a

holographic interferogram. The term interferogram denotes a pattern of interference

fringes recorded on photographic film or formed on a two-dimensional viewing screen

or the retina of the eye. A detailed discussion on the subject can be found in [Ref. 19,

Ref. 20]. Worth noting is the fact that, in contrary to classical Interferometry, HI can

compare two wavefronts of different wavelength or that interacted with the test object

at different times, thus permitting the comparison of two states of the same object.

Here, the description of holographic interferometry is presented following the outlines

given above and with special attention to the investigation of inhomogeneous refractive

index distributions.

We consider the case where the holographic recording is performed twice on the same

holographic plate [Ref. 18, p. 194-222, Ref. 21, 22]. After development of the

holographic plate two grating-vectors will define the two holograms recorded as shown

on Figure 6. In Figure 6 the two grating-vectors are depicted with slightly different

directions to illustrate a change between the two holographic exposures.

Upon illumination of the hologram with a read-out beam kR0, two waves evolve each

in angles that satisfy the Bragg's condition.

Eiml(?) = Eiml(?)exp[i(kml-f)],and

Em2(?) = Eim2(f)exp[i(km2-f)]
Their coherent read-out will result in their interference:

= Eiml(?)f +Km2(f)|2 +2|Eiml(f)|Eim2(f)|cos(K

||2

(12)
2 I ,

J2
'

K =k -k and the subscript'int'denoting the interferogram created. Equations
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(9)-(12) describe the case of recording and reconstructing two plane wavefronts. The

description can be generalized to the case of arbitrary fields of the type

E (f,t) = e (r)exp[i(cot-k O(r)].

kim:=kRO+ K;

1
1

k- = k„ =

271

im i RO X-

Ki=
271

di

o
d

l 2 sin(ei/2)

Hologram

Figure 6: Vector presentation of the reconstruction of a holographic

interferogram. The wave defined by its wave-vector k is reflected on the

two interference patterns. With angles satisfying Bragg's condition for each

case the two image waves, kiml and kim2, will emerge from the hologram.

A double exposure and subsequent reconstruction with two general-field object-waves

would yield an interferogram with an intensity distribution of

I (f) = e, + e2

'

+2 e. e22codk0,02(f)-k 0,(f) (13)

Observing that the optical path length is defined by equation (4) as
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[P1P2 ] = J nds = o(P2) - O^Pj), the accumulated phase from Pi to P2 is

Pi

p2

AO(r)= jn(r)ds.
Pi

That the intensity distribution therefore is a function of the difference of the optical

path length between the pair of rays and equation (13) becomes

U?)= + 2 cos

-

2 "2

k02 J n2 (?)dS -kO! J ni (f)dS (14)

In the case where no ray bending takes place and the rays propagate in straight lines the

integrals reduce to products and we get, [PjP2 J = L:

I. (?) = el

2

+ e2

2

+ 2 ei e2 COS((k02n2(f)-kO,ni(f))L) (15)

If the two waves experience a difference in refractive index, n(coi)^n(©2), the

interferogram will bare this difference in the form of fringes.

In the following a flame in described as a medium with variable refractive index

distribution.
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Refractive Index and Flames

In a flame where heat and mass transfer take place, the refractive index, n, is related to

the local density p by the Gladstone-Dale equation [Ref. 19, p. 344-346, Ref. 23, p.

116-120]:

n-l = Kp (16)

where K, the Gladstone-Dale constant can be calculated as a mass-weighted average of

the values of K for the component gases of the flame: K = 2^ o^K;, where oq is the

mass fraction and Kj the Gladstone-Dale constant of the i component. The Gladstone-

Dale constant is a slow varying function of wavelength and is nearly independent of

temperature and pressure under moderate physical conditions. Therefore n is in essence

only dependent on density and gas composition which are a function of the local

temperature and local chemical reactions. A flame has normally a three-dimensional

stmcture. Therefore the refractive index has a three dimensional structure as well. The

phase recorded on a hologram is in essence the integration of the refractive index along

the wave's path. The hologram records a "projection" of the three-dimensional

refractive index. Plainly speaking we loose information on one dimension.

This work is concentrated on holographic interferometry for obtaining quantitative

information on the distribution of one flame species. The refractive index as described

above, cannot be used to identify an individual species, since its information is buried

in the sum of contributions of all species. Utilizing holographic interferometry a one

equation, i unknowns system is obtained. Additional measurements are required to

solve the system.

Some additional information is required that will be directly related to the specific

component under investigation. The preceding analysis of the refractive index does not

account for the range of probe frequencies near a molecular transition of one of the

components of the flame. Till now the refractive index has been considered a real

function. This is indeed the case for non resonant frequencies. In the proximity of a
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molecular transition the imaginary part of refractive index becomes significant. The

imaginary part describes the absorption of the transmitted light in the flame.

Additionally, when tuning over a molecular transition, the real part of the refractive

index will increase rapidly with frequency then decrease below the average value for

frequencies above resonance. This decrease of the refractive index in the vicinity of a

molecular resonance is termed "anomalous dispersion". When operating in the region

of a transition of a molecule, in this case one of the species of the flame, the frequency

dependence of the real part of the refractive index can be exploited to identify the

probed flame species. Below the complex refractive index is derived for resonant

frequencies.

The classical model of the Complex Refractive Index

A system of an assembly of bound electrons driven by an electric field, can be

considered as a damped, forced oscillation. Once again plane-polarized EM wave

propagating in the z-direction is considered. The equation of electron motion around

the nucleus can be written as [Ref. 2, 24]

d2x dx
/ \ 2

m —7- + m y— = eEn exp(icot) - m co„x
e
dt2

e' dt ° e °

x defines the displacement of electrons in the x-direction, me and e is the electron mass

and electron charge respectively, y a damping constant, co0 the natural circular

frequency of oscillation and the magnetic permeability \i is set equal to one, jj.=1.

Assuming a solution of the form x = xQ exp(icot), x0 can be shown to be

x=
**

.

0 me(co2-co2+iyco)
The induced polarization is the dipole moment per unit volume, thus for the ensemble

of Ne bound electrons the polarization is P = Neex0. From Maxwell's equations we

have that the polarization is
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eN

P = e (e - l)E .
Since e = n: we get that n: = 1 + ,

s()mcIco~ -co- +iycoj

Separating the real and imaginary part of the complex refractive index

n = 1 + n(co) - ik(co)
,
we get after some rearrangements that:

K(co) = L

4e(1m co(. / \- \ y/
0 e ° 'co, -co + \

y

and

n(co)

(17)

N e2 C0(| -co

4em con / \2 (y/

Figure 7 show the frequency dependence of k(co) and n(co)in the vicinity of an

eigenfrequency coq of an atomic transition.

Imaginary part k(<o) Real part n(<jO)

Frequency (a.u.)

Figure 7: The complex refractive index as a function of frequency in the

vicinity of a molecular transition, n = 1 + n(co) -iK(co). y is the FWHM of

the k(co) curve defining the two turning points of the dispersive curve n(co).
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Spectroscopic Considerations

The oscillator strength

Because of the many possible energy levels, molecules exhibit many eigenfrequencies

at which they can absorb radiation, starting from an initial level E^ The total absorption

of the atom in the level Ej is distributed among all possible transitions Et —> Ek to all

higher levels E^ which are optically connected with Ej. Each of these transitions

contributes only a fraction % to the total absorption. This number fjk<l is called the

oscillator strength or transition probability, since in essence it measures the likelihood

that a given transition will occur. The absorption of N atoms on the transition El -> Ek

is equal to that of flkN classical oscillators. The absorption oscillator strength can be

related to the Einstein Ajq coefficient of spontaneous emission by

^2^1

where gj are the degeneracy factors of the two energy levels [Ref. 25].

The partition function

The molecules can attain many energy states by vibration, rotation and electronic

excitation. It is therefore important to take into consideration the partition of the

ensemble of molecules over these states. The distribution derives from statistical

mechanics and is described by the Boltzmann equation

( V 1
8jctP

-

/kBT
N,=N- S E/\ (19)

2-gjexp^- yKT^

where N, is the number density of particles in the j state of energy EJ5 N the total

number density, kB the Boltzmann's constant, T the temperature and g, the degeneracy

of the state. The denominator is termed the partition function and is denoted by Q.
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The internal molecular energy can be written as a sum of the electronic, vibrational and

rotational energies Ej = Eel + Evib + Erot and the total partition function can be

expressed as the product of a partition function of each internal energy mode [Ref. 2].

The total population distribution factor F can thus be described as

, , f-BJ(J + l)hcA
f .*.„« V f w. ^gi(2J + Dexp

1-exp
1

F=Q~eXP

where

uhcca

kBT jv

he ft)

v kBTyy

v kBT
(20)

Qrot=I(2J + l)exp
J=0

hcBj(j + l)

kBT

Qe is the electronic partition, u the vibrational quantum number, coe the molecular

vibration frequency (cm1), J the rotational angular momentum quantum number, B the

molecular rotation constant (cm1), gr the nuclear spin degeneracy and h Planck's

constant. The number of molecules taking part in the interaction is therefore

Nj = FNtot, where Ntot are the molecules in the probed sample.

Frequency broadening ofa transition line

In the formulation of the complex refractive index y was introduced as a damping

parameter. This frequency spread is termed natural linewidth and is usually negligible

in compare with other broadening effects.

Spectral lines are broadened, and in many cases shifted, by increasing pressure and by

the presence of ions and electrons. These perturbations -widening, shifting and mixing

of energy levels, are due to interactions of the emitting or absorbing molecules with

other particles. The form of the pressure broadened line is the known Lorentzian line

shape, shown in Figure 7. So far, the natural and the collisional broadening can be

considered as two contributions to the damping parameter y, y = Yn + y .

The line will also broaden due to the thermal motion of the molecules. The movement
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of the molecules gives rise to a Doppler shift. For a given temperature the distribution

of velocities is described by the Maxwell-Boltzmann expression. The Doppler line

shape can be derived by calculating the Doppler shift for each velocity component and

averaging over the distribution of velocities. When the resonance frequency ©0 of the

absorbing molecular transition has a homogeneous linewidth of 8co the velocities of the

absorbing molecules must fall into the interval Au defined by coQ -k(uz ± Au). In

this expression the wave-vector k is assumed parallel to the z-axis. At Temperature T,

the number of molecules n.(u)duz in the probe level E; per unit volume with a

velocity component between u2 and uz + duz is

n.(ujduz =N./v Vrcexpt-lu/u j ]duz, where N. = J n.(uzJduz is the density of

all molecules in level E;, u = J2k^T/M the most probable velocity, M the mass of

the molecule and kB Boltzmann's constant. The number of molecules with absorption

frequencies shifted from coq into the interval [co, co+8co] is

.

N.c/con
n. (co)dco = —' v- exP["

1
V y/K

f . V
c

V
V p

(co-co0)/co0 ]dco

2co0 2kBTln2
The FWHM of a Doppler broadened line can be calculated to AcoD = J —

c V M

Saturation considerations

In the process of exiting the atoms from level Ej to Ek consideration has to be taken on

the intensity of the probe wave. The population densities Ni and Nk of the two levels Ei

and Ek are given by the Boltzmann distribution. They can be regarded as constant as

long as they are not noticeably influenced by the interaction with the electric field. The

absorbed intensity dl is proportional to the incident intensity I. But as the intensity

increases the lower state density N; can noticeably decrease while the upper Nk

increases. The absorbed intensity dl is then no longer proportional to the incident

intensity I and the transition is saturated. It can be shown [Ref.24, p. 44] that the

population difference in this case is AN = AN0/fl + I/ISatJ, where ANQ is the zero-
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intensity population difference and ISat = cR/B12 stands for the intensity required to

decrease AN to AN0/2. B12 is the Einstein coefficient for induced absorption,

l(co) = cp(co) with p(co) frequency dependent energy density. R is the mean

relaxation probability for transitions back to the lower state. An intensity above the

saturation level has an impact on the lineshape of the transition. According to

Demtroder [Ref. 24, p. 106] the saturated linewidth is given as ys = y^/I + Sq .
With

S0 = B12p(co0)/R, the saturation parameter is

s _Co (y(2)2
°(co-co0)2+(y/2)2

The saturated extinction coefficient profile is then

MN„B,2 (Ts/2f
K'l<9,=

*Y(l + S0)(m-o>0)2+(Ys/2)2

in comparison to the unsaturated extinction coefficient profile

MN0B12 (y/2)2
^ (co-co0)2+(y/2)2

The saturation decreases the extinction coefficient by a factor of (1+S0) and the

transition line is broadened by a factor ^/l + S0 .
A similar relation can be derived for

the real part of the refractive index as well.

The value of the saturation intensity Isat is computed by using [Ref. 3]

1 e c/i2Y r
0 M2 0

L. =
Sat

^12
2

where y12 refers to the coherence dephasing rate and T0 refers to the population decay

rate. p.12 is the one-photon transition dipole moment and relates to the induced

absorption coefficient S12 by

^2=6e0^B12-
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The Voigt profiles

When both the Doppler and the collisional broadening are of importance the line profile

corresponds to a convolution of the Gaussian and the Lorentzian profiles. The effective

line center frequency is v* = v0 f 1 + y J and therefore u = c (v* - v0 J /v0. By

integrating over all the possible velocities of the molecules and by using equations (17),

(18) and (19) we obtain:

Av, /

k(v) =
N,f^ M

4(2ji)2£0mJ2kBJiTv0
LT

v +
Av, V exp

M

2kBT
du

and

n(v)-I=
^ M

4(27c)280mj2kB7cTv0

-\-<x>

J
V -V +

(Av, V exp

M

2kBT
du

The detailed derivation of the complex refractive index can be found in Appendix A.

Here the function are presented with the frequency v as variable instead of the angular

frequency co. Finally the frequency dependence of the complex refractive index,

n'(v)=[no+n(v)]-iK(v), in the vicinity of a molecular transition, can be represented by:

, ,
Vrcln2 N.fe2

K(v) =1-1 J-j Re{W(z)}
8ti e0meAvDv0

, s
V7Cln2 N.fe2

n(v) =
„ 2

.

JZ,
,,

Im{W(z)}
8tc2 £0meAvDv0

(21)

(22)

W(z) = exp(-z2)erfc(-iz) and z = B+icc
. P corresponds to 2Vln2(v-v0)/AvD and

a = Vln2 AvL/AvD is the Voigt parameter. The real part of W(z) is the convolution of

a Gaussian and a Lorentzian and is known as the Voigt function. v0 denotes the

resonance frequency of the transition, k(v) the extinction coefficient, n(v) the

contribution of resonance to the refractive index, n0 the refractive index of the

surroundings (given by equation (16) as nQ = 1 + Kp), Nj the species concentration in
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the specific state and fj the oscillator strength of the transition Avu and AvL aie the

Doppler and the Lorentzian full widths at half maximum (FWHM) ot the transition,

respectively The tunction W(z) does not have analytical solutions, and therefore

numerical approximations have to be applied The solution chosen in this work can be

found in Appendix A

In Figure 8 the plots of the calculated real n(v) and imaginary k(v) part of the

complex refractive index of the Q^(5) transition in the (0,0) vibrational band ot the

A n X S electronic system ot NH are depicted Input parameters toi these plots are

A2i - 2 5x10
6

s ', B = 16 667 cm
'

coe = 3300 cm
'

fj = 0 0423 T = 2345 K and an

assumed total NH concentration ot 10 m As a Voigt FWHM the experimentally

determined value ot Avy = 03 cm was used, yielding AvL = 0 065 cm by

calculating Av = 0 266 cm
'
at this temperature

Frequency difference from v0 (GHz )

Figure 8 Plots of the calculated real, n(v) and imaginary, k(v), part of the

complex refractive index of the Q^(5) transition in the (0,0) vibrational band

of the A3n-XV electronic system of NH The Voigt width is Avv= 9 067

10 Hz, a = 0 203 Here plotted as a function of the frequency difference

from the center frequency of the transition, v0 = 8 9243 1014 Hz
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Resonant Holographic Interferometry

In the vicinity of a molecular transition light waves of different frequencies will

experience a different refractive index no+n(v). (In the following all expressions will be

given in frequency v instead of the angular frequency co). This difference in the

refractive index can be used to generate a relative phase shift between two waves of

slightly different frequencies as they pass through the flame. In fact, the phase velocity

of the two waves will be altered according to the total refractive index, n0+n(v). By

interferometric subtraction, the bulk refractive index n0 of the flame will be eliminated

yielding the net contribution of the resonance effect to the refractive index n(v).

Holography is applied to perform the interferometric subtraction. The two waves are

recorded on the same holographic plate and subsequently reconstructed simultaneously,

to interfere. Fringe shifts will be observed in areas where the resonant species have

introduced a refractive index difference for the two exposure frequencies.

For the plane monochromatic wave propagating in the z-axis

Em = EQ explil 27TVit - kQ n0zj J, with a frequency Vj in the vicinity of a transition of

a molecule, immediately after exiting the flame we will have

Eout = EQ exp[ i^TTA^t - k (nQ + n[yi j - iK^ jJLIJ. L now denotes the interaction

length of the wave with the flame. We have considered the simple case where no ray

bending takes place and the wave propagates in a straight line. Recording this wave on

a "screen" we obtain an intensity distribution of

Kf) = i0exp(i(-k0i(n0 + n(v)-iK(v))L))
(23)

= Kf exp(" 2k0 k(v. )L) = Kf exp(- a(\ )L)
with a(y ) = 2k0iK\y ), the absorption coefficient. What we have here is in essence

the classical "line-of-sight" absorption measurement in two dimensions.

For two waves with different frequencies in the vicinity of a molecular transition, vi

and v2 the corresponding refractive indexes are n'!(v)=[n0+n(vi)]-iK(vi) and
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n'2(v)=[no+n(v2)]-iK(v2), respectively. The intensity recorded in a two color

interferogram is given according to equation (15):

1(f) = E0 exp(i(- k0l (n0 + n(Vi)- ik^ ))l)) + E0 exp(i(- k02 (n0 + n(v2)- iK(v2 ))l))
or analytically,

1(f) = |E0 f [exp(- ttj (Vi )L) + exp(- cc2 (v2 )l)

( feci(vl)+a2(v2J\ 1 / / \ { , x / m \

+ 2exp L cos(no(ko1-ko2)L+[k0ln(v1)-ko2n(v2)JLj]

In the argument of the cosine we recognize here the accumulated phase along the path

L: 9i =ki(rio+n(Vi))L. The left term is a constant due to the frequency difference

between the two exposure waves. The second is dependent on the resonant contribution

to the refractive index at the two exposure frequencies. This term carries the

information on the species concentration in the flame. The intensity of the

interferogram is attenuated due to the imaginary part of the refractive index k(V;), just

in the way for the single wave passing through the flame. The visibility of the recorded

fringes will remain equal to one in the case where the input intensities of the two

exposure waves are equal and v\yl J = a(v2 j, even in areas of the flame where strong

absorption takes place. The visibility V of the interferogram is defined by Michelson as

I -I 21^1^
Y

''-max 'ma ^L\ L2

tmax^tjum lj + 12

where Ii and I2 are the intensities due to each beam alone (Ref. 20, p. 46). Thus

f i \ I \ \

Y, X
2exp

2T/2T/2

a(V,)+a(V2)L

I, +1
1 2 exp(- a(v1 )l) + exp(- a(v2 )l)

For the case that E01 = E02 => It = I2 and a(yi J = a(v2 j the visibility is V=l.

A link has been achieved between the distribution of a species in the flame and the

intensity recorded in a double exposure two color hologram by utilizing the complex

refractive index in the vicinity of a transition of the species. The information is
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contained in the fringe shift (F.S.) that is determined, assuming a uniform species

distribution along the path i.e. a stratified medium, as

k0ln(Vl)-k02n(V2)T

Vin(Vl)~V2n(V2).
F.S.=

"' v x' "z v

-'^ =
-l^jj. <-^±tL (24)

2% c
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Experimental

The subject of investigation: the NH3-O2 diffusion flame

For a first demonstration of the measuring technique that has been outlined in the

previous section, a NH3-02 diffusion flame was chosen for following reasons. First, the

flame temperature is high. ID numerical simulations, see Appendix B, indicate a

maximum temperature on the order of 2700 K. A high flame temperature is preferable

for these initial experiments since the width (FWHM) of molecular transitions in

atmospheric pressure flames is enhanced significantly. Second, two combustion

relevant species, NH and OH, are produced in adequate concentrations to facilitate their

experimental investigation by the new technique. The vibronic 0-0 bands of NH (A II -

X 3Z) and OH (A 22+ - X 2ri) are accessible in the UV, thus enabling the utilization of

commonly available dye lasers.

