
S T E L L I N G E N

bij het proefschrift 'Use of a radio-frequency resonance circuit in studies

of alkali ionization in flames'

Bij gebruik van een "Solar power satellite" (SPS) kan de opgevangen zonne-

energie met behulp van microgolfstraling naar de aarde worden doorgezonden;

de suggestie die Kistemaker wekt, dat het door hem genoemde stralingsniveau

ongevaarlijk is voor de mens, is echter niet terecht.

1. J.Kistemaker, Physics Bulletin (February 1978) 58.

2. "Advies inzake gevaren microgolfstraling en de daaruit afgeleide aanvaard-

bare stralingsniveaus", Rapport Gezondheidsraad no. 658/69 (1976).

3. F. Hooft, Verslag IXe Int. Congres Sociêté francaise de Radioprotection,

Intern rapport Veiligheidsdienst Rijksuniversiteit Utrecht (1978).

II

Uitgaande van een Voigt-profiel voor de Na-Dj-lijn volgt uit de optische groei-

kromme gemeten in een acetyleenvlam een halfwaardebreedte die gelijk is aan de

interferometrisch bepaalde lijnbreedte [1,2]; daar de blauwe lijnvleugel reeds

in het centrum steiler afvalt dan volgens het Voigt-profiel [3], moet de rode

vleugel minder steil afvallen [4].

1. W. Behmenburg, H. Kohn, J.Quant.Spectrosc.Radiat.Transfer 4 (1964) 163.

2. W. Behmenburg, J.Quant.Spectrosc.Radiat.Transfer 4 (1964) 177.

3. M.J. Jongerius, Tj. Hollander, C.Th.J. Alkemade, J.Quant.Spectrosc.Radiat.

Transfer, in print (1978).

4. B.J. Jansen, dissertatie, Rijksuniversiteit Utrecht (1976) 17.

III

De Wet van Beer geldig voor "1-foton-absorptie" kan worden uitgebreid tot

2-foton-absorptie uit één bundel, waarbij de doorgelaten intensiteit gegeven

wordt door I(z) = [az + Z(O)"1]'"1, waarbij z de afgelegde weg in het absor-

berende medium en a een parameter voorstelt; een uitbreiding tot n—foton-

absorptie is triviaal, waarbij op te merken valt dat J(s) minder snel afvalt

naarmate n groter is.



IV

Bij het bepalen van de vlamgassnelheden uit de snelheid van door de vlamgassen

meegevoerde deeltjes is het niet voldoende alleen een correctie voor de invloed

van de zwaartekracht te maken.

1. R.N. Newman, F.M. Page, Combust. Flame 20 (1973) 171.

2. Hoofdstuk III van dit proefschrift.

Hollander's schatting omtrent de nauwkeurigheid van de optisch door hem be-

paalde ionisatiesnelheidsconstantes in vlammen is geflatteerd.

1. Tj. Hollander, dissertatie, Rijksuniversiteit Utrecht (1964) 146.

2. Hoofdstuk IV van dit proefschrift.

VI

De wijze waarop Roy en Sil experimentele gegevens gebruiken ter verificatie

van hun berekeningen omtrent de werkzame doorsnede voor de aanslag van het

niveau van helium door elektronen, is uiterst twijfelachtig.

1. A.C. Roy, N.C. Sil, Phys. Rev. A14 (1976) 68.

2. P.D. Burrow, Phys. Rev. A2 (1970) 1774.

VII

Stabiliteit wordt ten onrechte algemeen beschouwd als een eigenschap die

inherent is aan de kathodevolger.

1. P.D. Blais, Electronics 37 (Oct. 19, 1964) 52.

2. G. Klein, J.J. Zaalberg van Zeist, Instrumentele Elektronica, Centrex,

Eindhoven (1966) 56.

3. Hoofdstuk II van dit proefschrift.

VIII

Door in een scanning- (raster-)elektronenmicroscoop digitale informatie-

verwerking toe te passen kan een aanzienlijke verbetering van de signaal-

ruisverhouding worden verkregen.
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Het verdient aanbeveling bij het universitaire onderwijs in de elektronica

meer aandacht te schenken aan het gebruik van matrix-rekening.

Alle leerkrachten van kleuterschool t/m V.W.O. krijgen in hun opleiding een

didaktische en pedagogische scholing; voor docenten aan de universiteit be-

staat echter nauwelijks de mogelijkheid zich te bekwamen op onderwijskundig

gebied.

XI

Gezien de problemen die een leraar in zijn beroep ondervindt, wordt het accent

in de universitaire leraarsopleiding ten onrechte te sterk op de vakinhoud

gelegd en krijgt "het omgaan met leerlingen" te weinig aandacht; ook in de

naaste toekomst lijkt daar nauwelijks verbetering in te komen.

XII

Bij de keuze van het "studiepakket" laat de V.W.O.-leerling zich, naast zijn

eigen aanleg, teveel (mis-)leiden door de populariteit van de leerkrachten;

een aan de jongere leerling aangepaste beroeps- en studievoorlichting in de

lagere klassen zou kunnen leiden tot een beter gefundeerde keuze van het

pakket.

XT1I

In de propaganda die heden ten dage voor de "Vrije School" wordt gemaakt

ontbreekt, ten onrechte, meestal enige informatie over de levensbeschouwe-

lijke achtergrond.

XIV

"Verstandig met energie"; om de nieuwe generatie van de noodzaak hiervan te

doordringen is het een eerste vereiste dat alle onderwijskrachten

"deze boodschap uitdragen".

.1



XV

Het is ontoelaatbaar dat elke exploitant van openbaar personenvervoer zijn

eigen eisen meent te mogen stellen aan de vormgeving en de technische uit-

rusting van het rollend materieel.

XVI

Het verdient aanbeveling te overwegen of de aanleg van spoorlijnen niet

beter onder "Rijkswaterstaat" kan ressorteren.

XVII

Bij de keuze van het merk van een modelspoorbaan die moet dienen als

kinderspeelgoed, moet men zich primair laten leiden door de vraag, welk

van de gangbare voedingssystemen begrijpelijk is voor het kind.

XVIII

Het is onverantwoord dat vele artsen hun patiënten als analfabeten be-

handelen, ook als zij dit in werkelijkheid niet zijn.

A.J. Borgers

6 december 1978
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V O O R W O O R D

Bij het tot stand komen van dit proefschrift wil ik mij identificeren met de

velen die zulk een boekske met een voorwoord menen te moeten aanvangen. Een

periode wordt afgesloten, zegt men dan; maar het werk blijft immer onvoltooid.

Niemand kome danook op de gedachte dit voorwoord als een slotwoord te inter-

preteren! Ook niet als ik dank zeg aan allen die aan de totstandkoming van dit

proefschrift hebben bijgedragen.

Mijn ouders wil ik allereerst bedanken: zij hebben mij gestimuleerd een uni-

versitaire opleiding te volgen. Jammer dat mijn moeder het verschijnen van dit

boekje niet meer mag meemaken.

Hooggeleerde Alkemade, hooggeachte promotor, U zeg ik hartelijk dank voor de

begeleiding van het onderzoek. Het zat vaker tegen dan mee. Dat U de moed niet

verloor heeft mij steeds gestimuleerd weer verder te gaan. Dat wij samen veel

van de problemen die zijn blijven liggen mogen ontraadselen, is een van mijn

grote wensen.

Jammer dat ik Professor J.J. Zaalberg van Zeist niet meer persoonlijk kan be-

danken. Met genoegen denk ik terug aan de vele uren, die wij samen mochten door-

brengen. Veel heb ik geleerd dankzij zijn aparte visie op de mogelijkheden, maar

vooral ook op de onmogelijkheden van de elektronica. Dat wij ook veel over

planten praatten zal niemand verbazen die hem beter heeft gekend.

Zeergeleerde Hollander, beste Tjalling, jij hebt mij de laatste jaren willen

bijstaan. Bedankt voor je kritische inbreng in het deel van het werk, dat be-

schreven staat in de hoofdstukken III t/m V; bedankt voor je suggestie het

complete "Utrechtse vuurwerk" in hoofdstuk I aan te stippen. Bedankt ook voor

de "schouderklopjes" die jij de laatste tijd namens mij aan velen hebt uitge-

reikt; dat gebaar kan ik jou beslist niet verbeteren.'

Dat ik met mijn problemen ook bij andere collega's te rade kon gaan heb ik

altijd erg fijn gevonden. Bedankt voor jullie open oor, Zeergeleerden, waarvan

ik met name Fim Snelleman en Piet Zeegers wil noemen.

Junioren zijn gekomen en gegaan. Sorry jongens, niet alles kon in dit boekje.

Toch heb ik jullie bijdragen zeer gewaardeerd. Zonder de anderen tekort te

willen doen, wil ik met name "de werkers van het laatste uur", Jan van Essen,

Michel Jongerius en Rein Klazes, hier graag vermelden.



In Wim Ventevogel wil ik alle "junior-theoreten" bedanken. Dat jij je Wim, ook

na je doctoraal, nog steeds in "mijn" onderzoek interesseert, waardeer ik zeer.

Naar ik hoop zal onze samenwerking in de toekomst nog tot meerdere publikaties

mogen leiden.

De verwezenlijking van apparatuur en experimenten was niet mogelijk geweest

zonder de steun van technische zijde. Niet alleen van Frits Ditewig, Vic Manz

en Frits Bijvoet is deze steun gekomen, maar ook van de vele HTS'ers die bij

mij stage liepen, dan wel hun afstudeeronderwerp voorbereidden. Met het noemen

van Ronald Bonsema, Johan van Slageren en Wim Zomer zou ik ook al de overigen

willen bedanken.

Dat mijn "engels" English werd ia te danken aan Sheila McNabl Greetje Hollander
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C H A P T E R I.

INTRODUCTION AND SUMMARY

1. CONTEXT OF OUR INVESTIGATIONS

I.I. The Utrecht programme

This thesis describes the construction of a radio-frequercy resonance system and

its use in the study of alkali metal ionization in flames. The investigations

form part of the research programme of the Atomic and Molecular Physics Divi-

sion of the Physics Department of Utrecht University. The initial programme

was drawn up long ago as a result of the keen interest in our laboratory in

the application of flame spectrometry to spectrochemical analysis [!]. Although

the programme has evolved over the years an essential part of it has continued

to be the study of the various processes that occur in the burnt gases of pre-

mixed flames with and without metal seeding. During a period of some twenty

years the behaviour of metal vapours in flames has been studied in a series of

physical and physico-chemical investigations carried out in our laboratory

[2-10]; the main emphasis throughout has been on metal ionization, (de-)

excitation of atomic levels and collisional broadening of spectral lines by

neutral atoms.

An understanding of the concept "flame temperature" [3] and of the

reactions concerning radicals and other particles in the burnt flame gases [4]

has proved to be of vital importance for the quantitative study of collision

processes in flames. In the last ten years the flame studies have been supple-

mented by shock-tube [11] and crossed molecular beam-experiments [12, 13].

The part of this thesis which concerns the determination of alkali

ionization rate constants (see this thesis, Chapters IV and V) is closely

related to the optical investigations carried out by Hollander [2] on alkali

ionization-relaxation in flames. Our flame studies, together with the above

mentioned shock-tube experiments [11] and molecular-beam work on the ionization

of excited alkali atoms by collisions with (vibrationally excited) nitrogen

molecules [13], should contribute to a better understanding of the mechanism

of collisional ionization of metal atoms in flames and similar hot gas milieus.



1.2. Discrepancies in the literature

In the literature there is no unanimity about the following aspects of alkali

ionization in flames:

(i) The values for the collisional alkali-ionization rate constants obtained

from experiments in H./O./Ng flames [14-17] on the one hand and from

experiments in CO/O_/N? flames on the other [2] are inconsistent, even

if the differences in flame temperature and gas composition are taken

into consideration*) (all flames burning at 1 atm.). In particular, the

sequence of values for the collisional ionization cross-sections for the

alkalis derived from experiments in hydrogen flames is opposite to the

sequence found from experiments in carbonmonoxide flames. Shui's recent,

simplified theoretical model [18] seems to support the sequence of the

cross-sections found with hydrogen flames.

(ii) Kelly and Padley [15] have determined for the alkalis specific ionization

cross-sections which relate to N , Ar, CO, C0_, H_ or H-0 as collision

partner. The values they found for argon are similar to the values they

found for nitrogen. Their result, however, disagrees with Hollander's

conclusion [2] which was based on a comparison of measurements made in a

C0/02/Ar flame and a CO/O^/N- flame. On the basis of his theoretical

model, Bates [19] argues that the effectiveness of Ar atoms in ionizing

alkali metal atoms must be "vanishingly small". Besides, Bates et at.

[20] predict that H-0 should be about a factor of twenty more efficient

as a collision partner than nitrogen, whereas Kelly and Padley [15]

found that H.O was only three times as efficient. Finally, Bates [19]

states that the method of deriving specific ionization cross-sections

from measured ionization rate constants is basically wrong, whereas

Alkemade et at. [21] argue that an interpretation of rate constants

obtained in flames yields correct results,

(iii) Hollander's statistical expression for the ionization rate constants in

*) When the flame gas composition is taken into consideration, one is in

fact looking at the values for specific ionization cross-sections, which

are, however, disputable (see also sub (ii)).



connection with his "ladder mechanism" *) includes a summation over all levels

up to an upper limit that lies about k'f below the ionization continuum, whereas

Kelly and Padley [15], Fowler and Preist [24], and other authors later consider

collisional ionization only from the numerous energy levels beyond this limit;

in this case it is suggested that virtually no activation energy is required

to raise the highly excited atoms M* to the continuum state.

1.3. Agreements in the literature

Irrespective of the kind of f!ame selected, there is however agreement in the

literature on the following points (cf. e.g. [2, 14-17]):

(i) ionization of metal atoms caused by collisions with free electrons

is negligible iii flames;

(ii) although the ionization rate constant, k., and the recombination

rate constant, k , can be determined separately in flames, k. and k

together obey the detailed-balance relation in the flame region well

above the reaction zone;

(iii) the activation energy of the collisional ionization process is equal

to the ionization energy, within experimental error (being of the

order of kT);

(iv) the effective cross-section for collisional ionization always

exceeds the gas-kinetic cross-section by several orders of magnitude.

2. AIM OF THE RF IONIZATION-MEASUBEMENIS DESCRIBED IN THIS THESIS

In contrast to optical measurements, the radio-frequency resonance measurements

yield direct information about the electrical-charge carriers in the flame. In

contrast to microwave measurements, our RF resonance method, which operates on

*)
The "ladder mechanism" for alkali metal ionization in flames (see [2, 22]

and the discussion by Page [23]) takes into account the contribution of

collisional ionization from excited alkali states (M*) as well as from the

ground state (M°). Hollander was thus able to explain semi-quantitatively

why the effective cross-section for collisional ionization exceeds the gas-

kinetic cross-section by several orders of magnitude. It was assumed that

the collisionally populated M* levels obey the Maxwell-Boltzmann distribution

law.



the HF band (3-30 MHz frequency), has the advantage that it can detect directly

not only electrons but also the heavier ions (see this thesis, Chapters IV and

VI). In contrast to electrical probe measurements RF measurements have the ad-

vantage that they do not interfere with the delicate flame processes.

Disadvantages of the RF resonance method are, inter alia, the low height-

resolution along the flame axis, the complexity of the electronic equipment,

and the difficulty of absolute electron density calibration. The height-

resolution is important, since the ionization rate is derived from measurements

of the relaxation in the attaining of Saha-equilibrium as a function of height.

A detailed discussion of the pros and cons of the RF method (first applied to

flames by Smith and Sugden [25] without much success, however) is given in

Chapter II of this thesis (see also [23, 26-28]).

In view of the discrepancies (see Sect. 1.2) between the results of the

various investigators we decided to re-c'etermine the values of the alkali-

ionization rat= constants for one flame of well-known temperature and composition

using an independent method, viz. the RF resonance method. We opted for a CO

flame with N. as diluent gas and optimized the flame conditions {i.e. thickness,

rise velocity, temperature and quantitative flame gas composition) in order to

obtain maximum precision in our measurements of the alkali ionization rates for

Li, Na, K and Cs (see this thesis, Chapter IV).

We determined the collisional-ionization rate constants by studying the

radio-frequency bandwidth as a function of risetime (see this thesis, Chapters

IV and V ) . The bandwidth-increment we observed is caused by the electrical-

charge carriers in the flame, which originate from the sprayed alkali metal.

In fact, the bandwidth-increment is a measure for the real part of the conducti-

vity of the flame plasma. Therefore we were challenged to interpret the bandwidth-

increment measurements also in terms of electric conductivity (see this thesis,

Chapter VI).

3. SUMMARY

Chapter I deals with the context of our investigations; a short review is pre-

sented about the flame studies at Utrecht University; discrepancies and agree-

ments in the literature concerning alkali ionization in flames are discussed.

In Chapter II we describe the measuring technique chosen. The general

design of the radio-frequency resonance system is presented. In view of the



unavoidable feedback between measuring and guard-ring condenser we analyzed

the system stability by means of Nyqvist diagrams. We give detailed arguments

to support our choice of a capacitive feedback.

Special attention is given to the performance of the unity-gain follower

that operates as an impedance transformer between resonant circuit and guard-

ring condenser. The demodulation of the AM/FM-carrier by a special full-wave

envelope detector is described. Also the data compilation of bandwidth and

resonant frequency as well as the read-out are discussed in detail.

Finally we describe the system performance (linearity and sensitivity)

and present the relevant data pertaining to the resonant circuit.

Chapter III deals with the optical track measurements and the theoretical

calculations of flame rise velocity. The systematic errors that may arise

because of inertial and gravitational forces acting on particles of different

kind and sizes are discussed in detail. In this discussion we present some

warnings and provisos with regard to the interpretation of particle track

measurements.

The measured flame rise velocity could be reconciled with the calculated

one. The best substance for our rise velocity measurements appeared to be

powdered molybdenite (MoS.).

The subject of Chapter IV is the determination of the collisional-

ionization rate constants for Na, K and Cs. We describe first the experimental

set-up, including the RF resonance system, the optical spectrometer, the burner

and flame system. The flame characteristics pertaining to our experimental

conditions are presented.

A kinetic analysis of the alkali ionization process is given. In the con-

text of the determination of the rate constant, k., we discuss the range limits

and the linear response of the detecting systems, the sensitivity of the RF

resonance system and the role of auxiliary optical measurements.

We give our experimental results on k^ (derived at T * 1930 K in a CO/O2/N2

flame), viz. : fe.(Cs) - 0.47 x 102 s"1, k.(K) - 13.4 s"1 and fe.(Na) = 0.30 s"1.

The comparison with literature is presented in Table IV.7. The existence of an

initial level of ionization in the reaction zone most probably implies that

excess chemi-ionization is predominant there. In the last section of this

chapter we discuss in detail accidental as well as systematic errors.



Chapter V deals with the determination of fe.(Li). Lithium is treated

separately by reason of the hydroxide formation. The experimental determination

of the association factor is carried out by comparing Li and Na line emissions

as well as by measuring the lithium "curve of growth".

Our value for fc.(Li) is found to be 0.13 s"1 at T = 1930 K. We compare

critically cur value with the values from literature taking into consideration

the influence of the various accidental and systematic error sources.

In Chapter VI we develop a theoretical model for our conducting flame in

a weak, alternating electric field. We derive the relation between the admittance

and the flame conductivity in first order approximation.

From our RF bandwidth-increment measurements we determine the real part of

the admittance, and thus the real part of the conductivity. This conductivity

is caused by the electrical-charge carriers in the flame, which originate from

the sprayed alkali metal.

We relate the measured conductivity to the electron collision frequency,

v . We determine an effective frequency of about 0.8 x I O 1 1 s"1, and compare

our value with the values from literature. Finally we calculate the conductivity

per electron in our flame on the basis of electron scattering cross sections,

and discuss our findings.
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C H A P T E R II.

DESIGN FOR A RADIO-FREQUENCY RESONANCE SYSTEM

FOR STUDYING WEAKLY IONIZED PLASMAS

1. INTRODUCTION

In contrast to optical emission or absorption measurements of atomic and ionic

lines, electric measurements can yield direct information about the density of

electrical-charge carriers in weakly ionized plasmas.

With the radio-frequency resonance method the plasma is made part of the

resonant circuit. In our investigations the (flaae) plasma forms part of the

dielectric of a parallel-plate condenser which is shunted by a coil. The charac-

teristics of the resonant circuit - resonant frequency and bandwidth - depend

on the admittance of the plasma, which is determined by the dens it itj and

mobilities of the charged species present.

This method was first applied to flames by Smith and Sugden [ll. Knewstubb,

Green and Sugden experimented between 1955 and 1957 with alternative geometries

for condenser and flame, which included an annular flame in a cylindrical con-

denser with a solid rod as one plate [2]. In other investigations the plasma

was made part of the circuit by placing it within the (self-resonant) coil

[3-5]. In view of the rather ill-defined geometry and the complexity of the

calibration in the techniques described above we reverted to the design with

a parallel-plate condenser.

Now we have overcome the difficulties described in the past [6]. Therefore,

it seems to be the right moment to focus attention again on the radio-frequency

resonance method. We would emphasize that it is not necessary to restrict the

application of the r.f. resonance method to the analysis of flames.

2. SOME PROS AND CONS OF THE R.F. METHOD

One of the disadvantages of the radio-frequency method is the difficulty of

calibration. Delay times, skin effect in wires, stray capacities and interaction

of the radio-frequency field with the surroundings (which all depend on frequency)

all make it difficult to base the calibration on a simple equivalent circuit.

Another disadvantage is the poor spatial resolution associated T/ith this

technique. The dimensions of the parallel-plate condenser are such that the

measurements relate to a region in the plasma around the adjusted height of

observation.



One important advantage of the resonance method over probe techniques for

measurements of mobility as well as conductivity, charge density and electron

temperature is that there is no need for direct mechanical and electric contact

between the measuring device and the plasma. Any probe immersed in the flame

gases will perturb the flame properties. In contrast, electro-magnetic inter-

actions (including attenuation, refractive index, inductive coupling, cyclotron

resonance, capacitance measurements) do not interfere with the delicate flame

processes. Of course, the field strength applied should not be so high that it

influences the behaviour of the charged species. One may speak here of un-

perturbed conditions only as long as the velocity and the ch irge distribution

of the species are not perceptibly changed [7].

