


S T E L L I N G E N

bij het proefschrift 'Two-photon excitation of higher sodium levels and

population transfer in a flame'.

I. Een laser, afgestemd op een frequentie in de vleugel van een absorptielijn

van natrium in een vlam, kan in een bepaald gebied van de verstemming ver-

zadiging van de corresponderende overgang veroorzaken. Deze verzadiging,

in combinatie met de ruimtelijke verdeling van het laserlicht, kan een aan-

zienlijke verbreding van het excitatieprofiel van de overgang tot gevolg

hebben.

Hoofdstuk VI van dit proefschrift.

2. Zowel uit de experimenten van Rothwell en zijn medewerkers als uit Hoofd-

stuk IV van dit proefschrift blijkt, dat botsingen van natrium atomen in

hogere aangeslagen toestanden met andere atomen bij benadering een Cher-

mische verdeling van de natrium atomen over deze toestanden opleveren.

H.L. Rothwell, D. Leep, A. Gallagher, J. Appl. Phys. 49, 4396 (1978).

3. Botsingsverbreding van de absorptielijnen van een atoom maakt het moge-

lijk dat fotonen geabsorbeerd worden die een frequentie hebben welke sterk

verschilt van die voor een ongestoord atoom; twee of meer van dergelijke

absorpties na elkaar kunnen het atoom in een hogere toestand brengen.

Hoofdstuk VI van dit proefschrift.

4. Beschouw een cylindervormig medium met straal 1 en brekingsindex

n(r) « 1 + /l - r2/(Tta) (waarin 0 £ r < 1 de voerstraal in het medium

is), dat zich bevindt in een omgeving met brekingsindex 1. Als op dit

medium een evenwijdige lichtbundel loodrecht op de cylinderas invalt,

dan convergeert deze bundel tot een lijn op afstand a (a » I) evenwij-

dig aan de cylinderas.

F.P. Küpper, CA. van Dijk, Rev. Soi. Inetrum. 43, 1492 (1972).



5. Met behulp van twee-foton excitatie is het mogelijk om bevolkingsinversies

tussen somnige hogere toestanden van natrium atomen in een H2~02~Ar vlam

van 1800 K te bewerkstelligen.

Hoofdstuk IV van dit proefschrift.

6. Een holografie opstelling biedt de mogelijkheid om brekingsindexgradiënten

in een vlam te bestuderen met behulp van het interferentiepatroon dat ont-

staat als men twee hologrammen op dezelfde fotografische plaat superpo-

neert, namelijk een met en een zonder vlam in de objectbundel.

7. Een vlam met natrium atomen in de trilholte van een flitslaser, die op een

van de 3Sj ;2~3Pj/2 3/2 overgangen afgestemd is, kan de duur van de flits

beïnvloeden doordat de toenemende verzadiging van de natrium atomen een

groei van het laserveld tot gevolg heeft en omgekeerd.

Appendix van dit proefschrift.

8. Opto-galvanische spectroscopie in vlammen maakt weliswaar een vereenvoudi-

ging van de detectie apparatuur in de spectrochemische analyse mogelijk,

maar daar staat tegenover dat de stralingsbron, te weten een verstembare

laser, ingewikkelder is dan een holle kathode lamp of een xenon lanp.

Ook de theoretische verklaring van zowel de ionisatieprocessen als de

werking van de sondes is aanzienlijk minder eenvoudig dan bij de klassieke

methoden.

R.B. Green, R.A. Keller, P.K. Schenck, J.C. Travis, G.G. Luther, J. Am.
Chem. Soa. 98, 8517 (1976).

9. Door een speciale keuze van de afsten-elementen van een laser, is het

mogelijk om deze op twee gescheiden frequenties te laten oscilleren, (ten

heeft dan de beschikking over een pompbundel en een sondebundel net ver-

schillende frequenties. Bovendien is het mogelijk om de bundels verschil-

lende polarisatietoestanden te geven.

Appendix van dit proefschrift.



10. Behalve met ionisatie spectroscopie, zoals Hurst en zijn medewerkers be-

drijven, kan men, door de fluorescentie van atomen in een verzadigend,

resonant laserveld te detecteren, één enkel atoom aantonen.

G.S. Hurst, M.H. Nayfeh, J.P. Young, Phys. Rev. A IS, 2283 (1977);
F.C.M. Coolen, H.L. Hagedoorn, Physica 79C, 402 (1975).

11. Doordat de spectrale energie per oppervlakte eenheid van hun laserbundel,

in verband met de aanwezigheid van argon, daalt als de bundel gefocusseerd

wordt, is het niet duidelijk wat Hurst c.s. verwachten van dit focusseren.

G.S. Hurst, M.H. Nayfeh, J.P. Young, Phys. Rev. A IS, 2283 (1977).

12. Natrium atomen in een H2~02~Ar vlam van 1800 K kan men ioniseren met be-

hulp van een laser die op een resonantie van de natrium atomen afgestemd

is.

Hoofdstuk V van dit proefschrift.

13. In de theoretische beschrijving van de door hen waargenomen lijnvertre-

ding van Cs-resonanties in een dampcel door hoge laserintensiteiten,

verwaarlozen Ward en Smith ten onrechte het effect van botsingen. Verder

is het door hen gelegde verband tussen theorie en experiment onduidelijk.

J.F. Ward, A.V. Smith, Phys. Rev. Letters 35, 653 (1975).

14. De bewering van Loeb, dat sondeaetingen in vlannen waardeloos zijn, is

in zijn algemeenheid onjuist.

L.B. Loeb, 'Basic Processes of Gaseous Electronics', University of
California Press, 1955, p. 363.

15. Een kwart-golflengte plaatje, op geschikte wijze voor de intreespleet

van een roostermonochromator geplaatst, doet het lineair polariserende

effect van het rooster teniet.