The Wolfhard-Parker burner

From theory it is clear that Resonant Holographic Interferometry and the absorption

measurements are „hne of sight" techniques, i.e. the information are obtained as an

integration of the signal along the path. Equations (23) and (24) illustrate this

integration of the signal for the simple case of a straight beam propagating through the

target medium. The integration along the path is substituted by a simple multiplication

with the length of the target medium.

Fringe interpretation is a known problem in Holographic Interferometry and a lot of

schemes have been developed in order to achieve the full 3D information contained in a

typical flame structure. Theoretical schemes to derive the 3D information of the

refractive index distribution in an axial symmetric flame by utilizing the Abel

transformation have been developed [Ref. 19, p. 316, Ref. 26, 27]. Also, tomographical
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techniques to reconstruct the full 3D structure from multiple 'projections' are found in

the literature [Ref. 28, 29, 30, 31, 32, 33, 34]. In principle RHI can be extended to 3D

measurements, however it is not the topic of this work.

Figure 9: The NH3-02 diffusion flame stabilized over the Wolfhard-Parker

burner.

For a conclusive demonstration of the applicability of the proposed measuring

technique to quantify a single species in the flame, a combustion environment that

allows a simple interpretation of the results is advantageous. Therefore, a Wolfhard-

Parker slot burner is implemented for the preliminary RHI measurements since it

provides a 2D flame structure that simplifies the interpretation of the recorded

interferograms [Ref. 35], see Figure 9. In appendix B, detailed information and

drawings of the burner are presented. The burner consists of three parallel slots of the

same length. The fuel (NH-,) is provided through the middle slot while the two outer

slots provide the oxidizer (02). The burner produces a saddle shaped laminar diffusion

flame, consisting of two identical, two-dimensional flame sheets, which greatly
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facilitate precise lateral profile measurements and maintain an optimal optical

accessibility. Alternatively a premixed NH-,-02 flame stabilized on a flat flame burner

could be chosen. However, such a burner produces a flame front that is parallel and

close to the burner surface. The correct interpretation of the experimental results is

difficult for this case. Diffraction patterns originating from the burner edge that

spatially overlap with the imaged area have to be taken into account. Additionally ray

bending might force the refracted beams to collide on the burner surface and result in a

loss of valuable information.

Let us assume that the probe beams propagates along the z-axis. The flame is aligned

with the slots parallel to the z-axis, see Figure 10. The bulk refractive index due to the

combustion process and the resonant refractive index due to molecular absorption is

constant along the z-axis but varies along the two other axes. The interpretation of the

interferograms is thus straightforward and equation (23) and (24) can be applied

without further modifications.

Aperture
Wolfhard Parker

burner

Rhodamine

i Dye cell

Rhodamine

Dye cell

Figure 10: Top view of the Wolfhard-Parker burner in the optical set up in a

typical line absorption measurement set-up. Note that the aperture selects

only a part of the expanded probe beam to perform the measurement.
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K. Smyth et al. [Ref. 35] supplied high flow velocities to the burner, thus forcing the

two flame-sheets parallel to the x-axis. The flame is additionally stabilized by a

stainless steel V-shaped mesh above the burner. The mesh serves as a heat reservoir

with a beneficial effect on flame stability. The effects of the mesh on the flame kinetics

are, however, unpredictable. Therefore, a substantial effort has been imposed in this

work to generate a stable 2D flame without any stabilization structures. A stable flame

is achieved by controlling the velocity profile at the exits of the three slots by adjusting

the total and the ratio of the flow velocities of fuel and oxidizer.

To obtain a fully developed parabolic velocity profile, for the case of the two oxidizer

slots, a length of -50 cm would be required, taking into account typical velocities of the

gases used in this work [Ref. 36]. The length of the burner is therefore too short to

allow the development of a full parabolic velocity profile. Considering the rectangular

shape of the three slots, see Appendix B, the parabolic velocity profiles at the long and

the short side will be quite different. Therefore, efforts were placed to achieve a top hat

velocity profile in the following way. Different fillings of the slots (i. e. glass beads)

were tried in order to diffuse the gas in the slot-tubes and create a laminar flow. In

Appendix B the fillings of the burner as used in all our experiments are described. For

every filling trial the stability of the flame was investigated interferometrically, placing

the burner into one of the arms of a Mach-Zehnder interferometer.

A perfectly stable flame can not be achieved. For some flow velocities and velocity

ratios however, a sufficient stability is achieved for the imaged area, i.e. the primary

flame zone exhibiting the form of a saddle. In fact, only small deviations can be

observed by applying the Mach-Zehnder interferometer. Moreover, after thermal

stabilization with the surroundings a stable flame is obtained up to a height of three to

four times the position of the 'saddle'. In summary, this characterization shows that the

burner stabilizes a reproducible laminar flame structure meeting all requirements to

perform the experimental investigations.
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The burner parameters used for the experiments performed in this work are summarized

in Table 1:

Slot Area (cm2) Input Flow (lt/min) Flow velocity (cm/s)

NH3 3.1 2.5 13.44

02 13.5(2x6.75) 30 37.04

Table 1: Burner parameters for the performed experiments.

The velocity ratio of oxidizer to fuel is then V(02)/V(NH3) = 2.75. The flows are

controlled by two flow meters, Sho-Rate by Brooks Instrument, calibrated for NH3 and

02.. An accuracy of ±5% with an uncertainty of ±0.5% for an input pressure of 4bar

absolute is specified. During the experiments the setting on the flow meters is fixed and

the shut off valves only are used to turn the flows on and off. In this way an increased

repeatability of the inlet flows is obtained. During measurements no visible change in

the flame is observed, i. e. the height of the flame-saddle and the flame remains stable.

Laser requirements

For the correct implementation of Resonant Holographic Interferometry several

considerations on the laser system have to be taken into account. First, a constant phase

shape of the individual pulses is required. If we are to utilize the distortion induced on a

wavefront to achieve information on the spatial distribution of a resonant species, it is

important that the phase distribution is repeatable from pulse to pulse. Second, to

achieve a good interference between the object and the reference beam a long coherence

length is preferable, since constrains to set up the holographic experiment are relaxed.

The coherence length can be roughly estimated as the inverse function of the laser

bandwidth lcoh = c/AvIaser, where Aviaser is the laser bandwidth and c the speed of light.

Third, a narrow laser bandwidth is of great importance when probing the real part of the

complex refractive index. The formulation derived in the theoretical chapter, equations
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(23) and (24), is based on the assumption that a laser with an infinitely narrow

bandwidth is used. Since this is obviously never the case, the refractive index frequency

distribution must be convoluted with the frequency profile of the laser to correctly

derive the fringe shift information acquired from an RHI experiment. By assuming a

refractive index distribution as shown in Figure 8 and a gaussian frequency profile, we

computed a resulting Fringe Shift as a function of the laser bandwidth by using

equation (23). The results are depicted in Figure 11. The horizontal axis indicates the

ratio of the laser width to the Voigt width of the Q?(5) transition of NH. All other data

are summarized in the caption of Figure 8. It can be seen, that a broader laser width

produces smaller fringe shifts, since the steep refractive index near resonance is

averaged.

0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0 4.5 5.0

Ratio between laser width and transition line width (FWHM)
— Both laser bandwidths increasing -a- One laser has constant laser bandwidth (0.04cm-1)

Figure 11: Total Fringe Shift as a function of the laser bandwidth. The laser

width is normalized with the Voigt width of the transition line. For this

calculation the refractive index distribution plotted in Figure 8 is used. Two

cases are depicted. First, the bandwidth of both probe waves is increased.

Second, the width of one probe wave is kept constant at 0.04 cm"1.
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Therefore, a narrow bandwidth laser is highly desirable. If the laser width meets the

width of the transition (Aviasers AvD), fringe shift evaluation without deconvolution will

yield an signal reduction of 30%. However, this can be corrected under the assumption

that the laser bandwidth and the frequency distribution of the laser intensity are known.

The same holds for the absorption measurements as described by equation (24).

Substantial work has been performed to circumvent the disadvantages of using broad

band lasers [Ref. 37] as long as narrow bandwidth lasers were not readily available.

Fortunately, a Lambda Physik 3002 pulsed dye laser is available in our laboratories

which is equipped with an intracavity etalon providing a laser beam exhibiting a width

of 0.04 cm"1. In comparison with typical absorption line widths encountered in NH3-02

flame on the order of 0.25-0.3 cm"1 the measurements will result in an error on the

fringe shift information of about 2%. As will be shown later, this error is negligible

compared to other intrinsic errors. Therefore, a monochromatic light source is

considered in the following and equations (23) and (24) need not be modified. When

using the intracavity etalon of 0.04cm"1, a coherence length of lCOh « 25cm is expected.

To address the two target molecules, NH and OH, the laser system is operated with two

different dyes and two different pump lasers. Table 2 summarizes the two modes of the

laser operation.

Dye (nm) Doubling Pump laser Output

NH

PTP

330-353

Excimer @308nm

-250-300 mJ/pulse,

25ns pulse duration

Max. Rep. rate: 500 Hz

~2 mJ/pulse

Av = 0.04cm"1

OH

Rhodamine 101

600-620

KDP crystal

Nd:YAG @532nm

~ 200 mJ/pulse,

6 ns pulse duration

Fixed Rep. rate: 10 Hz

~3 mJ/pulse

Av = 0.04cm"1

Table 2: The two modes of the Lambda Physik 3002 operation used to

probe the two target species NH and OH.
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The single fringe pattern indicating a single mode operation of the laser is observed

with a monitor etalon and a CCD camera, see Figure 27. In the following, the operation

mode of the laser for NH and OH absorption frequencies will be called the NH mode

and the OH mode, respectively.

The holographic medium

For the holographic recordings an emulsion has to be chosen with a high sensitivity in

the UV where the experiments are performed. Since little holographic work has been

performed in the UV [Ref. 38], the characteristics of different emulsions are not well

documented in this wavelength region. Moreover, in contrast to standard holographic

work pulsed lasers are utilized, thus the exposure energy cannot be controlled compared

to the use of CW lasers. The pulse to pulse energy variations of the laser configurations

are typically 10% and 15% for the NH mode and the OH mode, respectively. The

beams are expanded in order to create plane wavefronts covering the whole flame zone.

The intensity distribution across the expanded beam is also subject to intensity

fluctuations from pulse to pulse. As stated in the theoretical part, the emulsion response

is supposed to depend linearly on the exposure energy. In fact, the emulsion response is

only linear in a limited range of exposure energies. For fixed developing parameters, a

curve of emulsion response versus exposure energy, the so-called characteristic curve of

the emulsion, can be used as a guideline in choosing optimal exposure energies. An

analytical description of the characteristic curve is given by C. M. Vest [Ref. 19, p.45-

53]. Note, however, that in the presence of the energy fluctuations mentioned above, a

high degree of uncertainty remains whether the exposure energies are within the linear

part of a determined characteristic curve. For all exposures performed in this work, the

ratio between object and reference beam is kept to ~1:1. Therefore, a maximal

diffraction efficiency is obtained in principle. However, due to a polarization ratio of



Resonant Holographic Interferometry on NH and OH 41

the laser beam of ~50:1 and different frequency response of the involved optics the

intensity modulation of the recorded "grating structures" in the emulsion will be

reduced. By considering a typical characteristic curve for the emulsion exhibiting, we

assume a linear response on medium exposure energies. Typical commercially available

Silver Halide emulsion in the blue region of the light spectrum are [Ref. 19, p. 47].

Emulsion type Resolution (lines/mm) Sensitivity (pJ/cm )

Kodak 125 1250 2 pJ/cm2 @ 441.6nm

AGFA GEVAERT 8E56 5000 15 pJ/cm2 @ 476nm

AGFA GEVAERT 10E56 2800 1.4 pJ/cm2 @ 476nm

Other holographic emulsions have been considered, for example the photoresist

material [Ref. Syms] or photothermal emulsions. However, these emulsion require

higher exposure energies than available from the used lasers. Additionally, high

energies would saturate the molecular transitions of the target species in the flame.

In this work the AGFA GEVAERT 8E56 (4x5 inch) was chosen as a holographic

emulsion, since it is readily applicable in the laboratory and exhibits a high spatial

resolution. The plates are developed in three steps. The holograms are developed with

Kodak D-19 developer, in standard solution, until a Optical Density (OD) of 2-3 was

obtained. The plates are subsequently immersed in a stop-bath, a mild solution of

Ascorbic-acid, for two minutes. The plates are fixed for three minutes in the fix-bath

Ilford G 350 After rinsing in running de-mineralized water for 4-5 minutes the plates

are bleached in a GP 431 bleach bath (AGFA GEVAERT standard recipe for

transmission holograms) and then re-immersed in the water bath for about ten minutes.

In all process steps a soft manual agitation was applied.
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CARS measurements of temperature

It has been pointed out that two combustion-related parameters primarily determines

the refractive index: the species concentration and the temperature of the flame. The

real and the imaginary parts of the refractive index are interdependent, since the

derivation of the complex refractive index is a natural consequence of fundamental

Electromagnetic Theory. Measuring each part of the complex refractive index, would

result in a system of two equations with two unknowns. Having the one unknown, each

equation must result in the other unknown. In this way, a correlation between the two

independent measurements can be made. It is therefore desirable to have an

independent and reliable measurement of at least one of these two parameters.

Coherent Anti-Stokes Raman CO

Figure 12: Folded BOXCARS phase matching geometry applied on the

NH3-O2 diffusion flame stabilized over the W.-P. burner.

It was chosen to utilize the transportable CARS system, developed her at Paul Scherrer

Institute [Ref. 5], in order to obtain Temperature profiles over the reaction zone of the

NHr02 flame. The CARS measurements were performed by B. Hemmerling and A.

Stampanoni. For the measurements the USED BOXCARS phase matching geometry is

applied. For this configuration of the CARS system, temperatures are determined with
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an accuracy of ±60 K at temperatures of -2000 K [Ref. 5]. At higher temperatures the

accuracy is expected to increase.

On the other hand measurements in a NH3-02 flame pose significant difficulties. The

high temperatures and the low concentrations of N2 in combination with the high non-

resonant background, see Figure 13, resulted in an reduced accuracy of ±100 K. Due to

the low N2 concentrations, see numerical simulations in Appendix B, the standard

single shot measuring mode could not be applied. Additionally, N2 was available only

in the proximity of the reaction zone. Consequently, a complete temperature profile

could not be achieved without seeding N2 in all three slots. That would of course

change the flame conditions and is avoided. The flame stability ensures that averaging

can be performed.
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Figure 13: 200 pulse average N2 spectrum at a height of x = 3.5 mm above

the burner surface and at y = 4.2 mm relative to the symmetry axis of the

W.-P. burner. The solid line shows the measured spectrum, while the

stippled line shows the simulation performed to obtain the temperature

(courtesy B. Hemmerling and A. Stampanoni).
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The measurements presented here are averages over 200 shots. The burner is positioned

on a translation stage and measurements at different positions can be performed. The

probe volume has a longitudinal length of ~10 mm and a diameter of ~ 200 pm. The

burner is aligned so that the propagation axis of the CARS probe beams is parallel to

the symmetry axis of the W.-P. burner. Taking into account that the length of the flame

is L = 42 mm, the spatial resolution of the temperature measurements is determined by

the diameter of the probe volume. Since the temperature is not expected to change

rapidly as a function of the height above the burner surface, the point-wise

measurements were performed at a height of x = 3.5 mm above the burner surface. In

Figure 13 a representative example of a N2 spectrum is presented. This spectrum

resulted in the maximum temperature, T = 2827±100 K.

3000

CARS Temperature measurements at a height x = 3.5 mm

above the burner surface.
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Figure 14: Temperature profile at a height of x = 3.5 mm above the burner

surface. The solid line show the 5 order polynomial fit to the point-wise

measurements. The error bars indicate the ±100 K accuracy of the

measurement.

In Figure 14 the obtained temperature profile at a height of x = 3.5 mm above the

burner surface is shown. The positions of the point-wise measurements in relation to the

symmetry axis of the W.-P. burner were obtained by calibrating the translation stage to
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the wall separating the oxidizer and the fuel slots.

A fifth order polynomial fit to the point-wise measurements is used to estimate the

temperatures at positions where the species concentration will be calculated from the

experimental results.

The holographic set up

In order to record a wavefront that can be successfully reconstructed, two coherent

wavefronts have to interfere on the hologram plate. There are many different

configurations for a holographic set up. For a detailed analysis please refer to Refs. 17,

19 and 39. Since we are interested in producing double exposure transmission

holograms by using two different frequencies, several configurations for Holographic

Interferometry will be discussed in the following. Furthermore, an analytical description

will be given for the set up utilized in this work.

One reference arm set up

Figure 15 shows the simplest holographic setup. It consists of a beam splitter separating

the laser beam into two parts. They propagate through collimating optics and produce

two plane waves that interfere at an angle on the holographic plate. By passing two

pulses of different frequencies through the system sequentially, a double exposure

recording is obtained. This configuration corresponds to the derivation described in the

theoretical part of this work. Referring to equation (12), we recall that the interferogram

which is reconstructed from the hologram will be a function of the read-out beam

propagation vector kR0. By re-illuminating the hologram with the read-out beam, two

wavefronts will re-emerge from the hologram plates at angles that satisfy the Bragg

condition. It is obvious that as long as the Bragg condition is satisfied, the two beams
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will have a fixed angle to each other and the interferogram will be defined by the

constant Kml. Therefore, the fringe distance in the interferogram will be fixed in space.

Figure 15: One reference arm holographic set up.

The locked fringes in space represent a disadvantage of the one reference configuration.

In fact, the accuracy of the optical phase determination trom the interferograms is

limited since it is otten difficult to locate the center of the fringes to better than 10 % of

their spacing. Note, that one spacing corresponds to a wavelength difference. In

addition ambiguities arise it only a few number of fringes are available that are not

equally spaced. Further errors are introduced by non-linear interpolation that are otten

required to determine fractional tringe orders. Higher accuracy can be obtained by

analyzing a digitized interferogram by dedicated software that processes the fringes of

the interferograms and evaluates their center lines. However, it is preferable to use

techniques which permit direct measurements ot the optical phase difference by

electronic means as described in the next chapter.
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Two reference arm set up

Figure 16: Two reference beam holographic setup. In order to address the

object beam of each recording with a different reference beam, two

mechanical shutters are used, switching ON/OFF the two reference beams.

In order to circumvent the inaccuracy of fringe interpretation, a two reference arm

configuration has been suggested [Ref. 19, Ref. 40, 41, 42]. In this case each exposure

has a different reference incidence angle. During reconstruction, the doubly exposed

hologram is illuminated with two read out beams. Each beam satisfies the Bragg

condition for the two holograms stored on the medium. The reconstruction yields,

therefore, four wavefronts.

Only two of the four wavefronts will interfere in space [Ref. 40]. So far no

improvement is achieved over the one reference arm set up. However, if one of the two

reference beams is manipulated, for example by changing the angle of intersection, the

corresponding wavefront will be affected. The change is reflected in the vector K and
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we think of the fringes as being 'alive'. The dynamic effect of the fringes can be

utilized to gain the full 2D phase information that is hidden in the interferometric

comparison of the two wavefronts. An analytical description of how to take advantage

of these 'live' fringes is described in Ref. 41].

In the experiments performed during this work several factors did not permit the

utilization of the two reference arm holographic set up. First the time delay between the

two exposure pulses was kept small, a few nanoseconds, in order to avoid spurious

fringes arriving from flame instabilities. To perform a double exposure hologram on

this time scale by using a two reference arm configuration would involve very fast

switching units with high energy losses. In both laser configurations the laser has

output energies of 2-3 mJ/pulse prohibiting excessive energy loses (see below). Since

this work is focused on studying the behavior of the real and imaginary refractive

index, the one reference arm set up is used. As a consequence, a limited accuracy of the

fringe shift evaluation is expected. On the other, this set up allows the registration of

the full 2D species distribution of the target species. Moreover, the maximum absolute

fringe shift can be readily obtained and contains the information of the maximum

species concentration.

Image plane holography

According to the theory, the read-out beam is a critical parameter for the correct

reconstruction of the hologram. A perfect reconstruction of the two wavefronts requires

a read-out beam which is identical to the original reference beam. There is a way to

circumvent this difficulty. By using a relay lens the wavefront under study is projected

on, or in the proximity of the hologram plane. This projection of the wavefront on the

hologram plane has given the name to the technique, since it is rather the image of the

wavefront that is recorded than the wavefront itself.

There are several advantages in using image plane holography [Ref. 43, 44, 45, 46].
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The biggest advantage is the fact that the holograms can be read-out with white light.

The explanation for the white light read-out was given by L. Rosen [Ref. 44] and by

G.B. Brandt [Ref. 45]. They showed that the smear introduced by the many different

reconstruction angles provided by the broadband illumination is a function of the object

to hologram distance. By projecting the image on, or in the proximity of the hologram

plane, minimal smear is achieved, since the object-hologram distance is nearly zero.