At circular frequencies, u, of the order of the electron collision

frequency, i.e. in the microwave range at atmospheric pressure, it is only

electrons which contribute significantly to the plasma conductivity; from the

latter one can, in principle, derive both the collision frequency and the

electron density. If information is required about the electrons as well as the

heavier ions, it is necessary to use circular frequencies which are of the

order of the collision frequency of the ions (ID about I08 rad s"1 at 1 atm.) or

less. In principle, therefore, our resonance method used at about this frequency

is capable of yielding more information than microwave methods. Besides, this

high-frequency resonance method is generally more sensitive in the detection of

electrons than microwave methods [6-8].

In view of the above we decided to use the radio-frequency resonance method

for our study of the ionization relaxation of alkali atoms in an atmospheric CO

flame [9]; the (resonant) frequency chosen was about 16 MHz (u * 10s rad s" 1).

3. GENERAL DESIGN OF THE ELECTRONIC EQUIPMENT

The basic lay-out of the electronic equipment is presented in the block diagram

of Fig. II.1. In this arrangement the resonant circuit is frequency-scanned by

a sweep generator (Wavetek, Model 1001 A). The circuit receives the frequency

modulated signal (FM carrier) as a load on the control amplifier which operates

as a nearly ideal current source (cf. Sect. 5.2). This amplifier transforms the

low impedance level (50 ohm) of the generator up to the level of the high-

quality resonant circuit. This amplifier also prevents direct and uncontrollable

feedback from the resonant circuit to the sweep generator. Frequency variations

in the carrier are converted by the resonant circuit to amplitude variations in

accordance with the circuit resonance curve. Therefore, beyond the circuit the
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To guard-ring condenser

Sweep
generator

Resonant
circuit

Calibration
markers

Processor

vm
FM carrier

Response

Unity-gain
follower

AM/FM carrier

Digital
readouts
2x6 digits
1x4digits

Command

Transient
recorder

AM
demodulator

LFsignal

Scope

Fig. II.1. Block diagram of the electronic equipment. The calibration markers
were derived from a special trigger device controlled by the sweep
generator. For clarity we have deleted these (and other) trigger
devices in this figure.
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carrier is both amplitude- and frequency-modulated (AM/FM).

A "unity-gain follower" is usad as a buffer stage after the resonant cir-

cuit; its relatively high input resistance does not "load" the circuit. The

follower acts as an impedance transformer, which -its the impedance level back

to 50 ohm at its two separate outputs.

One, in-phase output controls the guard-ring condenser. This guard-ring

condenser thus follows the time-varying potential of the inner measuring con-

denser without consuming any energy from the resonant circuit. The guard-ring

condenser preserves a uniform electric field strength between the plates of the

measuring condenser.

The other output delivers the modulated carrier wave from the resonant

circuit to a demodulator. Because the envelope of the modulated carrier is

similar in shape to the circuit resonance curve, we demodulated the AM with

a linear, full-wave envelope detector. The low-frequency signal obtained has

a period that is equal to the reciprocal scan frequency of the sweep generator

and it has a pulse form similar to the resonance curve; there is a one-to-one

correspondence between the time scale of the demodulated wave form and the

frequency scale of the frequency spectrum produced by the sweep generator.

The output signal of the detector is applied to a transient recorder

(Biomation, Model 802). At the command of a processor the recorder digitizes

the detector signal and stores the digital equivalent in its memory. Only a

fixed number of points (words) can be stored. The recorder spaces these points

equally over (a selected part of) the period of the applied signal. In our case,

each word number corresponds to one single frequency of the spectrum applied to

the resonant circuit.

Next, the processor interrogates the memory successively about the number

that represents the resonant frequency, and about the number of words that

correspond to the circuit frequency-bandwidth. The answers are shown on two

LED-displays, while a third one gives the factor of proportionality between

the number of words and the frequency value.

Within twenty seconds the system scans and averages one thousand resonance

curves. While the information is stored in the instrument's memory, this infor-

mation can be reconverted to an analog signal, and (1) viewed continuously on

an oscilloscope, or (2) outputted at one specific moment to a strip chart recor-

der. Thus, it is possible to check the resonance-curve shape.

In view of the high impedance level, the unity-gain follower and the con-

trol amplifier were both placed as near as possible to the resonant circuit

12



in order to prevent long transmission lines.

With the exception of the sweep generator, the transient recorder, and the

read-out instruments (oscilloscope, chart recorJer and digital displays) all

electronic devices were home-made.

4. ANALYSIS OF THE SYSTEM STABILITY

4.1. Introduction

The accual measuring device consists of two parallel, plane condenser plates,

and forms part of a parallel resonant circuit. The plasma under analysis is

placed between the plates and thus becomes part of the dielectric of the conden-

ser. Each plate consists of two sections: an inner, circular measuring plate

and an outer, concentric annular guard-ring condenser plate. In our ionization

relaxation experiments in CO flames [9] the measuring plates had a diameter of

20 mm and were less than 30 mm apart; the outside diameter of the guard-ring

condenser plates was 60 mm.

The purpose of the guard-ring condenser is to keep the electric field

strength between the plates of the measuring condenser approximately uniform.

Therefore, the potential of the guard-ring plate must follow the potential of

the measuring plate as strictly as possible. This was actualized through the

use of the unity-gain follower (see Sect. 3).

The unavoidable capacitive coupling between the measuring and the guard-

ring plates causes a feedback, except when there is a (real) amplifier-gjin

identical to unity at any frequency. In practice, however, the gain will be

given by the complex quantity A which depends on frequency, f. \A\ will be only

approximately equal to unity.

For the fed-back unity-gain follower (see Fig. II.2) the following voltage

and current relationships apply:

Av (II.1)

and

" Um>/Zf (II.2)

where V and V are the voltages at in- and output, respectively, while i.

stands for the current passing through the feedback-impedance, Z .
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Feedback-loop

Control
amplifier

C
Resonant

Unity-gain
A

Guard-ring
condenser

Fig. II.2. Unity-gain follower as resistance transformer (tfith feedback}

between resonant circuit and guard-ring condenser. The control

amplifier operates as current source. The resonant circuit is

conceived as a parallel R..LC combination with impedance 2 . . .

The resonant circuit can be conceived as a parallel Ft, ,LC combination,

where L is the inductance (of the coil), C the capacitance and R.. the parallel

resistance. The impedance of this combination is written as Z. ..

The control amplifier acts as the source for the current i . The unity-

gain follower (with a FET-source follower as first stage) acts as a resistance

transformer and in our case we neglect the (very low) input current to this

amplifier. Therefore, adding i and i. we find (see Fig. II.2):

V fZ.. = i + ie . (11.3)
m // s t

Substitution of Eqs. (II.1) and (II.Z) into Eq. (II.3) yields for the input

voltage of the unity-gain follower:

(II.4)

this voltage is also the voltage across the resonant circuit.
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In the above we assumed implicitly that the capacitance C was not affected

by the signal across the guard-ring condenser. Since C is determined for about

99% by the capacitances (y 20 pF) of the amplifiers, this approximation is

admissible.

Since there will always be capacitance between measuring and guard-ring

plates, feedback cannot be avoided completely. Only in the hypothetical case

when the guard-ring potential strictly follows the measuring plate potential

(A = 1) will the feedback current, if, be zero. By placing extra impedance in

parallel to the reactance of the feedback capacitance we can influence the feed-

back. Therefore, the feedback impedance, Z , may be conceived to be comp'ex.

In practice, the fed-back system (with closed feedback-loop) will only be

stable under certain conditions, whereas the unity-gain follower itself (with

open feedback-loop) is always a stable device. The instability is created by

the feedback.

4.2. Stability conditions

For the analysis of the system behaviour we used "Nyqvist diagrams". In these

diagrams we plotted the imaginary part Zm(w) of the function (A - \)Z . /Z

versus its real part /?e(u), while varying ID from -°° to +»>; the resulting contour

is the polar representation of the above function. The points of the contour

at the negative frequencies are the complex conjugates of the points at the cor-

responding positive frequencies, i.e.:/?e(-w) + jJra(-dj) = Re(u) - j/m(u). Hence

we find the part of the contour for the negative frequencies by making a mirror-

image of the part for the positive ones with regard to the real axis.

As follows from Eq. (II.4) point (1,0) is the critical point in the diagram.

The fed-back system will oscillate spontaneously when the point (1,0) lies to

the right of the contour if we let the frequency increase.

We developed a computer programme for the (theoretic) calculation of

(A - 1)Z . ./Zf-diagrams for various feedback-loops. These calculations were per-

formed for purely oapaaitive and purely resistive feedback as well as for inter-

mediate cases with capacitor and resistor in parallel. We determined the contours

as a function of A, where A may differ from unity. Figs. II.3 and II.4 give some

examples of simple, idealized, diagrams.

Since oscillations must be avoided it is wise to choose |zJ not too small,

since the dimensions of the contours are inversely proportional to |Z,|. Blowing

up the contour always increases the likelihood of oscillations (cf. e.g.

Figs. II.3 and II.4).
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Im

Re
(1.0)

Fig. U.S. The imaginary part of the function (A - 1JZ../Z plotted versus the

real part for continuously varying frequency, f, in the case of aapa-

aitive feedback: Z. s (joiC )"'. The gain, A, is assumed to be real,

constant, and f 1. The two diagrams correspond to A > 1 and A < 1,

respectively. The drawn contour lines represent the positive fre-

quencies, the dashed lines the negative ones. In each figure the

point at which the respective drawn line intersects the imaginary

axis corresponds to f , the resonant frequency of the circuit

(marked with a dot). For f •+ ™ OP f •*• — •» each contour approaches

the specific point ((A - \)C JC, 0) on the real axis; this point

is indicated with a circle o. Hence, spontaneous oscillation

occurs when (A - \)CJC* I.

Consequently, oscillation might occur if A > 1.

We might consider using inductive feedback but it should be realized that

the contour for this kind of feedback is comparable to that for capacitive

feedback (both kinds of feedback are frequency-dependent). A disadvantage of

inductive feedback is, however, that the contour dimensions are an order of

magnitude larger than in the case of capacitive feedback, since (near the
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Re
(1.0)

Fig. II.4. The same plot as in Fig. II.3 but here fop purely resistive feedback:

Z, = Rf. Both for A > 1 and A < \, the contour parts for positive

frequencies and those for negative frequencies coincide. In the res-

pective positive parts the point of intersection with the real axis

corresponds to f, the resonant frequency of the circuit (indicated

with a dot). The origin (0,0) corresponds to f = 0, f

as f •+-<». Hence, spontaneous oscillation occurs uhet

» 1. Consequently, oscillation might occur if A > I.

resonant frequency, /_, of the R. .iC-circuit without feedback) the reactance Z,

of the feedback inductance must be much smaller than the reactance originating

from the unavoidable capacitance between measuring and guard-ring plates.

Therefore, inductive feedback becomes very unattractive.

Since in practice any amplifier will show phase distortion it is impossible

to build a follower with a frequency-independent gain A = I. Therefore, in

designing the unity-gain follower we incorporated a phase shifter which enabled

us to adjust the frequency /. for which the phase shift G between in- and

output of the follower was equal to zero. Anyway, / will be chosen equal or

close to /"„. Also we made \A\ of the follower adjustable.

Now we can write for the gain A of the follower:
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(1 + 6) exp [j(dO/df) (II.5)

If we define 0 so that for 0 > 0 the output signal precedes the input of the

amplifier, whereas for 0 < 0 it lafis behind the input signal, dO/df will be

negative.

Our calculations indicated that the frequency range in which oscillations

occur will always be in the vicinity of /„. The influence of a frequency-

'^pendent S (in practice, A6/|<4| was a few per cent from I up to 50 MHz) is

obscured here completely by the influence of the frequency-dependent 0; this

applies in the case of both capacitive and resistive feedback. Hence, in our

discussion of the following diagrams 6 will be considered to be independent of

frequency.

Having weighed up the advantages and disadvantages of both capacitive and

resistive feedback we opted for capacitive feedback (se- our argument in

Sect. 4.3). Considering the (A - 1)2.,/Zf-diagrams for capacitive feedback we

shall distinguish three cases, i.e. for /j < /Q, /f = /„, and /. > /_.

Examples of such diagrams are presented in Fig. II.5 assuming L = 10 uH,

C = 10 pF, R.. = 0.10 m, fQ = 15.92 MHz, and dO/d/ = - 4° (MHz)"
1.*

The nine diagrams in Fig. II.5 correspond to three different S-values

(6 =-0.050, 0.000 and + 0.050; i.e. ]A\ = 0.950, 1.000, and 1.050, respectively)

and five different / -values (/. = 15.70, 15.80, 15.90, 16.00, and 16.10 MHz).

These computer-calculated diagrams are mapped out in accordance with the

grouping in Table II.1 (see Sect. 4.3).

In each diagram the contour line corresponding to negative frequencies is

omitted for the sake of clarity. Each contour starts for / = 0 at the point (0,0).

For high frequencies (/ -»• <») each contour blends into a circle with radius

(1 + S)Cf/C and centre (- CJC, 0).

If 6 = 0, /. always corresponds to the origin when the contour passes

through this point for the second time. Under the same condition /„ corresponds

to the point (- 0(/0)uJ?, ,C., 0) at which the contour intersects the real axis

(cf. Fig. II.5).

From these (and other) calculated contours we came to the conclusion that

if oscillations in the case of aapadtive feedback and a phase distortion

The order of magnitude of the assumed values equals that of the real values

of the actual r.f. resonance system.
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Fig. U.S. Polar representation of the function (A - U 2 . ,/Z, in the ease of

capaeitive feedback, for L * 10 uH, C = 10 pF, R,. » 0.10 Mn,

/ * 15.92 MHz, and dQ/df - - 4° (MHz)"1. The nine diagrams corres-

pond to S different \A\-values and 5 different f-values;

they are mapped out in accordance with the grouping in Table II.1.

The points •, a and + correspond to f , f , and f 3 respectively.

For \A\ = 1.Q00 the point corresponding to f. always coinoideswith

the origin (see text); for clarity we also deleted f in the

figure when f coincides with /-. The critical point (\,Q) is

marked by a cross (x) in each diagram.

19
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dO/d/ < 0 are to be avoided, it is essential that

(i) /, = / 0 , and

(ii) \A(f)\ * 1

4.3. Reasons for choosing a capacitive feedback

If one wants the best type of feedback one has not only to consider the system

stability, but also the behaviour of the resonant frequency, f , and the band-

width, b, of the total r.f. resonance system under the influence of feedback.

Hence, we calculated for capacitive as well as resistive feedback the depen-

dence of / and b on the follower adjustment, i.e. on both S and Aw = 2r,(f -f ) .

Results of such calculations are presented in Table II.I. In this table

we listed for the case of capacitive feedback the f - and i-values which are

calculated simultaneously with the diagrams of Fig. II.5.

In order to check our calculations we also measured the dependence of f

and b on both 6 and AID using the 6' - and /?,-value, respectively, as a parameter.

Comparing the results from calculations and measurements we were able to derive

the characteristic parameters of the circuit and the amplifier, which in their

turn determine the overall system performance (cf. Sect. 6 ) .

Moreover, all important for ionization and conductivity experiments is the

system's sensitivity in detecting changes in the parallel conductance (cf. e.g.

[9]). For bandwidth measurements this sensitivity is given by 5b/afi. ,"'. Hence,

we calculated and measured the dependence of b on R , ,-1 for both kinds of

feedback.

In the case of resistive feedback we found that 3i/3Au = 0. At first sight

this property seemed useful, since an arbitrary shift of /, during the measure-

ments would have no influence on b for given /?//• However, this property became

insignificant, because we were able to increase the system stability (and thus

to stabilize /,) by cooling the follower with forced air. In view of the limited

number of words in the Biomation's memory (see Sects. 3 and 5.5) we thought it

was even a good idea to make the bandwidth, b, small. With a smaller b the in-

crease in the parallel conductance - and thus the bandwidth-increment, hb -

caused by the plasma under analysis will be larger before it becomes necessary

to enlarge the sweep width of the sweep generator.

Note that b is always defined as the FWHM, i.e. the "full width at half-

maximum".
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TABLE II.1

Calculated dependence of resonant frequency, f , and bandwidth,

by in the case of capacitive feedback on the absolute gain-value,

\A\, and the frequency /, for which the phase distortion of the

follower is equal to zero

(MHz)

15.70

15.80

15.90

16.00

16.10

0.

(MHz)

-

15.62

-

15.65

-

950

b

(kHz)

-

587

-

881

-

1

fr

(MHz)

15.90

15.92

15.95

15.97

15.99

\M
.000

b

(kHz)

104*

41

188

338

488

1

^r

(MHz)

-

16.22

-

16.27

-

.050

b

(kHz)

-

591*5

-

299*)

-

Without feedback b amounted to 276 kHz.

In these cases the system will oscillate spontaneously

(cf. Fig. II.5).

Note: For the values assumed for L, C, B,., fQ and d0/d/,

see legend Fig. II.5.
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Therefore, the most important advantage of capaaitive feedback over resis-

tive feedback is that it is possible to adjust b by mafing a slight change in

Ay, with only slight effects on both the unity-gain and the sensitivity

db/dR..~^. Besides, in the case of capacitive feedback this sensitivity, given

by

j/3
(II.6)

(1

turns out to be greater than the sensitivity in the case of resistive feedback.

There is a possibility of adjusting b by changing 6 in both types of

feedback; this method of adjustment is, however, less attractive, since db/ii

turns out to be always rather small.

In the case of capacitive feedback the dependence of b on the follower

adjustment is given by

2/3

£)
(II.7)

and

36
(II.8)

Hence, if desired, it was possible to minimize b in the absence of the flame

plasma. Note that this possibility of minimizing b exists only by virtue of the

high stability level reached with our unity-gain follower.

5. DETAILED DESIGN OF THE ELECTRONICS

5.1. The resonant circuit

The actual resonant circuit consists of a plane plate condenser (for dimensions,

see Sect. 4.1) and a coil in parallel. The coil consists of nine windings in air

(winding diameter * 9 cm), which are hollow red-copper tubes with an outer
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diameter of 6 mm. The coil is cooled by means of a constant water flow through

the tubes. The water does not affect the resistance ,,,because of the skin

effect (skin depth £ l.66xlO~2 mm at / = 16.0 MHz). The optimum coil configu-

ration was determined on the basis of the data from references [10, 11].

5.2. Resonant circuit control

The resonant circuit receives the FM carrier as a load on the control amplifier.

This control amplifier consists of a easeode of three field-effect transistors

(FET's). The BFWiO transistors are operated in grounded-gate configuration

(see Fig. II.6).

BFW10

Fig. U.S. Equivalent high-frequency circuit for the control amplifier. The

three BFW10 transistor's of the cascade operate in the common—gate

mode.

The advantages of the cascode are its high gain and a large internal

resistance. In the grounded-gate configuration the input resistance matches the

low impedance level (SO Si) of the sweep generator, while the output resistance

matches the high resistance of the resonant circuit. Another important advantage

of the grounded-gate configuration is the shielding effect: the grounded gates

act as a shield between the input- and the output-circuit. This shielding

effect prevents uncontrollable feedback from the resonant circuit to the sweep

generator.
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Since the current delivered, i (cf. Fig. II.2), turns out to be indepen-

dent of the voltage, V , across the resonant circuit, the control amplifier

operates as an ideal current source.

5.3. The unity-gain follower

The block diagram of the unity-gain follower is shown in Fig. II.7. The follower

is used as a buffer between the resonant circuit and the guard-ring condenser.

To obtain a high input resistance which does not "load" the resonant circuit,

we use a FET source-follower as the input stage. We give special attention to

the follower circuit (with a BFWIO-transistor) as we wanted to prevent parasitic

Feedback-loop

FET Z f

source- Phase shifter
Emitter-

-O Vg

Fig. II.7. Block diagram of the fed-baak unity-gain follower. The phase dis-
tortion is adjusted by the phase shifter without the signal ampli-
tude being affected; the integrated amplifier circuit is used to
adjust 6, i.e. the deviation of the overall follower gain \A\ from
unity. For clarity we have deleted from this diagram the second
output, which is connected with the input of the AM demodulator.
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oscillations of the follower in combination with the resonant circuit.

The second stage consists of a phase shifter, which enables us to control

the frequency /., for which the phase shift, 0, between the input and the out-

put of the total amplifier is equal to zero (cf. Sect. 4.2).

To restore the signal level the output voltage of the phase shifter is

applied to a wide-band integrated amplifier circuit (IC-type: MC 1733 CG). The

gain of this stage is adjustable, which enables us to choose the desired 6-

value.

An BFY90 emitter-follower stage acts as resistance transformer between the

IC and the output load. The 50 Q output terminal of the emitter-follower is

connected to the guard-ring condenser of the resonance system via a coaxial

transmission line, which has a characteristic impedance of 50 Si. This line is

therefore terminated by a 50 S resistance in parallel to the high capacitive

reactance of the guard-ring condenser (see also Fig. 11.2). We consider that

the transmission line forms part of the unity-gain follower, i.e. the end of

the transmission line acts as the amplifier output.

Cooling the amplifier with forced air, we were able to reach a high stabi-

lity level. Since the follower is placed next to the resonant circuit (see

Sect. 3) this cooling is indispensable because of the rather strong heating by

the CO flame.

Important for the system behaviour is the dependence of 0 and S on the

signal frequency, /. In practice, the relative variation of 6, A6/|<4|, turned

out to be only a few per cent up to 50 MHz. The influence of this variation

on the system stability is, however, obscured by the influence of the frequency-

dependent 0. This dependence, dO/d/, amounted, in practice, to - 4° per MHz

(cf. Sect. 4.2). The linearity was better than 1% for signals up to 500 mV.

(cf. Sect. 6).

A second 50 fl output of the unity-gain follower delivers the modulated

carrier wave to the AM demodulator for further processing.

tt

The occasional occurrence of parasitic h.f. oscillations of source-follower

(and cathode-follower) circuits as result of the combination of a capacitive

load on the output and an inductance placed across the input terminals is an

unwelcome feature of the common-drain (common-plate) configuration (cf.

e.g. [12]).
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5.4. Amplitude detection

Since the envelope of the modulated carrier is similar to the circuit resonance

curve, we demodulate the AM with a linear, full-wave envelope detector. The

low-frequency signal obtained should have a wave-form that is identical to the

resonance curve; this will enable us to determine from its form the resonant

frequency, / , as well as the frequency bandwidth, b (see Sect. 3).