16. Door de groentijd van voetgangersoversteeklichten te bekorten, bestrijdt

men de vergrijzing van de bevolking.

17. In verband met de toenemende hoeveelheid vrije tijd, verdient het aanbe-

veling om op scholen, naast sexuele voorlichting, ook andere vormen van

vrijetijdsbesteding te behandelen.

Cor van Dijk

4 december 1978
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C H A P T E R I

INTRODUCTION

IN THE PAST, the study of inelastic collisional interaction between ex-

cited alkali atoms and flame particles was mainly directed towards the

first excited state of the alkali atom and numerous cross-sections for

specific collision partners have been determined.^1'2-' In these experi-

ments, a metal salt solution was sprayed into the flame; after dissoci-

ation of the salt molecules in the reaction zone of the flame, the free

atoms were excited by a resonance lamp and the efficiency of the ensuing

fluorescence was measured. From this efficiency, the quenching cross-

sections of the first excited state for various collision partners were

obtained.(3)

In the present work, an attempt is made to extend these studies to the

higher excited states of the alkali atoms. The emphasis is on an explo-

ration of the possibilities that a flame, in combination with a laser,

offers for such studies, rather than on obtaining detailed information

concerning collisional transitions.

Sodium atoms in a Hg-Oj-Ar flame at atmospheric pressure and a temper-

ature of 1800 K were chosen as the system to be investigated, primarily

because of practical considerations such as: 1) the spectral range of

existing laser dyes covers several one- and two-photon resonances of the

sodium atom; 2) collisional quenching cross-sections of sodium in the

3P-state with several flame constituents are known;'3' 3) the availability

in the literature of radiative transition probabilities for the higher

excited states.

The population exchange between the higher excited states of alkali

atoms in a flame is expected to be collision-dominated because low-

temperature/ low-pressure measurements indicate that the efficiency of

several gases for inducing collisional exchange between excited states

of alkali atoms is larger for the higher excited states than for the first

excited state.'l*»5' Secondly, the cross-sections for doublet mixing of

alkalis by rare gases increase when the energy difference between the

doublet components decreases;'6' it therefore seems reasonable to expect
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an analogous behaviour of interstate mixing cross-sections. Finally, the

increase in the number of possible population exchange routes as a result

of the increased number of lower-lying excited states might also con-

tribute to the efficient distribution of population among those states,

no selection rules being known which govern collisional coupling between

such states.

It emerged from the experiments reported in Chapter IV that collisional

processes actually were effective in inducing population exchange between

higher excited states of sodium atoms in the flame utilized: when the

laser populated a specific level, the population of this level apparently

was rapidly redistributed among the various levels in the vicinity of the

laser-excited level. This efficient redistribution complicates the de-

termination of rate constants between specific levels, because:

1) if we assume detailed balance relations to exist between the rate

constants of an n-level system, then the number of rate constants to

be determined from the n - 1 independent rate equations of such a

system is Jn(n - 1), whereas the maximum number of observable level

population ratios (either by fluorescence- or absorption-measurements)

is n - I. An exact, non-trivial solution exists in the case of n » 2

only;

2) not every populated level may produce an observable fluorescence line.

This fact is connected with both the limited spectral range of de-

tection systems and the existence of selection rules for radiative

transitions.

The population of several higher levels, apparently as a result of

fast population exchange, tended to be in partial Boltzmann equilibrium

with each other, thus precluding the determination of rate constants

between these levels. However, grouping such equilibrated levels offers

the opportunity to assign a weighted average rate constant to such a

group for transitions towards a level which does not belong to the group.

By doing so, the many-level system was actually reduced to a three level

system, consisting of a group of levels, the ground level and an inter-

mediate level.

A pulsed tunable dye laser was used to populate the higher sodium

levels, usually by means of two-photon excitation. Several one- and two-
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photon transitions of the sodium atom were within the tuning range of the

laser. The high spectral irradiance of the laser offsets the generally

small oscillator strengths of two-photon transitions.

The choice of the type of flame was guided by the consideration that

the flame with the highest fluorescence efficiency for the first resonance

doublet of sodium would probably yield a good signal-to-noise ratio for

the observation of fluorescence lines from higher levels. This presump-

tion was confirmed afterwards by the observed decrease of the fluores-

cence intensities when small quantities of N2 were added to the flaae

chosen, which was one from a series of flames designed by LIJNSE.(3) The

gases of this flame, after combustion, are composed of 17Z H2O and 83Z Ar,

the contribution from Hj and O2 being less than O.SZ each. The tempera-

ture of the flame is 1800 K.

Three different two-photon transitions (so-called 'excitation modi')

were excited as described in Chapter III and the ensuing fluorescence

spectra were recorded for each of the excitation modi. These spectra

consist of a number of discrete lines with wavelengths ranging from

2800 ft to 12000 ft and are proof of the existence of efficient popu-

lation exchange between the higher levels of sodium atoms in this flame.

The observed fluorescence spectra were corrected for the spectral

response of the detection system (see Ch. III). With the aid of the

known radiative transition probabilities and wavelengths we obtained

relative population densities of the various levels from the corrected

spectra. Assembling these relative population densities into population

redistribution diagrams, reveals that the populations of several higher

levels tend to be in partial Boltzmann equilibrium with each other. For

such groups of equilibrated levels a weighted average rate constant was

measured for collisional transfer towards the 3P-level, which level did

not belong to the group.

With the assumption that the decay rates of higher levels of sodium

atoms in our flame are of the order of 108 s"1 (afterwards confirmed by

the observations of Ch. IV), the observed saturation and saturation

broadening of two-photon transitions permits a rough estimate of the

two-photon absorption probability of these transitions. Theoretical

expressions for two-photon transition probabilities with broad-band
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excitation were derived and values calculated from these expressions agree

reasonably with those found experimentally (see Ch. III).