Figure 17: Set up for recording image plane holograms. The set up is in

essence the same as in Figure E4 where the relay lens is added in the object

arm. The 1:1 imaging is shown with the projection and inversion of the

flame.

Stenson [Ref. 46] reported that the image sharpness is apparently unaffected by the

emulsion thickness and other defects in the hologram plate. Since image plane

holography obeys the general laws of holographic recording and reconstruction,

multiple exposures can also be recorded in the usual manner. Indeed, in the referenced

works the successful recording and reconstruction of 3D objects was illustrated.
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Commonly, Argon-ion lasers are used for holography. These lasers are usually

considered as point sources. However, the utilization of extended sources has also been

demonstrated [Ref. 44]. The pulsed Lambda Physik 3002 laser system used in this work

does not provide a gaussian shaped beam and cannot be considered, therefore, as a

point source. This drawback is circumvented by using image plane holography that

allows the use of extended light sources. In the case of the applied double exposure

holographic interferometry, the utilization of image plane holography displays an

additional advantage. The two registered wavefronts will interfere on the hologram

plane making the later recording of the interferograms by a camera straightforward.

Furthermore, the fringe spacing of the interferograms is constant, independently of the

read-out angle. The only problem of the method is the requirement of a clear hologram

surface, since dust particulates could disturb the read-out.

In Figure 17, a set up utilizing a relay lens in order to record image plane holograms is

shown. The system consists of a beam splitter that creates the object and reference

beam, collimating optics to create the two plane wavefronts and the relay lens. The lens

is positioned such that 1:1 imaging is achieved for the configuration, i.e. a 2f:2f

projection is used. The situation is indicated in the Figure by the projection of a flame.

It is also shown that the flame is inverted following the 1:1 imaging.

Optimizing the projection for the case of a flame

The burner is now placed into the object arm of the set up. As explained previously, the

burner is placed with the slots parallel to the propagation axis (z-axis) of the probe

beam. The wavefronts will thus experience a 2D refractive index distribution that is a

function of the two other directions (x, y). The refractive index distribution is a function

of the combustion parameters (density and temperature) and the resonant refractive

index for a wavefront exhibiting a frequency in the proximity of a molecular transition
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(see theoretical section). Obviously, the 2D refractive index field exhibits steep

gradients that deviate the vector field of the wave from its straight path. It has been

shown analytically that the effects of refraction have to be considered for a successful

interpretation of double exposure holograms and that the position of the burner in

respect to the relay lens is of importance [Ref. 16. Ref. 26]. Briefly, it can be shown

that errors are minimized when projecting the probe wavefront at a plane located at the

2/3's of the flame-wavefront interaction length, even in the case of a three dimensional

refractive index field. In other words, at that position of the object plane the fringe

count may be considered in the straight line approximation, as if no refraction occurred.

y

Wolfhard Parker

burner

Relay
Lens

2f:2f

Figure 18: One ray passing through the flame zone with no flame on, one

ray passing through the flame zone with the flame on. Choice of object

plane of the relay lens in the flame at 2/3L.

Figure 18 illustrates the correct projection of the wavefront for minimizing the

refractive index measurement errors. Typically, double exposure holograms are used to

register the total refractive index field. The first recording is performed with the burner

Off, and the wavefront records the ambient refractive index. Subsequently the burner is
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turned On and the second wavefront records the refractive index due to the flame.

Obviously, the two beams pass through the same optics. Thus any distortion due to the

optical system will be interferometrically canceled. The resulting interferogram contains

the information of the optical path difference between the two wavefronts due to the

refractive index of the flame only. When the flame is on. the individual rays follow a

parabolic trajectory due to the refractive index gradients, Figure 18.

Figure 18 also demonstrates that an appropriate imaging of the wavefront minimizes

the error for the correct calculation of the refractive index. It is seen that the two

individual rays that interfere on the hologram plane do not originate from the same

point. Therefore an error in the refractive index measurement is introduced. The error is

minimized by a correct projection assuring that the interfering rays originate from the

same point. For an analytical description of this error analysis the reader is referred to

Ref. 16.

Plane wavefront after passing through the Plane wavefront after passing through the

2D NHv02 diffusion flame. 2D NHr02 diffusion flame by applying
the correct projection optics.

Figure 19: Illustrating the effect of refraction on the plane wavefront as

observed on the hologram plane after passing through the flame. On the left,

the wavefront is recorded without the relay lens, on the right the lens is

introduced at 2/3L.
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For the illustration two images are presented in Figure 19. On the left side, the

wavefront is recorded on the hologram plane without using the relay lens. The effect of

the refractive index gradients on the wavefront is clearly discernible. Rays cross each

other and the spatial distribution of the wavefront is destroyed. On the right side, the

relay lens is introduced. Due to the 1:1 projection the recorded image is of course

inverted by the 1:1 imaging, but here it is presented in normal view. The plane

wavefront is almost perfectly reconstructed. Some residual intensity fluctuations can be

detected just above the top of the burner where the flame front is located.

Setting up the experiment

The configuration sketched in Figure 17 is set up on a vibration isolated table. The laser

is mounted on another table to avoid disturbances of the experiment by vibrations

originating from the dye pumps. Interferometric studies of the long term stability

indicate a slight movement of the monitor fringes due to the air circulation in the room.

Since pulsed holography is used in this work and the delay between the two exposure

pulses is short, these disturbances are of no concern. The polarization ratio of the laser

is 50:1, thus quite low for holographic experiments. On the other hand, the resonant

effect is polarization independent. Additionally, the angle of 30 degrees between object

and reference beam suppresses the horizontally polarization grating. Indeed, when

reading out the image planes holograms, no spurious images could be detected.

Therefore, no attempts to improve the polarization ratio have been envisaged. The laser

pulse has to propagate 3m before entering the holographic system. The pulse is

vertically polarized to the input plane defined by the object and reference beam

propagation axis. The distortion of the pulse shape observed in the far field is

insignificant. The double exposure ensures that this type of phase distortions as well as

the distortions arising from the steering optics or the bulk refractive index of the flame
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are interferometrically subtracted during the hologram read-out. Thus no high quality

optics are required. Moreover, as mentioned above for the image plane configuration,

extended sources can be used and no spatial filtering of the beams is required. The two

beams pass through two x20 beam expanders. In order to reassure that the emerging

beams are plane parallel waves, the following qualitative procedure is used. The second

lens operates as an aperture and limits the beams to a diameter of ~50 mm. The first

lens of the telescope is aligned until the far-field beam is of the same size. As indicated

in Figure 16, the hologram plate is placed perpendicular to the incoming object beam.

This ensures that the projected wavefront from the 2/3's of the wavefront-flame

interaction length is projected on the hologram plate. The relay lens used for the 1:1

projection is a 2 inch diameter UV lens with f = 200 cm. The position of the lens and

the burner/flame is optimized until the distortion due to refraction is corrected as

illustrated in Figure 19. In order to calibrate the flame height and width, calibration

markers spaced by 0.1 inch for both axes (x and y-axis) are placed in the object beam.

2D images on the hologram plane are recorded by using a square quartz cell filled with

a Rhodamine dye solution. For details please refer to the chapter concerning the 2D

absorption measurements. A special construction reassured that the Rhodamine dye cell

is quickly and accurately placed in the position of the hologram plate. The CCD camera

used for the absorption measurements is placed between the two arms of the

holographic set up, at an angle of 10 degrees to the dye cell. Taking advantage of the

calibration markers and operating the camera lens with a small aperture, i.e. long Depth

Of Field (DOF), sharp absorption images are obtained. By locating the camera behind

the dye cell, background signals on the CCD chip due to luminescence of the flame or

residual UV radiation are avoided. The reconstruction of the holograms can be

performed with white light and there are no strict requirements on repositioning the

plates in respect to the reference beam [Ref. 44]. The holographic plates are therefore

mounted on a 4x5 inch glass plate equipped with a manual shutter. In this way transport

of the plates is straightforward. The plate holder is positioned behind a 0 = 10 cm size
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mechanical shutter that is electrically addressed and limits the exposures of the plates to

the surrounding light.

For NH exposures the Excimer laser is run with a pulse repetition rate of 1 Hz. First the

manual shutter is removed, and the mechanical shutter is triggered open between two

shots of the Excimer, such that only one shot exposed the hologram. For OH exposures,

the Nd:YAG laser is externally triggered with the Flash-lamps in free running mode

while the Q-switch is off. Single-pulsing the Q-switch, after opening the two

mechanical shutters, ensures the single pulse exposure.

Figure 20: Interferogram of a double exposure hologram.

First exposure with the flame OFF and second exposure with the flame ON.

To control the ability of the set up to record double exposure holograms of good

contrast and diffraction efficiency, 'flame On/Off holograms are recorded. In Figure 20

a typical example of a such a recording is presented. These experiments are performed

by using the laser in the NH mode. The time separation between the two recording

shots is several minutes, the time the flame takes to thermally stabilize with its

surroundings. The holograms show good fringe contrast and a high diffraction

efficiency, indicating that the path difference of the object and reference beams is well
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within the coherence length of the laser and that the optical set up is interferometrically

stable. These preliminary holograms are also used to define the range of exposure

energies [pJ/cm ] that can be used to produce holograms of a good quality. For both

frequency regions, NH and OH, the emulsion produces good holograms for energies

between 10-80 pJ/cm"". This energy is the sum of the intensity of object and reference

beams for one exposure. The OD is controlled by the development time.

Next, the flame stability is holographically investigated. With the laser operating in the

NH mode, several double exposure holograms are performed with the flame on during

both exposures. Flame stability is of importance for the subsequent experiments which

involve a frequency shift between exposures. In particular a good guess is required for

the maximum delay between the two pulses that yield a cancellation of the bulk

refractive index. The flame must not change or move between the two pulses.

Figure 21: Illustrating the effect of flame instabilities on the recording of a

double exposure hologram. On the left side a slight movement of the flame

has created several random fringes. On the right side a successful recording

of a stable flame is achieved during the two exposures.

In Figure 21 the impact of the flame instabilities is shown. On the left side a slight

movement of the flame has created several random fringes. On the right side a

successful double exposure hologram read-out is shown. A small deviation can be
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observed around the flame structure that is due to a small lateral movement of the

flame. The latter hologram has been obtained by applying a delay of 500 ms. However,

most holograms, even with shorter time delays, contained random fringes. Such

measurements are not sufficient for quantitative nor qualitative measurements of

species concentrations.

For the NH mode, the laser can be triggered with a maximal repetition rate of 500 Hz.

For the OH mode there is a maximum repetition rate of 10 Hz. Thus, for a successful

double exposure hologram the flame has to be stable for more than 100 ms! A further

restriction on the minimum delay time is given. The Lambda Physik laser is controlled

by a computer to perform the movement from one frequency to another. The minimum

time for such a frequency change is 300 ms, basically due to the handshake between the

laser control unit and the computer. Thus even higher constraints on the flame stability

are required. Typical flame instabilities observed with the Mach-Zehnder interferometer

exclude a double exposure with the same laser and a delay of 300ms. Other schemes to

create the two frequencies exhibiting time separations below the characteristic time

scales of the flame fluctuations have to be found. One solution involves the application

of a non-linear process called Stimulated Brillouin Scattering.
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Stimulated Brillouin Scattering

Theory ofStimulated Brillouin Scattering

The presence of a time varying electric field in a liquid (or crystal or even a gas) gives

rise to a time-varying electrosctrictive strain and is thus capable of driving acoustic

waves in the medium. The acoustic wave modulates the optical dielectric constant and

causes an exchange of energy between electromagnetic waves whose frequencies differ

by an amount equal to the acoustical frequency. The effect is analogous to stimulated

Raman scattering with the acoustic waves playing the role of the molecular vibrations

[Ref. 47, p. 475-476]. Following the classical treatment of Brillouin scattering as

presented by A. Yariv [Ref. 47] it can be shown that the maximum gain of the SBS

process is obtained for the case of backward scattering. Two basic equations govern the

closed system of the two electric fields and the acoustic field: cos = G^-cOi and

ks = k2 - kx, where co 2 is the angular frequency of the incident field, co
s
that of the

driven acoustic wave and co i that of the resulting field. k; represent in the same

manner the corresponding propagation vectors.

The exponential gain of the driven acoustic wave and of the resulting electric field can

be shown to increase with the acoustic frequency. Since cos«co2, we have that

co2 -cOj and in an isotropic medium k2 ~k1. The vector relationship ks = k2 -kj

becomes identical to the Bragg scattering. The resulting forward acoustic wave will

have a frequency of

-

O sound" Osoun(jll

cos,max = 2co2 or vs>max = 2v2
c c

where \)somd is the sound velocity in the medium and n is the refractive index of the

medium. When the exponential growth constant is positive, excited acoustic waves

propagating along ks and zero-field optical waves at coi travelling along ki will

experience amplification. The stationary Brillouin gain g is given by [Ref. 48]

C 1)sound nPo
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where co 2 is the incident light frequency, Ye the electristrictive coefficient and xB the

phonon lifetime, c and "0S(njlu] the velocities of light and sound respectively, and p0 the

density of the Brillouin scattering medium.

Phase conjugation is defined as the process in which the phase of the output wave is

complex conjugate to the phase of the input wave [Ref. 49, p. 251-252]. In other words,

the process reverses the phase of the input wave. If the phase-conjugated output

propagates in the backward direction with respect to the corresponding input wave, it

can be used to correct aberrations due to phase distortion experienced by the input

wave.
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Figure 22: Sketches showing how the wavefront of a beam changes in

passing through a distorting medium back and forth: (a) an ordinary mirror

is used and (b) a phase-conjugate mirror is used to reflect the beam.

As illustrated in Figure 22, the input beam passing through a medium suffers wave

distortion. Unlike an ordinary mirror, the phase conjugate mirror reverse the wavefront

distortion of the input beam upon reflection. Then, as the phase-conjugated wave

reflects back through the medium again, the wavefront distortion is completely

removed (as long as diffraction is negligible).
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Figure 23: Set up for investigating the properties of the SBS wave. A beams

passes through a beam splitter BS1 and its profile can be monitored (a). The

beam passes through a randomizing medium ( R), i.e. a flame. The sampled

image (b) displays a distorted beam. The beam is focused into the Brillouin

cell and a counter propagating beam is generated which still possesses the

distortions ( c). However, the beam will identically follow the incident

beam. When this backward going wave passes through the medium ( R) the

second time, the original distortions are completely removed which can be

verified at (d).

To generate intensive phase-conjugated beams by stimulated Brillouin scattering (SBS),

the incident beam is usually focused into a medium to increase the local light intensity.

For a liquid media a quartz cell containing the appropriate fluid can be used. In Figure

23 a typical set up for investigating the properties of the SBS wave is presented.

Brillouin scattering is considered as a technique that can create a secondary laser beam

with the same spatial and temporal characteristics of the original beam. The frequency

shift introduced by the interaction with the acoustic wave can be chosen such that the

original and phase conjugate beam address different frequencies on the real part of the

resonant refractive index by correctly selecting the SBS medium. Since SBS is an

instantaneous process, the temporal separation of the two beams will be much shorter

than the time constants of the flame fluctuations. In fact, stimulated Brillouin scattering
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is an attractive research field due to the interesting properties of the phase conjugate

wave [Refs. 50, 51, 52, 53, 54, 55]. For a successful implementation of the SBS process

in order to create the second wave required for the RHI experiments, several parameters

have to be optimized. First, the Brillouin medium must be carefully chosen for a large

gain (electrostrictive coefficient) to obtain a strong acoustic wave which in turn will

strongly diffract the driving light wave. The reflectivity of the SBS medium increases

with the intensity of the incident light pulse. The temporal reflectivity changes too, due

to the changing input power and the time constant of the sound wave. With increasing

pulse intensity the temporal shape of the phase-conjugate pulse approaches more and

more the shape of the incident pulse. But even at very high powers an initial delay can

be observed. Reduced phonon lifetime results in an increase of the threshold energy and

a reduced slope of the energy reflectivity as a function of the input pulse energy [Ref.

48]. Additionally, the sound velocity must be sufficiently high, since this parameter

determines the frequency shift introduced between the original and the phase-conjugate

wave. In addition, the temporal and spatial characteristics of the driving wave are of

importance. Tests have verified the polarization-state independence of the SBS process

[Ref. 50]. Thus, no special consideration have to be taken into account concerning the

polarization of the lasers beams used in this work. Furthermore, the laser linewidth is of

importance for the threshold intensity of the SBS process and for the reflectivity that

can be achieved. The narrower the bandwidth, the lower the threshold intensity and the

higher the reflectivity [Ref. 51]. The spatial quality of the beam driving the SBS is also

of importance. For example, the reflectivity is almost doubled when improving the

spatial quality of the laser from 50xD.L. to 20xD.L., where D.L. is the diffraction limit

of the beam [Ref. 51]. Since SBS is a scalar process, the intensity of the original beam

must therefore be optimized in the cell containing the Brillouin medium. To obtain low

SBS threshold and high reflectivity, the coherence length should exceed the

longitudinal sound wave extension so that an efficient coherent wave interaction is

possible. Only in cases where the reflection takes place in a sufficiently small volume,
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are the phases expected to be correlated and to yield a perfect phase-conjugation. Thus

the focusing lens and its position must be carefully chosen by considering the

distribution of the reflectivity in the focal range in the medium as a function of the

applied energy at a given pulse length. The sound wave is built mainly in front of the

incident laser beam and depending on the focal length of the entrance lens, the sound

wave may be sharply concentrated in the cell or distributed over the whole cell length.

Thus the sound wave extension may considerably exceed the Rayleigh length of the

incident laser beam [Ref. 48].

The gain length, the efficient length where the SBS process takes place, is defined by

the shortest of (i) the SBS medium length, i.e. the cell length, (ii) ~5 times the Rayleigh

range or (iii) ~ 3 times the coherence length [Ref. 51]. The cell size, in relation to the

depth of focus (DOF) is of importance. It has been experimentally shown that high

phase conjugate fidelity is obtained for a gain length that is at least three times the DOF

of the input beam [Ref. 50]. Furthermore, the good phase reproduction was independent

of the f-number of the entrance lens. Also, high phase fidelity will be independent of

the laser bandwidth provided the coherence length is much longer than the DOF [Ref.

50]. A minimum SBS threshold is obtained if the interaction region of the process is

equal to or greater than three times the DOF [Ref. 50].

Implementation of the SBS process

As mentioned above, the SBS medium must have a large sound velocity to induce a

large frequency shift, and a high gain to obtain a high reflectivity for the phase-

conjugate beam. In the Table 3 presented below, the properties of some SBS mediums

are presented. The sound velocity is calculated by i)sound = (y/pCT) 2, where y denotes

the specific heat ratio and CT the compressibility of the medium. The values used in

these calculations can be found in the Handbook of American Institute of Physics, 2nd

edition, McGraw-Hill, 1963.
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SBS medium sound velocity Gain coefficient Frequency shift GHz

m/s cm/MW NH mode OH mode

n-hexane @22°C 1069.4±17 0.027* 8.951±0.14 9.750±0.15

methanol @22°C 1114.6 0.0132 8.889 9.683

SF6 @22bar % 0.0035 % %

C02 @25bar, 22°C 267.8 % 1.595 1.737

H2 @25bar, 22°C 1332.4 % 7.934 8.642

Ref. 52, 53.

Table 3: The sound velocity, gain coefficient and induced frequency shift

for the SBS media investigated in this work.

For this experimental work, n-hexane is found to be an appropriate SBS medium, n-

hexane creates a frequency shift on the order of the FWHM widths of the NH and OH

transitions for the flame conditions used in these experiments and exhibits a high gain.

Furthermore, it is a liquid easing its application in an experiment. A quartz cell of

diameter 0=19 mm and a cell length of 10 cm is used. Following the work of Menzel

[Ref. 48], a f = 200 mm lens focuses the laser beam and the focal point is positioned

~10 mm in front of the end surface of the cell.

As mentioned above, the Lambda Physik 3002 laser does not produce a typical

Gaussian beam. The only data available on the laser beam is its beam spot, d = 2.5 mm,

and its typical divergence 0L = 2.5 mrad. The deviation from a diffraction limited Gauss

beam is given by the ratio, m, between the divergence of the laser and the far-field

angle of a TEM0o beam, 0G = X/7tw0n. w0 is the beam waist radius as defined by

w0 = d/2. Thus m, the deviation from the diffraction limited beam can be estimated as

m x diffraction - limited = L/a .