Consequently, we impose high demands upon the detector linearity. In

addition, the detector must be sufficiently fast to follow the amplitude

variations. The input impedance should be matched to the impedance level of the

follower output and the connecting transmission line.

A clamping circuit with an OA 95 germanium diode serves to "clamp" the top

of the h.f. signal v. to zero, while preserving its shape and amplitude. But,

during the conduction mode of the diode there will be a voltage drop across

this diode; thus the h.f. signal will in fact be clamped to a level above zero.

To ensure that the top of the signal is genuinely clamped to zero we bias the

circuit by placing a second diode in a configuration that is back-to-back with

the first one. The reverse signal, - V. , is applied across this second diode.

A special dc-coupled unity-gain follower prevents mutual interference by the

currents passing through the two diode circuits (cf. Fig. II.8).

f voltage

Out

Fig. II.8. Simplified circuit of the AM demodulator. The amplifier, IC-type
MC 1733 CG, has both an inverting and a non-inverting output. The
germanium diodes, type OA 95, are matched to each other. To make
the diagram clearer, the voltage is depicted as a function of '--ime
beside some of the circuit lines.
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In order to obtain the required signals V. and - u. with sufficiently

large amplitudes the signal from the unity-gain follower is amplified by a wide

band amplifier, IC-type MC 1733 CG, before being supplied to the proper detector.

The inverting and the non-inverting input of the 1C are connected by a 50 £2

terminal, which acts as input resistance and matches the characteristic impedance

of the coaxial transmission line from the unity-gain follower. Besides, this IC

has both an inverting and a non-inverting output which supplies the signals V.

and - V. , respectively, to the two diode circuits (cf. Fig. II.8).

Specifications of the detector are:

( i) linearity within 1% for input signals from 50 up to 500 mV in the fre-

quency range from 1A to 17 MHz (see also Sect. 6),

( ii) a zero response to a zero signal (see also Sect. 6 ) ,

(iii) an dc output voltage of - 2.0 V at a sine wave voltage of 500 mV

across the input (see also Sect. 6 ) ,

( iv) ability to follow amplitude variations with frequencies as high as

10 kHz,

( v) input resistance equal to 50 fi, and

( vi) output impedance about 10 kQ.

5.5. Data compilation and read out

The (analog) output signal of the detector is supplied to the information input

of a transient recorder (Biomation, Model 802). During a selected period of time

the wave shape, converted to its digital equivalent, is recorded and stored in

the instrument's memory until a new recording is made. In our case the wave

shape (i.e. the resonance curve) is stored as from a selected frequency. This

frequency, f , is adjusted by a separate h.f. signal generator, which supplies

its signal to the sweep generator. The sweep generator produces a trigger

signal when the FM signal from the sweep generator passes f . This trigger

signal supplied to the transient recorder starts the recording operation only

when the trigger circuit is reset to accept the trigger signal. This reset

pulse is supplied by the (external) "processor".

The Biomation has a 1024 word memory. At the command of the internal clock

of the processor the recorder spaces the words equally over (a selected part of)

the period of the applied signal. Each word represents the voltage at just one

frequency of the resonance curve.

During the recording operation, a pulse train is sent to a "reference

display". The number of pulses in this train is equal to the number of words
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between two discrete, previously selected frequencies, / and /,. Consequently,

this display gives the factor of proportionality between the number of words

and the frequency value.

Once a resonance curve has been stored the processor asks the Biomation

memory the first word. This word is stored in the "maximum-value-memory" of the

comparator-unit. At the command of the processor the Biomation memory is read

out in sequence. Each time the word given by the Biomation is compared with the

content of the maximum-value-memory. If the new word is larger, it becomes the

new content of the maximum-value-memory. Consequently, when the whole resonance

curve is read out for the first time, this memory contains the word Y which
max

represents the top of the resonance curve.

At the command of the processor the Biomation memory is read out in

sequence again in order to determine resonant frequency and bandwidth. Again

each word Y given by the Biomation is compared with ths content, Y .of the
v max'

maximum-value-memory (tiiis time without changing Y , however) until Y becomes

equal to Y . Each time the next word is asked by the processor a clock pulse

is sent to the "resonant frequency display". Once Y has become equal to Y no
max

more pulses are sent to this display. As a result, from then on this display

shows the number .,f words between the trigger frequency, f , and the resonant

frequency, fr.

While one comparator compares Y and Y , another comparator checks whether
max

Y is greater than JY . If it is the processor gives a pulse to the "bandwidth

display" for every word read out. As a result, this display ultimately shows the

number of words that correspond to the frequency bandwidth, b.

After the Biomation memory has been read out twice, the processor supplies

a pulse to the "cycli counter". As long as less than one thousand resonance

curves are scanned, the Biomation and a part of the processor are automatically

reset to record and to work up a new resonance curve. As soon as 1000 curves

have been scanned, the displays flash up and the processor is blocked. Reading

off the displays we determine the resonant frequency and the bandwidth by means

of the respective relationsreading of resonant-frequency display
1000 x reading of reference display

and

b = reading of bandwidth display
1000 x reading of reference display
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After we have copied these readings, we may release the processor again.

At any moment it is possible to interrupt the operation of the processor.

An interruption may be desired, for instance, when the resonance curve overloads

the Biomation's memory. Overloading is indicated by the "overload-indication"

lamp on the front panel of the processor.

Within twenty seconds the system scans a set of one thousand resonance

curves. While the information is stored in the Biomation's memory, the output

can be interfaced to display instruments such as oscilloscopes or strip chart

recorders. Thus, it is possible to check (continuously) the shape of the

resonance curve (cf. Sect. 6).

6. SYSTEM PERFORMANCE

The resonant circuit is frequency-scanned by ? Wavetek sweep generator (see

Sect. 3). We use this generator in the repetitive sweep mode. Most measurements

are performed with a scan frequency of 50 sweeps per second.

The resonant frequency, f , of the system is about 16 MHz (the precise

frequency being dependent on plate distance) with a coil self-inductance

L = 4.7 +_ 0.2 pH . The quality, Q, being equal to /3/ /b, amounts in practice

to about 200 in the absence of the flame {b X '50 kHz).

As stated in Sect. 4.3, all-important for the ionization measurements is

the dependence of b on R . /"'. We calibrate this dependence by measuring b while

we simulate a reduction in R. . by placing extra known resistors in parallel to

the resonant circuit (for a typical series of measurements, see Fig. II.10).

From the slope of the straight line we find for the sensitivity

.-1 = (73 +_ 3) x |0 8 !J s"1

The self-inductance, L, and the circuit capacitance, C, can be determined

by measuring the resonant frequency as a function of the known increase in

parallel capacitance, C , while we place known capacitors in parallel to C.

Figure 11.9 shows the result of a series of typical measurements which are

done in the absence of the guard-ring condenser.
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1.0

0 5 10

Extra circuit capacitance Ce (pF)

Fig. U.S. The square of the inverted, circular resonant frequency,-2

30

plotted as a function of the extra capacitance, C , which is placed

in parallel to the circuit capacitance, C (u> = 2TI/ ). The value

for the circuit self-inductance, L, follows from the slope of the

line; the point of intersection with the abscissa yields the value

for C. The measurements shown are performed in the absence of the

guard-ring condenser.



100

•> Extra conductance Re (fjmhos)

Fig. 11.10. The bandwidth, b, plotted as a funation of the extra aonduatance,

R -1, uhiah is placed in parallel to the oivou.it conductance,

R..~l. From the slope of the straight line we find the sensitivity

R.-1.

This value is in agreement with the value that we calculated from Eq. (II.6):

, r (70 I0 8 £2 s"1

In fact, the above measurements are a test of the system's linearity for

bandwidth measurements. As can be seen from Fig. II.10 the system was linear

up to a bandwidth value of at least 350 kHz. Consequently, if we require the

increase in bandwidth to be proportional to AR . ,-1, the permissible bandwidth-

increment, A£>, will be at least 200 kHz.
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In the case of flame measurements a deviation from linearity may already

occur at a smaller tb. The air gaps between the flame and the condenser plates •

result in a capacitance, C , in series with the flame plasma resistance, R .

Therefore, only at low electron densities, [e ] , will Afc be approximately

proportional to B - 1 and thus to [e ] . The region of this proportionality

depends on the ratio of the flame diameter to the distance between the plates

of the measuring condenser. With a flame diameter of 20 mm and a distance of

26.9 mm between the plates we estimate, on the basis of the equivalent circuit,

the following deviations from linearity: for &b = 30 kHz a deviation within 0.5%;

for hb = 60, 90 and 120 kHz deviations of 2, 5 and 8%, respectively. In practice

our results are better: for our flame measurements (with known [e ]-values) we

find for hb = 120 kHz a deviation of only 2%. In order to restrict the systema-

tic influence of non-linearity on the experimental results we decide that only

measurements with a bandwidth-increment, Afc, smaller than 120 kHz are permitted.

The linear response of the system to signals of different amplitude is

demonstrated by Fig. II.II. where recordings of the resonance curve are shown.

Both curves represent the same situation; the only parameter that had been

changed was the output level of the sweep generator. Although there is a

difference of a factor of 5 between the signal levels applied to the demodula-

tor input in the two cases (at resonant frequency, f , these signal levels are

100 and 500 mV , respectively), the same values are found for the resonant

frequency and the bandwidth, within the experimental error. Non-linearity

exists only for signal levels below 50 "iV at the demodulator input. The posi-

tion of the zero level is, however, always correct; this is an important feature

of the dc-coupled follower incorporated in our A.M. demodulator (cf. the speci-

fications given in Sect. 5.4). Note that the experimental curve is in agreement

with the theoretical curve of a single resonant circuit, as is demonstrated by

the position of the calculated points in Fig. II.II. Normally, for every measure-

ment we adjusted the sweeper output in such a way that a signal of 500 mV at

f appeared at the A.M. demodulator input.

As stated in Sect. 4.3, by measuring the dependence of f and b on the

adjustment of the unity-gain follower and by comparing the results with those

calculated from Eqs. (II.7) and (II.8), we were able to find values for the

(other) circuit and amplifier characteristics. A survey of the most important

characteristics is given in Table II.2.
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Fig. 11.11. Recordings of the resonance curve. Both curves represent the same

situation; the only parameter ahanged was the signal level applied

to the demodulator input (at resonant frequency, f , these levels

are 100 and 500 mVttJ respectively). Non-linearity exists only for

signal levels below 50 niV at the demodulator input; the position

of the zero level is, however, always correct. The experimental

curve in the case of 500 mV at f is in agreement with the

theoretical curve of a resonant circuit, within the experimental

error, as is demonstrated by the calculated points (indicated by +).

33



TABLE II.2

Survey of circuit and amplifier characteristics

Quantity Value

3.0 + 0.6

Unit Remarks

L

C

Q

b

II
d0/d/

A6/MI

linearity

4.7 +_ 0.2

•x- 2 0

-v, 16

i- 200

% 150

73 +_ 3

. - 4

-v. 2%

^ 1%

,H

pF

MHz

kHz

I08 Q s

"(MHz)

-

_

I
1

-l

the precise value

can be adjusted

idem

at 16 MHz

from 1 up to 50 MHz

for input signals from

pF

50 up to 500 mV at

the demodulator input

without placing extra

capacitors in parallel
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C H A P T E R I I I

CONCERNING THE FLAME RISE VELOCITY

1. INTRODUCTION

It is essential to know the rise velocity of the burnt flame gases under inves-

tigation when observations made as a function of height in the flame have to be

interpreted as a function of risetime.

Experimentally, rise velocity in flames is most commonly determined by the

particle track method, although sometimes other methods have been tried (see

for a review Fristrom and Westenberg [l]).With the track method, the particles

may be detected either through their incandescence or through the radiation

they reflect from an external light source.

In order to interpret the measurements it is usually assumed that the

particle velocity equals or at least approximates the rise velocity of the

burnt gases. In the main, the dependence of particle velocity on height is not

explicitly discussed (see e.g. [2,3]). Only occasionally is the velocity studied

as a function of height and found to be constant [4,5]. Page, working with flames

produced on a capillary burner, raised the possibility that particles enter these

flames at the maximum for Poiseuille flow in the burner tubes; the velocity of

such particles decreases towards that of the burnt flame gases [6]. However,

such findings and statements clearly contradict the situation in our measurements,

which showed that the particle velocity increased with the height of measurement

in the flame.

An explanation for the discrepancies in the behavior of the particle

velocity is perhaps to be found in the various conditions in which the measure-

ments are performed. Unlike the flames normally used in other experiments our

flame is rather fast, tall, cool and fuel-rich. The dimensions of our burner

canals are purposely chosen so that the effect described by Page cannot exist [7].

2. THEORETICAL PARTICLE VELOCITY

Our flame can be regarded as a laminar system flowing in the vertical direction.

Furthermore, the shape of the flame allows us to assume a uniform rise velocity

V for the burnt gases. The variations in flame thickness are less than 5 per

cent, and can therefore be neglected.
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The gravitational force will cause a difference AD between the velocity of

the flame gases and that of the solid particles introduced into the flame. From

Stokes* law it follows that for spherical particles in a laminar gas flow

Av » 0.055 pgd2/n, where p is the particle mass density, g is the gravitational

constant, d is the particle diameter and n is the average gas viscosity. Stokes'

law holds only for spherical particles when Reynolds' number Re is small. lor

the particles used, we calculated a maximum value of Re = 0.6 in our fiame.

Consequently, the velocity defect Av will be no more than 20£ less than the

value predicted by Stokes' law. Besides, the particles in the flame will not

be completely spherical, which will also affect Av [8J. We expect, however, that

the influences of these systematic deviations will be within the accidental

error associated with the variation in particle size (see Sect. 3).

In our experiments the solid particles emerge from the burner relatively

slowly because the transit time needed for the particles to pass through the

burner canals is short, and because at burner temperature the average gas vis-

cosity is about a factor 2 lower than in the flame (cf. Fig. III.l). Downstream

from the burner the particles accelerate asymptotically towards the final

velocity, given by v - Av. Again, it follows from Stokes' law that at any time

t the particle velocity y(i) can be written as

yf - AV %~vr
Av)exp[-gt/Av] (III.l)

where v~ is the velocity V{t) at time t = 0, corresponding to a locus somewhere

near the flame base .

Recently, several formulas similar to Eq. (III. 1) have been derived by a number

of atomic spectroscopists for the movement of aerosol droplets in high tempera-

ture flames and plasmas. L'vov and co-workers have attributed some of the

lateral spread of atoms in a slot burner to a horizontal acceleration of the

droplets as they enter the flame [9]. Li uses a formula that predicts a relati-

vely slow approach of the aerosol to the flame velocity [10]. Boss and Hieftje

make allowance for the effects of the droplet's evaporation [II].
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The vertical position h(t) of the particle can be found by integrating

Eq. (III.l):

h(t) = h
Q

AU)(1 - exp[- (III.2)

where hQ * h(t) at t « 0. Eliminating t from Eqs. (III.I) and (III.2) we obtain

Lherelation between h(t) and v{t):

= h.hQ
1 - Av) [ln(y - Ay - y )

- Ay - y(t))]}Ay/^ . (III.3)

In the case when ft. and y. equal zero, Eq. (III.3) can be written as

/j(t)/y(t) = - Ay/0{(l/x)ln(l - x) + 1} , (III.4)

where x = y(t)/(y - Ay), the ratio between actual and final velocity of the

particle. As long as the particle velocity v(t) is small, Eq. (III.4) simplifies

to

h(t)tv(t) = (III.5)

3. EXPERIMENTAL RESULTS

In our investigations we used a premixed, cylindrical CO-air flame, without a

mantle flame, burning on a Meker burner. The burner and flame system was similar

to that described for example by Alkemade [7] and Hollander [4]. The flame

diameter was 21 _* 1 mm. The line reversal temperature was established at

1950 +_ 15 K.

The variation in reversal temperature over the height of the flame was of

the same order of magnitude as the reported inaccuracy. With respect to the

radial homogeneity the temperature appeared to be constant within this limit to

about 15 cm downstream from the burner. Above this height the estimated varia-

tion around the average flame temperature increased to about 50 K at a height of

25 cm (cf. [12]). The usable height of the flame for the velocity measurements

was about 30 cm.

The incandescent particles in the flame were photographed with an open

camera through a rotating chopper with an interruption frequency of 949.7 +

0.2 Hz (cf. e.g.[4]). For the experiments we had at our disposal powdered

aluminium, carborundum (SiC), molybdenite (MoS_) and granular magnesium. The
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powder was deposited inside the fuel gas tubes. A slight tapping of the tubes

caused the powder to be carried into the burner and the flame.

Table III. 1 gives the data about the particles used as well as the

estimated values of the final velocity defect Ay. The gas viscosity n at

1930 K was taken to be S.SxIO"1* poise with an inaccuracy of 15 per cent. The

particle size given is based on observations through a microscope. In the case

of molybdenite the variation in size was comparatively small; in the case of

magnesium we sifted and separated the species into two groups.

All particles except the large magnesium and carborundum particles will

ultimately approach the flame rise velocity within a few per cent. From our

experimental track recordings we calculated for a total unburnt gas flow of

l.OOxlO3 cm3s"1 a flame rise velocity yf = 17.3 +_ 0.5 m s"
1.

The final velocity defect Ay is related to the relaxation time r for

the particle velocity (see Eq. (III.l)) by

t - hvlg

If the particle velocity v is fixed at zero, the final velocity will be

reached within 5% when t « 3T. Eq. (III.2) gives us the corresponding height

in the flame. For the species arranged in the sequence of Table III.l we

find that 7Z(3T) - h* averages 4, 7, 30, 140 and 110 cm, respectively.

These calculations tell us that because of the usable height of the

flame only aluminium and molybdenite are suitable for our purposes. For

T A B L E III.I

Particle data and the difference between the velocity of the flame

product gases and the final velocity of the particles

Substance

Al

MoS2

Mg I

II

SiC

Mass density

p(g cm"3)

2.70

4.80

1.75

3.22

Particle size

(IO~3

1.0 -

1.2 -

5.0 -

10.5 -

5.0 -

cm)

4.0

3.5

10.5

21.0

20

Estimated

defect Ay

0.28 -

0.7 -

4.3 -

19

8

velocity

(cm s"1)

4.4

6.0

19

76

130
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particles with a long relaxation time x either the variation in the particle

size or in the initial velocity will introduce an unacceptable inaccuracy into

the required extrapolation towards the final velocity.

The points in Fig. III.1 represent measurements with molybdenite powder

of a typical series of 19 shots on Kodak Tri-X pan film. Each particle track

appears as a broken line in the picture. The difficulty concerning the in-

distinct ends of the line segments can be overcome by measuring the distance

between several dashes in any one track. However, the number of dashes one can

use for such an estimate is restricted here because of the increasing particle

velocity.

20

m
E

1 5

10

j
y

I
O 10 20 30

^-height h(t) above the burner (cm)

Fig. III.l. Measured and computed particle velocity as a function of height for

molybdenite powder in a CG-air flame of 1950 K with a rise velocity

o.f 17.3 + 0.5 in s"1. The circles • refer to the measurements; the

scares • represent weighted averages. The computed curves I , I I ,

and III correspond to different particle diameters of 20, 40 and

80 urn, respectively.
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For the same measurements we plot in Fig. III.2 the ratio of the height

of measurement h(t) and the particle velocity y(fc) as a function of this

velocity. Here the curve represents the theoretical behavior of h(.t)/v(t)

multiplied by g/&v, as a function of y(fc)/(y - Ay). This curve is calculated

according to Eq. (III.4). The points are experimental results and correspond

to the weighted averages of Fig. III.l. It should be possible to find the

correct relative position of points and curve by means of a shift parallel to

both axes of plotting. The best fit relates the outer axes of Fig. III.2

with the inner axes. The relative position of the abscissae gives the value

of the flame rise velocity. From the relative position of the ordinates the

final velocity defect Av for the particles used can be derived. In this way

we obtain for the molybdenite powder Au = 8 +_ 2 cm s"1; the flame rise velocity

turns out to be V = 17 j+ 1 m s"1

In addition to the rather sharply defined particle tracks a number of

"plumy" traces are present in the pictures. These traces are caused by vapour

clouds formed as a result of incidental alkali impurities [7]. The velocity

of the alkali traces turned out to be constant over the total height of the

flame, thus confirming our assumption that the burnt gases have a constant

rise velocity throughout the flame. The velocity obtained from the alkali

traces also agrees with the flame rise velocity predicted by theory (see

Sect. 4 ) . Furthermore, if we regard the alkali value as the final velocity of

the added particles, then it corresponds well with the outcome of the track

experiments.

Agreement between experiment and theory is also demonstrated by the curves

in Fig. III.l. These curves are computer-calculated, according to Eq. (III.3)

for a spherical particle model with a diameter of 20, 40 and 80 vim. The final

velocity of 17.3 jf 0.5 m s~* used here is the average over a set of 45 alkali

traces.

We did similar experiments for a flame with a total unburnt gas flow of

0.75xl03cm^s~* and a temperature of 1930 +_ 10 K. Here we found a rise velocity

yr = 14.0 +_ 0.5 m s"
1.

4. THE CALCULATED RISE VELOCITY

The rise velocity of a homogeneous, laminar flame that has no heat exchange

with the surroundings can be calculated from the relation
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10"
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10' -

-v(t)/(vr-Av)
•v(t) 10 (ms"1) 30

Fig. III.2. The ratio of the height of measurement hit) and the particle

velocity v(t), plotted versus this velocity. The outer axes

refer to the experimental points, the inner axes to the

theoretical curve. The straight lines represent the asymptotic

behavior for very short and very long times, respectively.
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vr = e (7/298) FJSf (III.6)

where e is the molar expansion factor, F is the volume of unburnt gas mixture

supplied per unit time at room temperature and at 1 atm, S. is the cross-

sectional area of the flame and T is the flame temperature in kelvin. The

factor e can be calculated from the flame temperature, pressure, and the burnt

and unburnt gas composition [7j.