In the course of the experiments several side effects appeared, which

were sufficiently interesting in themselves to be pursued somewhat

further:

I) The population of the 5S-level of sodium, when the laser is tuned to

the 3S-5S two-photon transition, might proceed by two different routes:

by direct two-photon excitation and by a two-step process. The first

step of the latter process may occur when the excitation energy of

transitions from the ground state to the 3P-level, as a result of

elastic collisions of the sodium atoms with flame gas atoms or mole-

cules, is shifted momentarily into one-photon resonance with the laser

field. It is easily seen that this first step results in a population

of the 3P-level. In the second step of the two-step process, a fraction

of the atoms in the 3F-state has their excitation energy for transi-

tions to the 5S-level, again as a result of elastic collisions with

flame particles, shifted into one-photon resonance with the same laser

field; these atoms may absorb a second photon and thus reach the 5S-

level. An analogous argument can be used for the population of the 4D-

level.

The occurrence of two-photon and two-step processes seems evident

from the excitation profiles, obtained with a saturating laser beam,

presented in section 1 of Chapter VI. Excitation profiles of the

sodium D-doublet obtained with a non-saturating laser beam, are

presented in section 2 of Chapter VI. The latter profiles closely

approximate the absorption profile of the D-lines in the flame and

are used to obtain estimates of the absorption probability in the far

wings. We also found an upper limit for Rayleigh scattering in section

2 of Chapter VI.

2) It appears that a correct determination of the rate constants, as

described in Chapter IV section 3, requires that the total density of

sodium atoms depends negligibly upon the energy of the laser photons.

Under the observed saturation conditions, however, a substantial frac-

tion of the sodiua atoas is in an excited state and this might cause

a significant increase in the rate of collisional ionization.
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Therefore, knowledge of the degree of ionization under the prevailing

circumstances was required and was obtained by measuring the ionization

signals ensuing from laser excitation by means of a pair of electrical

probes as described in Chapter V.

Since collisional ionization proceeding from laser-excited levels

was a relatively new subject for flame studies (see the references

dealing with the so-called 'opto-galvanic effect' by GREEN et alA7)

and by KING et at. (8)), a broader orientation on the subject seemed

warranted; therefore we measured ionization signals as a function of

probe bias voltage, laser detuning, sodium solution concentration and

free O2 concentration. In some cases, quasi-Saha equilibrium was in-

voked to explain the observations. However, in view of the exploratory

character of this part of the experiment, we in general restricted

ourselves to reach order of magnitude agreement with a simplified

theoretical model.

3) The development of the commercial flashlamp-pumped tunable dye laser

being in its early stages and this kind of laser being new in our

laboratory at the time the experiment was started, it took con-

siderable effort to obtain the knowledge and skill necessary to

optimize the laser performance. To find a suitable experimental set up

for the observation of fluorescence from the higher sodium levels also

resulted in ouch preliminary work. During this preparatory stage of

the work a mode-hopping effect was observed when the Na-coloured flame

was put inside the laser cavity and the laser was tuned to either one

of the transitions of the first resonance doublet. This effect is dis-

cussed in the Appendix. A semi-quantitative explanation is presented,

based on an interplay between saturation of the sodium D-lines

('bleaching') and the laser field.
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C H A P T E R I I

INSTRUMENTATION

I . GENERAL

THE HIGH spectral irradiance and tunability of a flashlamp pumped dye

laser make this kind of laser to a suitable tool for the population of

higher levels. Since c.w. tunable lasers were hardly commercially availa-

ble at the time when the experiment was started, the choice of the flash-

lamp pumped tunable dye laser was also determined by the prevailing state

of the technology. The duration of the laser pulse (roughly 1 us) ex-

ceeding by about two orders of magnitude the expected relaxation time of

collisional processes, conditions for a steady-state population seemed

satisfied.

The laser line width (140 mA) was sufficiently small to excite

separately the Na(3S}/2~3F3/2) and the Na(3si/2"3Pi/2^ transitions, but

the fine structure splitting of the 3D and 4D levels is of the order of

the laser line width **' — even if we neglect collisional broadening —

and could not be resolved. As the laser line width exceeded the Doppler

width in flames by a factor of three approximately,'2) this precluded

the observation of Doppler-free effects. Moreover, the line-broadening

as observed in flames is partly due to collisions, and this type of

broadening tends to broaden the line profiles observed with Dop'pler-free

spectroscopy.(3)

Since the experiments done with excitation of the Na(3Sj*2-3P3^2)

transition were, as a rule, not repeated for the Na(3Sjy2~3Pj#2) tran-

sition, the conclusions drawn from the former experiments need not

necessarily to hold for the latter.

With a laser pulse repetition rate of approximately 1 Hz and a pulse

duration of I us, the output of a detector which continuously monitors

the fluorescent flame region is liable to contain a considerable amount
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of noise from both the flame emission and the dark-current of the detector.

These noise signals can be largely eliminated by using a detector in com-

bination with a gated integrator. A quantitative discussion of the signal-

to-noise ratio (SNR) achievable with various systems is given by OMENETTO

et at., "' who s*>ow that the gain in SNR of a pulsed laser in combination

with a gated detection over a c.w. laser in combination with a continuous

detection can be expressed in terms of the duty factor fX, where f * re-

petition rate of the laser and T - duration of the laser pulse. Provided

the time averaged irradiances of both kinds of laser are equal, a gain in

SNR of (ft) 2 - 103 can be achieved when using a pulsed laser combined

with a gated detection with f » I Hz and T =• 10~6 s.

To determine the relative fluorescence intensities of transitions

between higher levels, we measured the time-integrated fluorescence signals.