For a diffraction limited beam of diameter d and wavelength X, focused by a lens of a

focal length f, the Rayleigh range, zR, is defined by:

z,(D.IJ-»%,,.
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Following Reference 51, it is assumed that a beam of a divergence of m x diffraction-

limit will show a Rayleigh length similar to a diffraction limit beam of 1/m x the

diameter of the diffraction-limited beam, i.e.

zR(mxD.L.) = m2^f^/d2.
The Depth of Focus (DOF) can be estimated as DOF = 0.327tdf/A,, where df is the

diameter of the focused beam, df is given by Self's formula [Ref. 55]

f s^
2 / \

zR 1
1-- — +

V fj \f J

where d is the beam waist and s is the distance of the position of the beam waist, i.e. the

center of the laser cavity, to the lens.

NH mode @ X = 335.925nm OH mode @ X = 308.396nm

3 x coherence length 75 cm 75 cm

5 x Rayleigh range 40.4 cm 45 cm

3xDOF 3.32 cm 3.62 cm

SBS medium length (cell) 10 cm 10 cm

Table 4: The different parameters for the two modes of operation of the

Lambda Physik laser used to characterize the SBS process.

An estimate of the relevant parameters for the Lambda Physik laser operating in the NH

and the OH mode is summarized in Table 4. With these parameters the gain length in

our experiments is equal to the cell length. Since the cell length is ~ 3 times the DOF, a

good phase-conjugate fidelity is expected, independent of the f-number of the entrance

lens, as well as minimum SBS threshold.

A similar set up to that illustrated in Figure 22 is used to investigate the phase

conjugate mirror applied in these experiments. In extension, a simple Michelson

interferometer has been established. The interference fringes display a higher contrast

as compared to the original beam. This is attributed to the filtering of the beam during

the SBS process. Broadband emission of the laser (Amplified Stimulated Emission) is
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highly suppressed by the SBS process due to its broadband nature and its relatively low

intensity. The coherence length is similar to the one of the original beam suggesting

that the SBS process produces indeed a replica of the original beam.

By simply filling the cell with n-hexane, a satisfactory SBS signal was achieved

displaying high pulse to pulse stability. However, optical breakdown occasionally

occurred even at low incident power due to impurities present in the medium. Even

though the n-hexane is of Uvasol quality, dust and other particulates cannot be

excluded. Instead of using complicated purification schemes [Ref. 52], the following

procedure has been applied. A glass syringe is filled with n-hexane and filtered by

utilizing a 0.2 pm pore size Millipore filter (PTFE). The cell is flushed several times

with filtered n-hexane before filling it. This method proves to be a very fast, convenient

and inexpensive way to clean the phase-conjugating medium.

As expected from the theoretical considerations above, the use of different lenses does

not show any influence on the quality of the SBS beam when examined with the

Michelson interferometer. The best reflectivity is obtained with a f = 200 mm lens. The

reflectivity versus laser bandwidth and input intensity has been investigated. When

operating the laser without the intracavity etalon (5A, = 0.2 cm") a reflection efficiency

of the SBS mirror of approximately 20% is achieved with a weak dependence on the

input intensity. By using the intracavity etalon, the reflectivity improved to

approximately 50%. Driving the SBS mirror with an intensity of 1.5 mJ/pulse, 350-400

pj/pulse were available for the experiments. Unfortunately, such energies impede a two

reference arm set up, since the intensity distribution for the expanded beams is

insufficient to expose the holograms. Consequently, the one reference arm holographic

set up has to be applied.

To determine the frequency shift obtained by the SBS set up, the following scheme is

used. The laser, working on the NH mode, is first tuned to a resonant transition of NH.

The Rhodamine dye cell is positioned on the hologram plane. Subsequently, the laser is
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manually scanned over the molecular transition by moving the grating and etalon, while

the 2D absorption image is viewed on a TV screen, tuned for highest contrast. In a next

step, the frequencies are determined where no absorption could be observed. The two

positions are referred to as the blue and the red by considering their position relative to

the center wavelength. Control of the etalon position is achieved by the laser unit. Note

that one etalon driver step represents a wavelength change of ~7 10"5 nm (0.0062 cm"1 /

186 KHz) for the NH mode, and -7.5 10"5 nm (0.0079cm"1/ 236 KHz), for the OH

mode, respectively. Such a resolution is sufficiently accurate for the wavelength

measurements. The absolute wavelength is determined by using the equation

controlling the etalon driving motor in the motherboard of the laser. As the points of

zero-absorption must be visually detected, an ambiguity in finding the correct position

remains. Therefore, the process has to be repeated several times in order to get some

statistics on the error of the blue and red wavelength position. The two positions are

detected with an uncertainty of ±2 etalon steps. The center wavelength is determined

from these two wavelength measurements with an accuracy of better than 0.00015 nm

as indicated below:

NH mode

OH mode

03(5)
335.9255 nm

29768.5078 cm"1

±0.00014 nm

10.0124 cm"1

R2(17)
307.8966 nm

32425.7895 cm-1

±0.00015 nm

±0.0158 cm"1

This procedure is repeated for the original and the phase-conjugate beam. A frequency

difference for the center wavelength 0.284 ± 0.0248 cm"1 or 8.51 ± 0.74 GHz is

obtained. The shift is slightly lower than the theoretical value calculated for n-hexane.

However, the value is within the uncertainty limits of the measuring procedure.

The same set up for SBS is used for the OH mode of the laser. Unfortunately, the

implementation of SBS has not been successful in this case. Even though a sufficient

reflectivity is measured, the expanded phase-conjugate beam is displaying significant

intensity fluctuations from pulse to pulse that impede any 2D measurements.
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Additionally, optical breakdown occurs in the SBS medium that is caused by the high

peak intensity values rather than impurities. In both modes of laser operation the SBS is

pumped with ~1.5 mJ/pulse. The pulse duration of the Nd:YAG laser is 6ns as

compared to the 25 ns width of the Excimer laser. Thus, the peak intensity is increased

by a factor of four. Changing the focusing lens in front of the SBS medium eliminates

the optical breakdown. However, the strong intensity fluctuations are not removed. Two

possible explanations are given for this effect. For the NH mode, the UV light is created

directly from the dye laser (PTP dye). On the other hand, for the OH mode the UV is

generated by frequency doubling in a KDP crystal. Since frequency doubling is

quadratically dependent on intensity small fluctuations will be amplified. The nonlinear

SBS process will further amplify these fluctuations and result in intense pulse to pulse

variations. Furthermore, the frequency doubling process tends to shorten the pulse

duration and to sharpen its leading edge. In fact, it has been experimentally verified that

the shot-to-shot SBS conjugated fidelity is sensitive to the slope of the rising edge of

the input pulse [Ref. 56]. For a pulse exhibiting a rise time that is short compared to the

acoustic lifetime, the SBS gain may exceed threshold over a relative large cell volume

near the focus before the pump wave is significantly reduced by SBS extraction. This

leads to the amplification of noise modes, a process that is in direct competition with

the phase-conjugation by SBS. Unfortunately, a gradually increasing slope of the

temporal pulse profile that is favorable for the generation of the phase-conjugate beam

is not provided by the OH laser mode. This was experimentally confirmed by the

driving the SBS process with the fundamental radiation of the Dye laser, i.e. no

frequency doubling. The expanded beam showed again the random intensity

fluctuations. Attempts to find different SBS media have been made. In particular, the

use of gases exhibiting high optical breakdown intensities seemed promising. SF6, C02

and H2 are investigated in a high pressure cell. For the SF6, the reflectivity has been

found to be a few percent only. As a consequence no further investigations were carried

out. This is in accordance to the fact that the gain coefficient of SF6 is an order of
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magnitude smaller than for n-hexane. For C02 a high reflectivity (~50%) is achieved

but the frequency shift created by the SBS process amounts to only ~1.6 GHz due to the

low sound velocity (267.8 m/s @ 25 bar pressure). H2 is expected to be a good SBS

medium, since the sound velocity in H2 is similar to the velocity in liquids. However,

the dominating process occurring in H2 is rather Raman shifting than SBS. Though the

1st Raman shift should diminish at a pressure of 4-5 bar it was still evident at high

pressures up to 25bar. The intense wave created by the 1st Raman shift is also counter

propagating, just as the SBS wave, and would mask a weaker phase-conjugate signal.

The low SBS efficiency in H2 is probably due to the small electrostrictive coefficient.

No further trials were attempted to achieve SBS with the available laser in the OH

mode.
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Absorption measurements

The 2D absorption measurements are performed on the center frequency of a transition

line. Errors in adjusting the laser on the center of a line within the accuracy described

above (±0.00015 nm) are found to be negligible. All images are recorded at the position

of the hologram plane in order that the recorded wavefronts are directly comparable to

the exposure wavefronts. The laser is first tuned to the center and a single shot image is

recorded on the CCD camera and stored in a computer for further processing. Then the

laser is tuned off any resonance and a second single shot image is recorded on the CCD

camera. The two images are normalized in areas where no absorption took place.

Finally, the resulting absorption image is deduced by a pixel-wise division of the ON

resonance image by the OFF resonance image. For a successful implementation of this

scheme it is necessary that the intensities of the wavefronts, after passing through the

flame, are correctly recorded. The linear response of the measuring technique to

intensity variations must be controlled. Therefore, a square cell with quartz windows is

positioned exactly at the position of the hologram plate. This cell is filled with a

Rhodamine dye solution of a density assuring that the UV radiation is absorbed within

the first mm of the solution. The fluorescence of the dye can then be detected by a

regular CCD camera (SONY CCTV camera, WV-BP310 and Nikkor lens f = 105 mm),

instead of using a UV sensitive camera. Due to the linearity of the fluorescence

response of the dye to the incoming intensity, this technique has been often utilized for

absorption measurements [Ref. 57, 58]. The linearity of the CCD camera is controlled

by using Normal Density (ND) filters and a light bulb illuminating a white sheet of

paper. The ND filters (ND = 0.025-2.00) are inserted in front of the camera that imaged

the sheet. Several images are recorded with each ND filter. A linear response is found

within the error of the specified ND filters. Note, that the automatic gain control of the

CCD camera is switched off to inhibit intensity balancing. Additionally, standard single

line absorption measurements are performed with the set up shown in Figure 10 at
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selected positions in the flame by scanning over a specific transition. The peak

absorption is then compared with the 2D absorption at the same location.

Figure 24: 2D absorption measurements. Top left: 2D single shot recording

of the wavefront by tuning the laser ON resonance. Top right: 2D single

shot recording of the wavefront by tuning the laser OFF resonance. Bottom

left: the normalized 2D absorption image. Bottom right: a profile of the

normalized absorption at a height above the burner of y = 2.54 mm. On the

bottom of the absorption profile the two walls separating the middle NH^

slot from the adjacent 02 slots are depicted.

In order to ensure that the intensity used for the line absorption measurements is the

same as for the 2D absorption images and for the RHI experiments, the expanded beam
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is used by introducing an aperture of ~lmm2, see Figure 10. The signal from the two

photo-diodes are directed to two gated Boxcar integrators and the normalization of the

absorption signal is performed by a computer. Zero transmittance is determined by

simply blocking the light after the flame. Hence, the maximum absorption is directly

stored. As previously explained, utilization of narrow band lasers permits a direct

measurement of the absorption, i.e. no deconvolution with the laser bandwidth is

necessary. Typical single line absorption scans are found later in the text. There is an

excellent agreement of these two measurements techniques within an uncertainty limit

of ±5%. Figure 24 represents a typical 2D absorption measurement. The first two

measurements shown in the top row are the 2D images ON resonance and OFF

resonance. Below left, the normalized image is depicted. The normalized value in areas

where no absorption takes place is set to 100 and corresponds to a 100% transmission.

Below right, a profile of the 2D absorption measurement is shown at a pixel position

corresponding to a height above the burner surface of y = 2.54 mm. The axis gives the

position of the absorption profile relative to the symmetry axis of the burner. The

calibration markers on the images are used to perform the distance normalization (from

pixels to mm). The two walls separating the center fuel slot from the adjacent oxidizer

slots are graphically depicted at the bottom of the absorption profile.
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Implementation of two color PC RHI on NH

2000-

1500-

1000-

335,8 335,9 336,0 336,1

Figure 25: Absorption scan over the spectral range of the 0-0 electronic

band of NH. The set up shown in Figure 10 is used.

As discussed above, the intensity of the probe waves used for addressing the specific

transition must be carefully chosen in order to avoid saturation effects. Since the

coherence dephasing rate, y12, and the population decay rate, ro, is not available from

the literature, similar collisional relaxation rates are assumed as for OH. By using

y = T0 « l.nxlO^s"1 [Ref. 4] and estimating the transition dipole moment p12= 0.55

D, we obtain an estimate on the saturation intensity of Isat = 0.56 MW/cm cm"
.

Considering a pulse duration of -25 ns and a laser width of 0.04 cm"
,
we can estimate

the intensities of the probe beams. For a typical operation, energies of -20-30 pJ/cm

for the expanded probe beams are measured by using a high resolution pulsed Joule

9 1

meter. The resulting intensities of the probe waves are Ipr0be= 20-30 KW/cm cm"
,
well

below the saturation intensity.

It is important that the selected transition line is spectrally isolated from other

transitions. When examining the real part of the complex refractive index, see Figure 8,

it is observed that for a Voigt profile the wings extend far out of the resonance domain.
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Therefore, the transition line must be chosen such that the wings of nearby transitions

have declined sufficiently. In Figure 25 an absorption scan over the congested 0-0

electronic band of NH is shown. A part of the spectrum is listed on the table below.

Transition Center frequency
(cm"1)

Center

wavelength

(nm)

Av

(cm"1)
Av/
/AvD

03(4)

Ri(D

03(5)

02(2)

29770.6781

29770.6222

29768.5078

29767.4302

335.90098

335.90161

335.92547

335.93763

2.1703

2.1144

1.0776

7.23

7.05

3.59

The Q3(5) transition has a separation to the nearest neighbor Q2(2) of 3-4 times its

FWHM. This line seems to be the best choice since it exhibits, for these flame

conditions, a peak absorption of approximately 50% (about 25% absorption at the

exposure wavelengths). The center wavelength is defined with the procedure described

above to be Ao=335.92547±0.00014 nm. The absorption scans indicate a Voigt width of

0.3 cm"1 giving an a parameter of a = 0.203 (T=2335K).

Having selected the appropriate transition line we proceed in the fine alignment of the

holographic set up. In Figure 26 the final set up as used for the recording of the two

color resonant holographic is presented. The first beam splitter reflects 50% of the

incoming pulse towards the SBS cell. The counter propagating phase conjugate pulse is

transmitted by to the same beam splitter and 50% of its intensity is available for the

experiment. The reflected 50% is directed towards the laser. To avoid amplification of

this counter propagating pulse in the dye laser an optical delay is introduced between

laser and SBS cell. The time separation ensures that the counter propagating pulse does

not return while the pumping process of the laser is in progress. Moreover, the optical

delay excludes any interference of the original and the phase conjugate beam on the

hologram plane. Such an interference can result in spurious holograms disturbing the

correct read-out of the holograms. However, the interference is advantageously used to

align the two beams prior to exposure as will be shown for the OH experiments [Ref.

59]. For the NH experiments, this adjustment technique can not be not used due to the
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optical delay that prohibits the interference of the two probe beams on the hologram

plane. The position of the SBS cell yields a sufficient time delay between original and

phase-conjugate beam of 25-30ns, a time much shorter than the relevant flame

constants. Obviously, the original beam is more intense. Therefore, it is attenuated to

the intensity level of the phase-conjugate beam by means of a beam splitter positioned

between the two 50/50 beam splitters depicted in Figure 26. The reflection of this beam

splitter was directed to a high resolution etalon (FSR=0.2 cm" ) monitoring the single

mode operation of the laser during scanning, see Figure 27.

Figure 26: Holographic set up for performing two-color Phase conjugate

Resonant holographic recordings.

Theory and absorption scans show that the target species concentration in this flame

gives raise to a Fringe Shift of a few present. If the holographic set up is configured in a

way that interferograms of infinite fringes are recorded, i.e. the two read out waves are

parallel to each other, a problem concerning the fringe interpretation would arise. In this

configuration the fringe shift is detected as a reduction of the interferogram intensity by
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a few present in positions were the probe wavefronts interact with the target species.

However, this change can also occur by intensity attenuation due to absorption that

reduces the visibility of the interferogram. An ambiguity arises on the cause of the

intensity reduction, absorption or a fringe shift. The system is therefore aligned such

that finite fringes are introduced in the read-out interferograms. This is achieved by

introducing a small angle between the original and the phase-conjugate beam. By

positioning the two 50/50 beam splitters correctly, a vertical angle in respect to the

input plane of the set up is achieved. The bigger the angle the more fringes appear as is

expected for an interferometer. Any phase difference introduced by the real part of the

resonant refractive index of the two exposure wavefronts will result in a deviation from

the parallel equidistant finite fringes.

Figure 27: Fringes indicating the single frequency operation of the laser,

monitored by an external etalon of FSR = 0.2 cm '.

In order to obtain a high visibility (V«l) at locations on the holograms where the

wavefronts interact with the target species, the wavelengths of the two probe beams are

carefully adjusted symmetrically to the center frequency of the transition (see above).
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An asymmetric tuning of the two wavelengths in respect to the center line would result

in an unequal absorption. As a consequence, areas of the interferogram where

absorption takes place would appear as reduced fringe contrast and obscure the

measurement. The 2D absorption images for each of the two wavefronts are recorded

during alignment of the flame in respect to the two probe wavefronts. The 2D

absorption images are recorded while turning the burner until the width of the

absorption profile is minimized and the absorption maximized, indicating that the two

probe wavefronts pass parallel to the flame front.

Off resonant double exposure image On resonant double exposure image

plane hologram far from the Q-,(5) plane hologram in the proximity of the

electronic transition of NH. Q^(5) electronic transition of NH.

X0 = 335.9255 nm X()= 335.9255 nm

^=335.9224 nm, X2 = 335.9192 nm ^.,=335.9239 nm, X2 = 335.9271 nm

Figure 28: Eliminating the bulk refractive index. On the left image the finite

reference fringes created by a slight angle between the two probe

wavefronts are seen. On the left side the deviation of the finite reference

fringes due to the interaction of the two probe wavefronts with the target

species is shown.

The ability of the PC RHI to eliminate the bulk refractive index is controlled in the

following manner. By tuning the two probe waves off any resonance, a single shot, two-
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color experiment is performed. In Figure 28 the resulting interferogram is shown. Finite

fringes of excellent contrast are seen with no deviation in positions where the two

wavefronts interact with the flame front. The small declination of the reference fringes

indicates an imperfect projection of the wavefronts by the relay lens. Comparison with

the flame On/Off interferograms, Figure 20, indicates, that indeed the bulk refractive

index, though orders of magnitude stronger than the resonant refractive index, is

interferometrically completely canceled. The interferogram shown on the right side of

Figure 28 corresponds to the situation where the frequencies of the two probe

wavefronts are adjusted symmetrically to the center frequency of the Qs(5) transition of

NH. The deviation of the fringes in positions where the two probe waves interact with

the target species is clearly seen. For comparison on the relative position of the fringes

shifts, refer to Figure 30 where a normalized 2D absorption image is shown.

In summary, the experiments confirm the theoretical predictions that the holographic

set up is able to record fringe deviations due to the resonant refractive index of a target

molecule. A trade off between fringe resolution and spatial resolution has to be made in

order to apply the technique to flame diagnostics. Experimentally, fewer fringes are

introduced by decreasing the angle between the two probe waves.

A series of PCRHI experiments are performed in order to investigate the applicability of

the PC RHI technique for quantitative measurements of species concentration in a

flame. Experiments are performed in such a way that the results of the RHI

measurements are comparable with the 2D absorption measurements. The comparison

with an established technique will indicate the applicability of the technique.

First, a 2D absorption measurement is performed with the phase-conjugate wave

blocked. Subsequently, the dye cell is substituted with a hologram plate. The laser is

tuned such that the frequencies of the two probe wavefronts are symmetrically adjusted

to the center frequency. A single shot, two color exposure is performed. Finally, original

laser beam is readjusted to the peak absorption and the procedure is repeated. In this
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way four holograms are recorded and six 2D absorption images. By following this

procedure, we ensure that the flame conditions are the same for all experiments but at

the same time, each measurement is new in terms of determining the exact laser

frequency. In Figure 29 two of the four recorded holograms are presented. No

degradation of the fringe visibility in areas of the interaction with the target species is

observed. This indicates a correct positioning of the wave frequencies in respect to the

center frequency. Additionally, by comparing the two holograms a small change in the

position of the finite fringes is observed. The effect is due to a slow beam walking

originating from the laser itself or from temperature dilatation of the optical table.

Figure 29: Two examples of the interferograms recorded in the proximity of

the Q,(5) transition line of NH by PC RHI.