Under our conditions Eq. (III.6) can be transformed into

D = 3 .88x |0" 3 T F /ij>2 ,r u y '

where <(> is the flame diameter. This diameter follows from the image produced by

the background radiation of the flame in the particle track pictures. Table

III.2 presents the relevant flame measurements as well as the rise velocity v

calculated from these data. It appeared that in the flame region studied the

variations in flame diameter were less than 5 per cent (see the above).

A comparison of the calculated v -values from Table III.2 with the measured

rise velocities (see Sect. 3) of 14.0 *_ 0.5 and 17.3 +_ 0.5 m s"1, respectively,

demonstrates agreement within the accidental error.

T A B L E III.2

The rise velocity calculated from flame data

Unburnt gas

flow F (cm3s~

0.75 x 103

I.00 x 103

Flame temperature

T (K)

1930 _+ 10

1950 + 15

Flame diameter

$ (mm)

20 ± 1

21 + 1

Calculated rise

velocity v (m s"1

13.8 + 0.3

17.1 + 0.5

5. DISCUSSION

First it should be noted that the flames used were selected by the radio-

frequency resonance method according to their suitability for measuring alkali

ionization rate constants. These ionization measurements meant that we had to

work with an unshielded flame [12],
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In contrast to results given elsewhere [7] we found no discrepancy between

the measured final velocity of the incandescent particles and the calculated

rise velocity of the unshielded flame. The reason may be found in the gas compo-

sition. We used a fuel-rich flame leading to a rather strong secondary combus-

tion in order to promote the radial temperature homogeneity of the unshielded

flame; consequently, the gases in the outer region of the flame were not cooled

down by contact with the ambient air.

Because of the relatively low flame temperature the incandescence of the

particles in the flame will be rather faint. Therefore, there is a risk that

we can detect only the tracks of the largest particles. Fig. III.l suggests

that the size of the molybdenite particles is about 40 um, which is twice as

large as the average value found in our microscope observations. In addition,

the final velocity defect measured is larger than the value estimated on the

basis of the particle data. How are we to interpret these discrepancies? Are

we observing only the tracks of the largest species or is the discrepancy

(partly) due to the fact that the particles are not completely spherical?

In the case of aluminium a similar figure showed that the best fit with

the experimental results was given by a theoretical curve calculated for a

particle diameter of 50 urn. This corroborated the results we obtained with

molybdenite.

The spread shown in figure III.I may be caused by:

(1) a real dispersion of rise velocities due to the existence of a radial

velocity-gradient near the flame edge; therefore, tracks of "suspect"

origin observed in the outer zone of the flame, or even sometimes seen

escaping from it, were eliminated beforehand;

(2) a variation in the shape and size of the incandescent particles;

(3) a spread in the frequency of the rotating chopper;

(4) an accidental error in the track length measurements caused by the

indistinct ends of the line segments as well as by real differences in

rise velocity;

(5) an accidental error in the height of the observed track.

With regard to (3), note that the interruption frequency of 949.7 + 0.2 Hz

mentioned above was measured using an integration time of 10 seconds. During

a rather short measuring time of 0.1 s, however, the frequency spread is about

15 Hz. Nevertheless, the influence of this variation will be much smaller

than the contribution of error (4) in the track length. Depending on the number

45



of track dashes measured, this error amounts to 10 per cent at most. Error (5)

gives an inaccuracy of only about I mm in the abscissa direction. All these

effects will be obscured, however, by rhe variation (2) in the shape and size

of the particles as deduced from our microscope observations.

6. CONCLUSION

The particle track method can yield correct values for the flame rise velocity,

but one should apply it with care, making adjustments where necessary. In order

to interpret the measurements correctly, one must find answers to the following

questions:

(a) Is the particle velocity constant or does it increase (or decrease) with

height?

(b) Is the (final) velocity of the particles equal to the flame rise velocity

or does it deviate from it?

As pointed out before, flame properties determine the particle behavior.

When the particle velocity increases with height the method of extrapolation

towards the final velocity may be successful, provided the relaxation time is

short compared to the rise time available. Question (b) relates particularly

to experiments in which flames burn vertically.

Complications associated with the particle track method can be avoided

by using "plumy" alkali traces. In our measurements, however, the alkali plumes

are present only at random. It should be possible to devise a method for intro-

ducing alkalis into flames that will produce controllable flashes.

Of course our warnings and provisos with regard to the interpretation of

particle track measurements apply to the particle track method in general,

whatever detection procedure is used.
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C H A P T E R I V

DETERMINATION OF THE IONIZATION RATE CONSTANTS FOR CAESIUM, POTASSIUM AND SODIUM

1. INTRODUCTION

Studies in both C0/0,/N2 and j/N, flames have yielded quantitative informa-

tion on the mechanism and rate of ionization of alkali atoms in flames [1-3].

Irrespective of the kind of flame selected, it has been found that the activa-

tion energy of the (collisional) ionization process is equal to the ionization

energy, within experimental error, (see Table IV.I) and that the ionization

reaction is first order, depending only on the alkali atom concentration. This

indicates that ionization occurs via a thermal rather than a purely chemical

path:

M + X-*M + + e~ + X ,

where X is some major constituent of the burnt gases. However, as far as the

values of the rate constants are concerned, the results of the various investi-

gators differ appreciably. We therefore decided tore-determine the values of

the rate constants for one flame of well-known temperature and composition using

an independent method of observation, viz. the radio-frequency resonance method.

We wanted to circumvent the complications arising from the presence of

natural free flame electrons as well as those associated with hydroxide forma-

tion, for these complications would necessitate corrections that might lead to

systematic errors. These considerations led us to choose a premixed laminar

CO/O./N? flame burning at I atm., because it is generally accepted that without

metal seeding such a flame does not contain free electrons or ions beyond the

reaction zone [4-7].

Another reason for choosing the CO-flame is that the hydroxide formation

caused by the amount of water supplied in the nebulization process is much less

important than the hydroxide production in hydrocarbon or pure hydrogen flames

[1]. In our CO-flame the influence of hydroxide formation in the case of sodium,

potassium and caesium appeared to be within accidental error. Only in the case

of lithium did the hydroxide formation involve more than a slight correction;

therefore the lithium investigations will be treated separately [8].

A disadvantage of a CO flame is the considerable amount of excess, non-

thermal chemi-ionization within and just above the reaction zone. This lower

flame region is thus not suitable for the observation of thermal ionization
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TABLE IV.1

Coliisional ionization activation energies of

alkali metals in FL and CO flames

Ionization

energy

(kJ mol"1)

Activation energy

(kJ mol"')

Metal

Li

Na

K

Rb

Cs

520

496

419

403

375

CO/O2/N2

[•] [2] (a)
[2]

(b)

490 *_ 14

419 +_ 12

377 + II

(504 +_ 20)

(475 _+ 5)

(413 + 5)

(387 ± 6)

(379 + 8)

494 +_ 20

467 jf 12

394 +_ 24

363 *_ 9

370 + II

[3]

490 *_ 30

465 +_ 17

423 +_ 9

391 + 14

384 + 13

The activation energies were derived from Arrhenius' plots of

ln[fê (2')r'] versus i/T; k. = thermal ionization rate constant,

T - temperature.

(a)

In this Reference, the authors have corrected their experimental

k. values for variations in flame gas composition, but they

omitted the factor 1r from their Arrhenius' plots.

The numbers in this column have been recalculated from [2] taking

the T factor into consideration.
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processes. Therefore, we performed our measurements downstream from the locus

of maximum temperature on the flame axis.

In the r.f. resonance method, the flame under study forms a part of the

dielectric of a parallel-plate condenser, which is shunted by an inductance. The

characteristics of this resonant circuit - resonant frequency and bandwidth -

depend on the admittance of the flame plasma, which is determined by the concen-

trations and kinds of ionic species present. This method was first applied to

flames by Smith and Sugden [9].

The main disadvantage of the r.f. resonance method is its poor spatial

resolution. Therefore, to obtain information about the ionization as a function

of time and to be able to measure the ionization rate constant, we needed a

rather fast flame of low temperature, where the alkali metal ionization gene-

rally starts far enough from Sana-equilibrium.

One advantage of the r.f. resonance method over the electrostatic probe

techniques is the more reliable theory, which facilitates the interpretation

of the results. Compared with microwave methods, the r.f. resonance method is

more sensitive for the detection of charged particles [10,11].

2. KINETIC ANALYSIS OF THE IONIZATION PROCESS

Provided the flame can be considered as a homogeneous one-dimensional flow

system and if molecule formation, excess chemi-ionization and ambipolar diffu-

sion are neglibible [1,12,13], then the rate of alkali ionization downstream

from the reaction zone is given by

d[M+]/dt (IV.1

[M], [M ] and [e ] are number densities (in cm 3) of free metal atoms, ions

and electrons, respectively,

k. • (thermal) ionization rate constant (in s ),

k « (thermal) recombination rate constant (in cm s ).

If the unseeded flame gases themselves do not produce free electrons, the

density of free electrons equals the ionic metal density because of charge

balance (no negative ion formation supposed)

[M (IV.2)

The total density [M] of element M in different forms (atom + ion + molecules)

has been proved to be constant throughout the flame (cf. Sect. 5.5). In the
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absence of molecules [Ml can be written as

[M]t - [M] + [M*] , (IV.3)

where, in the case of ionization relaxation, both terms on the right-hand side

are time-dependent. The flame rise velocity,;', connects the risetime t (time that

has passed after the flame element considered has left the reaction zone) with

the height of measurement h(t). The shape of our laminar flame allows us to

assume a uniform rise velocity [14]. Defining ft(0) = 0 the relation between h{t)

and t can be written as

h{t) - Vrt

Substitution of Eqs. (IV.2) and (IV.3) into Eq. (IV.1) yields

d[M+]/dt - fc.([M]t " [M
+]) - * r[M

+] 2 .

Dividing both sides of Eq. (IV.5) by [Ml , one obtains

dgj/dt - fe.(l - 8i) "
 fe

rei
2[M]c ,

where £., the degree of ionization, is defined by

B. 5 [M+]/[M]t .

(IV.4)

(IV.5)

(IV.6)

(IV.7)

Equilibrium is established when the reaction rates for ionization and re-

combination are balanced, i.e. when k.[M] « k [M ][e ]. Because the reactions

are supposed to be thermal the above detailed balance relation connects the two

rate constants k. and k at temperature T by

kilkv
(IV.8)

where the ionization constant K.(T) depends only on the nature of the metal

considered and the thermodynamic temperature T [15]. K.(T) in cm is given by

K.(T) - 4.82 x 1015 |0-5040*ion/r Q+/Q (IV.9)

Here E. is the ionization energy in electron volts, Q and Q are the internal

partition functions of the metal ion and atom, respectively.
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Substituting Eq. (IV.8) into (IV.6), one obtains

. P. ~ p . li'ij ./n- • W / i • (IV. 10)

When flame temperature T and total metal density [Ml are uniform, then only

6. in Eq. (IV.10) is a function of t.

When d(5./dfc - 0, Eq. (IV.10) becomes identical to the Saha-equilibrium

equation. Therefore, the Saha-equilibrium value of the ionization degree, B. e,

can be written as

i,e i t i t i t

Integration of Eq. (IV.10) yields for the time-dependent function

- 6i,e>

tW - 6. Bi.O " 6i.e
exp

where £. can be calculated from Eq. (IV.II) and 8. „ = 0.(0).
ie iu l

~If B. 0 • 0 and 0 £ t « k. 6. e , Eq. (IV.12) simplifies to

If 8. << 1 Eq. (IV.12) can be transformed into

1 + 8 . n/8.
lf /Rlfe ~ exp(- 2fe.t/6. )

_ ~ pi,0/pi,e '

Bi,0/Si,e
- 2*.t/B£ J

DJc.t]

(IV.12)

(IV.13)

(IV.14)

3. EXPERIMENTAL SET-UP

3.1 The radio-frequency resonance system

The radio-frequency resonance system has been described by us elsewhere [10,16],

The voltage level applied and the maximum bandwidth were restricted by the

requirement that: the increase in bandwidth (namely the difference between band-

width with and without flame) should be proportional to the electron density

within accidental error. In the case of proportionality the relation between the
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increase in bandwidth, bb, and the density of free electrons, [e ], is given by

bb - eb[e~] , (IV. 15)

where the factor a, represents the sensitivity of the r.f. resonance system.

A given adjustment of the measuring condenser and the voltage follower defines

not only the resonant frequency and bandwidth of the system without a flame [id],

but also the sensitivity a. , at least in principle (cf. Sect. 5.3), when a flame

is present (a being dependent on the flame dimensions). At the command of a

"processor module" one thousand resonance curves are scanned and averaged within

twenty seconds [16], The resonant frequency of the system without flame was

about 16 MHz.

The size of the plane condenser plates was a compromise between the demands

of acceptable height resolution and sufficient sensitivity. In the experiments

described here the diameter of the circular measuring plates was 20 mm, their

mutual distance 26.9 +_ 0.2 mm; the diameter of the circular guard-ring con-

denser was 60 mm.

3.2 The optical spectrometer

In order to obtain additional, independent information a spectrometer was used

to measure, simultaneously with the radio-frequency measurements, the emission

intensities of the first resonance doublets of the alkali atoms. The spectro-

meter used was similar to the one described by Hollander [I]. For our measure-

ments we used a Leiss (single, mirror) monochromator with a flint prism.

The light was detected by means of a RCA photomultiplier, type C31025C.

Phase-sensitive a.c. detection was achieved by chopping the light beam between

flame and entrance slit of the monochromator, and by using a simple, fixed-

frequency lock-in amplifier.

For all the alkali metals investigated we measured a COG (curve of growth)

[17]. By superimposing the experimental curve plotted on relative scales on the

theoretical one plotted on absolute scales the metal density in the flame can

be derived, provided the "a-parameter" is known (cf. Sect. 5.5).

3.3 The burner and flame system

The common equipment for the CO-air flame described extensively by Hollander

[1] was applied. In all our experiments aqueous solutions of alkali chlorides

were nebulized. To obtain a water supply large enough for stable combustion
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[1,18] the chamber-type nebulizer was shunted by two others spraying pure water.

Occasionally one of these shunting nebulizers was used to introduce an excess

of Cs into the flame in order to suppress the K ionization (see Sect. 5.5).

The Meker type burner head desig!.?d to produce tall laminar flames with

a flat combustion zone burning at atmospheric pressure was similar to that

described by Van der Hurk [19]. Me modified the burner head in such a way that

the flame was surrounded by an annular water-cooled chimney with a diameter of

20 mm and a height of 25 mm, thereby giving the flame more stability at high

rise velocities.

4. FLAME CHARACTERISTICS

With the r.f. resonance method it is possible to derive accurate ionization

rate constants from ionization relaxation measurements if the following demands

are met:

(i) The flame should closely approximate a one-dimensional flow system

with constant rise velocity; this rise velocity should be as high

as possible in order to obtain a good time resolution.

(ii) The total height of the flame should be considerably larger than

the diameter of the condenser plates.

(iii) The temperature and total metal density should be uniform throughout

the flame volume to be investigated.

(iv) The rate constants to be measured should not be too high compared

to the time resolution, which is determined by the size of the

condenser plates and the rise velocity; therefore, the flame

temperature should not be too high. On the other hand the

temperature should not be so low that it becomes impossible to

detect any ionization. A compromise must therefore be found.

Ad (i) and (ii): The flame that fulfilled the above conditions as far as

possible was a premixed, cylindrical, 50% CO-50% air flame, without a mantle

flame, burning on a Meker burner at 1 atm. From our rise velocity measure-

ments, reported in detail elsewhere [14], we decided that our flame could in

fact be regarded as a laminar system flowing in the vertical direction. With

a total unburnt gas supply of 0.75 * 103 cm3 s we found a (uniform) rise

velocity v - 14.0 +_ 0.5 m s"1; the usable laminar flame region extended to

about 30 cm from the burner; further downstream the outer part of the flame
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became too unstable for our r.f. measurements*. The flame diameter 0 = 20 +_ ! mm

was deduced from the image produced by the background radiation of the unseeded

flame [14]. The latter value was also in accordance with the width of the tempe-

rature cross-profiles found at different heights (cf. Fig. IV.1); the variations

in flame thickness could be neglected.

The above mentioned quantitative gas composition gave the best flame

stability. The stability was not improved by surrounding the flame with a cold

N_ sheath; so this technique was abandoned.

Ad (iii): Our r.f. measurements rtjuire a flame without (burning) mantle. The

absence of a (non-seeded) mantle flame means that the electric sensitivity is

increased, as the distance between the condenser plates can then be made smaller

[16]. This also makes the ion and electron concentrations at the flame border

decay more steeply, thus promoting the uniformity of these concentrations in a

horizontal plane; the increased steepness is a result of the sharp radial drop

in temperature at the border of the unshielded flame.

In order to create a flame with a constant temperature as a function of

height downstream from the locus of maximum temperature on the flame axis,

one can try to compensate radiative losses by means of a rather strong secondary

combustion. However, this may lead to the occurrence of wings in the temperature

cross-profile at the flame border; these wings are incompatible with the demand

of (radially) uniform temperature. In practice we had to look for a compromise.

We measured the flame temperature by the photo-electric sodium D-line

reversal method [20]. The accuracy of the measuring method appeared to be

better than 5 K. The reproducibility of the temperature setting amounted to

about 7 K. Figure IV.1 shows examples of the temperature cross-profiles. For

the temperature maximum in the wings we deduced from the cross-profiles an

average, vertical temperature-gradient = 6.5 + 1.2 K cm"1. This gradient

appeared to be inversely proportional to the rise velocity. We can combine

these results so that they represent an average increase in wing temperature of

9.1 + 1.7 K per millisecond risetime.

3 3 1

By increasing the total flow to 1.0 x 10^ cnr s"1 the extent of the laminar

region reduced to about 20 cm.

56



a 1950
4)

a
E
4)

1900

1850

1800

-10 0 10
Distance from median plane (mm)

Fig. IV. 1. Flame temperature measured by means of the photo—eleatvio tine-

reversal method as a function of distance from tne median plane.

Outgoes I and II represent the situation at 7.3 and 17.0 cm above

the burner, respectively. The points are alternately measured

directly and reflected with regard to the median plane.

The existence of temperature wings will affect the measured temperature-

value of the flame centre. The curve labelled "a" in Figure IV.2 represents

the measured temperature as a function of risetime. Where at low concentration

self-absorption does not play a part, we measure a temperature-value that is

an average due to the existence of the wings. At densities higher than about

100 ppm Na, the simultaneous occurrence of a negative, radial temperature-

gradient and self-absorption gives rise to self-reversal, which in the case of

a shielded flame with a burning mantle normally leads to too low measured

temperature-values. In our unshielded flame, however, there is not only a

region with a negative, radial temperature-gradient but there is also a region

with a positive one at any height. Therefore, the measured average can either
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Pig. IV.2. Temperature on the flame axis as a function of rise^ine or height

above burner. The circles o represent the measured values (curve a);

the squares a are obtained by correction for the influence of radial

temperature-variation (see Fig. IV.1) and self-reversal (curve b);

least-squares linear regression aurve c (which may vary between r

and Cj) shows the consistency of the theoretical adiabatic

temperature (2015 + 20 KJ with the corrected experimental temperature

on the axis after extrapolating to zero time.

be higher or lower than the temperature on the flame axis, depending on whether

the influence of the positive or the negative gradient is dominant. By correcting

for these effects we were able to estimate the real temperature on the flame axis

(see Fig. IV.2, curve h).

On the basis of the method used by Gaydon [21] and Zeegers [22] we found

for our 50% CO-50% air flame:
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(a) the equilibrium composition of burnt gases, viz.: 40% N,, 35% CO, 22% CO.

and minor constituents;

(b) the theoretical adiabatic temperature, i.e. the temperature-value when

the flame has no heat exchange with the surroundings and is fully

equilibrated.

This temperature turned out to be 2015 K, with an inaccuracy of about 20 K

arising from the experimental error of gas flow adjustment. In Fig. IV.2 the

least-squares linear regression curve c shows the consistency of the theoretical

adiabatic temperature with the corrected experimental-temperature curve b.

At any height in the flame there is a temperature difference between the

flame centre and the wings. The average temperature is, however, rather constant

as demonstrated by curve "a" of Fig. IV.2. The radial variation in temperature

is +_ 60 K at 25 cm downstream from the reaction zone, but is less lower down.

Uniformity of the total metal density was proved by the facts that

(a) the sodium emission was independent of height, and (b) the COG's of an

alkali were identical at various heights (cf. Sect. 5.5).

Ad (iv): Considering (1) the rise velocity of our flame and (2) the size of

the condenser plates, we calculated from the ionization rate constants k. given

in literature [1-3] an optimum flame temperature of slightly above 1900 K.

Kelly and Padley derived specific ionization cross sect ions for the alkali

metals with each of the flame species H_, N and H_0, as well as with Ar, CO

and CO2. Even the most drastic changes possible in composition (but not in

temperature) had only a small effect on the values of k. found by Kelly and

Padley; the biggest variations in k. are less than a factor of 2 at any fixed

temperature [2].

Given the optimum flame temperature we could have studied a series of CO

flames of different quantitative composition. For these flames we estimated a

variation in k. that would be similar to the variation obtained by Kelly and

Padley. Our estimation was based on (1) the burnt gas composition calculated

according to the method devised by Gaydon [21] and Zeegers [22], and (2) the

specific ionization cross-sections given by Kelly and Padley [2]. So we did not

find any reason to choose a flame other than a 50% CO-50% air flame.
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5. DETERMINATION OF IONIZATION RATE CONSTANTS

5.1 Introduction

For caesium, potassium and sodium, the increase in bandwidth, Ab, as well as

the shift of the resonant frequency, A/ , of the radio-frequency resonance

system were measured as a function of the height of observation, h. For each

alkali metal these measurements were performed at various solution concen-

trations in a range defined by the maximum permissible bandwidth (see Sect. 5.2).

From the Afc-profile, i.e. from the variation of bb with h for each

particular alkali concentration, we can deduce the ionization rate constant k.,

as will be described in Sect. 5.4. Figure IV.3 shows a series of typical

Afc-profiles for potassium.

As far as the determination of the ionization rate constants is concerned,

the frequency-shift measurements do not in principle add independent information.

In addition, these measurements are less sensitive to changes in electron

density. Therefore, we do not work out these measurements here. It is sufficient

to say that the frequency-shift measurements were in agreement with the bandwidth-

increment ones.