This procedure yields an accurate measure for the steady state intensities,

provided that the duration T of the laser pulse is much longer than the

decay time T of the levels. We verified that for every observed fluores-

/10
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FIG. 1. Oscilloscope traces of pulses.
a. Laser pulse; laser tuned to the 3S-3D two-photon transition; power den-

sity is 4 x JO3 kW/cm2.
b. Fluorescence pulse from the Na(4P-3S) transition, resulting from the

laser pulse shown in Fig. la.
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cence signal the condition T << T was satisfied by comparing the time-

resolved fluorescence pulse with the laser pulse. A typical pulse is shown

in Fig. 1, together with the exciting laser pulse. Time-resolved experiments

with several excitation sources populating higher sodium levels, were re-

ported by GALLAGHER et at. '5' Ionization from excited levels may cause a

noticeable depletion of neutral atoms. If the time needed to attain a

quasi-stationary state of ionization is of the order of the laser pulse

duration or longer, then the shape of the fluorescence pulse will be af-

fected.^) Thus, time-integration of fluorescence signals might lead to

erroneous results if significant ionization is present. However, fast

population exchange between the excited levels might diminish such errors,

since in that case all fluorescence signals are approximately equally af-

• time

blank <2560ppm.
1 i time

FIG. 2. Typical chart-recorder scan of the time integrated signals. Total
duration of the scan is 20 min. approximately, corresponding to 1200 laser
firings. Upper trace: time-integrated laser output with the laser tuned to
the 3S-4D two-photon transition of sodium; power density is I * I01* kW/cm2;
the base line is obtained by blocking the laser cavity. Lower trace: tine-
integrated fluorescence signal of the Na(4P-3S) transition, recorded
simultaneously with the upper trace. The base line is obtained with a
blank solution; the signal is obtained with a 2560 ppm sodiua salt
solution.
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feeted; this also holds in the case of distortion of the fluorescence

pulse shape by saturation as reported by VAN CALCAR et ail. (6)

Pulse-to-pulse variations of the laser output, r.f.-noise from the

spark-gap which fires the laser, irregularities of the sprayer performance

and fluctuations in the gas supplies tend to depress the signal-to-noise

ratio. There are also long-term variations from degrading of the dye solu-

tion, drift of the laser tuning and changes in sprayer efficiency. These

circumstances tend to make the measurements very time-consuming. A trade-

off had to be made between the residual amount of (technical) noise to be

accepted and the expected effort and time-expenditure to eliminate this

noise.

A typical scan of the time-integrated laser-output together with a

time integrated fluorescence signal is shown in Fig. 2. Pulse-to-pulse

variations in the laser-output are apparent from the signals of a pyro-

electric detector (Molectron .13-05) shown in Fig. 3. The peak values of

the traces shown are a measure for the energy content of the pulses.

In the experiments reported here, the number of laser firings

necessary to obtain an acceptable SNR for a given fluorescence signal

varied from some hundreds to several thousands, depending on the transi-

tion monitored, available laser power and metal solution concentration.

To obtain a base-line for the laser output, the laser-cavity was

blocked; in this way the background due to r.f. noise from the spark-

gap was determined and subtracted. To obtain a base-line for the fluores-

cence signal, the laser was detuned from the atomic resonance or the

metal solution was exchanged with a blank solution. Estimated upper

limit of the metal concentration in the blank solution is 1 ppm.

The detailed arrangement of the apparatus was adapted to the re-

quirements of the particular experiment and will therefore be given in

the pertinent chapters.
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I,

<}••

Signal from
pyro-electric
powermeter

(mV)

1 4 time (ms)

FIG. 3. Oscilloscope traces of the laser output as monitored by a pyro-
electric detector in a reproducibility test. Between the laser firings
the zero point of the time base is slightly shifted to the right in order
to avoid the superposition of the pulses. Vertical sensitivity is 5 mV/
div; the time base is set to I ms/div. The laser is tuned to the 3S-3D
two-photon transition of sodium. The peak value of the pulses measures
their energy. The decay time of the pulses stems from the electronics of
the power monitor. The energy of the laser pulses as derived from this
figure is 1.0 ± 0.1 mJ.

2. FLAME

The stoichiometric, premixed, Ar-diluted H2-O2 flame utilized, is one

from a serie of flames designed by LIJNSE et at. (?) This flame has

been chosen for its high efficiency of fluorescence for the lowest Na-

doublet and its relatively low temperature of 1800 K, which implies low

thermal emission; low flame background emission is another advantage of

this flame. Apart from the good signal-to-noise ratio expected from this

flame for the fluorescence intensities of the higher levels, the high

fluorescence efficiency facilitates imaging of the fluorescent flame

portion onto slits and detectors. A special feature of this flame is the

sensitivity of its efficiency of fluorescence for deviations from the

correct O2/H2 mixing ratio. A slight excess of 0 2 markedly decreases the
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efficiency, since the cross-section for quenching of the 3P-states by G2

exceeds that of the main quencher (H2O) by a factor of 15 approximately. 7'

The gases H2, 0 2 and Ar pass through separate calibrated flow meters

(Brooks) and are mixed in mixing chambers fitted with safety springs. Wash

bottles filled with glass beads are provided to suppress flash-back. Two

separate flow systems are employed: one for the inner flame (into which

the metal solution is nebulized) and one for the mantle flame which is

identical in composition to the inner flame but contains no metal salt.

The mantle flame prevents the infusion of air into the inner flame and

smoothes the radial temperature distribution of the inner flame.

Metal salt solution is brought into the flame by means of a nebulizer

which is driven by the compressed argon flow. The relative efficiency of

the nebulizer was determined by exciting a two-photon transition of sodium

and monitoring the fluorescence signal from a transition between a pair of

higher levels as a function of sodium solution concentration. We assumed

that the latter transition did not have self-absorption because of its

small oscillator strength, and we checked that no population inversion

was present. Under these circumstances the fluorescence signal may be as-

sumed to be proportional to the sodium solution concentration. We found

that at 2560 ppm sodium solution concentration the nebulizer efficiency

had dropped linearly to 60% of its value at 10 ppm.