To quantify the fringe shifts, the interferograms are recorded and stored in the computer

as 512x512 pixel images. Careful illumination assures that the images are not saturated

in intensity (gray scale recording in the range from black to white [0..255]). These

digitized images are processed with Adobe Photoshop V 3.1 providing the pixel

position and the gray scale value. The fringes show an excellent modulation with a clear

minimum and maximum. The fringe position is always measured on the top side of a

fringe as the first pixel with a zero gray-scale value in a top-down direction. The

difference in pixels for one fringe spacing, i.e. one wavelength difference, is determined
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by subtracting the pixel value of two adjacent fringes and denoted by Ilsp. The fringe

shift due to resonance is measured by averaging two pixel positions on the left and right

side of the shifted fringe and subtracting the pixel value for its maximum. IN|. The

fringe shift in fractional wavelength units is then given by I|Sh/I|sp. The positions of

reference fringes are normalized in height by using the calibration markers. As an error

in determining the Fringe Shift position a worst case calculation is given taking an

uncertainty of one pixel in determining the first zero-value pixel. This error is then

introduced for the calculation of the uncertainty in the species concentration.
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Figure 30: A typical example of the six (6) normalized 2D absorption

images performed on the center line of the Q?(5) transition of NH. To the

right, a profile of the 2D absorption image at a specific height above the

burner (x = 1.25 mm) is shown. On the bottom of the absorption profile the

two walls separating the center NH^ slot from the adjacent 02 slots are

depicted.

For the absorption images the On resonance images are normalized with the Off

resonance images and calibrated by using the position markers. Profiles are obtained at

a position that corresponds to the location of the fringe shift measurements of the four

interferograms. In Figure 30 a representative example of the six absorption images is

shown in addition to a absorption profile at x = 1.25 mm above the burner surface. The

absorption profile in terms of pixels is rescaled to a real position (mm) relative to the
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symmetry axis of the burner, i.e. the zero point of the y-axis, using the markers at the

top of the absorption images. The standard deviation of the six measurements indicates

the error of the measurement. This procedure is used for both flame sheets. The data for

fringe shift and absorption is then used in the simulation program computing the Voigt

profile, equation (23) and (24). For the calculations a fixed value of the temperature is

used, T = 2335 K, and the program is run with the species concentration as a variable.

In table 5, the results as derived from the simulation program for one position in the

flame (x = 1.25 mm) is summarized.

Ntot ceo l-exp[-ctoL] n(vj) n(v2) Phase

shift Oi

Phase shift

<E>2

Fr.Sh.

m4 m1 K-*,)
2n

5.99 1020 14.24 0.45 1.0000002304 0.9999997696 0.18097 -0.18097 0.0576

10.51 1020 24.96 0.65 1.0000004042 0.9999995958 0.3175 -0.3175 0.1011

Table 5: Computation results for the experimental data at position x = 1.25

mm above the burner surface. The two highlighted cells contain the

experimentally determined absorption and fringe shift used to compute the

other values.

In Figure 31 the NH concentrations in units of particles per million (ppm) are plotted as

a function of the height above the burner for illustrative reasons. The error bars are

derived from the measurement errors. An error of ±1 pixel in determining the

measuring positions results in an species concentration error of ±15%. Alternatively, an

error of ±5% in the absorption measurements results in a species concentration error of

±15%. The concentration determined by PC RHI and 2D absorption measurements

differ by a factor 2. Furthermore, the absorption that corresponds to the concentration

predicted by the experimentally determined fringe shifts is too high. On the other hand,

the fringe shift corresponding to the measured absorption is of the order of 5-6% of a

fringe, thus we once again have a discrepancy of a factor of 2, see also Table 5 for the

numerical details.
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NH Concentration in a 2D NHrO-, diffusion flame
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Figure 31: Presentation of the experimental data from PC RHI and 2D

absorption measurements. Concentrations derived from fringes shifts and

absorption are presented as a function of the height above the burner for an

assumed temperature of 2335 K. The two dotted lines correspond to the

absorption measurements and the two solid lines to the PC RHI

measurements. Bars denote a 15% error for absorption and for RHI.

Since the formulation of the complex refractive index is derived from fundamental

electromagnetic theory, the discrepancy is most probably due to an experimental error.

The 2D absorption images are compared with standard line-of-sight measurements at

different positions in the flame and a excellent correspondence is found, see the chapter

concerning the absorption measurements. Hence, the discrepancy that is observed has

to origin from the RHI measurements. An inaccurate tuning of the exposure frequencies

in respect to the center frequency results in a decrease of the signal since the probed

refractive index is decreased. Also, the influence due to the wings of adjacent

transitions decreases the signal since their contributions will have an opposite sign for

the two exposure frequencies. The detection of the maximum fringe shift has been

investigated as well. Even a crude inspection of the interferogram clearly shows a fringe

shift of 10 % rather than 5-6%. Up to now no obvious explanation can be given for the
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discrepancy between the theoretically predicted and measured fringe shift. The

conclusion, that some other process might influence the PC RHI technique has to be

drawn. First, recall equation (23) assuming two parallel interfering rays parallel, apart

from an small tilt to produce the finite fringes. A more careful study of the optical path

of the two beams is therefore required. Second, the influence of the refractive index

gradients giving rise to lensing effects must be investigated. Third, the influence of heat

dissipation created by the high absorption of the first pulse on the refractive index has

to be analysed. Such a variation in refractive index might be experienced by the second

pulse and distort the measurement of the fringe shift. The analysis of these three

processes can be found in the chapter following the presentation of the experiments

performed on the second species of investigation: the OH radical.
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Implementation of two color RHI on OH.

Finding an appropriate transition for the case of the OH radical is a slightly easier task

than for the NH radical. The spectrum is less congested and sufficiently isolated

transitions are found. The one dimensional simulations indicate that the species

concentration for OH are expected to be two orders of magnitude higher than the

measured NH concentrations, see Appendix B.
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Figure 32: Absorption scan over the R2(17) transition of OH. The set up

shown in Figure 10 is used.

The problem is primarily to find an isolated transition with an absorption on the order

of 50%. Several absorption scans have been performed and the R2(17) transition has

been found to meet the requirements. The smallest distance to an adjacent transitions is

Av =3.153 cm"1.

Transition Center frequency Center Wavelength
(cm"1) (nm)

Av

(cm"1)
Av,

'Avr

Rl(18)

R2(17)

R2(3)

32475.279

32478.432

32489.479

307.9265

307.8966

307.3919

3.153 9.8

11.058 34.5

The relatively large distances to the neighboring transitions eliminates the influence on

the measurements of the resonant refractive index.
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With Yi2=ro ssl-13xl°1°s"1 [Ref- 6°] and ^i2= 0.245D an estimate on Isat

=1.4MW/cm cm"1 is obtained, in agreement with experimental results [Ref. 3]. For

typical operation conditions the expanded probe beams have energies of ~20-30pJ/cm2.

With a pulse duration of ~6ns and a laser width of 0.04cm"1 the intensity of the probe

waves is Iprobe= 83-125KWr/cmV well below the saturation level.

As mentioned above, it is not possible to apply SBS on the UV pulses from the laser

operating in the OH mode. Therefore, a second laser is employed. Unfortunately, the

available laser system produced an output exhibiting a broad laser pulse width of about

0.2 cm"1. Such band widths decrease the RHI signal significantly, as mentioned in the

chapter on laser considerations. Assuming a gaussian intensity distribution for

employing the narrow band laser (0.04 cm"1) and the broad band laser (0.2cm"1) the

estimated signal reduction is less than 15%. Note however, the signal can be rescaled if

the spectral intensity distribution is known.

More specifically, a Nd:YAG (Continuum NY81, Santa Clara, USA) pumped dye laser

(Continuum ND60) is used in order to generate the second pulse. Initial double

exposure holographic experiments have shown that the laser produces reproducible

phasefronts, in contrast to the alternative laser system available (Nd:YAG pumped

Quanta-Ray PDL-3 pulsed dye laser). Even though the PDL-3 laser would be the first

choice by exhibiting a bandwidth on the order of 0.07 cm"
,

its phase reproducibility

has been poor causing random fringes on the interferograms that varied from pulse to

pulse. The specifications of the Continuum laser is summarized below.

Dye (nm) Doubling Pump laser Output

Nd:YAG @532nm

KDP ~ 275 mJ/pulse, -3-4 mJ/pulse

307-336 6 ns pulse duration Av = 0.2 cm"1

Fixed Rep. rate: 20 Hz

It is essential for the experiments to synchronize the firing of the two pump lasers. This

proved difficult as the two pump lasers run at different fixed repetition rates of 10 and

OH

Rhodamine 101

614-672
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20 Hz respectively. A configuration of two delay generators (Stanford Instruments DG

535) is applied to trigger individually the flash lamps and the trigger for the Q-switches.

With a third delay generator the delay between the two pulses is controlled.

In order to control the wavelength of the two laser systems, a part of the fundamental

radiations is directed to a high resolution wave meter (Burleigh Instruments). The

Continuum laser exhibits a wavelength jitter of ±0.05cm" (-0.5 10'nm) which is not

removable, even by a careful alignment of the laser cavity. The wavelength jitter of the

Lambda Physik laser is an order of magnitude lower, indicating the good operation of

the intracavity etalon and the stability of the laser cavity.

Hologram

Figure 33: Holographic set-up for performing two-laser, two-color Resonant

holographic recordings. Here the first beams splitter is removed and the

second laser beam is introduced similar to the phase-conjugate beam.

Apart from using a second laser instead of the phase-conjugate beam the optical set up

for the OH experiments remains in essence the same. The first beam splitter is removed

and the second laser is introduced as shown in Figure 33. The two lasers used in the

experiment are investigated in respect to their divergence. Using SBS to produce the
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second pulse, this control can be omitted due to the phase-conjugate nature of the pulse.

As previously stated, two pulses of the same frequency impinging simultaneously on a

screen or a dye cell will interfere due to the high coherence of the two pulses. By

careful alignment, the divergence of the two lasers is studied by inspection of the

interference fringes. In such a way the lasers are optimized for similar divergence. The

Figure 34 shows the two laser interference fringes for an optimized alignment. Note that

the visibility of the fringes is quite low. The parallelity of the fringes as shown in Figure

34 indicate that, within the measurement accuracy, the two lasers have the same

divergence.

4-VVfttftf

Figure 34: Interference fringes of two laser pulses on the dye cell.

These interference fringes are also used to align the optical system. As mentioned in the

chapter on the NH measurements, an angle is introduced between the two probe beams

in order to obtain finite fringes in the read-out interferograms. The same procedure is

applied here. The observation of the interference fringes on a TV screen speeds up the

aligning procedure dramatically.

Again, the frequencies of the two lasers have to be tuned symmetrically in respect to the

center frequency of the R2(17) transition line of OH. Since the two frequencies are not

locked by the fixed shift due to the SBS process, as for the NH experiments, the wave
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meter is used for calibration of the two lasers. As mentioned above, the fundamental

radiation of the two lasers is continuously monitored with the wave meter. The narrow

band Lambda Physik laser is tuned to the center frequency in the same manner as for

the NH experiments. The blue and red frequencies are found by scanning off the

transition until no absorption is observed. The line center is then given by the mean

value of the two frequencies. The Continuum laser is now tuned by utilizing the wave

meter reading for the narrow band laser. The two lasers are subsequently positioned on

the blue HWHM point and the red HWHM point of the Ri(17) transition, respectively.

For a Temperature of T = 2790K, the theoretical value of the Voigt FWHM is

Av =0.32cm"' (AX = 0.003nm). Thus, the two exposure wavelengths become:

xl 307.8966 + 0.003/2 = 307.898 nm 32478.432 - 0.32/2 = 32478.272 cm"1

x2 307.8966 - 0.003/2 = 307.895 nm 32478.432 + 0.32/2 = 32478.592 cm
'
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The single shot experiments are performed by single triggering the Q-switches of the

lasers by the delay generator. A delay of 25ns is chosen, which is equal to the time

separation of the original and phase-conjugate beam in the NH experiments. The

exposure intensities are controlled by changing the input pump intensities of the two

lasers, rather than turning the angle of the doubling crystal. This method yields even

intensity profiles of the probe beams and ensures a correct operation of the doubling

crystal. Note that the spectral intensity of the Continuum laser beam is lower due to its

broader bandwidth.

For the calculations, the temperature derived from the CARS measurements, T = 2790

K, is used and the program is run with the species concentration as a variable. In table 6

the results derived from the simulation program at one position in the flame (x = 3.4

mm) is listed. The same procedure is used for measuring the fringe shifts and the

absorption as for the NH experiments.
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Figure 36: Example of the six (6) normalized 2D absorption images

performed on the center of the R2(17) transition of OH. To the right a

profile of the 2D absorption is given at a height of x = 3.4mm above the

burner. On the bottom of the absorption profile the two walls separating the

center NH^ slot from the adjacent 02 slots are depicted.
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N1(„ GC0 l-exp[-a0L] n(vi) n(v2) Phase shift

<J>,

Phase shift

02

Fringe

Shift

-•*

m
-1

m

(<D -<D )
2jt

81.7 1020 14.78 0.46 1.000000215 0.9999997850 0.18427 -0.18427 0.0586

166.3 1020 30.09 0.72 1.0000004376 0.9999995624 0.3751 -0.3751 0.1194

Table 6: Computation results for the experimental data at position x = 3.4

mm above the burner surface. The two highlighted cells contain the

experimentally determined absorption and fringe shift that is used to

compute the other values.

OH Concentration in a 2D NHrO, diffusion flame
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Figure 37: Presentation of the experimental data from RHI and 2D

absorption measurements. Concentrations derived from fringes shifts and

absorption are presented as a function of the height above the burner for an

assumed temperature of 2790 K. The two dotted lines correspond to the

absorption measurements and the two solid lines to the RHI measurements.

Bars denote a 15% error for absorption and for RHI.

In Figure 37 all the results obtained from the evaluation of the three first reference

fringes are plotted as a function of the height above the burner in units of parts per

million (ppm). Note that the fringe shifts are rescaled assuming a gaussian intensity
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distribution for the broadband laser. In Figure 35 it is observed that the two flame

sheets display a different response in contrary to the interferograms recorded for NH.

The fringe shifts on the right flame sheet are about the half in compare to the fringe

shifts on the left flame sheet. The different species concentration in the two flame

sheets could be due to an asymmetrical gas flow within the three burner slots. The

absorption measurements also indicate a small deviation. However, this deviation in

absorption does not rationalize the fringe shift difference in the interferograms. On the

other hand, a misalignment of the burner in respect to the incoming probe wavefronts

could be considered in conjunction to the divergence of the beams. In fact, a high

divergence of the two laser beams could result in probing the one of the two flame

sheets parallel and the other at a slight angle.

As for the NH experiments, we find that a direct comparison of absorption and RHI is

not feasible. The absorption measurements indicate lower species concentrations in

respect to the concentrations obtained by two color RHI. Measured fringe shifts for the

left flame sheet are between 19% and 33% of a fringe. That would require an absorbed

intensity between 80 and 95 percent on the center of the transition!

Figure 38: Interferogram recorded in the proximity of the R2(17) transition

line of OH by RHI by applying two lasers, during the preliminary studies.

X{]= 307.8966 nm and X{ = 307.898 nm, X2 = 307.895 nm
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In Figure 38, a typical interferogram is shown recorded during the preliminary stages of

the OH experiments. In this interferogram it is seen that similar fringe shifts are

obtained for both flame sheets. The quality of the finite fringes is not sufficient for a

digital read-out of the fringe shifts. The interferogram indicate a fringe shift between

30-35 %. The findings indicate that for the series of holograms used for evaluation, it is

rather the high value fringe shifts that should be considered.

The large scattering of the measured fringe shifts data obtained by the four RHI

experiments is of another concern. As shown in Figure 37, the four fringe shifts

measured at a height position about x = 10 mm are:

Hologram 1 2 3 4

Height (mm)

Fringe Shift (%)

10.16

23.36

10.21

19.85

10.16

14.93

9.9

12.77

This scatter could be attributed to the frequency jitter of the Continuum laser. As

mentioned above this laser displays a pulse to pulse frequency variation of ±0.05cm"1.

By inspecting carefully the recorded interferograms, Figure 35, a slight decrease of the

contrast appears in areas where the probe wavefronts interact with the OH target

species. The visibility of the fringes decreases if the intensity of the two interfering

wavefronts is not equal. Indeed, the 1st hologram exhibiting the largest fringe shift,

appears to have a better contrast than the 4th hologram displaying the smallest fringe

shift. By assuming a stable narrow band laser, a frequency shift of the Continuum laser

towards the center of the line by the measured average jitter of 0.05 cm"1 would induce

a fringe shift decrease of -15% and an absorption increase by -30%. Although these

values cannot explain the substantial fringe shifts that have been determined

experimentally, they clearly indicate the drawback of utilizing the two laser system RHI

set up. The fact that the two frequencies are not locked in respect to each other by SBS

leads to difficulties in correctly interpreting the interferograms. However, sufficient

fringe shifts are achieved even with such large frequency deviations. This can be

understood if the form of the real part of the complex refractive index as a function of
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frequency is considered, see for example Figure 8. The flat top of the curve indicates

that variations in frequency will not influence the induced fringe shift significantly.

Another drawback of the two laser system is stated in the following. When utilizing the

SBS technique, a phase-conjugated beam created for the second exposure wavefront.

The phase-conjugation ensures a perfect match of the two probe wavefronts.

Consequently, small pulse to pulse deviations occurring in the phasefronts are

subtracted automatically during interferometric reconstruction. Unfortunately such a

interferometric correction is not achieved for the two laser configuration. On the

contrary, the pulse to pulse deviations of the laser beams lead to erroneous fringe shifts.

Unfortunately, the obtained data is not sufficient for reliable quantitative OH species

measurements. As for NH, a discrepancy is observed between the 2D absorption results

and the two color RHI measurements. A discussion of these findings is given in the

next chapter.
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Discrepancy between RHI and 2D absorption measurements

In formulating the equations describing the two experimental techniques applied in this

work, equation (23) and (24), it has been pointed out that two parameters are of

importance, i.e. the species concentration and the temperature that is included in the

partition function of the target species. By performing two individual measurements of

the target species, absorption and RHI, these two parameters can be computed. It is

important to mention that for a given temperature, the two experimental techniques

should result in the same species concentration. The experiments presented in this work

showed that this is clearly not the case. In the chapter describing the experiments

performed on the NH molecule, three possible explanations for the discrepancy of the

species predictions derived from the two techniques are considered:

• The influence of the finite fringes used in the set up on the fringe shifts.

• The change of the optical path length due to ray bending effects induced by the

refractive index gradients in the flame.

• Heat release to the surroundings due to the high absorption.

To address the possibilities above, the first two points have been investigated

theoretically, where the heat release effects have been investigated experimentally.

Fringe Shift and Finite Fringe spacing

To derive equation (24), which is describing the resulting fringe shift on the

interferogram, it is assumed that the two probe waves, each with a different frequency,

follow the same path through the flame. Additionally, the refraction of the beams due to

the refractive index gradients present in flames is neglected and a straight line

propagation is assumed.

As explained in detail in the experimental implementation of the RHI technique, finite

fringes are introduced on the interferograms in order to ease the interpretation of the

experiments. This is achieved by introducing an angle between the original and the
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phase-conjugate beam in vertical direction to the input plane of the set up by correctly

positioning the two 50/50 beam splitters. As expected for an interferometer, an increase

in angle yields more fringes. The parallel and equidistant finite fringes are distorted by

any phase differences between the two exposure wavefronts. This effect is observable

for all the experimental results obtained in this work. Furthermore, the measurements

indicate, that the refractive index variation is more substantial along the y-axis

(perpendicular to the flame front) than along the x-axis (along the flame front), see for

example Figures 31 and 37. This situation justifies the use of the term stratified

medium as introduced in the theoretical part of this work.

As mentioned above, the angle between the two beams for finite fringe generation is

aligned vertically in respect to the input plane of the set up. Therefore, the finite fringes

will appear perpendicular to the flame front. Obviously, such an angle between the two

probe wavefronts will result in different paths through the flame. In the following, it is

assumed that the refractive index is only a function of y-axis, neglecting the small

variations along the x-axis. The resonant refractive index is computed by taking into

account the molecular constants of the Oj(5) transition of NH, see Figure 8 and related

text. For all the calculations, we assume that the resonant refractive index extends over

a length along the z-axis of L = 0.042 m. By introducing an angle 0 between the two

beams, one trace through the flame is increased by L/cos(0) . Note, that this angle is

difficult to measure geometrically. On the other hand, the finite fringe spacing can be

calculated with a high accuracy by using the calibration markers seen on all images is

this work. The angle 0 yields a fringe spacing of d ~ A,o/sin(0/2J. The phase shift

experienced by the tilted beam along L / cos(0) can then be calculated. Subsequently,

the resulting fringe shift is computed for the two interfering beams as a function of the

finite fringe spacing. The deviation from the fringe shift as calculated by equation (24)

that assumes an infinite fringe spacing. In Figure 39 this deviation is shown.