5.2 Range limits and linear response of the detecting systems

The r>.f. detecting system

With the r.f. resonance measurements the minimum detectable increase in bandwidth

was determined by the experimental scatter which was about 1.0 kHz.

The maximum permissible bandwidth was limited by the requirement that the

increase in bandwidth, bbt should be proportional to the electron density, [e ] ,

within the experimental scatter. From a theoretical point of view Ai is not a

linear funct1'jn of [e ] at all. At very high electron densities the bandwidth

will even .ecrease with increasing fe J. This behaviour is due to the presence

of the air gaps between flame and condenser plates. Only at low electron densi-

ties is Ai> approximately proportional to [e ]. This region of proportionality

depends on the ratio of the flame diameter to the distance between the plates

of the measuring condenser. With a flame diameter of 20 mm and a distance of

26.9 mm between the plates non-linearity appeared for Ai> <£ 120 kHz [10,16].
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Fig. IV. S. Increase in bandwidth, bb, as a function of risetime for various
potassium solution concentrations (5, 10, 20 and 40 ppm K, respecti-
vely). The points represent the experimental results, whereas the
curves are derived from the theoretical x-funation (containing the
ionization rate constant as the unknown parameter, see Eq. (IV.23))
that fits the measurements best on the basis of a least-squares
linear regression (of. Fig. IV.5). For each solution concentration bb
- the bandwidth-increment as calculated under conditions of Saha-
equilibrium - is also indicated, together with the expected in-
accuracy .
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We had to avoid signals larger than 500 mV because of the restricted

region of linearity (within 1%) of the a.m. detector [16]. Furthermore, at high

field strengths between the condenser plates the velocity distribution of the

charged particles might be disturbed too much. In the condenser figuration used

and with the above limitation as to the signal, the electric field never

exceeded 50 Vm . We checked experimentally that a variation of the field

strength (within th"1 above limit) did not have any influence on our experimen-

tal results.

The spectrometer

The linearity of the (optical) spectrometer combined with the photo-multiplier

was also checked. Except in the case of self-absorption (see Sect. 5.5\ the

overall-linearity between optical signal and atomic density turned out to be

better than 1%.

N.B. Linearity of nebulizer response (i.e. [M] is proportional to solution

concentration) is a prerequisite for measurements as a function of [M] . To

check this linearity we added calcium in a constant, low concentration to the

sodium solutions. In this way we were able to observe when the Ca band emission

(which is free from self-absorption) became dependent on the alkali concentra-

tion. A non-linearity correction was necessary for high alkali concentrations;

these concentrations were used only in the COG-mea=urements.

5.3 Determination of the sensitivity of the r.f. resonance system

Some methods for the determination of the electric sensitivity, c. , are dis-

cussed here:

(i) The determination of c. from the bandwidth measurements on the basis

of proportionality between B. and Ab.

(ii) The determination of c. based on the complementary behaviour cf r.f.

bandwidth and atomic line intensity.

(iii) The determination of o. based on the occurrence of virtual Saha-
b

equilibrium for a particular atomic density in a certain part of the

flame.

Ad (i): the proportionality between 3. and hb is demonstrated by the relation

S i = Afc/eb[M]t , (IV.16)
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obtained by the substitution of Eqs. (IV.2) and (IV.7) into Eq. (IV.15).

Subsequent substitution of Eqs. (IV.4) and (IV.16) into Eq. (IV.10) yields

= 1 - abb - e2(A£J2[M]t/tf.

where o = 1/e [M] ,

and K = av Ik.

(IV.17)

(IV.18)

(IV.19)

Equation (IV. 17) has only two unknown constants K and a, because [M] IK.

is known, while 6b as well as dLbldh can be derived from the Ai>-profile (sec

e.g. Fig. IV.3). In principle, three different heights of observation are

sufficient to determine a and K. Of course, the insertion of more measuring-

points between the extreme heights of observation h] and ft, will increase the

accuracy of a and K. From a follows the value of the sensitivity a., whereas

a and K together determine the ionization rate constant, k..

However, the estimation of dAi/d/i from the bandwidth-profile is not very

accurate. In order to overcome this problem by the elimination of the left-

hand side of Eq. (IV.17), we introduce a function g(bb) which is per definition

zero for 6b = hb(h.) as well as for Ai> = hb(h.). \ simple function that fulfills

these conditions is

g(bb) = [6b - b.b(h{)][hb - Ab(h2)]

Next we define a second function f(bb) as

f(Ab) s dg/dAb = 2bb - [bbih^ + 6b{h2)]

Multiplying the left-hand side of Eq.(IV.17) by /(A&) and integrating yields

g{6b(h2)} - = 0

Therefore, multiplication by /(Ai>), and subsequent integration transform the

whole Eq. (IV.17) into

(IV.20)

where n, = / fl6b(k)}dh
'1

63



n , =
2

h2

and
3

/ [bb(h)]2f{tAW}dh

Because we integrate over the total range of observation (h,, h~) the values

for u , p. and u, can be deduced more accurately from the bandwidth-profile

than the value for dAb/dh at any single point of observation. From the positive

solution a of Eq. (IV.20) we get the value of a, through Eq. (IV.18). The
b

results are presented in Sect. 5.6.

Ad (ii): If the bandwidth-increment, A&, is proportional to [e ] and the atomic

line intensity, I, to [M], one may write (see also the Eqs. (IV.2), (IV.3), and

(IV.15)):

[M] t = [M] + [M ] = [MJ + [e~] Ilol + (IV.21)

where a and a, are factors of proportionality. Dividing both sides of Eq.

(IV.21) by [M]t, one obtains

J/[M] t = - oQb/[H]t (IV.22)

where a is a positive constant, being equal to a /a,. The constants a and a

are dependent only on the kind of alkali. Therefore, Eq. (IV.22) shows that for

a given alkali element the (linear) relation between X/fM] and Afe/[M] is

independent of the alkali concentration.

Figure IV.4 shows a typical example of this experimental relation for

various [M] values and risetimes. The experimental points for the four caesium

concentrations used are randomly distributed around the corresponding straight

line within the accidental error. The intercept with the abscissa yields Ab per

unit of total particle density for the theoretical case of 100% ionization, i.e.

the value of a,. Analogously, the intercept with the ordinate yields the value

of Cj.

From Fig. IV.4 one can easily obtain for each point (Afc/[M] ;J/[M] ) the

corresponding value for 6- by dividing the abscissa value Ai/[M] by a. .
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Fig. IV.4. Plot of I /[Cs] versus i i / [Cs] . The points represent the measurements

for various risetimes and solution concentrations Co: 1, +: 2, o: 4,

and A: 8 ppm Cs, respectively). The curve fits the experimental points

best on the basis of a least—squares linear regression. The intercept

with the abscissa yields the value of the eluolria sensitivity, a,.

Table IV.2 shows (3. values at various risetimes for the measurements represented

in Fig. IV.4. The Saha-values 6. calculated from [M] according to Eq. (IV.II)
l ,e c

are also listed. As can be seen from Table IV.2 the ionization of caesium

approximates Saha-equilibrium (within the experimental error) at the upper end

of the flame region used for our measurements.

This method for determining <?, fails for K and Ma because under our flame

conditions their atomic line emission varies too little with risetime; 6. is too

small everywhere. A slight influence of ionization on the COG was detectable at

low densities only for K; but this influence was too small to give accurate

results.
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TABLE IV.2

Dependence of the degree of ionization, B., on risetime, de-

rived for various caesium solution concentrations from Fig. IV.4

Caesium

solution

cone, (ppm)

10

20

40

80

0

0

0

0

5.1

.67

.65

.56

.46

8.0

0.75

0.70

0.61

0.50

10.9

0.77

0.72

0.63

0.51

Risetime

13.7

0.78

0.76

0.66

0.55

(ms)

16.6

0.89

0.82

0.71

0.58

Ja)

0.88

0.81

0.70

0.59

(a)
Saha-values 6. according to Eq. (IV.11),

i £

In practice, the a, -value found experimentally for Cs may not be the sama

as for the other alkalis; then the experimental a. differs from the c, as

defined by Eq. (IV.15). This occurs, for example, when the contribution of the

ions to the flame conductivity cannot be neglected [10]. In that case, the

effective c,-value for sodium would be bigger than for caesium, for instance

(cf. Sect. 5.6).

Ad (iii): At increasing risetime the ionization degree approximates asymptoti-

cally the situation of Saha-equilibrium; when at a particular alkali density Ab

happens to be independent of risetime in the upper part of the flame or even

- in the case when 6. „ » (3. - in the whole flame, Saha-equilibrium should

be virtually attained and the corresponding electron density, [e ], can be
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calculated. With Eq. (IV. 15) the a, -value followsfrom b.b measured and [e ].

Although this is a simple and quick method to determine a, , results are

unfortunately less accurate than the results obtained with the other methods

(cf. Sect. 5.6).

5.A The method of determining the ionization rate constant

Our method of determining the ionization rate constant, k., is based

directly on Eqs. (IV.12) and (IV. 16). When e and hence a. have been determined

(see Sect. 5.3), we know the relation between the measured Afc-value and 8.

through Eq. (IV.16). By substituting Eq. (IV.16) into Eq. (IV.12) we obtain

= X0 + (1
 + 4LM],./*.)1 kJi/Vr (IV.23)

where

Ab(h> + bb /(I - B. )
lni - ——}

\bb(h)-bb |
(IV.24)

and x0 = x(0); here bb is defined as the increase in bandwidth, which corres-

ponds to Saha-equilibrium. In interpreting xn one must realize that xn can also

be written as

18,-
(IV.25)

When flame temperature, T, and total metal density, [.'!] , are known, the

Saha-equilibrium value of the ionization degree, 6. . and hence the correspon-
i »e

ding increase in bandwidth, d> , can be determined completely by means of
Eqs. (IV.11) and (IV.16). Therefore we can calculate x(^) as a function of h

from our Afo-measurements (with [M] as parameter) by applying Eq. (IV.24). It

follows from Eq. (IV.23) L.iat a plot of x(^) versus h should be linear with the

slope (1 + 4[M] ,-M^) KJ-J . Such plots are shown, for example, in Fig. IV.5,

where both the slope and the intercept x 0 depend upon total metal density.

Finally, the slope of the straight line thus obtained yields the value of k.,

which should of course be independent of [M] .
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1.0

15
Risetime (ms)

10 15 20 25
— * Height above burner (cm)

Fig. IV.5. Dependenae of the function x(h}3 as defined by Eq. (IV. 24), on
risetime for various potassium and sodium solution concentrations.
The points represent the measurements Co: 5, 10, 20 and 40 ppm K;
a: 40 and 80 ppm Na, respectivelyJ; the curves fit the measurements
best n the basis of a least-squares linear regression. The
deviations of the experimental points from the drawn curves appeared
to be well within the estimated accidental scatter.
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5.5 Auxiliary optical measurements

We measured COG's for sodium and potassium. Once the relevant a-values are

known, it should be possible to superimpose each experimental COG on the corres-

ponding, theoretical one. For our calculations we used the a-values as des-

cribed by Hollander [1] after we had adapted them to our flame temperature and

composition. As a result of the superposition of the COG's one can derive a

relation between the solution concentration and the quantity [M]fl/Sv^*, where

/ = oscillator strength of the spectral line considered, Z = depth of flame

along the optical axis, and 6v * = n6v (In 2) with <5v = Doppler half-

intensity width [1,17]. Since / is known from literature, I is experimentally

determined and 6v * can be calculated, we find the relation between solution

concentration and [M]. If the experimental COG is measured under conditions

where [M] » [M] , i.e. in the absence of molecule formation and ionization, we

find directly the relation with [M] .

We measured a number of COG's at the minimum and the maximum height of

observation before and after each series of r.f. resonance measurements. As

expected, the nebulizer efficiency - expressed as the total element density

[M] in cm a for a I raol/1 aqueous solution concentration - measured in our

flame (T = 1930 K, I = 20 mm) was the same for sodium and potassium within the

accidental error. Because of the relatively low flame temperature the influence

of ionization on the shape of the sodium-COG was negligible. So that the

potassium-COG could be correctly registered ionization was suppressed by the

addition of an excess of Cs as electron donor element. When we tried to measure

a caesium-COG, however, ionization could not be suppressed sufficiently. From

the COG's measured the nebulizer effiency of our equipment was determined to be

(3.05 + 0.24) x I013 cm"3/(mol l" 1).

The COG's did not shift with height in the flame within experimental error.

For the sodium D-line emission we found also that intensity variations with

height could be neglected. Remembering that flame thickness and average tempe-

rature were also independent of height (cf. Sect. 4), we could conclude the

constancy of [M] over the height interval considered as well as a negligible

small farticle diffusion.

To estimate the influence of hydroxide formation, we must first realize

that the actual hydrogen density, [H], in our flame may be different from the

equilibrium value, [H] ; hence no equilibrium calculation is possible.
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Therefore, we determined the actual [H] with the Li/LiOH-method, as described

by Bulewicz et al. [23]. This method is based upon the partial equilibrium:

Li + H-0 % LiOH + H; this reaction is rapidly balanced and leaves the actual H

and H~0 densities practically unchanged because Li is merely present as a trace

in the flame gases. At any height above the reaction zone the actual ratio

[Hj/fHjO] determines the hydroxide formation through

[H]/[H2O] = KLi(T)/4Li

where K . is the equilibrium constant of the partial equilibrium expressed

Ll
above (for data, see [24,25]) and i|> . is defined by

* L i 5 [LiOH]/[Li]

The experimental determination of <)>. . proceeded via a comparison of the

Ll

absolute, atomic resonance line intensities for equimolar lithium and sodium

solution concentrations [19,23] (NaOH formation could be neglected; see later).

We determined $, . as a function of height in the flame and found that <p •

ranged from 1.29 _+ 0.11 (at about 7 cm above the reaction zone) to 1.89 +_ 0.16

(at 19 cm and higher); for details, see [8]. A quantitative comparison between

the COG's for lithium and sodium corroborated these results.

For the other alkali metals (M) values of <|> = [M0H]/[M] were derived

from the experimental $ .-values by expressing the t}> /cjj .-ratio in the corres-
Ll M LiX

ponding ^./^i --ratio; here K is the equilibrium constant of the partial

equilibrium M + H_0 J MOH + H, which can be calculated from the known value of

dissociation energy [26,27]. In this way we estimated an association factor $ ,

of about 0.002, 0.01 and 0.07 for Na, K and Cs, respectively. Therefore, only

in the case of caesium might the hydroxide formation lead to a systematic

deviation in density, which would be equal to the accidental error in the

density measurements by the COG-method.

The degree of ionization, (3., for K was derived from optical, ionization

suppression measurements. In these measurements 8. can be found by suppressing

the ionization cf the element investigated by spraying simultaneously an excess

of Cs as electron donor element. The atomic line intensity of the former element

(corrected for self-absorption and leakage light caused by the donor element)

is measured as a function of the concentration of the latter element. From this

series the limiting value of the line intensity for infinitely large donor
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concentration can be determined (corresponding to the state of fully suppressed

ionization). The ratio of this limiting value to the intensity that was found

when no donor was added can be expressed as

[Mjt/[M] = 1/(1 - e £ ) .

Combination of the optically found 6.-value with tho corresponding increase

in r.f. bandwidth, Ai>, gives us by means of Eq. (IV. 16) an additional method for

determining the electric sensitivity, a.. Unfortunately, this method proved un-

attractive for calibration purposes because of the racher big experimental error

in the optically found $.-values.

In the case of the ionization suppression of Cs by the addition of an

excess of K as electron donor element the limiting values of the line intensity

were even too inaccurate to determine reliable (3.-values for caesium.

The optically found S-~values for K were in agreement, within the experimen-

tal error, with the corresponding B.-values calculated using Eq. (IV.16) from

fie results of independent r.f. Afr-measurements. In Eq. (IV.16) we used the e -

value for K determined by method (i) as described in Sect. 5.3. The agreement

we found between the two sets of (3.-values is demonstrated by the results given

in Table IV.3.

5.6 Experimental results

Experimental values fov the eleetvio sensitivity, a , in the case of caesium,

potassium and sodium

We obtained values of e, for Cs, K and Na using method (i) discussed in Sect.

5.3. In this method solely r.f. bandwidth measurements are involved. By using

alternative method (ii) based on the complementary behaviour of r.f. bandwidth

and atomic line intensity, we obtained additional values of e, for caesium.

For certain K and Na densities the increase in bandwidth, AW, proved to

be independent of risetime in the upper part of the flame or even in the whole

flame. This Saha-equilibrium situation enabled us to use alternative method

(iii) to derive a value of e, (cf. Sect. 5.3).
b
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TABLE IV.3

Values for the ionization degree, B., determined for

K by the optical, ionization suppression method and

the r.f. resonance method

Potassium 103 x (g. + o. ) 103 x (e. + n o

1 — p1 • 1 — \J .

solution from from

concentration optical, ionization increase in

(ppm) suppression r.f. bandwidth

5

10

20

40

243 + 29

231 +_ 19

191 + 15

156 + 15

238 + 14

219 *_ 13

183 + II

148 + 9

The results were derived from measurements at about

15 cm above the reaction zone.

The values of c, derived by method (i) and quoted in Table IV.4 are the

average of at least four repeated series of measurements for each alkali con-

centration. From Table IV.4 it appears that the values obtained by this method

are consistent, within the experimental error, with those obtained by both

alternative methods, (ii) and (iii).
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For caesium we corrected our e, (r.f.)-values, allowing for the influence

of hydroxide formation. But, when applying this correction to the derivation

of a - or (see 1̂ .. , k., 3.
o 1 1 ,

and g. - we found only very small changes,
i,e

which appeared to be within the experimental scatter of the physical quantity

involved; hence, we do not present formulas (to replace, for instance, Eqs.

(IV.20) and (IV.23)) that contain tl'e association factor <J . For further
Us

discussion, see the notes to Tables IV.4-6.

It is evident that the experimental a -values are quite different for the

various alkalis. Whether or not these differences are caused by the contribu-

tion of the ions to the flame conductivity is not relevant for the determina-

tion of the ionization rate constant, k.. Therefore, we shall not elaborate

here our findings in that direction.

The lower detection limit with the Ai-measurements was about 1.0 kHz

(see Sect. 5.2). Hence, using the a, -values we derived a minimum detectability

of 6 x 107 cm"3 for the electron density in the case of caesium. Although it

is, in general, impossible to check the presupposition that a CO-flame without

metal seeding does not contain free electrons or ions beyond the reaction zone

(see Sect. 1), we have experimental evidence that in our unseeded CO-flame the

charged particle density must in any case be lower than 6 * 107 cm"3. This

conclusion is based on our observation that within the experimental error our un-

seeded CO-flame gave no increase in bandwidth at all.

Experimental values of the ionization rate constant, k.

For the derivation of k . we applied the method described in Sect. 5.4. It follows

from Eq. (IV.23) that a plot of x('O versus h should be linear with the slope

(1 + 4[M] (./A'i)
1/2fei/i'r (see Fig. IV.5). Indeed, for each metal concentration

chosen all experimental points lay, within the accidental error, on the same

straight line. Therefore, we performed for each series of measurements a

least-squares linear regression and calculated the slope and intercept x n ot

the regression curve.

The measured values of k. are quoted in Table IV.5. Each value is the

average of at least four repeated series of measurements. In none of our

ionization experiments was dependence of the k. values on alkali density found;

this is in agreement with the results of other investigators (cf. [1-3]). All

the experiments were carried out at electron density levels lower than

109 m"3.
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TABLE IV.4

Values for the electric sensitivity, c , determined for Cs, K

and Na at various solution concentrations

Solution

concentration

(ppm)

5

10

20

40

80

160

320

640

1

1

1

1

Electric sensitivity

caesium

(a)

.48

.57

.67

.69

+

+

+

+

-

-

-

-

00

0.

0.

0.

0.

23

22

15

07

no"5
Hz .=m3)

potassium

2.19

2.11

1.99

2.15

(a)

1 °-
±0.

+ 0.

+ 0.

-

-

-

-

.27

.33

,15

.1 1

c

3

3

3

3

sodium

(a)

-

-

-

-

.39 + 0,

.78 jf 0.

.61 + 0.

.60 + 0.

.21

,19

.11

15

Dk •"' 1.66 + 0.05 2.10^0.08 3.61^0.08

(opt/el) (d) 1.66 + 0.08

(Saha) ^e^ - 1.8 + 0.3 3.1 + 0.7
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Notes to Table IV.4

(a) c, (r.f.)-values obtained from r.f. bandwidth measurements

alone as discussed in Sect. 5.3, method (i); the values were

derived under the experimental conditions described in Sect.

3.1 with a distance of 26.9 +_ 0.2 mm between the plates of the

measuring condenser; the flame diameter was 20 _+ 1 mm.

(b) The e, (r.f.)-values for Cs are raised by making allowance for

hydroxide formation; the influence of C'sOH formation increases

with increasing solution concentration, but - with $ = 0.07 -

it equals only 27, for 40 ppm Cs.

(c) a, (r.f.) is the weighted average of the Ebovt individual

a (r.f.)-values.
b

(d) o, (opt/el) is the value determined from the combination of r.f.

and optical measurements (see method (ii) in Sect. 5.3).

(e) c, (Saha) is the value derived under equilibrium conditions

by applying the Saha equation (see method (iii) in Sect. 5.3).
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TABLE IV.5

Ionization rate constants, k., derived from r.f. bandwidth

measurements, for Cs, K and Na at various solution concen-

trations

Solution

concentration

(ppm)

Ionization rate constant k.

potassium sodium

II

5

10

20

40

80

160

320

640

(a) (b)

44 + 20

44 _+ 19

54 + 13

4 7 + 4

(a)

12.8 +_ 2.5

14.3 + 1.3

13.5 + 0.7

13.5 + 0.5

I I.6 + 1.6

11.9 + 3.3

( a )

0.297 + 0.040

0.285 + 0.044

0.294 +_ 0.025

0.299 * 0.029

0.295 + 0.088

0.268 j+ 0.090

0.332 +_ 0.047

0.298 + 0.015

( c )

k. 4 7 + 4 13.4 + 0.4
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Notes to Table IV.5

(a) All the errors quoted are experimental standard deviations in

the measured k.—values.

(b) We reduced the values for Cs to allow for the influence of

hydroxide formation; this influence increases with decreasing

solution concentration, but - with <f> = 0.07 - it equals only
IJS

5% for 5 ppm Cs.