The burner is of the Meker-type; the gases reach the burner head

through 631 circular holes of 0.5 mm diameter and 5 mm length, arranged

in concentric circles with 2 mm interval between successive rings. The

diameter of the inner flame is 15 mm aad the height of the primary com-

bustion cones is approximately 2 mm. The burner head is cooled by a water

jacket.

The flows of the unburnt flame gases at atmospheric pressure are 1.00

1/min, 0.50 1/min and 5.00 1/min for H2, 0 2 and Ar respectively, which

yields a burnt gas mixture of 17% H2O and 83% Ar; minor flame constitu-

ents such as H2, 02 and OH contribute less than 0.5%.^
7' The critical de-

pendence of the fluorescence signal on excess H2 or 0 2 (see above) enabled

us to check the correct stoichiometric adjustment of the unburnt 02/H2

flow ratio.

As the rise velocity of the flame gases is of the order of 10 m/s,

the bulk displacement during a laser pulse of 1 ps is negligible.
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The RMS-distance crossed by a sodium atom within 1 us under the influence

of thermal diffusion is found to be 60 um with a diffusion coefficient of

the order of 10 cm2/s'8~12' as is commonly found in flames.

3. LASER

The flashlamp pumped tunable dye laser (Zeiss 807101) is described in

detail elsewhere. (13»llf) However, the spectral linewidth and pulse duration

found here,turned out to have values substantially different from the

values reported there. Our preliminary work with the laser resulted in an

intracavity experiment, which, in turn, has led to an improvement in the

laser performance with respect to the polarization behaviour. The latter

experiment is reported in the Appendix.

Dye cuvette and flashlamp both have a cylindrical shape and are mounted

in the foci of an elliptic reflector which is filled with water for

cooling purposes. The flashlamp is driven by discharging a 1 pF capacitor,

which is charged by an adjustable power supply to a maximum voltage of

5.5 kV. The circuit is fired by triggering a spark gap; simultaneously a

trigger pulse is applied to the flashlamp. The trigger pulses and the sub-

sequent firing of the main circuit produce a considerable r.f. noise whose

suppression requires careful isolation and shielding. Since a central

clock commands both the laser firing and the gates of the detection sys-

tem, opto-electronic coupling was used in order to avoid galvanic coupling

between the spark gap and the detection system. Loops in signal-carrying

cables were avoided.

A d.c. simmer current of 15 mA flows through the flashlamp, thus pro-

viding a pilot path for the main discharge; this probably diminishes the

intensity of the shock wave caused by the main discharge and we observed

that the lifetime of the flashlamp was greatly enlarged. The presence of

the simmer current decreased the pulse-to-pulse variations to the order

of 10Z (see Fig. 3).

The dye cuvette is fitted with Brp.wster windows in such a way as to

cause the laser light to be linearly polarized in a horizontal plane.

Dye and cooling water are circulating in closed circuits at rates of

12 1/min and 4 1/min respectively, and are in thermal contact with each
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other by means of a heat exchange spiral. In this way temperature gradients

and consequently refractive index gradients in the dye are suppressed,

which otherwise would be deleterious to laser operation.

In the range from 5750 A* to 6200 X Rhodanine 6G dissolved in methanol

was used and a mixture of Cresylviolet and Rhodamine 6G dissolved in

methanol was used in the range from 6600 X to 7000 A.

Wavelength tuning of the laser is accomplished in two stages: 1) Coarse

tuning by tilting an intracavity interference filter; the presence of this

filter causes the output to have a full width at half maximum (FWHM) of

approximately 3 X; 2) Fine adjustment of the wavelength is achieved by

tilting a Fabry-Perot etalon; this etalon has a free spectral range of

7.5 X.
Wavelength calibration of the laser-output was derived from a calibrated

Leiss-monochromator (see section 2.4). The settings of the interference

filter with fixed setting of the Fabry-Perot etalon resulted in a dis-

continuous jumping of the laser wavelength over the free spectral range

of the etalon and could therefore easily be resolved by the monochromator.

A curve of laser wavelength versus setting of the micrometer head of the

Fabry-Perot etalon was obtained with the aid of the Leiss monochromator.

From the measured points of this curve a fourth order polynomial was de-

rived, which was used for calibrated fine adjustment of the laser wave-

length.

The FWHM of the spectral laser profile at 5890 X was measured by

monitoring the non-saturated fluorescence from a cell filled with Na-

vapour at a temperature of 410 K, as a function of the laser tuning

across the Na(3S1 /2~3
p3/g) transition (see Fig. 4). We obtained a value

of 140 + 10 mX for the FWHM of the spectral laser profile after correction

for a Doppler width of 19 mA of the Na-line in the cell. A dependency of

the FWHM of the spectral laser profile on the applied voltage across the

flashlamp — and consequently on the laser output power — could not be de-

tected.

The laser resonator is formed by two flat mirrors, one having a re-

flection coefficient of nearly 100Z, the other having a reflection co-

efficient of 80Z. The fluorescence intensity of sodium atoms in the flame,

when the laser was tuned to a sodium transition, went through a flat
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FIG. A. Excitation profile of the Na(3Si/2~3P3/2) transition in a low-
pressure vapour cell at a temperature of 410 K. This profile was obtained
by tuning the laser across the 3Sj /2~3Ps/2 transition and detecting the
3pl/2,3/2~3sl/2 fluorescence signal. In order to avoid saturation and
saturation broadening the intensity of the laser beam was kept sufficient-
ly low by means of neutral density filters. The dashed curve represents a
calculated Gaussian profile, scaled with the FWHM of the measured profile.
The Doppler width of either one of the detected lines is 19 nA at the
temperature quoted, consequently, the width of the profile shown is virtu-
ally identical to that of the laser profile.

maximum when the laser beam was being narrowed by a diaphragm inside the

laser cavity. This maximum is probably caused by the gain of the lower

transverse modes at the expense of the higher transverse modes; the former

modes having a smaller spatial extent. O>>)

Extension of the laser cavity from 60 cm to 80 cm enabled us to locate

a flame inside the cavity; the resulting experiment is reported in the

Appendix.