Additionally, the angle between the two probe wavefronts is also calculated and shown

in the same Figure.
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The angle introduced in the optical system will have an effect on the detected fringe

shift only when the resulting finite fringes are in the micrometer range, see Figure 39. In

the region of interest, i.e. finite fringes of the ordei of millimeters, the error is negligible

small. Consequently, the discrepancy between the target species concentration derived

from RHI and the absorption measurements cannot be attributed to the introduction of

finite fringes in the optical set up.
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Figure 39: The resulting error on RHI fringe shift measurements by

introducing an angle between the probe beams to produce the finite fringes.

The error is presented as percent deviation from the theoretical value

assuming that both beams followed the same path. The angle between the

two probe beams as a function of finite fringe spacing is also displayed.

On the propagation of individual rays through a 2D flame

From the theoretical consideration it is seen that a wavefront can be considered as an

ensemble of individual rays. Thus, instead of investigating the complete wavefront

propagation through a phase object, individual rays can be studied separately. The

results are then combined to gain information on the entire wavefront propagation.
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Taking into account the preceding concept, a model is constructed to describe the

propagation of an individual ray through a phase object, which is here a 2D diffusion

NH3-O2 flame stabilized on a Wolfhard-Parker slot burner. A detailed description of the

burner is found in Appendix B. Since the flame is symmetric in respect to the burner

axis, it is sufficient to model one flame sheet only. A description of the 2D refractive

index distribution is given in the next section, followed by the numerical method

developed in this work to simulate the propagation of the rays through the flame.
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Figure 40: The absorption profiles of NH (solid) and OH (dotted) across the

flame front at a height of x=3.5 mm. Additionally single point CARS

temperature measurements are shown. On the bottom of the figure the two

walls separating the center NH3 slot from the adjacent 02 slots are depicted.

In the chapter on the Theory it has been shown that the refractive index experienced by

the probe wavefront along the path through the flame is given by n'(v)=[no+n(v)]-iK(v).

n0 is the bulk refractive index given by the Gladstone-Dale formula, equation (16), and

n(v)-iK(v) is the complex refractive index for a frequency of the probe wavefront in the

proximity of a molecular transition as given by equations (23) and (24). The two

contributions to the refractive index extend over the length of the burner slot, L= 0.042
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m. Outside this area an ambient refractive index is assumed. By analyzing the

normalized 2D absorption profiles, see Figure 40, the spatial distribution of the

individual species in the flame is accurately obtained. Additionally, the point wise

CARS measurements yield temperature profiles in respect to the symmetry axis.
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Figure 41: Plots of the two refractive index contributions used for the

simulation. The values defining these two plots can be found in Table 7.

As the light wave passes through the flame, it experiences, apart from the bulk, a

refractive index due to resonance. Considering the species and temperature distribution,

we assume substantial gradients perpendicular to the flame front, along the y-axis.

Temperature and species variations as a function of height are insignificant for the

simulations and are, therefore, neglected. We follow the formulation of the Theory

chapter by assuming a wave propagation along the z-axis and a refractive index

variation along the y-axis only. This situation corresponds to a stratified medium. The

temperature and the species concentration profiles are closely approximated by using a

Gauss function. Air is assumed to constitute the bulk refractive index which is

dependent on temperature only. Consequently the refractive index decreases across the

flame from the ambient refractive index (nj to a minimum at the position of maximum
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temperature, see Figure 41. Here only the part of the temperature dependent refractive

index distribution that takes part in the simulation is shown.

Q3(5) transition in the (0,0) vibrational band of the A 3FI-X 3E electronic system of NH

X0 = 335.9255 10"9 nm

Xaeg = 335.92373 10"9 nm

Apos = 335.92721 10"9nm

nneg = -291.422999 10"9

Kneg= 248.390008 10"9

aneg = 9.2918256

npos = 291.422999 10"9

kpos= 248.390008 10"9

apos = 9.2918256

ambient R.I. Absolute height FWHM Center point

Temperature profile na = 1.00029 An_T = -0.00024 A_T = 15 mm yTc = -1.5 mm

Resonant profile na = 1.00 An = nneg / npos A_nr =1.5 mm yc = 0 mm

Table 7: Values used in the computation of the fringe shift for the different

refractive index contributions. The Qs(5) transition of NH is chosen. The

values for calculating the complex refractive index are the same as for

Figure 8. The two wavelengths are selected such that a maximum refractive

index difference is obtained, i.e. at the HWHM points of the Oj(5)

transition. Additionally shown are the absorption coefficients used in the

calculation of the beam attenuation.

In Table 7 the values of refractive index used in these computations for NH can be

found. In Figure 41 the plot of the refractive index distribution due to resonance is

superimposed. This refractive index distribution n(v) is calculated as described in

Appendix A by considering the probe frequency for the given species. Furthermore, the

concentration and the CARS temperature at the maximum position of the concentration

profile is used to calculate the resonant refractive index. This provides the maximum

resonant refractive index that is subsequently multiplied by a Gauss curve normalized

to l(one) in order to obtain the spatial distribution of the refractive index. In principle,
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n(v) should be calculated as a function of the species concentration distribution and the

temperature distribution. Such a complex calculation is not necessary for an estimate of

the ray bending effects. Therefore, we obtain for the total refractive index a functional

dependence of

n = na +An_Texp

f V^

V A_Ty
+ n0+Anexp

y-yc
(25)

The same procedure is used for the imaginary part of the refractive index, where the

absorption coefficient a(v) is calculated for the probe frequency. These values used can

also be found in Table 7.

We recollect now that the propagation of a ray through a stratified medium is given by

equations (7) and (8)

y"dy dn

1 + y'2 n(y)

f
_
V

l + y'2 =
vney

(7)

(8)

with the boundary conditions of the ray trajectory given as: y(z, ye) at z = 0: y(0, ye) =

Ye> y'(0» Ye) = 0> y"(0, ye) = 0 and n(ye) = ne. The subscript e denotes the values at the

entry position. Equation (7) can be written in a more analytical way as:

ay2(z) 1 dn(y(z))fi+ay(z)
dz2 n(y(z)) dz dz

=0 (26)

The optical length of the ray which joins points Pi and P2 is given by equation (4)

[P1P2]=Jnds = o(P1)-0)(P2)

fdyY
Given equation (8) and the fact that ds = J1 + —— dz, the integral can be substituted

V Vdzj

with a differential equation that follows the development of the optical path length of

the ray

ao(y(z))_t f +3y(zp
9z dz

= 0 (27)
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What remains to be calculated is the attenuation of the beam due to the absorption

taking place along the ray. Lambert Beer's law gives l(z) = I0 j exp[- a(z)z]ds, thus the

normalized attenuated intensity (1 - absorbed light intensity) is given by

ABS(z) = I(z) /10. In the computation this attenuation is described in a similar way as

for the optical pathlength

9ABS(y(z))

= 0 (28)
dz

, n I
fdyU)v

^
+ a(z)Jl+

y

ABS(y(z)) dz J

Here ABS(y(z)) is the normalized attenuated intensity and ct(z) the absorption

coefficient as a function of y(z). For the two last differential equations, additional initial

conditions are required: O(0)=0, O'(0)=ne, ABS(0)=1, ABS'(0)= ae.

The three equation (26), (27) and (28) are solved numerically as a system of three

coupled differential equations. The program provides all three values y(z), <IKz) and

ABS(z) as a function of z, the propagation axis for z = [0..L]. The numerical method

used is a seventh-eighth order continuous Runge-Kutta method, a Numerical Solution

of Ordinary Differential as applied in the mathematical program MAPLE (dverk78)

[Ref. 61].

In order to verify the correct computation of the applied method, the numerical results

are compared with an analytical solution for a refractive index distribution that in the

first case is linear, n(y) = n0 + (n5 -n0)y/8, and in the sacond exponential,

n(y) = n0 + (n5 -n0)[l-exp(-y/S)j [Ref. 16, p. 9-13]. For both cases the numerical

solution agrees down to the 13th decimal with the analytical. Note that the computation

is performed by using a 20 digits precision.

Thus, the verified model is applied to gain information on the influence of the refractive

index gradients on the total optical path length difference of the probe beams.

Therefore, the total fringe shift is calculated as the difference between the optical path

of two individual rays exhibiting one of the exposure frequencies. For the

computations, frequencies resulting in maximum resonant refractive index are chosen,
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i.e. the two HWHM points of the transition line. Notice in Figure 41 that only the

refractive index due to one exposure frequency is shown. The frequency of the second

HWHM point of the transition yields a negative refractive index distribution. For the

calculation of the total fringe shift as a function of y the difference of the two

distributions is taken into account.
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Figure 42: Comparison of the fringe shift distribution in the straight line

approximation with that obtained by a model simulation that includes

resonant refractive index variations along the path of the two probe

wavefronts. In addition, the residuals are depicted on the figure.

The model is now compared with the simple situation of a beam passing in a straight

line through a constant refractive index field. In particular, the two fringe shift

distributions across the flame are compared. In Figure 42 the distributions are shown. In

addition, the residuals are depicted on the Figure. Only the gradients due to the resonant

refractive index are taken into consideration, i.e. the bulk refractive index containing

the temperature dependence is omitted. We observe that at the center of the refractive

index distribution the same fringe shifts values are obtained, since the ray in this
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position follows a straight line due to the two opposing gradients. It is interesting to

observe the fact that the gradients narrow the fringe shift distribution. However, since

the evaluation of the interferograms is performed by determining the maximum fringe

deviation only, see the experimental analysis, the influence of these gradients can be

neglected.

A further refinement of the model is attempted by including the temperature, first term

in Equation (25), and shown in Figure 43. The resulting fringe shift distribution is

plotted in Figure 43 in addition to the results from the simpler simulations in Figure 42.

Additionally, residuals due to the temperature effect are included, multiplied by a factor

100.

0.08 -i 1

Position (mm)

Fringe Shift including refraction, No Temperatuie -a- Fringe Shift in straight line approximation

Fringe Shift including refraction ami Temperature Deviation due to Temperature (xlOO)

Figure 43: Fringe Shift for the three models: straight line approximation,

refraction of the probe beams without the influence of the temperature and

refraction with the influence of the temperature. The residuals due to the

temperature are also plotted on a magnified scale (xlOO).

Again, we conclude from the modeling that the fringe shift variations introduced by

refraction of the probe beams are negligible. In fact, the simulations yield a maximum
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fringe shift due to refraction on the order of a few percent of the fringe shift due to the

RHI process.

The fringe shifts for this analysis have been calculated exactly at the exit of the flame,

i.e. at the position z = L. In principle, the propagation through the whole optical system

should be calculated. By applying holographic interferometry however, the influence of

the optical system is insignificant for the following reasons. Distortions due to the

different optical elements are subtracted in the same way as the bulk refractive index,

since the two waves exhibit essentially the same frequency and are, therefore, distorted

in the same way.

We examine now the projection of the two distorted wavefronts after exiting the flame

region. We recall that the projection lens, introduced between the flame and the

hologram plane, is optimized in space in order to minimize the effects of refraction on

the propagation of the individual rays by placing the object plane of the lens at the 2/3 's

of the flame length L. The effect of the correct imaging with the lens is detailed in the

experimental chapter. The lens is in essence an absolute instrument, since it images

stigmatically a three-dimensional domain [Ref. 1, p. 143-1147]. For such an absolute

instrument, Maxwell stated that "the optical length of any curve in the object space is

equal to the optical length of its image". Even though this theorem was derived for a

homogeneous object and image space, more rigorous proofs were given later. Thus "a

perfect imaging between two homogeneous spaces of equal refractive indices is always

trivial in the sense that it produces an image which is congruent with the object". It is

therefore clear that it is sufficient to calculate the individual distorted wavefronts at the

exit point of the flame and merely project them on the hologram plane.

Similarly, the influence of refraction on the absorption of the propagating wavefronts is

investigated. As mentioned before the ABS(z) is the normalized absorbance as a

function of the distance in the flame and is derived directly from the system of three

coupled differential equations. In Figure 44 the attenuation of a beam is calculated by
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using the values indicated in Table 7 In the Figure the attenuation of the straight line

approximation is compared with that of the varying refractive index distribution

including bulk temperature and the resonance effect. The lesiduals are also plotted.
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Figure 44. Normalized absoibed intensity with and without ref 1 action

effects (due to tempeiature and resonance) The computation data can be

found in Table 7 The difference illustrates the effect of lefraction on the

species concentration obtained fiom absorption measurements.

Following conclusions are drawn from the calculations. Utilization of 2D absorption

measurements have the inherent problem that the spatial distribution will be narrowed

in the same way as the fringe shift distribution shown on Figure 42 To derive the real

spatial distribution ot the target species a correction would be required. On the other

hand, the maximum absorbed intensity, yielding the position of maximum species

concentration, is correctly predicted, just as tor the prediction of the Fringe Shift. Since

this work is only focused on the position of maximum species concentration, the 2D

absorption measurements can still provide the required quantitative information.
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Conclusively, we summarize that the effects of refraction can be neglected on the

correct evaluation of the interferograms resulting from the RHI measurements as well as

the 2D absorption measurements.

Heat release to the surroundings due to the high absorption.

The experiments have shown that the absorption for the frequencies used in the RHI

experiments were quite high, on the order of 25-30%. The absorbed energy deposited in

the molecules will dissipate in the form of heat to the surroundings by collisional

redistribution and quenching. This effect can occur on time scales comparable to the

time separation between the first and second exposure pulse. It is therefore speculated

that the heat dissipation from the first exposure pulse is affecting the refractive index

probed by the second pulse. Since the heat released will be confined to the proximity of

the resonant species, the second pulse will experience the refractive index due to

temperature, the resonant refractive index specified by its frequency and finally an

additional thermal refractive index due to the heat dissipation. Note that this additional

refractive index will not be interferometrically subtracted since it is only experienced by

the second exposure pulse alone.

In order to investigate the influence of this effect, the following procedure has been

used. Off resonant, two laser, two color interferograms are recorded while a third laser

pumps a transition of a target species in the time span between the two pulses. If the

pumping of the transition induces a heat release of sufficient magnitude to distort the

refractive index that is probed by the second probe wavefront, a deviation of the finite

fringes would appear similar to the resonant recordings. Two broadband lasers are used.

The Continuum laser, described previously and the Quantel laser, that has a similar

features as the Continuum. Both lasers are operated in the OH mode. Since the two

probe pulses are not probing the resonant refractive index the necessity of high spectral

resolution is relaxed. The set up as shown in Figure 33 is used without major changes.
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The pump pulse is obtained by the Excimer pumped Lambda laser, running in the NH

mode. The output is formed into a light sheet of a 2mm thickness that propagates

parallel to the burner surface and perpendicular to the flame, i.e., parallel to the y-axis.

The Excimer laser is synchronized with the two probe lasers by applying three delay

generators (Stanford Instruments DG 535). It is triggered between the first and the

second exposure pulse. The time separation between the two exposure pulses is set to

50ns in order to permit various time delays for the NH pumping pulse. Since we are

interested on the heat dissipation induced by absorption, the laser is tuned to the center

frequency of an NH transition. As for the NH experiments, the Qj(5) transition is used

at Xq = 335.9255nm. Several exposures are performed while varying the time delay of

the excitation pulse. Unfortunately, no apparent fringe deviation is detected. In order to

enhance the heat dissipation effect, the laser is tuned to the band head of the 0-0 band,

Xq = 336.090 nm, where the absorption is nearly 100% for the flame conditions. The

same experiments are performed, but once again, no fringe shifts are detected.

In conclusion, the heat release taking place within the first 50ns yields an insignificant

contribution to the refractive index. Note that for this investigation the NH species have

been excited perpendicular to the probe beam as opposed to the regular RHI

configuration. However heat dissipation induces a non resonant contribution to the

refractive index independent of the measuring technique used to probe it.

In summary we conclude, that the discrepancy of the quantitative results obtained by

RHI and 2D absorption cannot be rationalized by our investigations. In fact,

simulations show clearly that the fringe shifts measurements are not significantly

sensitive to the refractive index gradients appearing in the flame. Furthermore, the heat

release induced in the flame due to substantial absorption does not produce a sufficient

increase in fringe shift. More theoretical and experimental work is required to shed

more light on the involved processes.
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Conclusions and Outlook

An experimental investigation of Resonant Holographic Interferometry has been

performed. It has been shown that RHI is a promising technique that can measure

important trace species in flame environments. Taking advantage of the dispersive form

of the real part of the refractive index near molecular transitions, a molecule can be

unambiguously addressed. In particular, it is concluded that the RHI technique is able

to yield quantitative measurements of species concentrations. The interferometric

process ensures that disturbances such as scattering on particles, high background

luminosity or low quality optics are successfully canceled. Image plane holography is

applied by using a 1:1 imaging step at the 2/3's of the flame-probe wave interaction

path. In this way, all influences of the pressure and temperature gradients on the result

are avoided. Additionally, the hologram read-out can be performed with white light

sources.

The experimental set up at the Paul Scherrer Institute, is based on a single narrow band

laser. The second color necessary for the RHI experiments is generated by optical

phase- conjugation (PC) from Stimulated Brillouin Scattering (SBS) in a cell.

Implementation of SBS provides a second, phase-conjugate and frequency shifted laser

beam. The frequency shift of 8.5-9 GHz matches favorably the linewidth of many

molecular transitions at typical flame temperatures. Therefore, the two-color PC RHI

technique can be performed by addressing near resonant frequencies yielding a

maximum refractive index difference.

The SBS process is experimentally and theoretically investigated. The Brillouin

medium is filtered through a 0.2 pm pore filter in order to avoid optical breakdown by

interception of the focused input pulse on particles in the cell. This proves to be a cheap

and reliable method to filter the liquid Brillouin medium in contrast to the usually

applied purification schemes by vacuum distillation. The characteristics of the SBS

driving pulse are investigated. It is shown that by decreasing the laser bandwidth the
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reflectivity increases and the threshold energy decreases. Good phase-conjugate fidelity

is also demonstrated. The experimental parameters confirm theoretical and

experimental assumptions indicating that good phase-conjugate fidelity is obtained for

a SBS gain length of at least three times the depth of field of the input beam.

Application of SBS on the applied Nd:YAG pumped laser pulses is not feasible. This is

rationalized by the fast rising edge of the input pulse. When the slope of the leading

edge of the pulse is short in comparison to the acoustic lifetime, amplification of noise

modes compete with the SBS gain process and random phase jumps appear in the

phase-conjugated beam. Therefore, even though high reflectivities have been achieved,

the reflected beam is not applicable to RHI measurements. In order to successfully

introduce PC RHI, a near diffraction limited, narrowband laser exhibiting a smooth and

relatively long temporal intensity distribution must be chosen.

Experimental results show that the PC RHI has several advantages over a two laser

system configuration. First, the two probe frequencies are fixed in respect to each other

by the SBS process. The error in probing the correct frequencies due to frequency jitter

is therefore decreased. Furthermore, the phase-conjugate nature of the pulse ensures

that small phase disturbances are canceled during the interferometric read out.

Additionally, alignment constraints and costs are dramatically reduced, since the

method requires one laser system only. Such advantages are of importance for the

application of the technique in a combustion diagnostic laboratory.

A burner with a 2D flame structure is chosen and a straightforward interpretation of the

recorded interferograms is achieved. By applying RHI and 2D absorption

measurements the basic features of the applied model of the complex refractive index

are verified. Numerical simulations of the NH3-O2 chemistry applied on an opposed jet

burner indicate species concentration of -10 and ~10 for NH and OH, respectively.

The absolute concentration values cannot be directly compared, due to the different

flow conditions and uncertainties on the applied kinetic model. The maximum species

concentrations for NH and OH measured by the two applied techniques are slightly
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lower. On the other hand, the expected species concentration difference between NH

and OH is successfully verified experimentally.

A numerical model of the complex refractive index is developed by applying a

numerical computation of the Voigt profiles. This model is extended to calculate the

fringe shift for a two-color RHI experiment and the intensity attenuation. Two

combustion related parameters are the unknowns in the model. The local temperature

and the species concentration. CARS measurements are performed in parallel and

provide absolute temperatures in the flame. By considering these temperatures, RHI and

absorption can be directly compared. The absolute species concentration measurements

obtained by RHI and absorption disagree. This discrepancy appears to be species

concentration dependent. For both target species, the measurements are performed on

transitions with an absorption coefficient of ~14-15m"1. This value is measured for both

species at the center frequency by absorption. The NH measurements are performed on

a transition line with a species concentration of 150-350 ppm, resulting in a shift of 10-

12% of a fringe. On the other hand, the OH measurements are performed on a transition

with a species concentration of 4000-12000 ppm, resulting in a shift of 20-30% of a

fringe. Therefore, for a given absorption coefficient, a higher species concentration will

result in an increased fringe shift.