(c) In these measurements recombination predominated over ionization

(see text).

(d) k. is the weighted average of the above individual k.-values.

All alkali metals leave the reaction zone with an initial degree of ion-
ization, g. n» which depends on alkali species (see later). In general, 6. n

l,U i ,u

was lower than (3. , the ionization degree corresponding with Saha-equilibrium.

We found, however, that g. Q exceeded $. for 320 and 640 ppm Na. Here, re-

combination predominated over ionization while Saha-equilibrium was being estab-

lished. There is no evidence that dominance of either ionization rate or re-

combination rate affects the experimental k.-value, which is theoretically re-

lated to k by Eq. (IV.8). Up to 160 ppm Na we found an average value of

~k~i = 0.295 ± 0.016 s"
1, whereas 320 and 640 ppm Na yielded £. = 0.313 ± 0.042 s"1.

It should be noted that for some alkali concentrations k.-values are
I

quoted in Table IV.5 whereas in Table IV.4 the corresponding e,-values are

missing. The data in Table IV.4 relate to r.f. measurements taken when the

condenser plates were 26.9 mm apart; where a, -values are missing the measurements

were taken with the plates at different distances.

Chemi—ionization effects in and around the reaction zone

All the x(^)~plots, which in fact represent the course of ionization as a

function of height, i.e. risetime, tend to extrapolate to a positive xQ- This

points to a finite level of ionization in the reaction zone (h = 0). We calcu-

lated the corresponding degrees of ionization, B. _, using Eq. (IV.25). Our

S. Q-values are given in Table IV.6, together with the equilibrium degrees of

ionization calculated for the final flame temperature of 1930 K. As can be seen
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TABLE IV.6

Average values of ionization degrees for Cs, K and Na at various solution concentrations

derived from r.f. bandwidth measurements

Solution

concentration

(ppm)

U .

2J

5

10

20

40

80

160

320

640

0.

0.

0.

0.

1.0

(c)

63

61

59

52

caesium

(a)

-

-

*_ 0.06

+ 0.06

+ 0.06

+ 0.04

-

-

-

-

8.
(b)

,e

(c)

0

0

0

0

-

.93

.87

.79

.68

-

-

-

-

0

0

0

0

0

0

Degree of ionization

5i.c

potassium

(a)
)

.12 jf 0.11

.11 + 0.07

.13 ;

.124

.111

.084

i- 0.02

+ 0.013

+ 0.012

+ 0.015

-

-

-

-

0

0

0

0

0

0

(b)
,e

.61

.49

.38

.29

.22

.16

-

-

-

-

10

0.

0.

0.

0.

0.

0.

0,

2 B

6

68

66

61

55

,49

,41

U

-

-

-

+ 0

+ 0

±°
+ 0

1 °
+ 0

+ 0

soaium

0 102

.4

.12

.07

.06

.04

.03

.03

6.

-

-

-

2.

1.

1.

0.

0.

0.

0.

(b)
,e

4

7

19

84

60

42

,30



Notes to Table IV.6

(a) 3. _ is the average value of the ionization degree in the

reaction zone as extrapolated from the x('2)~plots towards h = 0.

(b) 6. is the degree of ionization corresponding to Saha-equili-
i»e

brium calculated for the final flame temperature of 1930 K.

(c) We reduced the values for Cs to allow for the influence of

hydroxide formation; for 0. - this influence increases with

decreasing solution concentration, but - with <J> = 0.07 - it

equals only 1% for 5 ppm Cs; for B. it increases with in-
1 »e

creasing solution concentration, but it is a mere 1.5% for

40 ppm Cs.

from Table IV.6 the ionization level in the reaction zone was always lower than

the Sana-equilibrium level higher up in the flame, except in the case of 320

and 640 ppm Na, where recombination predominated over ionization.

The existence of a finite level of ionization in the reaction zone

(6. 0 > 0) most probably implies that there is "excess chemi-ionization". It is

known that in the lower part of the flame near the reaction zone as well the

presence of above-equilibrium concentrations of CO and 0 leads to excess chemi-

ionization.

It is important to realize that our 8. -values will differ from the actual

degrees of ionization at h = 0, because the equations which we have derived in

Sects. 2 and 5.4 from Eqs. (IV.10) or (IV.12) are not valid in the region where

chemi-ionization occurs, unless the chemi-ioniz.ition process is purely thermal

or the excess chemi-ionization rate is negligibly small. Besides, flame tempe-

rature is not constant as a function of height in this lower part of the flame

(cf. Fig. IV.2); hence, in contradiction to our presupposition with regard to

the integration of Eq. (IV.10) k. will then not be independent of height, i.e.

(rise)tiine.

It should be noted that for every alkali species we used g. turned out

to be fairly independent of the solution concentration (see Table IV.6). This

independence most probably implies that excess chemi-ionization is predominant

in the reaction zone. We suggest that through this ionization process a constant

fraction of the alkali particles becomes ionized; this fraction will of course

depend on the alkali species.
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o TABLE IV.7

Comparison of (thermal) ionization rate constants k. at 1930 K in H, and CO flames diluted by N_

Metal

Cs (0

K

Na

Method of

measuring

Flame type

This work (a)

.47 + 0.04) x 102

13.4 +_ 0.4

0.298 *_ 0.015

R.f. resonance

and spectrometry

(0

co/o2.

Ionization

Hollander [1]

.14 _+ 0.02) x

4.6 ^ 0.6

0.11 i 0.02

Spectrometry

N2

rate

(s-1;

(a)

I02

constant k.

1

Kelly & Padley [2]

(1.1 +_ 0.2) x 102

9.0 _+ 1.4

0.075 *_ 0.012

Rotating probe

and spectrometry

V

Ashton

(1.2

7,

0,

& Hayhurst [3]

+ 0.3) x io2

.7 U.I

,062 _+ 0.017

Spectrometry

VN2

The errors quoted in this column are only of accidental character; an explanation of

possible, systematic errors is given in the text.

Notes.

In the table the methods of measuring used by the various investigators are also indicated. All the

results quoted are normalized to the temperature 1930 K of our flame. In the conversion of the results

from reference [2] we accounted for the flame gas composition as well (on the basis of the specific

ionization efficiencies given by Kelly and Padley).



5.7. Discussion of errors

The influence of accidental errors

Before comparing our k.-values with the results of other investigators one should

note that the errors quoted in Table IV.5 are only of accidental character.

However, the errors incorporated in the results are too small to permit our

results to be reconciled with results from literature (cf. Table IV.7). The

impossibility of reconciliation on the basis of accidental errors is also demon-

strated by frig. IV.6.

In this figure the relative deviation of At calculated using the /c.-values

derived by Hollander et al. [I] and Kelly and Padley [2], respectively, from our

mean measured bandwidth (for the strongest solution concentrations used) is given

as a function of risetime. For each curve in Fig. IV.6 we chose, at about 5 ms

downstream from the reaction zone, hb = Ai , being the bandwidth-increment

recalculated from our mean x~curve. For each alkali the points refer to a

typical series from our measurements; the estimated accidental errors are

indicated.

In this connection it is important to remember: (1) each point is the

average of at least one thousand scanned resonance curves (see Sect. 3.1), and

(2) the mean x~curve is the average of at least four repeated series of

measurements, where each series comprises points at five or more different

heights of observation (cf. Sects. 5.4 and 5.6). As is demonstrated in Fig. IV.6,

the curves that correspond with the k.-values of Hollander and Kelly & Padley,

respectively, lie outside the region of the estimated experimental scatter.

The possible occurrence of systematic errors

It is remarkable that our k.-values derived in CO flames are systematically a

factor of about 3.0 higher than the corresponding values obtained in similar

flames by Hollander et al. [1]. This factor seems to be too large for it to

have been caused by a difference in quantitative flame gas composition (cf.

Sect. 4 ) . Note that our bandwidth-increment, Ai>, is directly related to the

electron density, [e ] , whereas Hollander measured only (deficiencies of) atomic

line emission. Perhaps systematic errors may explain the discrepancy between our

results and those of Hollander.
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from the mean x~curve), as a function of risetime; the deviation is

expressed as a percentage of kb . The points refer to typical series

of measurements; the estimated accidental error is about 1% Ab . The

curves I represent the courses of deviation caused by Hollander's k.'s,

the curves 2 the courses caused by Kelly and Padley's k.'s.

Note: In the case of 640 ppm Na, recombination predominated over

ionization (of. Seat. 6.6).



Systematic error 1

In this connection we suggest that the electric sensitivity, c^, varied with the

risetime, in contrast to what we had assumed implicitly in Sect. 5.3. WP calcu-

lated for 40 ppm caesium the electron density for a sensitivity a, , which depends

linearly on the height of observation. Calling the new density [e ] , we plotted

the difference between it and the original density [e ] as a function of rise-

time. Shifting the new, corresponding x~curve in such a way that [e ] = [e ]

at about 5 ms downstream from the reaction zone, and plotting [e ] - fe ] as a

fraction of [e ], we obtained a figure analogous to Fig. IV.6. The plots given

in this Fig. IV.7 correspond to a 15, 10 and 5% decrement, and a 5 and 10%

increment of a, , respectively.

However, an unlimited change in a. is incompatible with Fig. IV.4; any

change in a, must be situated between the limits indicated in this figure.

Hence, a relative increment or decrement of o, of more than 10% is very

improbable, and a 5% variation is more probable than a 10% one.

From the k.-values indicated alongside the curves in Fig. IV.7 it becomes

clear that it is possible, but not very probable, to explain the discrepancy

between our results and those of Hollander by the occurrence of a 10% increment

of a, at a height of between 7 and 27 cm above the burner. Moreover, it is worth

noting that the correlation between the shifted points and the new curve in this

case deteriorates: some points deviate more from the curve than the estimated

accidental scatter. Summarizing, we estimate the probable inaccuracy of the k.-

value for Cs, caused by a possible variation of a. to be about 40%.

Comments on Hollander's results

When reconsidering the earlier ionization work from our group as reported by

Hollander [1], we were intrigued by the fact that on the basis of the accidental

error this author claimed an inaccuracy of a maximum of 10-15% in his k.-v:\ues. In

his measurements he found that the variation of the total alkali density, [M] ,

with the risetime did not exceed 5%. However, in the determination of his k.-

values systematic errors were not taken into account.

Allowing for a systematic decrement of [M] with the risetime we recalcu-

lated Hollander's ft.-values for caesium. To our surprise we found that a mere

5 - 6 % decrement in [M] between 4 and 10 ms risetime would be enough to modify

his k.-value into our present value at the same temperature! Therefore, Hollander

83



oo

+ 4

0

- 4

- 8

Cjj decreases
with increasing
height

^.
i Si i -

a^^\—+

v ^ s ^ _ V *̂"———X — t a

Cb increases
with increasing
height

—A-
n

0

X

7

"—-_

1O°/o ~

o
5'/.

JOV.

40 ppm Cs

Ms"1)
" 112

8 5

" 65

—— 30

14

10 20
-*• Risetime(ms)

1O 20 30
p- Height above burner (cm)

Fig. IV. 7. The relative deviation for 40 ppm caesium of the electron density,
le ]v* (calculated for varying efe; from the original density [e~] as
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of a constant c ; the upper curves correspond to c's which decrease
with increasing height of observation in the flame, the lower ones
correspond to increasing c^'s. The percentages alongside the curves
give the relative (linear) decrement or increment of a. at a height
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increment in c^, respectively. The estimated accidental error in the
points is about 1% [e~].
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overestimated excessively the accuracy of the thermal ionization rate constants

derived from his optical relaxation measurements!

Our r.f. measurements are, in general, less sensitive to variations in

[M] . Moreover, the error caused by a variation in [M] will be completely

obscured by the inaccuracy introduced by the inhomogeneity of temperature in

our unshielded flame.

£2.2
v
N
I
in
o

u

1.8

1.6

14

N
1900 1950 2000

T (K)

Fig. IV.8. Dependence of the electric sensitivity, a., derived experimentally

for a 40 ppm caesium solution concentration, on the assumed (average)

flame temperature. The curve marked c, (r.f.) represents the behaviour1

of the sensitivity obtained from r.f. bandwidth measurements alone;

the curve c^(o-pt/e\) refers to the sensitivity determined from the

combination of r.f. and optical measurements. The dashed curves indi-

cate the accidental error limits; the shaded area represents the re-

gion in which both e,-values agree within these error limits.
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Systematic error 2

A second point of discussion is the radial inhomogeneity of the local flame

temperature, which is a sensitive parameter in the ionization process. We have

used an effective average temperature (see Sect. 4). To what extent can a

temperature deviation lead to erroneous A:.-values? A different choice of tempe-

rature value gives a different eb-value as well. Moreover, the influence of the

assumed temperature on the c.-value obtained from r.f. bandwidth measurements

alone is different from its influence on the a -value derived from the combina-
b

tion of r.f. and optical measurements (see method (i) resp. (ii) of Sect. 5.3).

The influence is greatest for 40 ppm Cs. The range in which both e,-values for

caesium are equal within the accidental error is shown in Fig. IV.8. From this

figure we conclude that the effective (average) flame temperature may deviate

by only 30 K from the line-reversal temperature of 1930 K; a, thus ranges from

1.56 x 10~5 Hz cm3 (at 1960 K) to 1.76 x 10~5 Hz cm3 (at 1900 K). Table IV.8

demonstrates the effect of the possible T- and coupled a -variations on the

TABLE IV.8

Dependence of the k.-value for caesium on flame temperature

Flame
temp. T

00

1900(a)

1930

1960(b>

Electric

(10

1.76

61

(89)

sensitivity

"5 Hz cm3)

1.66

47

%

1.56

(30)

43

The values between brackets represent the values of the

ionization rate constants quoted in the same columns after

conversion Co T = 1930 K.

(a)

(b)

T = 1900 K is the approximate temperature on the flame

axis at 20 cm above the burner.

T = I960 K is the approximate wing-temperature at 20 cm

above the burner.
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k.-value for caesium: the maximum effect on k. is about a factor of 2 upwards

or about 40% downwards. But here too it is improbable that this maximum effect

will occur; 40% upwards and 20% downwards seem more probable.

If one should add both effects (variation of c, with height and variation

of a with T), one would find for the k.-value of caesium a maximum variation

of about a factor of 3 upwards and about a factor of 5 downwards. The appearance

of this maximum combined effect is, however, highly improbable. A more realistic

estimation is that the inaccuracy caused by the combination of these possible,

systematic errors is about 50%.

However, it is not only the true value of the average temperature which is

important. More delicate is the question of the extent to which we falsify our

r.f. measurements if we interpret the results on the assumption that the flame

temperature was radially uniform and thus neglect the marked difference between

the dependence of temperature on height in the flame centre and at the flame

border (cf. Sect. 4 ) . First of all, we want to emphasize that the reversal

temperature measured was independent of height (see Fig. IV.2). Therefore, for

the optical measurements of the concentration [M] of the neutral species, which

were done along the same line of viewing as the line-reversal measurements, it

seems correct to suppose that the effective flame temperature was constant (in

the case of negligible self-absorption). There is no evidence, however, that

the same supposition is also correct for the r.f. measurements. The one thing

we are sure about is that the temperature-value we must use in our r.f. calcu-

lations at the various heights in the flame should always lie between the

temperature on the flame axis and the wing-temperature at these heights. There-

fore, we assume that for the electrical process the influence of the temperature-

variation on the /(.-value (for caesium) will be within the ranges indicated by

the k.-values of Table IV.8.

Systematic error 3

Infusion of oxygen from the ambient air into a fuel-rich flame creates a

possibility of excess chemi-ionization in the flame border even far beyond the

primary reaction zone. Our measuring results indicate, however, that excess

chemi-ionization did not play a prominent part in the ionization process. We

found fc.-values which were independent of the alkali concentration. In the

determination of k. we used the Sana-equilibrium value of the ionization degree,
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g. , and '•he corresponding increase in bandwidth, tb (see Sect. 5.4). Besides,
l ,e e

for certain K and Na densities the measured bandwidth-increment, Afc, proved to

be constant wZth risetime in the upper part of the flame or even in the whole

flame. In these cases the measured hb turned out to be equal to the calculated

Ab within accidental errors (cf. Sects. 5.3 and 5.6). Hence, it is evident that

on average the ionization process was thermal.

The existence of a thermal, process is not necessarily in contradiction with

the appearance of temperature-wings in our flame. It is true that excess chemi-

ionization is caused by the presence of excess oxygen and CO. However, although

the temperature of the flame border increased with increasing height, it is

possible that at any height a local combustion-equilibrium existed, or at least,

was achieved approximately. Note that the oxygen required for the appearance

of temperature-wings was not supplied via the burner, but entered the flame by

diffusion from the ambient air at any height. Moreover, infusion of oxygen into

a flame is a relatively slow process.

It should be noted that all investigators treat the alkali ionization

process in flames on the basis that (thermal) collisional ionization predominates

over thermal chemi-ionization. With the results of our measurements we too are

unable to determine the contribution of chemi-ionization to the overall, thermal

ionization rate.

Epilogue

The k.-values from the various investigators converted to the same T can be

divided into two groups according to the kind of flame used. The results of

Kelly and Padley as well as of Ashton and Hayhurst were obtained from experi-

ments in fuel-rich H-/0« flames with various diluents including N_ [2,3],

whereas the results of Hollander et al. [1] and those for our work were derived

in CO/O_/N, flames. The ratios between our k.-values for the various alkali

metals are the same as the ratios between Hollander's values, whereas the results

from Kelly and Padley agree with those from Ashton and Hayhurst (see Table IV.7).

The discrepancy between the two groups of k.-ratios is all the more

remarkable if we realize that several independent methods of measuring were used.

If we suppose that all corrections (e.g. those for the relatively important

hydroxide formation in the hydrogen flames) were applied in a proper way, we still

wonder to what extent the kind of flame is responsible for the differing results.

Recently, the problem has been complicated by the new theory of Shui [28].

His theory seems to support the experimental results of Kelly and Padley. How-

ever, their results for Ar as diluent disagree with the theory of Bates [29].
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C H A P T E R V

DETERMINATION OF THE LITHIUM IONIZATION RATE CONSTANT

1. INTRODUCTION

As stated elsewhere [1] we chose for the determination of the (thermal) alkali

ionization rate constants a premixed, laminar CO/O./N. flame burning at 1 atm.,

because it is generally accepted that without metal seeding such a flame does

not contain free electrons or ions beyond the reaction zone [2-5]. Another

advantage of the CO flame is that the influence of hydroxide formation can be

neglected for Cs, K and Na [I]. Unfortunately in the case of lithium, hydroxide

formation has to be taken into account, but its influence is much less than in

hydrogen flames.

Our main tool for determining the ionization rate constants was the radio-

frequency resonance system. For a description of this system we refer to [6];

detailed information about the optical spectrometer, the burner and the flame

is to be found in reference [1].

2. KINETIC ANALYSIS OF THE IONIZATION PROCESS

The basic rate equation that applies under the experimental conditions con-

sidered [I], where both ionization and recombination rates have to be taken

into account, is

d[M+]/dt (V.I)

[M], [M ] and [e ] are number densities (in cm 3) of free metal atoms, ions

and electrons, respectively,

k. = (thermal) ionization rate constant (in s"1),

k = (thermal) recombination rate constant (in cm3 s"1),

t = risetime (in s).

The total metal density [M] of element M in different forms (atom + ion +

molecules) can be written as

[M]t = [M] + [M
+] + [MOH] (V.2)
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[M] has been proved to be constant throughout the flame [I], wheryas the

terms on the right-hand side are all dependent on risetime ([MOH] is the number

density (in cm"3) of hydroxide-molecules).

The introduction of the association factor $, defined by

<j> H [MOH]/[M] ,

and the substitution of Eqs. (V.2) and (V.3) into Eq. (V.I) yield the

equation

(V.3)

d[M+]/dt (V.4)

if there are no other (positive or negative) ions than M ; in that case the

density of free electrons equals the ionic metal density:

[e (V.5)

Because the ionization as well as the recombination reaction are assumed to be

thermal the two rate constants k. and k are connected at temperature T by

k./k = K.(T) , (V.6)

where the ionization constant K. (in cm"3) depends only on the nature of the

metal considered and the thermodynamic temperature T [7].

Substituting Eq. (V.6) into (V.4) and dividing both sides by [M] ,

we obtain

dg./dt

Here 3., the degree of ionization, is defined by

(V.7)

(V.8)

In Eq, (V.7) 6. as well as $ are time-dependent functions. In principle,

integration of Eq. (V.7) is feasible if 0(t) is known. Note that <t> does not

depend on £., but is determined completely by the partial balance between

lithium and the flame radicals [1]. Because of the relaxation of these excess

radicals towards chemical equilibrium with increasing height, <f> varies with

risetime.

In the case cf lithium ionization, where under our flame conditions
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(T = 1930 K) i t holds that 6. << 1 (see Sect. 4 .1) , Eq. (V.7) simplifies to

kA]/(] + *) - S,i
z[H]t/Ki{T)} (V.9)

When dS./dt = 0, Eq. (V.9) represents the situation of Sana-equilibrium.

Therefore, the Saha-equilibrium value of the ionization degree, 0- , can be
1 >e

written as

8. o = {K./[M]A\ + (V.10)

3. AUXILIARY OPTICAL MEASUREMENTS

From our rise velocity measurements, reported in detail elsewhere [8] , we

decided for our unshielded, premixed CO/O./N, flame that:

(a) the flame could be regarded as a laminar system flowing in the vertical

direction with a uniform rise velocity V = !4.0 +_ 0.5 m s~!;

(b) the variations in flame thickness could be neglected (diameter = 20 +_ 1 mm).

Furthermore, in the optical measurements presented in reference [1] it has been

proved that:

(c) the line-reversal temperature was 1930 +_ 5 K, independent of height;

(d) the total metal density [M] was independent of risetime within 5%

(negligible diffusion);

(e) the nebulizer efficiency amounted to (3.05 _+ 0.24) x 1013 cm~3/(mol I"1);

(f) NaOH formation could be neglected
Na

= 0.002).

For the determination of the association factor if for lithium*^ we used

two methods:

( i) We measured the (emission) curve of growth (COG) for lithium,

(ii) We compared the absolute, atomic resonance line intensities for equimolar

lithium and sodium solution concentrations.