The diameter of the unfocused laser beam leaving the end mirror was

3 mm and the beam divergence was 5 mrad. For the excitation of two-photon

transitions the laser beam was focused by a lens with a focal length of

6 cm. The shape of the beam waist was investigated by scanning a 10 ym

pinhole across and along the waist and monitoring the emergent light fron

the pinhole by a large-surface detector (Philips vacuum photo diode 90 CV).

The result is shown in Fig. 5. The cross-section of the waist is nearly

constant along an axial length of several mm and its shape seems to reveal
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FIG. 5. Spatial extent of the focused laser beam. A 10 ira pinhole is scanned
across the beam waist in three mutually perpendicular directions as shown in
the insert of Fig. 5a. The emergent light is detected by a phototube.
a. Beam intensity as a function of the x-coordinate at z - 0.
b. Beam intensity as a function of the y-coordinate at z - 0. An interference

pattern, apparently formed by the superposition of two coherent beams of
almost equal intensity, is observed (see insert of a).

c. The full width at half maximum as found from profiles like that of a and
b, plotted for several values of the z-coordinate. The dashed line re-
presents the radius of the equivalent circular cross-section.
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the presence of two beams. These beams interfere and show a slight dis-

placement in the y-direction with respect to each other. The effective

area as deduced from the FWHH of the profiles of Fig. 5 is (6 ± 1) x JO"5

cm2.

4. LIGHT DETECTION

For the wavelength-dependent detection of the laser light we used a

Leiss monochromator which had a spectral bandwidth of 2 A when the slits

were set at 0.1 mm. An RCA IF28 photomultiplier detected the light at the

exit slit of the monochromator. The wavelength setting of this monochromator

was calibrated with various spectral lamps (Oriel).

Absolute power calibration of the laser output was derived from a

Molectron J3-05 pyro-electric detector.

The spectral range of the fluorescence light necessitated the use of

two detectors: one for the uv and visible region and one for the near-

infrared part of the spectrum. These detectors together cover the range

from 2800 £ to 12000 A*. Fluorescence light is collected at right angles to

the laser beam by a quartz lens and illuminates the slit of a Hilger &

Watts grating monochromator. This monochromator has a spectral bandwidth

of 2 X when the slits are set at 0.1 mm. The wavelength setting of this

monochromator was also calibrated with spectral lamps. An RCA 1F28 photo-

multiplier detects the light at the exit slit of the monochromator. A

second lens, diametrically opposite the one mentioned, also collects

fluorescence light and illuminates the sensitive area of an infrared-

sensitive silicon diode (Harshaw S13Q).

If an atomic transition is saturated by strong laser irradiation, then

the degree of saturation will in general depend on the spatial coordinates

inside the fluorescent volume/16^ consequently, care was taken to ensure

that both detection systems viewed the same fluorescent flame portion.

The latter adjustment was facilitated by the fact that the bulk of the

fluorescence light emerged from the flame region irradiated by the laser

beam waist. This waist has an almost uniform cross-section over several

mm length (see Fig. 5c). Filters in front of the silicon diode were used

to select the spectral region of interest. The transmission as a function

of wavelength of these filters was determined with a Shimadzu MPS-50L

recording spectrometer.
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The relative spectral response of the detection system used for the uv

and visible region, was determined with a calibrated tungsten ribbon lamp.

As the emissivity of the tungsten lamp was rather low in the infrared part

of the spectrum, a different procedure was adopted to calibrate the in-

frared detection system: we determined the spectral output of an ordinary

filament lamp with a monochromator (Bausch I Lomb, 33-86-48, grating

blazed at 0.75 vim) and a thermocouple; with the aid of this calibration

we determined the relative spectral response of the infrared detection

system. The relative spectral responses of both systems being known, it

suffices to compare their responses to the same radiation at a known wave-

length in the overlap region in order to obtain the relative calibration

of the whole spectral range covered by the two systems. For the latter

procedure we used the 3P-3S fluorescence signal resulting from laser ex-

citation of sodium atoms in the flame.

5. IOHIZATIOH DETECTION

Ionization signals from (collisionally) ionized, laser-excited sodium

atoms were detected with a pair of probes inside the flame. A d.c. bias

voltage of several hundred volts was applied across the probes and

they were located in the vicinity of the laser-excited flame portion. The

bandwidth of the probe circuit was approximately 10 MHz, which permitted

the observation of the undistorted ionization pulses. Duration of these

pulses was of the order of that of the laser pulse (I us). The probes

were made of iridium wire with a length of several cm and a rectangular

cross-section; they proved to be highly corrosion-resistive, even with

excess O2 present in the flame. After several hundreds of hours of

operation no deterioration of the probe material could be observed.

The probes were mounted on micro-translators in order to vary their

position with respect to each other and with respect to the laser-excited

flame portion; several geometric configurations were tried in order to

optimize the signal-to-noise ratio. Since in some cases a fluorescence

signal was detected simultaneously with the ionization signal, care had

to be taken that the probes did not obstruct the fluorescence light or

caused a background by specular reflections.

Thermoionic emission of electrons from the probe surfaces as calculated
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with Richardson's formula using a work function of 5.3 eV, a Richardson

constant of 100 amp/cm2K2(17> and the flaae temperature of 1800 K, yields

a current of the order of 10 nA. The latter value is two orders of magni-

tude below the lower limit of the observed ionization currents. Further

particulars about the probes and charge-voltage characteristics are

presented in Chapter V.