Three possible problems are investigated. The refraction of the waves by the gradients

of the refractive index, the finite fringe scheme applied and heat dissipation effects. A

model is developed describing the parabolic trajectory of a light ray through the 2D

refractive index medium represented by the NH3-02 flame. Numerical calculations are

performed by using values derived from the experiments. It is concluded that ray

bending has no effect on the absolute species concentration measurements and can

therefore be neglected. A vertical angle in respect to the input plane of the set up is

introduced between the original and the phase-conjugate beam. Geometrical

considerations show that a measurable contribution to the fringe shift would occur only

at unreasonably large angles. Finally, experiments are performed by recording off
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resonant RHI holograms while pumping a NH transition in the time span between the

two exposure pulses. The absorbed energy will be subsequently released to the

surrounding medium. If this heat release contributed to the refractive index an

additional fringe shift would be detected. No effect could be observed. Conclusively,

the investigations are not providing a reliable answer to the discrepancy detected

between the two applied techniques.

Figure 45: Experimental set up for performing simultaneously 2D

absorption and two reference arm PC RHI. Each reference beam has a

different frequency. The two cameras record the wave impinging on the dye

cells.

In Figure 45, a scheme for combining phase stepping techniques with simultaneous

absorption measurements is shown. For this configuration of PC RHI two references are
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applied, as developed by Metrolaser [Ref. 62]. In the set up a correcting holographic

optical element is recorded (CHOE) prior to the resonant double exposure hologram.

Between the two exposures a small tilt angle is introduced. The CHOE provides two

exact replicas of the original reference beams used for recording the RHI data

hologram. The CHOE is sandwiched with the resonant data hologram. During

reconstruction, the perfect replicas of the reference beams emerge that subsequently

reconstruct the data hologram, even with a different wavelength. A perfect cancellation

of aberrations is achieved. By manipulating the relative position of data hologram and

CHOE, live fringes appear that can be converted to phase information. The two beam

splitters placed before and after the flame will record the probe wavefront.

Normalization will yield the absorbed 2D profile in a similar way as in the experiments

performed for this work. Care has to be taken to select only one of the probe waves to

perform the absorption measurements. This can be achieved by using different

polarizations for the two probe waves and a polarizer in front of the two cameras.

In the future, a more thorough investigation on the RHI technique must be conducted.

Choosing a H2-02-air flame will permit simulation of kinetic models matching the flow

configuration of the Wolfhard-Parker burner. Additionally PLIF can be favorably

applied on the Wolfhard-Parker burner and a direct comparison of the three measuring

techniques can be performed.

It is worth noting that the spatial resolution of the RHI technique is not limited by the

spatial resolution of the camera, as opposed to PLIF. The minimum resolution of the

hologram defines the resolution of the measurement. Thus, for the emulsions used in

this work, a spatial resolution of less than 1 pm can be achieved. Real time resonant

holographic interferometry can be readily applied using bacteriorhodopsin thin films

[Ref. 63]. The measuring repetition rate can be increased theoretically up to full video

frame rate of 30Hz. Sensitizing bacteriorhodopsin for UV radiation can be achieved

also, though till date not realized [Ref. 64].
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The measured species concentration for OH and NH indicate that the upper level of this

technique has not been reached. For OH concentration of up to ~15000 ppm have been

measured. OH transitions with lower oscillator strengths can be found, thus increasing

the measuring range. The minimum detectable species concentration depends on the

fringe interpretation technique applied. In the present experimental set up the lowest

detectable concentration would be on the order of lOOppm yielding a fringe shift of

~3%. However, the error would increase dramatically. In order to increase the

sensitivity, the absolute phase rather than the fringe shift must be measured. Utilizing

fast phase measurement techniques with resolution of up to 1/100* or 1/1000* of a

fringe [Ref. 41] the sensitivity for the investigated molecules can be of the order of 30

ppm or 3 ppm, respectively. Such sensitivities are not directly comparable to PLIF

measurements exhibiting detectable concentrations in the sub-ppm range. On the other

hand, the high spatial resolution in combination with fast phase measurements

techniques could provide a good alternative to PLIF. In particular, the verification of

numerical simulations could become the niche market of RHI.
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Appendix A

Derivation of the complex refractive index

In the following we follow directly the derivation of the complex refractive index as

shown by Anne P. Thorne in Reference 65.

A system of an assembly of bound electrons driven by an electric field, can be

considered as a damped, forced oscillation. For simplicity, we consider oscillations in

the x-direction only, produced by a plane-polarized electromagnetic wave traveling in

the z-direction. The solution of Maxwell's equations for the electric vector E in a

medium of permittivity s is

E(z) = E0(0)exp[i<o(t-j/)],
1 c c

where the phase velocity v is given by v =
•

•V^o" I£/ n

/e0

s0 and p0 are the permittivity and permeability of vacuum and n' is the complex

refractive index, which can be written as

[e z n' n k

n' = J— = n - iK leading to — = —z =
—

z -1—z. Therefore
\e0 v c c c

E(z) = E0 exp[ico(t - n%+ i *%)] = E0 exp[- co Kj/] exp[ico(t - nj{)].

Thus k and n determine the absorption and the phase velocity respectively, k can be

related to the more familiar absorption coefficient a, by finding the power attenuation

due to the layer z:

I(z) - |E(z)|2 = E^(0)exp[-2(ra^/)z], with 2<°% = a,

a being the absorption coefficient. Both n and k can be determined in terms of the

properties of an oscillator, by solving the equation of motion for the bound electron

driven by the force -eE(t) at some fixed value of z. The equation is

X + yx + Q)0x = e/m E0 expficot], where coq is the resonant frequency of the oscillator, me
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the mass of the electron and y covers all forms of damping. The equation has the known

solution

x = x0 exp[icot] with x0
m,

E0

(cOo-co2) + icoy

The connection to permittivity is made via susceptibility. The instantaneous value of

the dipole formed by an electron displaced a distance x is -ex = -ex0exp[icot]. If

there are N oscillators per unit volume the susceptibility % ,
defined as polarization per

unit field, is

X =
-Nex0exp[icot]

N<
m„

(coo -co2) + icoy

The standard relation between permittivity and susceptibility, e = e0 + %, leads to

e_ Ne2 1

£0 2e0me (oOo-G)2)-r-ieoy
= (n')2=(n-iK)2

so

(n2 +K2)-i2nK = 1 +
Ne2 COo -CO2

V eom^-co2) +coY
-l

J

Ne2 coy

eom(co2_co2)2+co2y2

By equating the imaginary parts, for n = 1 we get:

Ne2
K =

coy

2e0me(co2_a)2)2+a)2y2

For the real parts, we can put n = 1 + 5 and neglect the second-order term 82, giving

1 + 28 + k2 =1 +
Ne2 COo -G)2

2eome(0)2_a)2)2+(02y2

.2 •

The second term on the right-hand side is equal to 28 if k is also a second-order term.

That this is indeed the case, except in the middle of an absorption line, can be seen by

comparing this provisional value of 8 with k in the previous equation. Provided that

(coo -co2)>co, 8>k.Therefore
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where N = j N(u)du is the density of all molecules in the level, up
= ^/2kBT/M is the

most probable velocity, M is the mass of the molecule and kB is the Boltzmann's

constant. The number of molecules with absorption frequencies shifted from v0 into the

interval [v,v+dv] is therefore

N(v)dv =
Nc/v0

udVtc
exp

f V'
c v-v0

dv.

The absorbed intensity is proportional to the density N(v)dv. Therefore the intensity

profile of a Doppler broadened spectral line will have a gauss form [Ref. 66]

I(v) = I0 exp

f
, ^2

c(v-v0)

V upvo j

2v0 2kBTln2
The FWHM of this line can be calculated to AvD =—-,— [ Ref. 24, p. 87].

c V M

We see that we have to convolute the two profiles, the Lorentzian and the Gaussian over

all the possible velocities of the molecules. Therefore:

o i +oo AvL
( \

Nfe M 1 +f ^ ~

2 .

K(v)
=
T7T~Ti iL,. _^~ J

"

~—/,.. A2exP -T7-—u du

4(27t)280me V2kB7tT v0 Joo/*
_vj2+/AvL/j

2kRT

and

n(v)-l =
Nfe2 M 1 +|

4(2it)-e0me V2kB7tT v0_J
I

K-v)

K-v)2
2 JAvL/
+

-exp

M

2kBT
du

We use following substitutions to simplify the integrals:

AvL v-v Vo-Vo

a = Vln2 is the Voigt parameter, (3 = 2——-Vhi2 and y = 2—

AvD AvD AvD
Vhi2

Nfe2 I M 1 Nfe2 1 2VJn2

4(27u)280me V 2kB7tT v0
~'"*_

4(27t)2e0me JH cAvD
'

K-v) _2Vki2 (y-p)

(v;_v)2+(Avl^j2
-

AvD (y-(3)2+a2'
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M 2-dln2 a

(v;_v)2+(Av^J2
-

AvD (y-p)2+a2

Vq = v0(l+ yA => u =
—

-c. We see that: y =.

M |2kRT
u and du = J

., dy
2kBT M

After some rearrangements we get that:

, ,
>[k Nfe2oc

n(v) = —r
8rc e0meAvLv0

y-P1
+~

- fe"y2
*i a2+(y-p)'

-dy

, .
4% Nfe2a

k(v) =

—r
87t2 e0meAvLv0

« f e-2 i
*i a2+(y-p)'

-dy

or

n(v) =

"8tc2

Nfe2a

E0meAvLv0
-Im{W(z)}dy

k(v) =
"

87t2

Nfe2a

e0meAvLv(
-Re{W(z)}dy
>

where W(z) = exp(- z2 )erfc(- iz) is the Voigt function with z = p + ia and

AvL v-vfl
a = —^Vin2, p = 2——--^n2.

AvD AvD

The formulation derived corresponds to the complex refractive index presented by

Blenstrup, Bershader and Langhoff in Reference 67.
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Computation of the complex refractive index

For the computation of the Voigt function the rational approximation is the routine

developed by Humlicek is used, here presented in a pseudo FORTRAN code [Ref. 68].

T = array(l..6,[0.314240376, 0.947788391, 1.59768264, 2.27950708, 3.02063703,

3.8897249])

C = array(1..6, [1.01172805, -0.75197147, 1.255772710"2, 1.00220082 10"2, -

2.42068135 10"4, 5.00848061 10"7])

S = array(1..6, [1.393237, 0.231152406, -0.155351466, 6.21836624 10"3, 9.19082986

10"5, -6.27525958 10"7])

WR=0

WI=0

yl=alpha+1.5

y2=ylA2

for i from 1 to 6 do

R = beta-T[i]

Dx = l/(RA2+y2)

Dl=yl*Dx

D2 = R*Dx

R = beta+T[i]

Dx = l/(RA2+y2)

D3 = yl*Dx

D4 = R*Dx

WR = WR+C[i]*(Dl+D3)-S[i]*(D2-D4)

WI = WI+C[i]*(D2+D4)+S[i]*(Dl-D3)

end

beta = 2*sqrt(ln(2))*(niur-niu)/DniuD

alpha = sqrt(ln(2))*DniuL/DniuD

Z = beta + alpha*I.

WR is the real part and WI the imaginary part of the refractive index, and alpha and

beta are a and P respectively. These two functions must be then multiplied with a

constant

Vit Nfe2oc
i^ _ _

8k2 £0mAvLv0
'
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Following parameters are required in order to compute the complex refractive index.

Spectroscopic constants for the molecule under investigation in order to calculate, the

oscillator strength and the partition function for the studied transition of the target

species. The target species concentration and the temperature in order to calculate the

Doppler broadening, AvD, and the partition function. Finally the colissional broadening

AvL. This can be theoretically calculated but not as easy as the Doppler broadening

AvD. For a detailed analysis of the colissional broadening, the reader is referenced to A.

Thorne [Ref. 65]. In this work another approach is taken. The combined Voigt width is

measured by absorption scans over the line and the Doppler width is calculated for a

Temperature predicted from the CARS measurements. An iterative loop in the program

calculates the colissional broadening AvL.

List of spectroscopic parameters necessary to compute the Voigt function.

Probed Transition => rotational quantum J2 and Ji

number and degeneracy factors

g2 and gi

Einstein coefficient for spontaneous emission A21

Vibrational quantum number U

Molecular vibration frequency C0e

Molecular rotation constant B

Nuclear spin degeneracy gi

Electronic partition Qe

In order to control the rational approximation suggested by Humlicek following

procedure is used. The Voigt profile is calculated for an a parameter equal to zero (a =

0), implying a zero Lorentzian width, Avt = 0. The parameters for the computation are:

Q3(5) transition in the (0,0) vibronic band of the A3ri-X3Z" electronic system of NH,

(s-1)

(cm"1)

(cm"1)



120 Resonant Holographic Interferometry on NH and OH

A2i = 2.5x10
6 s"1, B = 16.667 cm"1, coe = 3300 cm '. fj = 0.0423, T = 2335 K and an

assumed total NH concentration of 1020m "3. The Voigt FWHM is then Avv = Avu =

0.266 cm
'

(7.973GHz) for the temperature given above. The curve is then compared by

an analytical gauss-formed curve:

KG(v) = Kexp Vm~2
v-V,

AvD

S

0.0 1.6 3.2 4.8 6.4 8.0 9.6 11.2 12.8 14.4 16.0

Distance from center frequency v0 / GHz

Rational approximation Pure gauss + 5*10-9 — Absolute difference

Figure Al: The extinction coefficient profile as a function of frequency,

k(v), with a gauss form (a = 0 => AvL =0) as calculated by a true gauss,

kg(v), form and by the rational approximation as suggested by Humlicek,

KHumii.(v). The absolute difference between the two curves is also depicted

(right y-axis).

As seen in Figure Al, the maximum absolute difference between the analytical gauss

curve and the curve calculated with the rational approximation as suggested by

Humlicek, is in the order of ~2 10"6. Taking into account the magnitude of the

experimental errors the rational approximation can adequately serve the purposes of this

work.
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Appendix B

The Wolfhard-Parker burner

In the following sketches the important dimensions of the W -P burner aie presented.

The burner is built following the design of Dr Kermit C Smyth, National Institute ot

Standards and Technology, Maryland USA, who kindly provided the construction

drawings and gave fruitful advise in operating the W -P. burner and stabilizing the

flame.

0.8 0.8

0 NH 0

42

16.0 7.4

Figure Bl: The dimensions of the W.-P number. All dimension in mm

The burner parameters used in the experiments performed in this work are summarized

below:

NH^

Oo

Slot Area (cm ) Input Flow (lt/min) Flow velocity (cm/s)

3.1

13.5

2.5

30

13.44

37.04

The velocity ratio of oxidizer to fuel is then V(O2)/V(NH0 = 2.75.
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In order to obtain a stable flame a stable flow input is necessary. Small fluctuations

could be observed on the flame when electronically controlled mass flow meters were

used. They were attributed to the mass flow meters, since when the flows were

controlled by two tube flow meters, a more stable flame was obtained. The Sho-Rate

flow meters. Brooks Instrument, calibrated for NH-, and 02. are specified with an

accuracy of ±5% and a repeatability of ±0.5% at an input pressure of 4bar absolute.

During the experiments the setting on the flow meters were fixed using only the shut off

valves to turn the flows On and Off.

^

SBBP ^

^ liSmiiiTiii imiiiiTiiiii

TGas inlet

Figure B2: Stabilizing the flame, providing a flat velocity profile.

A: 0.5mm steel nets, B: 0.5mm quartz beads.

C: 1mm quartz beads, D: Common steel-wool.

To assist the performed numerical simulation, a top-hat velocity distribution was

desired. In order to achieve that, the flow must be sufficiently dispersed over the slot

length. No velocimetry techniques were applied to measure the velocity profile of the

three slots. The two flame fronts were observed and a uniform flame was sought in

terms of height and form along the burner length. Several flow-dispersers were tried

out: Honeycomb structures, honeycomb structures combined with small quartz beads of

different diameters and more. The final choice that provided a stable flame and a flat
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profile is presented in Figure B2 The first thud of each slot is filled with common

steel wool The two othei thirds are filled with quartz beads of 1mm and 0 5mm

diameter respectively In ordei to stabilize the steel wool and the quaitz beads a fine

0 5mm steel net is suspended to the walls

Below a piesentation of graphically combined 2D absorption measurements of ON and

NH is presented positioned ovei the burner surface indicated by the walls separating the

three slots Additionally the two axes (x, y) aie presented following the nomenclature

described in the chapter of fundamental theory The z-axis is parallel to the slot

symmetry axis and perpendicular to the absoiption piofiles.

x

ff mq

!

fl nh(| o2 y

Figuie B3 Graphical presentation of 2D flame stabilized ovei the

Wolfhaid Parker burner

Here, the absorption profiles of NH and OH, deriving from separate measurements, are

plotted over the burner for illustrative reasons
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ID numerical simulation of a NH3-02 diffusion flame

As guideline for the experiments, numerical simulations of the oxidation of NH, were

performed by Dr. Jeremish Ching Lee of LVV/ETHZ. The simulations were performed

using a detailed kinetic model of the chemistry of NH3 oxidation [Ref. 69]. As a model

an opposed-jet flame was used. Two tubes of a diameter of 0 = 1 cm at a distance of 1

cm to each other provide the fuel (NH3) and the oxidizer (02). The flame is stabilized

between the two jets. Due to symmetry considerations, a ID model can be applied [Ref.

70]. For the two charts presented below, the velocities of fuel and oxidizer were V|UCi =

V0Kld = 15cms"
.
In the first figure the mole fraction of the fuel and the oxidizer is

shown together with the distribution of the N2 product and the temperature.

0 0.2 0.4 0.6 0.8 1

— Temperature (K) —- NH3 molar fraction -*- 02 molar fraction -*- N2 molar fraction x 10000

Figure B4: Spatial distribution of fuel and oxidizer in units of absolute mole

fraction. Also presented is the estimated temperature and the distribution of

the N2 product. The horizontal axis is the distance between the two input

jets, in cm.
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2800
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E
41

H

0 0.2 0.4 0.6 0.8 1

-•- OH mole fraction -a- NH mole fraction (xlOO) -^ N2 mole fraction (/10) -*- Temperature (K)

Figure B5: Spatial distribution of the OH and the NH radical, the N2

product, in absolute mole fraction units. The Temperature is also plotted,

right axis. The horizontal axis is the distance between the two input jets, in

cm.

A few comments have to be made for these numerical results. First, the applied kinetics

on ammonia oxidation are validated for low concentration of ammonia at temperatures

below 1500K. Since the ID opposed-jet solution for the pure NHr02 flame is based on

this kinetics system, even if a good agreement with experiment is observed, it is not a

valid comparison. The ID opposed-jet solution for the pure NH^-02 flame in the low

strain rate limit can be used to get a good idea on the Temperature, OH, NH and N2

concentrations. Also, one can plot out the solution in the mixture fraction coordinate,

this way, a direct comparison with different types of diffusion flame can be compared.

In this work the simulations are rather used to obtain the order of magnitude of the

interesting parameters.

For CARS measurements adequate N2, at least 10%, is required in order to obtain a

good signal to noise ratio. Therefore, it is to expect that CARS measurements will not

be possible for the whole temperature profile.
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A high temperature is also calculated, Tmax = 2725K. Such high temperatures are

desirable for the resonant experiments, since the temperature is the parameter that

primarily determines the FWHM of the transition lines to be probed. The positions

where the concentrations of the two target species maximize are well separated.

Additionally OH has a broader spatial distribution than NH. For the two species, NH

and OH, a concentration of the order of 1021nf3 and 1023m"3 respectively is calculated.

The OH concentration is therefore expected to be two orders of magnitude higher than

for NH.

The kinetic model was also applied for a flow configuration matching the one used for

the experiments presented here. It did not work at all with a full transient code; since at

ignition the chemistry time scale is so much faster than the acoustic time that the code,

based on the low Mach number expansion, simply failed. Additionally the full kinetics

required an unreasonable amount of computer resources.



Resonant Holographic Interferometry on NH and OH 127

References

1 K. Kohse-Hdinghaus, Laser techniques for the quantitative detection of reactive

intermediates in combustion systems, Progress in Energy and Combustion Science, ed.

N. A. Chigier, Pergamon Press, 203-279 (1994).

2 A. C. Eckbreth, Laser Diagnostics for Combustion, Temperature and Species, ed.

A.K. Gupta & D.G. Lilley, Abacus Press, 1988.