Ad (i): For the interpretation of the COG's we used the a-values as derived by

Hollander [9] and Hayhurst [10] after we had adapted these values to our flame

temperature and flame composition. Together with the value for the nebulizer

efficiency these COG-measurements yield directly the cji-value for lithium. These

measurements were only performed at the extreme h sights of observation.

*) Only the association factor for lithium is relevant here. From now on one

should regard <j> as representing the Li value.
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Fig. V.I. Association factor, $> for lithium an a function of risetime. The

circles o represent the results derived from the intensity measure-

ments; the squares Q the results based on the lithium COG's (see

text). The curve is drawn through the first results which are the

more accurate ones; these results suggest that beyond 13 ms 4> tends

to an equilibrium value.

Ad (ii)s In this comparison we derived the ratio [Na]/[Li] of the actual

atomic densities from the thermal emission intensity ratio of the resonance

lines in the absence of self-absorption, while spraying alkali solutions of

equal molarity [11,12]. Because of the relatively low flame temperature the

influence of ionization on the emission intensity was negligible. We obtained

<j> using the relation [Na]/[Li] = $ + 1, which holds for solutions of equal

molarity. This method of comparing the intensity ratios turned out to be twice

as accurate as method (i). The results of both methods are presented in Fig.V.l.
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For the intermediate heights it was sufficient to measure the intensity

for one lithium solution concentration. From the ratios of the intensities at

different heights we determined ^ as a function of height in our flame (see

Fig. V.I). Disregarding the less accurate results from the COG-measurements

(for further discussion, see Sect. 4.3), we found that <j> ranged from 1.29 +_ 0.11

(at about 7 cm above the burner) to 1.89 +_ 0.16 (at 19 cm and higher). An

estimate based on the water ou'.put of the nebulizers corroborated the order of

magnitude of the <J>-values found.

4. RADIO-FREQUENCY MEASUREMENTS

4.i. Determination of the sensitivity of the r.f. resonance system

If there is proportionality between bandwidth-increment, &b, and electron

density, [e], the sensitivity of the r.f. resonance system, a, , is defined

by the relation

hb = °u[e ] (V.ll)

The increase in bandwidth, Ai, was measured as a function of the height of

observation, k(t). These measurements were performed at various solution con-

centrations in a range defined by the maximum permissible bandwidth (cf. [1]).

Substituting Eqs (V.5) and (V.8) into Eq. (V.ll) we get

(V.12)

From our rise velocity measurements we decided that there was a uniform

rise velocity, V (cf. Sect. 3 ) . Defining h(0) = 0 the relation between h(t)

and the risetime, t, can be written as

(V.13)

Substitution of Eqs (V.12) and (V.13) into Eq. (V.9) yields

K&hblih = 1/(1 + *) - c2(Afc)2[M] IK. ,

where a s 1 /a. [M] ,

h(t) = v t

and

In these equations only &b and cj> depend on h.

(V.14)

(V.15)

(V.16)
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Fig. V.2. Increase in bandwidth, Ai, as a function of visetime fov various

lithium solution aonaentvations (80, 160, 320 and 640 ppm Li, respec-

tively). The points represent the experimental results, whereas the

curves are calculated under conditions of Saha-equilibriim. The

decrease of these Saha-values vrith the risetime is caused by the

increase of § =• [LiOH]/[Li] with the time; on the right side of

each calculated awpve the expected inaccuracy (caused by AT = 5 K

and Ac, = 0.3 x 10~5 Hz cm3) is indicated.
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In the determination of e and afterwards K from Eq. (V.14) we avoid

inaccurate estimations of dhb/dh from the bandwidth-profile as follows.

Multiplication by f(Ab), defined by

are the extreme heights of observation), and subsequent

integration, transform Eq. (V.14) into

(where h. and

where

"l "

u, =s /2

(V.17)

(V.18)

and

(V.19)

From the positive solution a of Eq. (V.17) we obtain the value of a, through

Eq. (V.I5); for more details about the solution procedure, see [I].

For the determination of . se electric sensitivity, a,, as well as the

ionization rate constant, k., ig. V.2 is the essential one; there the increase

in bandwidth, t\b, is presented is a function of the risetime, t, for the

various solution concentrations used.

In the case of lithium ionization, where under our flame conditions

(T = 1930 K) it holds that Bi « I (see hereafter), the ratio of the integral

expressions u. and p^A'./[M]. follows directly from the measurements of 4> and

Lb with height (see Figs.V.I and V.2, respectively). It is therfore attractive

to plot this ratio as a function of the solution concentration. Combining

Eqs.(V.15) and (V.17) we can write for this ratio

(V.20)

As can be seen from Eq. (V.20) the slope of the above plot yields a..

In our measurements represented in Fig. V.3, we derived for the electric

sensitivity in the case of lithium: a. = (4.1 *_ 0.3) x 10~5 Hz cm3, 'lhis value
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fits into the sequence of e.-values found for the other alkalis (see [1]): c,

ranges from 1.7 x 10"5 Hz cm3 for Cs to 4.1 * 10~5 Hz cm3 for Li.

Knowing a, for Li we can easily convert the measured Ab-values into B.-

values by means of Eq. (V.I2). Table V.I shows the decrease of g. with the

risetime,*, for the measurements represented in Fig. V.2. The Sana-values 8.
> 1 > e

calculated from [M] according to Eq. (V.10) are also listed for t "*> 13 ms; if

there was no LiOH-formation these values would be about a factor of 3 larger.

200 400 600
_ • Solution concentration (ppm)

Fig. V.S. Dependenae of the ratio P3^£/U|fM]t on the lithium solution concen-

tration. For each concentration we calculated this ratio directly by

integration of the experimental results represented in Figs. V.1 and

V.23 without knowing K. and [M] . The curve fits the measurements

best on the basis of a least-squares linear regression; the slope

yields the value of the electric sensitivity, o,.

As can be seen from Fig. V.2 as well as Table V.I recombination pre-

dominated over ionization for 160, 320 and 640 ppm Li. Obviously, a finite
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TABLE V.I

Effect of risetime at various lithium solution

concentrations on 10^ 6., derived from Fig.V.2

Lithium
solution

Risetime (ms)

cone, (ppm) 5.1 3.0 10.9 13.7 16.6

80 1.40 1.26 1.27 1.30 1.26 1.28

160 1.21 1.09 1.01 0.96 0.97 0.90

320 0.90 0.83 0.75 0.72 0.71 0.64

640 0.63 0.59 0.54 0.53 0.52 0.45

(a)Saha-values 6. according to Eq. (V.10) for risetimes

13 ms.

level of ionization (above Sana-equilibrium level) exists in the reaction

zone, caused most probably by excess cherai—ionization in and around that part

of the flame (cf. [1]).

4.2. Determination of the ionization rate constant

To determine the ionization rate constant, k., we integrate numerically Eq.

(V.14) over height between h. and &_, which are the extreme heights of obser-

vation:

(V.21)

,

For every solution concentration measured we find a K-value. According to

Eqs. (V.15) and (V.16), each K-value combined with the electric sensitivity

a, yields a value for the ionization rate constant, k.. The measured values

are reported in Table V.2.

In the measurements for 80 ppm Li the close approach to Saha-equilibrium

is reflected by the large accidental error; this approach is also demonstrated
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TABLE V.2

Ionization rate constants, k., for lithium at various solution

concentrations, derived from r.f. bandwidth measurements in a

CO/O2/N2 flame at T - 1930 K

Solution cone.

(ppm)

80

160

320

640

Ionization

(0.5

0.26

0.12

0.12

rate constant k.
i

(s-1)

(a)

i 0.5)

+ 0.11

+. 0.03

+, 0.07

(b)
0.12 + 0.03

k.
i(graph)

(c)
0.125 + 0.017

All the errors quoted are experimental standard deviations in the

measured k.-values.

H. is the weighted average of the above individual k.-values.

*£ ( E r h) i
s t h e value derived from the slope of Fig. V.4 (see

text).

Note: The estimated inaccuracy of k • on the basis of systematic

errors is about 30% (see Sect. 4.3).
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I by the behaviour of Afc with the risetime (cf. Fig. V.2). For the other solution

f concentrations recombination clearly predominated over ionization (see Sect. 4.1).

In general, the accidental error in the k.-value in the case of lithium is

larger than the corresponding errors for the other alkalis (cf. [1]). This

t difference is mainly caused by the inaccuracy of the association factor $•

I Furthermore, the k.-value derived is very sensitive to the measured Afc-values of
f •"•

\ the extreme heights h and /z,.

! To eliminate this sensitive dependence we varied the length of the interval

[' of integration, choosing for h0 any of the heights of observation used, whereas

j" h. was a fixed height. Multiplying both sides of Eq. (V.21) by [M] and using
i

Eqs. (V.I5) and (V.16), we find from Eq. (V.21):

r i b 2 ^ 2 , (V.22)

where

According to Eq. (V.22), bbQiJ) should be a linear function of h(h ).

This linear dependence is demonstrated by Fig. V.4. Irrespective of the solution

concentration used one should find one and the same straight line. For each

concentration we sought the best fit by vertically shifting the points, adapting

the Ai?(/z )-value.

Equation (V.22) indicates that the k.-value can be derived from the slope

of the best-fit line in Fig. V.4. Performing a least-squares linear regression

we obtained a slope of the line equal to (3.67 ̂  0.27) x 10~9 Hz cm2, whence we

derive the value k. = 0.125 +_ 0.017 s"1 for the ionization rate constant. This

value agrees well with the average value k. reported in Table V.2.

4.3. Discussion of errors

The accidental error

The accidental error in our k^-value is rather small (see Table V.2). Therefore

we cannot use it to explain the difference between our k.-value and the k.-

values reported in the literature. Table V.3 shows values of the ionization rate
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-15
-2 -1 0

A(h2) (10
12cm-2)

Fig. V.4. Dependence of db(h.) - b,b(h^), measured at variable height h^, on

the value of function A(^2), as defined by Eq. (V.23) and derived

from Figs. V.I and V.2. The points represent the measurements for

various solution concentrations (o;80, *: 160, o: 320, and *: 640

ppm Li, respectively). The plots derived for each solution concen-

tration were shifted in the vertical direction in such a way that

a linear dependence was obtained which fitted all experimental

points best on the basis of a least-squares linear regression.

(•
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TABLE V.3

Comparison of (thermal) ionization rate constants k. found

for lithium at 1930 K and I atm in H2 and CO flames diluted by N,

(a)
Reference I03 Method of

measuring

Soundy and Williams [13] 17

Kelly and Padley [14] 11 ± 4

Ashton and Hayhurst [15] 14 _+ 7

Anthony et al.

<b>

[16] 10 +_ 5(b)

Flame
type

VVN2
Spectrometry H2/O2/N2

Rotating probe H2/O2/N2
(d)

This work 125+17 R.f. resonance CO/O2/N

All values from literature are extrapolated to the temperature of

our CO flame (1930 K); the errors quoted are only of accidental

character; a discussion of possible systematic errors is given

in the text.

These values are derived from measured k -values.

Corrected for the differences in the flame gas composition of H

and CO flames on the basis of specific recombination efficiencies

[16].

With addition of 1% by volume of acetylene.

(b)

(c)

constant, k., for Li at 1930 K, as determined by various investigators; some

values were indirectly derived from measured k -values through the detailed-

balance relation, represented by Eq. (V.6). All the results quoted in the table

are extrapolated to the temperature of 1930 K of our CO flame. In the conversion

of the results of Anthony et al. [16] we also corrected for the differences in

flame gas composition. In the table '.he methods of measuring used by the various

investigators are also indicated.
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It is remarkable that there is a spread by only a factor of about 2

between the extreme k.-values derived in H2/O2/N2 flames. The ̂ -value we

measured in a CO flame was much higher than the highest k.-value

found in these hydrogen flames. Fig. V.5 demonstrates that our measurements

cannot be reconciled with the k.-values derived in H^/O^/N, flames.

In this figure the relative deviation of A£>, calculated using k^ =

12.5 x 10~3 s"1 (equal to 0.1 x our measured value and about equal to the

values derived in H2/O2/N2 flames) and k^ - 1.25 s"
1 (equal to 10 x our

measured value), respectively, from our mean measured bandwidth (for 640 ppm

Li), is given as a function of risetime. For each curve in Fig. V.5 we chose,

at about 5 ms downstream from the reaction zone, bb = Ai> , being the bandwidth

increment recalculated from our mean curve.

O
O

+ 20

- 2 0

V 9 9

— -

—

640

—

_— '

ppm

. a M

^»

Li

1

2

10 15
~> Risetime (ms)

10 15 20 25
*• Height above burner (cm)

Fig. V.S. The deviation of tsb calculated using k^ » 0.0125 s'1 (curve 1) and

k. • 1.25 o"1 (curve 2), respectively, from the bandwidth-increment

tsb (recalculated from our mean curve that corresponds to k^ *

0.125 s"1,), as a function of risetime; the deviation is expressed as

a percentage of tb . The points refer to a typical series of measure-

ments; the estimated accidental error is about 0.02 My . The dotted

curve represents the deviation between the bandwidth under Saha-

equilibrium conditions and tb .
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We shall now discuss to what extent possible systematic errors might

explain the discrepancies between our k.-value and the k.-values reported in

literature.

Possible systematic errors

The association factor <|>, the electric sensitivity c, , and the flame tempera-

ture T, are all suspected sources of systematic errors. Another possible source

might be excess chemi-ionization.

Systematic error 1

Our measuring results with Cs, K and Na in the same CO flame indicate that in

che region of observation excess chemi-ionization does not play a prominent

part in the ionization process of these alkalis [I]. However, we expect that

with decreasing k. excess chemi-ionization becomes more and more important.

Since we estimate a maximum contribution of 5Z excess chemi-ionization to k.
1

in the case of sodium [I], we assume that chemi-ionization cannot be dominant

in the ionization process of lithium either. This assumption is corroborated by

the fact that 80 ppm Li follows Saha, while B. for the other solution concentra-

tions tends to @. with increasing risetime (cf. Table V.I and Fig. V.2).

i »£

Systematic error 2

For determining the values for the association factor, 4>, we preferred to use

the results fron the intensity-ratio measurements rather than those from the

COG's (cf. Sect. 3 and Fig. V.I). On the basis of the COG's, $ might be less

than assumed in the determination of e and A:.. On the average the effect on

I/C + $) would be a relative increase of about 10% at all heights of observa-

tion. From Eqs. (V.I8), (V.17) and (V.15) it follows that the electric sensiti-

vity, a, , would decrease by about 5%.

If these suppositions were correct the result (through Eq. (V.21)) would

be a 10% increase in K. Therefore, lowering all if-values to the level derived

from the COG's, we would find through Eqs. (V.15) and (V.16) a relative de-

crease of 5% in the ionization rate constant, k., for lithium.

We measured our (((-values by two methods which are known to be reliable.

Moreover, the order of magnitude of these values was corroborated by an estima-

tion on the basis of the water output of the nebulizers (cf. Sect. 3).
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Therefore, we excluded the possibility of ^-deviations beyond the limits of

our experimental results. Consequently in our measurements if was not an impor-

tant source of systematic error.

Systematic! error 3

There is a possibility that the electric sensitivity, e,, varied with the

risetime, in contrast to what we had assumed implicitly in Sect. 4.1. But

having supposed that a increased (or decreased) by 15% over 10 ms risetime

(cf. [1]), we found that the numerical integration given by Eq. (V.21) did

not yield results beyond the limits indicated by the accidental errors.

Therefore, in the case of lithium, a. is not an important source of systematic

errors either.

Systematic error 4

The fourth point of discussion is the radial inhomogeneity of the local

flame temperature [1]. The flame temperature is a sensitive parameter in the

ionization process, K. beingan exponential function of temperature. Further-

more, the values derived for both e. and [M] are temperature-dependent.

We have used an effective average temperature which was identified with the

optically measured reversal temperature (cf. [1]). Now we must try to find out

to what extent a temperature deviation can lead to an erroneous k.-value.

In this connection we must realize that the left-hand side of Eq. (V.20)

follows directly from the measurements of <? and hb (see Sect. 4.1). Therefore,

we can determine a.2K.[H] , and then K, without knowing the temperature. Com-

bining Eqs. (V.15), (V.16) and (V.20) we can write now for fe.:

fc. a (V.24)

where F represents the temperature-insensitive factor.

In determining the ionization rate constants for Cs, K and Na, we found

that the effective (average) flame temperature might deviate by only 30 K from

the optical line-reversal temperature of 1930 K [1]. With Eq. (V.24) we calcu-

late for lithium that the experimental value for the ionization rate constant,

k^, therefore ranges from 0.096 s"1 (if T - 1900 K) to 0.161 s"1 (if T - 1960 K).

However, on the basis of the correlation between the experimental points and

the Saha-curves in Fig. V.2 a deviation of at most 5 K seems to be even more

probable.
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More delicate is the question of the extent to which we falsify our results

if we neglect the marked difference between the dependence of temperature on

height in the flame centre and at the flame border (cf. [I]). For the optical

measurements it seems correct to suppose that the effective flame temperature

was constant (for the arguments, see also [1]). As far as the interpretation

of the r.f. measurements is concerned, the only thing we are sure about is that

we must always use a temperature-value which lies between the temperature on the

flame axis and the wing-temperature. Therefore, we assume that the influence of

the temperature-variation on the k.-value will be within the ranges indicated

above.

Epilogue

Each point from Fig. V.2 is based on an average of at least one thousand

scanned resonance curves. Consequently it was possible to reduce the acciden-

tal error in k. to about 15% (cf. Tables V.2 and V.3), although the available

range of risetime is only about I x 10~3fc.—1. We note that at the same tempera-

ture the ratio between available risetime and &."' in the experiments with

H /0,/N, flames is still a factor of 10 to 100 times worse than in our case.

Many measurements in H J / O J / N , flames were in fact performed at higher tempera-

tures, but Kelly and Padley, for instance, measured at 2080 K too [14], However,

according to their graphs the experimental scatter in their k.-values did not

increase beyond 50%.

Of course, the possiblity of introducing a systematic error through the

hydroxide correction into the results of measurements with H2/O2/N- flames is

much greater than with our CO flame, especially in the case of lithium. Kelly

and Padley also emphasized this point, when they noted that the hydroxide cor-

rection for lithium (where i(> ranged from 10 to 100 in their various flames)

led to an experimental scatter for k. which was sufficiently large to obscure

entirely the dependence of k^ on burnt gas composition; for the other alkalis,

however, they were able to determine individual rate coefficients with H,, N,,

CO, CO, and H,0 as collision partners [14].

Finally, in Table V.4 we compare the k.-value for lithium with the values

derived for the other alkalis in our CO flame.

107



TABLE V.4

Comparison of (thermal) ionization rate constants k.

found in our CO/O./N,, flame at 1930 K

Metal Ionization rate

constant k. (s"1)

Cs

K

Na

Li

(0.47 +_ 0.04) x I02

13.4 +_ 0.4

0.298 +_ 0.015

0.125 + 0.017

The errors quoted above are only of accidental character;

a realistic estimation of the possible systematic error

for Cs is about 50Z (see [1]), and for Li about 30%.
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C H A P T E R V I

CONDUCTIVITY OF THE SEEDED FLAME

1. INTRODUCTION

In our ionization relaxation investigations described in the previous chapters

of this thesis we determined collisional-ionization rate constants by studying

the radio-frequency bandwidth, b, as a function of risetime in the flame. The

bandwidth-increment, Ai>, we observed is caused by the electrical-charge carriers

in the flame, which originate from the sprayed alkali metal. In fact, Afc is a

measure for the real part of the conductivity of the flame plasma. Therefore

we are challenged to interpret our Ac-measurements in terms of electric con-

ductivity.

2. THE THEORETICAL MODEL OF THE CONDUCTING FLAME IN A WEAK, ALTERNATING

ELECTRIC FIELD

2.1. The relation between electric conductivity and potential

Consider a vertical flame that is surrounded by air and subjected to no forces

other than the alternating electric field with circular frequency ui. This system

has to satisfy the "equation of continuity" [1], which expresses the conserva-

tion of electric charge:

V-? + 3p/3t = 0 , (VI.I)

where J is the electric current density, p is the charge density, and t is the

time.

The system also satisfies Maxwell's electromagnetic equations, of which

1-t = p (VI.2)

is particularly important in this connection. It is assumed that the electric

displacement, D, can be expressed as follows:

2 = cQl , (VI.3)
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where E is the electric field strength and e is the permittivity of vacuum*).

Under our experimental conditions the field quantities are harmonically

oscillating functions of time. So we write for the electric field strength:

E~(r,t) (VI.4)

where r is the position vector.

In addition, we assume that

(VI.5)

where the (flame) conductivity o is a scalar function of r and u; o will

usually be complex (cf. e.f;. [2]).

This system of equations is completed by

2(?,i) » - vV(?,t) , (VI.6)

where V represents a scalar, electric potential. Equation (VI.6) replaces

Maxwell's equation V - E • -3£?/3t, since under our experimental conditions B

may be neglected [3]. Consequently, the above potential V should exist.

Combining Eqs. (VI.1) up to (VI.6) we find

V{[o(?,u) + jioe ]#(?,£)} « 0 (VI.7)

Equation (VI.7) is the starting point for the following considerations.

2.2. From potential to admittance

The flame (surrounded with a region of air) is placed between two plane conden-

ser plates which are parallel to the y—z plane. One plate is grounded; the

other plate is connected to a source which supplies an alternating voltage

•Equation (VI.3) replaces the equation 3 « eJ? + P, where ? is the dielectric

polarization [1]. The simplification represented by Eq. (VI.3) is justified

because the flame and the ambient air can be considered as dilute gases, which

means that their polarization can be neglected.
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W(t) = V exptjut]. The grounded plate is situated at x = 0, the non-grounded one

at x = d. Our intention is to derive the admittance of this system from the flame

properties and the system dimensions.

To enable us to do this we must look for a solution of Eq. (VI.7) which

satisfies the boundary conditions:

V(r,t) = 0 for r on the grounded plate, and

V(r,t) « W(t) for r on the other plate.

Defining the quantity by

we re-formulate our problem as follows: we must look for a solution U(r) of

the equation

o (VI. 8)

which satisfies the boundary conditions:

U(r) - 0 on the grounded plate, and

1 on the non-grounded plate.