6. SIGNAL PROCESSING

The electrical signals from the various detectors were first fed to

impedance transformers which were mounted close to the detectors. These

transformers facilitate the transport of the pulses along several metres

of cable without distortion of the pulse shapes.

Gated integrators were used to handle the signal, as shown in Fig. 6.

Gate G. is closed approximately 1 p* before the pulse (which has a

duration of 1 us and a repetition rate of 1 Hz) appears and opens 1 us

after the disappearance of the pulse. The function of gate G. is to pre-

vent the signal due to the thermal flame emission and the dark-current of

the detectors from reaching the integrator. The input signal V.(t) and
to

the output signal Vu of the device are related by Vu - - (1/RC) / V.(t)dt.
cl

The time t_ - t., during which the gate G. transmits the signal, was ad-

justed at 3 us, which allowed for the jitter of the laser pulses. The RC-

time which yielded an optimal signal-to-noise ratio was found to be 4 us.

FIG. 6. Gated integrator, using fast electronic gates (Crystalonics CAG
10) and an operational amplifier (Analog Devices 45J). Gate G. transmits
the input signal Vj(t) during 3 us and is inhibited for 1 s. Gate G2 clears
the integrator when the output signal Vu has been read out.

i
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As the detectors were operating in the linear region, V is linearly re-

lated to the total number of photons arriving at a detector surface during

t~ - t,. When the signal V has been read out, the integrator is cleared

by closing gate G,,. The output of the various integrators is displayed on

x-t recorders (see Fig. 2). The connand signals for the gates are generated

by a dual flip-flop clock which also triggers the laser.

A Tektronix 556 dual-beam oscilloscope was used to observe the signals

as a function of time. Rise tines of oscilloscope and detectors are of the

order of 10 ns; the rise time of the laser pulse is of the order of 50 ns

(see Fig. 1). The oscilloscope also facilitates the correct timing of the

command signals for the operation of the gates and the firing of the laser.
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C H A P T E R I I I

TWO-PHOTON EXCITATION OF Na ATOMS IN A FLAME BY
BROAD-BAND LASER IRRADIATION

C. A. VAN OUK. P. J. TH. ZEECEHS, C. NIENHUB and C. TH. J. ALKEMADE
Fysisch UborMoramt. RijkswHversiteit. Ulrechl. Tkc Netherlands

Mtctivti i Umuuy l*7t)

Akstnct-Witk a Inilihmp piimprd twmMe dye laser the 3 S - 3 D . 3 S - 4 D Mid 3 S - 5 S two-photon
trainitioin of sodium are excited and ike resulting fluorescence ndiaiioa at various atomic irMskkms is
detected. Tke sodi*m it MkaKzed into a swickioiiMtric Hr-O-Ar tune at atmospheric pressure and at a
temperature of ItMK. CoMsioMl poaalMioi exchange between several of the hither Ntlevek is found to
occur. Satwatioii and salimlioii broUcii i t of Iwophoton traitsitiom a n observed. Fonmilas for two-
aholoii excitation rales im ike case of broad-band excitation are derived and show substantial icreement
wkh experiment.

I. INTRODUCTION

THE PRESENT application of two-photon processes is concerned with the population of higher
levels of sodium atoms. This population facilitates the study of collisional coupling between
these levels under dame conditions. A flasMamp-pumped tunable dye laser proved to be a
suitable excitation source.

Three different two-photon transitions were induced: these are indicated in Fig. 1 by upward
arrows. Table I enumerates some characteristics; theoretical transition probabilities are derived
from the formalism of the appendix. Collisional coupling between the various levels of the
Na-atom is expected to play a role in the population of some levels, whether they are
radiatively coupled to the excited level or not.

With the available laser power, saturation and saturation broadening of two-photon tran-
sitions were observed and these provide an estimate of the value of the saturation parameter
which, in turn, is determined by the collisional and radiative rate constants.

IKT

Fif. I. Partial level datrani of Na. Heavy Kites correiaond to two^kohM uamilions « e d in this
experiment. Thin lines skow observed transitions. Dallied INKS correspond to the energy of Ike laser

photons. Tke approximate value of kT it MicaMd by a vertical bar.
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Table I . Some characteristics of two-photon transitions used in this work.

Transition

3S - 5S

3S • 3D

3S - «D

Wavelength

(X)

6022

6554

5787

<«)

129

961

-106

Transition

probability

for absorption

<•"')

3.5 • 10'

1.4 • 10'

6.6 • 10'

* 4»r • wavelength difference between lanr photon and

wavelength of 3F - 3S tranaition.

* These probabilities arc coaawted with tqf (A.21) and

(A.22) with a spectral irradiasice of 3.3 « I0*2 erg

caf1 s ( corresponding to a lasar power of IkV; tha

Einstein coefficients are taken frosi Kef. (l»).

Collisional broadening of the intermediate 3P-level facilitates a two-step excitation process
with a real population of the intermediate level; the tatter process may compete with the
two-photon process. The relative importance of both processes is briefly investigated.

2. EXPERIMENTAL SET-UP

The excitation source is a flasUamp-pumped tunable dye laser with a peak power of several
kW.(l> Pulse duration is 1 fis and repetition rate is 1 Hz. The full width at half maximum
(FWHM) of the spectral laser proflle is estimated to be 140mA at 5 « o A ; this width
exceeds atomic line widths in flames*"' by a factor of two to three. Rough tuning of the laser is
carried out by tilting an interference filter; line tuning is done with a Fabry-Perot etakm. Dyes
used are Rhodamine 6G dissolved in methanol, and a mixture of Rhodamine 6C and Cresyviofct
dissolved in methanol.