3 B. Mischler, P.P Radi, P. Beaud, A.P. Tzannis, T. Gerber, Degenerate Four-Wave

Mixing of S2 and OH in Fuel-Rich Propane/Air/S02 Flames, Comb. Sci. & T. Vol. 119,

375-393 (1996).

4 P.P. Radi, H.-M. Frey, B. Mischler, A.P. Tzannis, P. Beaud, T. Gerber, Stimulated

emission pumping of OH and NH in flames by using two-color resonant four-wave

mixing, Chem. Phys. Lett. Vol. 265, 271-276 (1997).

5 R. Bombach, B. Hemmerling, W. Kreutner, A transportable CARS system for

Measuring Temperature Fluctuations Coherent Raman Spectroscopy, XI European

CARS Workshop, Florence, Italy, 43-46 (1992).

6 F. Mayinger, W. Panknin, Holographic two-wavelengths interferometry for

measurement of combined heat and mass transfer, Combustion Measurements, ed. R.

Goulard, Academic Press, 270-283 (1976).

7 P.V. Farrell, G.S. Springer, CM. Vest, Heterodyne holographic interferometry:

concentration and temperature measurements in gas mixtures, Appl. Opt. Vol. 21 No. 9,

1624-1627 (1982).

8 G. Blendstrup, D. Bershader, P.W. Langhoff, Resonance Refractivity Studies of

Sodium Vapor for Enhanced Flow Visualization, AIAA J. Vol. 16, No. 10, 1106-1108

(1978).

9 R. M. Measures, Spectral Line Interferometry: A Proposed Means of Selectively



128 Resonant Holographic Interferometry on NH and OH

Measuring the Change in the Density of a Specific Atomic Population, Appl. Opt. Vol.

9, No. 3, 737-741 (1970).

10 G.V. Dreiden, A.N. Zaidel et al, Plasma diagnostics by resonant interferometry and

holography, Sov. J. Plasma Phys. Vol. 1, No. 3, 256-267 (1975).

11 J.M. Sirota, W.H. Christiansen, Flow Diagnostics by Resonant Holographic

Interferometry, AIAA 21st Fluid Dynamics, Plasma Dynamics and Lasers Conference,

Seattle, WA, paper AIAA 90-1550, 18-20 June 1990.

12 J.D. Trolinger, C.F. Hess et al, Hydroxyl Density Measurements with Resonant

Holographic Interferometry, AIAA 30th Aerospace Sciences Meeting & Exhibit, Reno

NV, paper AIAA 92-0582, 6-9 January 1992.

13 N. J. Brock, M.S. Brown, P.A. DeBarber et al, Hydroxyl Concentration

Measurements in Shock-Heated Flows Using Resonant Holographic Interferometric

Spectroscopy (RHIS), 26th AIAA Plasmadynamics and Lasers Conference, San Diego

CA, paper AIAA 95-1951, 19-22 June 1995.

14 Max Born & Emil Wolf, Principles of Optics, 6th Edition, Pergamon Press, 1980.

15 W. S. G. Lipson & H. Lipson, Optical Physics 2nd Edition, Cambridge University

Press, 1981.

16 T. A. W. M. Lanen, Refractive Error Analysis in the Interferometric Measurement of

2D Density Fields containing Strong Gradients, Report LR-616, Faculty of Aerospace

Engineering, TU Delft, January 1990.

17 P. Hariharan, Optical Holography, Principles, Techniques and Applications,

Cambridge University Press, 1991.

18 R. R. A. Syms, Practical Volume Holography, Oxford University Press, 1990.

19 C. M. Vest, Holographic Interferometry, J. Wiley & Sons, NY 1979.

20 W. H. Steel, Interferometry, 2nd Edition, Cambridge University Press, 1987.



Resonant Holographic Interferometry on NH and OH 129

21 R. Alferness & S. K. Case, Coupling in doubly-exposed, thick holographic gratings,

Journal of Optical Society of America, 65, 730-739 (1975).

22 R. K. Kostuk, Volume reflection holograms with multiple gratings: an experimental

and theoretical evaluation, Appl. Opt. Vol. 25, No.23,4362-4369 (1986).

23 Wolfgang Merzkirch, Flow Visualization 2nd Edition, Academic Press, Orlando

1987.

24 W. Demtrdder, Laser Spectroscopy, 3rd Edition, Springer Verlag, 1988.

25 R.C. Hilborn, Einstein coefficients, cross sections, f values, dipole moments, and all

that, Am. J. Phys., Vol. 50, No. 11, 982-986 (1982).

26 I.H. Lira, CM. Vest, Refraction correction in holographic interferometry and

tomography of transparent objects, App. Opt. Vol. 26, No. 18, 3919-3928 (1987).

27 G. Pretzler, H. Jager, T. Neger, High-accuracy differential interferometry for the

investigation of phase objects, Meas. Sci. Technol. 4, 649-658 (1993).

28 D.W. Sweeney, CM. Vest, Reconstruction of Three-Dimensional Refractive Index

Field from Multidirectional Interferometric Data, App. Opt. Vol. 12, No. 11, 2649-2664

(1973).

29 S. Cha, CM. Vest, Tomographic reconstruction of strongly refracting fields and its

application to interferometric measurement of boundary layers, App. Opt. Vol. 20, No.

16,2787-2794(1981).

30 D.D. Verhoeven. Application of Holographic and Computer Tomography to Full-

Field Measurement of Asymmetric Refractive Index Distributions, SPIE Vol. 1026

Holography and Applications, 111-122 (1988).

31 S. Sato, T. Kumakura, Interferometric tomography of temperature fields in turbulent

flame, Joint International Conference on Combustion, University of Sydney, New

Zealand and Japanese Sections, Sep. 1989.



130 Resonant Holographic Interferometry on NH and OH

32 A.M. Chojnacki, A. Sarma, G.J. Wolga, E.D. Torniainen, F.C Gouldin, Infrared

Tomographic Inversion for Combustion and Incineration, Comb. Sci. T. Vol. 116 (1-6),

583-606 (1996).

33 T. Neger, Optical tomography of plasmas by spectral interferometry, J. Phys. D,

App. Phys. 28, 47-54 (1995).

34 S.E. Doerr, Measurement of a three-dimensional hypersonic density field using

holographic interferometry, Ph.D. thesis, The University of Texas at Austin, 1990.

35 K.C Smyth, P.J.H. Tjossem, Concentration Measurements of OH and Equilibrium

Analysis on a Laminar Methane-Air Diffusion Flame, Combustion and Flame 79, 366-

380 (1990).

36 W.M. Kays, M.E. Crawford, Convective Heat and Mass Transfer, 2nd Edition

McGraw-Hill, 1980.

37 M. Lapp, C.J. Gallagher, Gaseous Density and Linewidth from Combined Integral

and Line Peak Absorption, Modern Developments in Energy, Combustion and

Spectroscopy, ed. F.A Williams, A.K. Oppenheim, D.B. Olfe, M. Lapp, Pergamon

Press, 147- 164 (1993).

38 R.F. Wuerker, L.O. Heflinger, R.A. Briones, Holographic interferometry with

ultraviolet light, Appl. Phys. Lett. Vol. 12, No. 9, 302-303 (1968).

39 G. Saxby, Practical holography, 2nd ed, Prentice Hall, 1994.

40 R. Dandliker, E. Marom, F.M. Mottier, Two-reference-beam holographic

interferometry, J. Opt. Soc. Am. Vol. 66, No. 1, 23-30 (1976).

41 R. Dandliker, Heterodyne Holographic Interferometry, Progress in Optics VXII, ed.

E. Wolf, North Holland, 1-84 (1980).

42 P.V. Farrell, G.S. Springer, CM. Vest, Heterodyne holographic interferometry:

concentration and temperature measurements in gas mixtures, App. Opt. Vol. 21, No. 9,



Resonant Holographic Interferometry on NH and OH 131

1624-1627 (1982).

43 G.W. Stroke, A.E. Labeyrie, White-light reconstruction of holographic images using

the Lippmann-Bragg diffraction effect, Phys. Lett. Vol. 20, No. 4, 368-370 (1966).

44 L.Rosen, Focused-image holography with extended sources, Appl. Phys. Lett. Vol.

9, No. 9, 337-339 (1966).

45 G.B. Brandt, Image plane holography, Appl. Opt. Vol. 8, No. 7, 1421-1429 (1969).

46 K.A. Stetson, Holography with total internally reflected light, Appl. Phys. Lett. Vol.

11, No. 7, 225-226 (1967).

47 A. Yariv, Quantum Electronics, 3rd edition J. Wiley &Sons, 1988.

48 R. Menzel, H.J. Eichler, Temporal and spatial reflectivity of focused beams in

stimulated Brillouin scattering for phase conjugation, Phys. Rev. A Vol. 46, No. 11,

7139-7149 (1992).

49 Y.R. Shen, The principles of nonlinear optics, J. Wiley & Sons, 1984.

50 M. Lefebvre, S. Pfeifer, R. Johnson, Dependence of stimulated-Brillouin-scattering

phase-conjugation correction on the far-field intensity distribution of the pump light, J.

Opt. Soc. Am. B Vol. 9, No. 1, 121-131 (1992).

51 M.A. O'Key, M.R. Osborne, Broadband stimulated Brillouin scattering, Opt.

Comm. Vol. 89, No.2, 269-275 (1992).

52 H.J. Eichler, R. Menzel, R. Sander, B. Smandek, Reflectivity enhancement of

stimulated Brillouin scattering liquids by purification, Opt. Comm. Vol. 89, No. 2, 260-

262 (1992).

53 A. Kummrow, Effect of optical breakdown on stimulated Brillouin scattering in

focused beam cells, J. Opt. Soc. Am. B Vol. 12, No. 6,1006-1011 (1995).

54 H.J. Eichler, R. Menzel, R. Sander, M. Schulzke, J. Schwartz, SBS at different

wavelengths between 308 and 725 nm, Opt. Comm. 121, 49-54 (1995).



132 Resonant Holographic Interferometry on NH and OH

55 S.A. Self, Focusing of Spherical Gaussian Beams, Appl. Opt. Vol. 22, 658 (1983).

56 CB. Dane, W.A. Neuman, L.A. Hackel, Pulse-shape dependence of stimulated-

Brillouin-scattering phase-conjugation fidelity for high input energies, Opt. Lett Vol.

17, No. 18, 1271-1273 (1992).

57 J.M. Seitzman, R.K. Hanson, P.A. DeBarber, F.C. Hess, Application of quantitative

two-line OH planar laser-induced fluorescence for temporally resolved planar

thermometry in reacting flows, Appl. Opt. Vol. 33, No. 18, 4000-4012 (1994).

58 A. Arnold, R. Bombach, B Kappeli, A. Schlegel, Quantitative measurements of OH

concentration fields by two-dimensional laser-induced fluorescence, Appl. Phys. B Vol.

64, 579-583 (1997).

59 N.J. Brock, M.S. Brown, P.A. DeBarber and J. Segall, Practical considerations for

Resonant holographic interferometry in shock tunnel applications, AIAA96-2266, 19th

AIAA Advanced Measurement and Ground Testing Technology Conference, New

Orleans, LA, June 17-20 (1996).

60 J.E.M. Goldsmith, L.A. Rahn, Doppler-Free Two-Photon-Excited Fluorescence

Spectroscopy of OH in Flames, J. Opt. Soc. Am. B, Vol. 5, 749 (1988).

61 W.H. Enright, The Relative Efficiency of Alternative Defect Control Schemes for

High Order Continuous Runge-Kutta Formulas, Dept. of Computer Science, University

of Toronto, Technical Report 252/91, June, 1991.)

62 N.J. Brock, M.S. Brown, P.A. DeBarber, J. Segall, Practical Considerations for

Resonant Holographic Interferometry in Shock Tunnel Applications, 19th AIAA

Advanced Measurement and Ground Testing Technology Conference, New Orleans,

LA, June 17-20 (1996).

63 J.E. Millerd, N.J. Brock, M.S. Brown, P.A. DeBarber, Real-Time resonant

holography using bacteriorhodopsin thin films, Opt. Lett. Vol. 20, No. 6, 626-629



Resonant Holographic Interferometry on NH and OH 133

(1995).

64 Private communication with Dr. Lars Lindvold, Ris0 National Laboratory, Roskilde,

Denmark.

65 Anne P. Thome, Spectrophysics, 2nd edition, Chapman and Hall, 296-301 (1988).

66 R.M. Measures, Spectral Line Interferometry: A Proposed Means of Selectively

Measuring the Change in the Density of a Specific Atomic Population, Applied Optics,

Vol. 9, No. 3, 737-741 (March 1970).

67 G. Blenstrup, D. Bershader, P.W. Langhoff, Resonance Refractivity Studies of

Sodium Vapor for Enhanced Flow Visualisation, AIAA J. Vol. 16, No. 10,1106-1108

(1978)

68 J. Humlicek, An efficient method for evaluation of the complex probability function:

the Voigt function and its derivatives, J. Quant. Spectrosc. Radiat. Transfer, Vol. 21,

309-313 (1979).

69 R.P. Lindstedt, F.C. Lockwood and M.A. Selim, Detailed Kinetic Modeling of

Chemistry and Temperature Effects on Ammonia Oxidation, Comb. Sci. and Tech.,

Vol. 99, 253-276(1994).

70 G. Dixon-Lewis, T. David et al, Calculation of the structure and extinction limit of a

Methane-air counterflow diffusion flame in the forward stagnation region of a porous

cylinder, 20' Symposium International Combustion, 1893-1904 (1984).



134 Resonant Holographic Interferometry on NH and OH



Resonant Holographic Interferometry on NH and OH 135

Curriculum Vitae

Alexios-Paul Tzannis Hardturmstrasse 216,

Danish citizen, born 13.08.66 in Athens, CH-8005 Zurich

Hellas. Tel:+41 125154 21

Doctor of Natural Sciences, Chemical Dept., Swiss Federal Institute of Technology

Zurich (ETH-Z), December 1997.

M. Sc. in Electrical Engineering, Technical University of Denmark (DTU), August

1991.

Education:

December 1997-til date

Employed at Paul Scherrer Institute, to perform laser diagnostic measurements in a new

facility, a High Pressure - High temperature Cell, in order to achieve a deeper

understanding of the combustion of diesel-sprays.

June 1993- December 1997

Ph.D. studies at the Swiss Federal Institute of Technology at Zurich (ETH-Z) in

collaboration with Paul Scherrer Institute. The project was financed by Bundesamt fiir

Energiewirtschaft.

may 1995

Ph.D. examinations

• Fluid Dynamics, by Prof. Dr. Torstein Fannel0p.

Physical Chemistry, by Prof. Dr. Alexander Wokaun.

Fall 1991-winter 1992

Employed at Ibsen MicroStructures A/S, Denmark.

Fall 1990-Fall 1991

M.Sc. thesis at Superior Technology Implementation A/S. Title: Holographic



136 Resonant Holographic Interferometry on NH and OH

production of diffraction gratings. Thesis note: 10/13.

Spring 1985-Fall 1991

Studies at the Technical University of Denmark.

1982

First Certificate of English Language.

1981-1984

High-school at the 1st Lyceum in Athens, Hellas, final note: 18/20.

Visits in foreign Universities:

July-August 1989

University of Crete, Institute of Electronic Structure & Laser, Laser and Application

Division.

August 1992

Summer Course in OPTO-ELECTRONICS at the Kungl. Tekniska Hogskolan, The

Royal Institute of Technology, Stockholm, Sweden.

Languages:

Speak and write fluently Danish, English and Greek. Speak good German.



Resonant Holographic Interferometry on NH and OH 137

Publication List:

APPLICATION OF RESONANT HOLOGRAPHIC INTERFEROMETRY TO OH

CONCENTRATION MEASUREMENTS IN A 2D CO-FLOW H2/AIR DIFFUSION

FLAME AND COMPARISON WITH DIRECT NUMERICAL SIMULATIONS

by Tzannis-AP, Beaud-P, Frey-HM, Gerber-T, Mischler-B, Radi-PP, Lee-JC,

Tomboulides-A, Boulouchos-K, submitted to the 27th Int. Symposium in Combustion,

Boulder, Colorado, August 1998.

DEGENERATE FOUR-WAVE MIXING IN AIR: ROTATIONAL CARS AND CSRS

OF 02, N2 AND C02

by Frey-HM, Beaud-P, Gerber-T, Mischler-B, Radi-PP, Tzannis-AP

to be published

ABSOLUTE CONCENTRATION MEASUREMENTS USING DFWM AND

MODELING OF OH AND S2 IN A FUEL-RICH H2/AIR/S02 FLAME

by Radi-PP, Mischler-B, Schlegel-A, Tzannis-AP, Beaud-P, Gerber-T

to be published

PICOSECOND INVESTIGATION OF THE COLLISIONAL DEACTIVATION OF

OH A(2 SIGMA+, V'=1,N'=4,12) IN AN ATMOSPHERIC PRESSURE

METHANE/AIR FLAME

by Beaud-P, Radi-PP, Franzke-D, Frey-HM, Mischler-B, Tzannis-AP, Gerber-T

submitted to Appl. Opt. (1997)

ANALYSIS OF RADICALS IN COMBUSTION PROCESSES

by Radi-PP, Beaud-P, Frey-HM, Gerber-T, Mischler-B, Tzannis-AP

CHIMIA, v51, 771-776 (1997)

PHASE CONJUGATE RESONANT HOLOGRAPHIC INTERFEROMETRY IN A 2D

DIFFUSION FLAME

by Tzannis-AP, Beaud-P, Frey-HM, Gerber-T, Mischler-B, Radi-PP

Appl.-Opt. 36 (30), 7978-7983 (1997)

STIMULATED EMISSION PUMPING OF OH AND NH IN FLAMES BY USING

TWO-COLOR RESONANT FOUR-WAVE MIXING

by Radi-PP, Frey-HM, Mischler-B, Tzannis-AP, Beaud-P, Gerber-T

CHEM. PHYS. LETT., v265, 271-276 (1997)

DEGENERATE FOUR-WAVE MIXING OF S2 AND OH IN FUEL-RICH

PROPANE/AIR/S02 FLAMES

by Mischler-B, Beaud-P, Gerber-T, Tzannis-AP, and Radi-PP

COMBUST. SCI AND TECH., v!99, 1-6, p 375 (1996) Article



138 Resonant Holographic Interferometry on NH and OH

Conference Contributions:

PHASE-CONJUGATE RESONANT HOLOGRAPHIC INTERFEROMETRY

APPLIED TO NH AND OH CONCENTRATION MEASUREMENTS IN A 2D

DIFFUSION FLAME

Tzannis-AP, Gerber-T

19th Task Leaders Meeting of the IEA Implementation Agreement "Energy
Conservation and Emissions Reduction in Combustion", 14th-17th September 1997,

Capri-Naples, Italy (talk by GT)

PHASE-CONJUGATE RESONANT HOLOGRAPHIC INTERFEROMETRY

APPLIED TO NH AND OH CONCENTRATION MEASUREMENTS IN A 2D

DIFFUSION FLAME

Tzannis-AP, Beaud-P, Frey-HM, Gerber-T, Mischler-B, Radi-PP

ERCOFTAC, ANNUAL MEETING OF THE ERCOFTAC LEONARD EULER

RESEARCH CENTER, ETH-Zentrum June 20, 1997 (talk).

STIMULATED EMISSION PUMPING OF OH AND NH IN FLAMES BY USING

TWO-COLOR RESONANT FOUR-WAVE MIXING

by Radi-PP, Mischler-B, Frey-HM, Beaud-P, Tzannis-AP, Gerber-T

26TH SYMPOSIUM (INTL) ON COMBUSTION, Napoli, Italy (1996) poster

RESONANT HOLOGRAPHIC INTERFEROMETRY

Tzannis-AP

ERCOFTAC, ANNUAL MEETING OF THE ERCOFTAC LEONARD EULER

RESEARCH CENTER, ETH-Zentrum June 27, 1996 (talk).

STIMULATED EMISSION PUMPING OF OH AND NH IN FLAMES BY USING

TWO-COLOR RESONANT FOUR-WAVE MIXING

by Radi-PP, Mischler-B, Frey-HM, Beaud-P, Tzannis-AP, Gerber-T (talk by GT,

poster, proc)
IEA Conference, 18th Task Leader Meeting, Cranfield, England, Aug. 7-9 (1996)

STIMULATED EMISSION PUMPING OF OH AND NH IN FLAMES BY USING

TWO-COLOR RESONANT FOUR-WAVE MIXING

by Radi-PP, Mischler-B, Frey-HM, Beaud-P, Tzannis-AP, Gerber-T

XV European CARS Workshop, Sheffield, England, March 27-29 (1996) poster