We can write for the electric charge, dQ, on the surface element d r of the

non-grounded plate:

where E is the component of the electric field strength normal to the element,

directed towards the other plate (cf. [I]). Therefore, the current, dl, flowing

towards the element d.2* is given by

dl - d(d«)/dt

x-d
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The contribution of the element d,r to the admittance, Y, is thus

dl v (VI.9)

2.3. The first order approximation

The problem in Sect. 2.2. is, in general, too difficult to be solved analyti-

cally (for some special cases exact, analytical solutions are given [2]).

Therefore, we shall give an approximate solution which involves a perturbation

expansion of the form

U (VI.10)
m-0

where V (r) is the rath order term in a(r)/me0. Substituting Eq. (VI.10) into

(VI.8) we replace the latter equation by the combination:

and

jV{[a(r)/iueo]V for (VI. 11)

Let the series given by Eq. (VI.10) satisfy the boundary conditions of Eq.

(VI.8) for all values of we . Hence

0 on the grounded plate,

1 on the non-grounded plate,

0 on both plates for m * 1.

From the Eqs. (VI.9) and (VI.10) there follows a power series for the admittance:

CO

dy - I AY , (VI.12)
m-0

with

(VI.13)

x-d
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The aim of the first order approximation is to replace Eq. (VI.10) by

(VI. 14)

Experimentally we found a linear dependence of the admittance on •-,.- ej.etci.c-'.

concentration (see Sect. 3). Therefore we assume that the first order approxi-

mation is correct.

Under these conditions Eq. (VI.12) simplifies to

dY + dY, (VI.15)

The quantity dY. represents the contribution of d.r to the admittance in the

absence of the flame. In fact, dY has the form of a capacitive susceptance.

Since there are always capacitances in parallel to the measuring condenser,

we are not interested in determining dY_. Hence, we narrow down our calcula-

tions to d.Yj.

The determination of Ar) (see Eq. (VI. 14)) is an electrostatic problem.

Its solution is simple (cf. Sect. 2.4). For the determination of U. we define

the Green function G(r,P) (cf. [!]) through

P) (VI.16)

with the boundary condition

G(p,P) » 0 for P on both plates.

V must be conceived as S/6.r.

Now U. (z>) can be expressed entirely in G and V- through

(VI. 17)

where V1 must be conceived as 3/3,r'.

Partial integration of Eq. (VI.17) yields

(VI.18)

Substituting this equation into Eq. (VI.13) we find
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dY (VI.19)

where x> represents a position on the non-grounded plate, while the function

A(r,r') is defined through

A(r,P) =|^ (VI. 20)

2.4. The relation between admittance and conductivity in our model

In the light of the foregoing the admittance can be derived in three stages:

(i) the determination of A(r,r'),

(ii) integration over the flame (see Eq.(VI.I9)),

(iii) the determination of the total admittance for the non-grounded

measuring-plate through integration of Eq. (VI.19) over r.

Ad (i): Since the grounded plate is situated at x • 0, and the non-grounded

one at x » d, it holds that

UQG) = Xld

while Eq. (VI.20) is reduced to

(VI.21)

(VI.22)

x*d

In the above it is not essential for the system to be three-dimensional.

Therefore, we assume from now on that o(r) does not depend on z. Hence, U A P )

is independent of z and the problem thereby becomes essentially two-dimensional*).

We also conceive Eq. (VI.16) to be two-dimensional and we substitute

*) Three-dimensional treatment of the problem is also possible. This becomes

interesting for the estimation of the height resolution when we determine

a(r) as a function of height, for instance (cf. [2])-
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G(r,P) - / gik-.x.x^exp [jk(y -y')] dk
—00

In addition we substitute

00

S(y -y') ' (2H)-1/ expljkiy - y')] dk

In this way we find

Since

(VI.23)

0 for r on both plates it follows that

g{k;Q,x') ' g(.k;d,x') - 0

Solving Eq. (VI.24) with Eq. (VI.25) as boundary condition we obtain

32 ,,i. ., . k cosh kx'
2TT sinh

(VI.24)

(VI.25)

(VI.26)

Successive substitution of this expression into Eqs. (VI.23) and (VI.22) yields

j/')] dfe . (VI.27)
sinh

Ad (ii): We consider the ideal case of a cylindrical, infinitely tall flame

(radius a) with the axis in the 2-direction. This axis intersects the x-y plane

at the point (dl2,0). The conductivity o(r) is assumed to be independent of

height and thus is a function of the distance r = (x2 + y2) from the flame axis.

When electrical-charge carriers are present, we have o(r) f 0 for 0 * r * a.

It can be proved that

d
/ cosh kx' exp [- jky']o(r>')dr'~ 2n cosh(fci/2) / r'a(v'}dr' . (VI.28)

1 0

Using this relation and substituting Eq. (VI.27) into (VI.19), we find
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"1 7
With the relation (cf. e.g. [4])

we can transform Eq. (VI.29) into

dy - j ? [ "2 /
1 2 d3 [cosHny/d)]2 0

dfc /
0

(VI. 29)

(VI.30)

Ad (iii): In the ideal case the flame burns between the two plane, circular

plates of the measuring condenser, which form part of infinitely large (guard-

ring) condenser plates with the same potentials. The plates of the measuring

condenser have a radius R and the distance between them is d(d > a). The total

admittance of this system can be written as

//?2-s2

( V I . 3 1 )

Since it can be proved that

-if

R f
S dz §̂[cosh(iti//<i)]-2d!/ - ^ I sinetgh(^§ sin5)d?

(VI.32)

we obtain, after substitution of Eqs. (VI.30) and (VI.32) into Eq. (VI.31), for

the relation between the admittance, Y., of the system and the conductivity, a,

of our flame in first-order approximation:

d2- 0
(VI.33)

where the function h(a) is defined by
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»/2
h(a) = J sin£tgh(asin£;)d£

0
(VI.34)

This admittance is in parallel with the admittance of the resonance system

itself. The function h(a) is shown in Fig. VI.I.

»/2
Fig. VI.1. The quantity h(a) = / sin£tgh(asin£)d£ as a function of a.

0
It is handy to rewrite Eq. (VI.33) in the form

(VI.35)

where a represents the "average conductivity" weighted over the flame cross-

section.

Under our experimental circumstances, where a - 10.0 +̂  0.3 mm, R » 10 inn

and d » 27 mm, we calculate through Eq. (VI.35), for the admittance Y.:

y, - (o.6i * 0.06) x io"2 o n"1

in which o has to be expressed in 0T1 m"1.

(VI.36)
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3. THE REAL PART OF THE CONDUCTIVITY

In this section we are only interested in the determination of Reo. We shall

base this determination on the experimental results given in Chapters II, IV

and V of this thesis.

The real part of the admittance Y. (and through it Reo) is related to the

bandwidth-increment, tb, of the r.f. resonance system; this relation is des-

cribed by 6b - (Rey^ai/W?,,"1. The quantity 3b/3R..~l, derived in Chapter II,

represents the sensitivity of the bandwidth to variations in the parallel

conductance R. .""' of the resonant circuit, i.e. to ̂ he real part of the

admittance, ReY..

In our ionization investigations we defined the sensitivity a by the

relation

(VI.37)

where [e ] represents the actual electron density. It should be recalled that

we found different a, -values for the various alkalis (see Chapters IV and V).

In view of the above proportionalities Reo/[e ] will be proportional to

c, . Combining the Eqs. (VI.36) and (VI.37) with the experimental value of

ab/3/? -1, derived in Ch. II: Sb/SR.r1 * (73 + 3) x 108 0 s"1, we find the

experimental relation

Reo/[e~] - (2.2 *_ 0.3) x IO~8 o^ ,

in which [e~] has to be expressed in m"3. Each a, -value obtained in Chapters

IV and V yields a value for Reo/[e~]. We plot this ratio as a function of

M.~l, the inverted atomic weight (see Fig. VI.2).

Since for caesium and potassium the ionic contribution to Reo is expected

to be small, we estimate_j_on the basis of the above ratios for Cs and K, for

the contribution, Reo /[e ], of the electrons to Reo/[e ] :

10"18 a~l

in which [e ] has to be expressed in m~3.
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Fig. VI.2. Derived values for Reo/[e ] plotted versus ~ the inverted atomic

weight. The circles o refer to c, -values obtained from r.f. bandwidth

measurements alone. The crosses x for K and Na refer to c,-values

derived under Saha equilibrium conditions, while the cross x for Cs

refers to the a -value determined from the combination of r.f.

and optical measurements.
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4. THE RELATION BETWEEN ELECTRIC CONDUCTIVITY AND COLLISION FREQUENCY

4.1. The integral expression for the conductivity

The conductivity a depends on the collisional interaction between the electrical-

charge carriers, electrons and ions, and the flame gas particles, which is

characterized by the collision frequency v. If several species of charged

particles are present, the resulting conductivity is simply the sum of the

conductivities which correspond to the separate species.

A general method to relate conductivity and collision frequency has first

been presented by Margenau [5]. This method is based on tl— Boltzmann-Maxwell

transport equation. Under certain conditions - assuming, for instance, that only

elastic collisions between the charged particles and the neutral gas molecules

occur - this theory leads to the following expression [6]:

3 m 0
(VI.38)

Here, /° represents the isotropic part of the velocity-distribution function of

the charged particles (with charge e and mass m), the density of which is given

by

n - 4TT / f°v2dv
0

In particular, the dependence of the collision frequency, v, on the particle

velocity, V, must be known in order to determine a.

4.2. Derivation of the electron collision frequency from our conductivity

measurements

Since for the electron collision frequency, v , it holds that v ^ » cu2, the

real part of the electron conductivity a can be written - according to Eq.

(VI.38) - as

(VI.39)

Now we define an effective collision frequency, v *, by

v * = - (VI.40)
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If v is independent of v, v> * will be identical to v . Substituting Eq. (VI.40)

into Eq. (VI.39) we obtain

Reo = [e"]e2/m v * . (VI.41)

In Sect. 3 we estimated Rea/[e~] £ 0.4 x 10~ 1 8 fl-'m2. Hence, according to Eq.

(VI.39) the effective electron collision frequency, v *, will be about

0.8 s"1

4.3. Comparison with literature data

The above value is in agreement with the value of 0.88 x 1011 s"1 obtained by

Belcher and Sugden [7] for a CO/air flame at 2200 K. Schneider and Hofmann [8]

reported a measured electron collision frequency of 2.6x 10 1 1 s 1 with an

acetylene/air flame at 2180 K at 1 atm. Both values were obtained by microwave

measurements. Kuhns [9] reported for a C3Hg/O,/N. flame at 1 atm. a value

of 1.9 x 10 1 1 s"1. The discrepancies can probably be explained by differences

in flame gas composition. Another explanation would be that the various inves-

tigators have measured different kinds of effective v *.

4.4. Calculation of the electron conductivity on the basis of electron

scattering cross sections

tn the literature more detailed data are available about electron scattering

cross sections for (elastic) collisions between electrons and N , CO, CO,, H,0

or O2. In our flame N,, CO and C0_ are relevant as collision partners for the

electrons.

Detailed information about the dependence of the scattering cross section,

q, on the electron energy, U , is given, for instance, by Engelhardt, Phelps

and Risk [10] for N 2 and by Hake and Phelps [II] for CO and CO-. Their values

are based on a numerical analysis of the measuring results of various investi-

gators, which involve both drift velocity measurements and diffusion methods*).

*)
For a review, see also Gilardini [12],
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In order to calculate the electron conductivity, o , from the scattering

cross section data reported in the literature we must transform Eq. (VI.39).

Let us assume that the scattering cross section, q, can be written as q = F.V .

If we assume that the velocity of the collision partners is negligible with

respect to the velocity of the electrons and that f° represents a Maxwell-

distribution, we can approximate Eq. (VI.39) by writing

T(2 - y) (VI.42)

where

and [X] represents the density of the collision partner X (cf. [13]). The

corresponding imaginary part of the conductivity can be written as [13]:

r(§ - (VI.43)

where

It is interesting to compare our experimental result in Sect. 3,

Reoe/(e J^O.4 x IO~
18 &~lm2, with the value we can calculate with Eq. (VI.42)

on the basis of q(JJ ) data from the literature [10-12]. At our flame temperature

T = 1930 K for a 100% N2~, CO-, or C02-milieu at I atm. we find Reo/[e~]-values

of 2.8 x 10"19, 1.9 x 10~19, and 0.9 x lO"19*}"1!!!2, respectively. If we make

allowance for the equilibrium composition of burnt gases (viz.: 40% N,, 35% CO,

22% CO, and minor constituents) we obtain the weighted value*);

*) The electron collision frequency is identical to the average number of

collisions undergone by each electron per unit time. It is equal to the sum

of the individual frequencies for an electron for collisions with each kind

of collision partner X. For any one (relative) electron velocity the indivi-

dual collision frequency is proportional to the partial pressure and the

collision cross section of the flame gas partner X involved.
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Rea /[e ] » 1.7 x 10~19 n 1m2; the corresponding- value Imo /[e ] is equal to

- 1.1 x 10~30w ST^m2 (u) £ 108 s~'); under these conditions the contribution of

CO. appeared to be dominant.

The Rea /[e~]-value calculated here is thus about half the value we estima-e
ted on the basis of our Admeasurements (see Sect. 3).

5. DISCUSSION

If Margenau's treatment of the conductivity [5] as well as Eq. (VI.38) are also

correct for ions, it can be proved that Reo./[M ] can never be larger than

e2/2M.ui (Rea. = real part of the ion conductivity, [M ] = (alkali) ion density,

M. = ion mass). Consequently, for the field frequency we used (iu %, 1 * 108 s"1)

the upper limit of Rea./[M+] in the case of Li+ is about I.I x 10~20 £T2ra2;

for Cs it is only 5.8 x 10~22 S~im^ Therefore, if our model is correct the

increase in Reo/[e ] with M. ' as demonstrated by Fig. VI.2 certainly cannot

be due to a contribution of the alkali ions to the real part of the flame con-

ductivity. It follows, therefore, that the increase in a in the sequence

Cs-K-Na-Li cannot be caused by such a contribution.

In this connection it is remarkable that for any one electron concentration

the shift in resonant frequency, A/ , also increases in the sequence Cs-K-Na-Li.

However, when we take the respective a, -values into account all A/ -values become

identical for the same electron concentration, within the experimental error.

Of course the whole picture would be different if electrons became attached

to certain kinds of flame particles, thus forming negative ions. The formation

of negative ions, however, contradicts current views on alkali ionization and

recombination (cf. e.g. [14]). Furthermore, negative ion formation would upset

the kinetic analysis of alkali ionization and lead to erroneous k.-values (at

least in the case of sodium and lir.iium).

On the basis of our optical measurements we conclude that particle diffu-

sion is negligible in our flame (see Chapter IV of this thesis). Is this state-

ment also correct for the charge carriers? Or is (ambipolar) diffusion of the

electrons and the alkali ions possible without a perceptible diffusion of the

f alkali atoms?

j These questions are not significant in the present context, for on the

basis of the values for the ambipolar diffusion constants from the literature

(cf, e.g. [IS, 16]) we ascertained that diffusion of charge carriers can be
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neglected in our flame: for 10 ppm Na we calculated an influence of only 0.5%

on the measured ionization rate. The only other explanation we could think of

for the differences in the a, -values would be that we have underestimated the
b

influence of the temperature cross-profile of our unshielded flame. As stated

in Chapter VI the radial variation in temperature is on the average about

+_ 30 K. Of course the influence of this variation is greatest for lithium as is

demonstrated by the dependence of the ionization constant K. on temperature

(see Table VI.1).

TABLE VI.I

Calculated dependence of the ionization constant, K.,

on temperature, T

T (K)

(cm"3) 1900 1930 1960

Cs 0.96 x io10 1.42 x I010 2.08 x 1010

K 0.61 x ]09 0.95 x 109 1.45 x |09

Na 0.46 x |07 0.77 x I07 1.27 * 107

Li 1.01 x 106 1.72 x IO6 2.89 x 106

Also in view of the above considerations our fc.-values for Cs and K are

more reliable than those for Na and Li. For Na and Li it should be possible to

work the radial temperature variation of our unshielded flame into the mathema-

tical analysis of both the conductivity and the ionization process. If the

differences in the c -values do indeed originate from the radial temperature

variation, then one must again weigh up the pros and cons of using shielded and

unshielded flames in future ionization-relaxation experiments.
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S A M E N V A T T - I N G

Dit proefschrift beschrijft de bouw van een radio—frequent resonantie systeem

en het gebruik van deze apparatuur bij de bestudering van de ionisatie van

alkalimetalen in vlammen. Dit onderzoek maakt deel uit van het onderzoekprogram-

ma van de vakgroep Atoom- en Molecuulfysica van het Fysisch Laboratorium van de

Rijksuniversiteit te Utrecht.

In Hoofdstuk I van dit proefschrift wordt een kort overzicht gegeven van

dit onderzoekprogramma in de laatste twintig jaar, althans voor zover het het

gedrag van metaaldamp in vlaianen betreft; hierbij wordt tevens de relatie aan-

gegeven met ons onderzoek.

Daarnaast geeft dit hoofdstuk een overzicht omtrent de punten van verschil

en overeenkomst uit de literatuur betreffende de ionisatie van alkalimetalen in

vlammen. Een samenvatting van het proefschrift in de engelse taal sluit dit

hoofdstuk af.

In Hoofdstuk II wordt de gekozen meetmethode nader besproken. Daarbij

wordt allereerst ingegaan op de voor— en nadelen van deze methode ten opzichte

van optische en microgolfmethodes, alsmede ten opzichte van het gebruik van

elektrische probes.

Het ontwerp van ons radio-frequent resonantie systeem wordt globaal ge-

schetst, waarbij een uitvoerige stabiliteitsanalyse wordt gegeven aan de hand

van Nyqvist-diagrammen.

De onvermijdelijke terugkoppeling via de randcondensator op het "hart" van

ons systeem, de meetcondensator, maakte deze analyse noodzakelijk. Onze keus

voor een capacitieve terugkoppeling wordt gedetailleerd geargumenteerd.

Speciale aandacht wordt geschonken aan de volger (met een versterking

van eenmaal) die als impedantie-transformator tussen resonantiekring en rand-

condensator fungeert. De demodulatie van de AM/FM-gemoduleerde draaggolf door

middel van een speciale detector, die de amplitude modulatie van 100% volgt,

wordt beschreven. Tevens wordt uitvoerig ingegaan op de verwerking van de meet-

gegevens betreffende bandbreedte en resonantiefrequentie alsmede op de manier,

waarop de uitkomsten worden gepresenteerd.

Een beschrijving van het gedrag van ons meetsysteem (wat betreft lineari-

teit en gevoeligheid) en een overzicht van relevante gegevens over de resonan-

tiekring, sluiten dit hoofdstuk af.
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In Hoofdstuk III worden zowel onze optische metingen van de sporen van

lichtgevende deeltjes, als de theoretische berekeningen van de stijgsnelheid

van de vlam behandeld. De systematische fouten die kunnen onstaan door traag-

heid s- en zwaartekrachten werkend op deeltjes van verschillende soorten en

afmetingen, worden in detail bediscussieerd. In deze discussie geven wij enige

waarschuwingen en voorbehouden met betrekking tot de interpretatie van dit

soort metingen.

De gemeten stijgsnelheid van de vlam kon in overeenstemming worden ge-

bracht met de berekende. Het beste materiaal voor onze stijgsnelheidsmetingen

bleek te zijn poedervormig molybdeniet

Het onderwerp van Hoofdstuk IV is de bepaling van de snelheidsconstante

voor de botsingsionisatie van Na, K en Cs. We beschrijven eerst de apparatuur,

t.w.: het RF resonantie systeem, de optische spectrometer en de combinatie van

brander en vlam. Hierbij worden de karakteristieke eigenschappen van de vlam

beschouwd in relatie tot onze experimentele condities.

Vervolgens wordt een analyse gegeven van het ionisatieproces van het

alkalimetaal. In samenhang met de bepaling van de snelheidsconstante, k.,

bespreken we de geldigheidsgrenzen en de lineaire responsie van het detectie-

systeem, de gevoeligheid van het RF resonantiesysteem en de rol van aanvullen-

de optische metingen.

Bij de presentatie van onze experimentele resultaten voor k. (bepaald voor

T « 1930 K in een C0/O2/N2-vlam), t.w.: fc^Cs) - 0.47 x IO
2 s"1, fe.(K) - 13.4

s"1 en fe.(Na) - 0.30 s"1, wordt een vergelijking gemaakt met literatuurwaarden

(zie tabel IV.7). Het bestaan van een aanvangsniveau voor de ionisatie in de

reactie zone betekent hoogst waarschijnlijk, dat exces chemi-ionisatie aldaar

overheerst. In het laatste gedeelte van dit hoofdstuk bespreken we in detail

zowel toevallige als systematische fouten.

In verband met de hydroxyde-vorming bij lithium wordt de bepaling van

.(Li) afzonderlijk behandeld in Hoofdstuk V. De experimentele bepaling van de

"associatiefactor"berust zowel op de vergelijking van Li- en Na-lijnemissies

als op de meting van de lithium groeikromme.

Voor fc..(Li) vinden wij 0.13 s"1 bij T - 1930 K. Wij vergelijken deze

waarde kritisch met literatuurwaarden waarbij de invloed van de verschillende

toevallige en systematische foutenbronnen in beschouwing wordt genomen.
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In Hoofdstuk VI ontwikkelen we een theoretisch model voor onze geleidende

vlam in een zwak electrisch wisselveld. Wij geven een eerste-orde-benadering

voor de relatie tussen de admittantie en het geIeidingsvermogen van de vlam.

Uit onze metingen van de toename van de RF bandbreedte bepalen we het

reële deel van de admittantie en daarmee het reële deel van het geleidings-

vermogen. Dit geleidingsvermogen wordt veroorzaakt door de aanwezigheid van

elektrische—ladingdragers in de vlam, die voortkomen uit het verstoven alkali-

metaal.

Wij brengen het gemeten geleidingsvermogen in verband met de botsings-

frequentie van de elektronen. De gevonden waarde van ongeveer 0.8 x I011 s~'

wordt vergeleken met literatuurwaarden. Tevens berekenen we het geleidings-

vermogen per elektron in onze vlam op basis van de doorsnede voor elektronen-

verstrooiing. Een discussie over onze resultaten vormt de afsluiting van dit

laatste hoofdstuk.
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