The flame is a premixed stoichiometric Hi-Or-Ar flame at approximately 1800 K. The
burner is of the Miker type with a mantle flame to prevent infusion of oxygen from the
surrounding air . * The flow system is identical to that described by LUNSE."1

The laser beam is focused down to a diameter of approx. 100 pm in the centre of the flame
and is at a height of 10 mm above the combustion zone. The diameter of the cylindrical flame at
this height is IS mm. A concave mirror reflects the laser beam, thus increasing the inteMky of
the fluorescence. Slight disalignment of the reflected beam prevents feedback into the laser
cavity. Quoted laser powers take the presence of the mirror into account. Doppler-iree effects
are negligible because of the disparity between atomic and laser line width. A small part of the
laser beam is split off for power monitoring. Power calibration is derived from a pyrodectric
detector.

Fluorescence light is collected by a quartz lens which images a fraction of the beam waist on
the slit of a grating monochromator. With the slits set at I mm, this monochromator has a
bandwidth of 23 A. A photomultiplier detects the visible and u.v. light at the cxk slit of the
monochromator. Near infrared fluorescence light is detected by a silicon photodiode fined with
appropriate Alters.

The electrical signals from the photomultiplier. the silicon diode and the power monitor are
processed by gated integrators whose output is displayed on x-t recorders. Pulse signals can
be observed two at a time on a dual beam oscilloscope with a rise time of 10 its.

Relative spectral response of the detection system is determined with the aid of a calibrated
tungsten filament tamp.
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Fi(. 2. Experimental K M * , f : laser barn: F. I M K : 51: detector for Ike vlmviofct tmt vitibfc reajoir. 52:
detector for Ike infrared repo*: Si: p i w monitor; S: saeciroaieier: Gl: *Med inMtmor: * : pea^Korder: L:

lent.

3. EXPERIMENT

3.1 ExcUution of the Na(3D) Kale
Two photons, each with a wavelength of 6854 A, excite the atoms from the 35 to the 3D

state. The dye used was a mixture of Cresylviolet and Rhodamine 6G.
Nebulizing a 2560 pom sodium solution into the flame produces the fluorescence spectrum

given in Pig. 3(a). Intensities of transitions which terminate at the ground level are corrected for
self-absorption by constructing a curve of fluorescence signal vs Na-coftcentration. The spectral
response of the detection system has beem accounted for.

Colliiional coupling between the levels is demonstrated by the occurrence of transitions

10

Fluornewic*
imMiwty(a.u.)

wavajcngui (X) .

4000 0000 8000 K>O00
Fi». 3. PhKMMtM* tywln itwkiat fram C M J M M of I* . The vertical icah *
loaarilliiiiic. ItKvial—I fmn aw not imHntt. (a) Exriwriwi tf *e 3$-»?P ifamWiil: *e lurijiwal kn »
the if-*JS iaHaUy tive* Iht »m»il»<t »f one ahalaa wi«f euikMiM. (hi Enritmiin «l Ike 3S-*4O
ifaaiMaa; the ttrimi Nat aim am fkin winj tmiiatin. (c) EnciXin af * t W-.5S Waiiiiia: the

a ^ 4 ft£ ^ ^
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from levels which are different from the excited 3D level. Dominant fluorescence intensities are
those belonging to transitions which originate from levels below the 3D level; intensities of
transitions from levels which are populated by endo-ergic collisions are several orders of
magnitude weaker because of the Bottzmann factor involved in the rates of these transitions.

One-photon excitation of the collisionally-broadened wing of the 3S-*3P absorption line is
evident from an additional fluorescence signal involving the 3P-»3S transition. This one-
photon sigiu; tan be separated from the two-photon-jeneriled fluorescence by slight detuning
(~l A), causing the latter to disappear.

Transition with a wavelength exceeding 12,000 A were not recorded because of the lack of
sufficiently fast and sensitive i.r. detectors.

3.2 Excitation of the Na(4D)jf«fe
The required wavelength of 5717 A for excitation of the atoms from the 3S- to the 4D-state

is easily obtained with a Khodamine 6G solution. A 2560 pom sodium salt solution is nebulized
into the flame.

The intensity of the 3P-+3S transition (see Fig. 3(b» is partly due to one-photon excitation
of the wing of the coNisionally-broadened 3P-level and partly due to downward cascading of
two-photon-excited fluorescence, as m the case of 3S-»3D excitation. The latter contribution
causes a dominant intensity with respect to the other fluorescence intensities generated by
two-photon excitation. It should be noted that the 3/Mevel serves as an intermediate level for a
number of downward transitions from the S- and D-levelj. The contribution of one-photon
excitation gives the strongest Bne m the spectrum of Fig. 3<b). The relative increase in
dominance of this line compared to the same line in Fig. 3<a) is explained by decreased
mismatch between the excitation energy of the 3P-level and the laser-photon energy (see Table
l>.

Since the value of W is of the order of the interlevd spacing in the neighbourhood of the
4D-level. endo-ergic collisions are thought to be responsible for the weak lines from levels
above the 4D-)evet.

The next but one strongest fluorescence line comes from the laser-excited 4D-level,
followed by a line from the 55-level which is only 134tcm~' below the 40-level. The intensity
of the 5P-*3S transition is surprisingly weak; the 5f-level Kes only 492cm'1 above the
4/7-levei and is thus weH within reach of collisions from that level (kT - 1200cm'1). Of interest
too in this connection is the relatively large intensity of the 5D-* 3P transition. This difference
in intensity may be explained partly by a difference between the Einstein coefficients.

3.3 Exckatkm of the Na(55) stmU
The 3S-*$S transition requires two photons with a wavelength of 6022 A. This wavelength

is easily produced by Rhodamme 6G. The nebuKzation of a 2560 ppm sodium salt solution into
the flame produces the spectrum of Fig. 3(c).

The preponderance of the one-photon excitation of the 0-Kne wings is even more
pronounced than with 3S-*4D and 3S-»3D excitation. This observation might be explained
partly by the difference between two-photon transition probabilities of 3S-*4D and those of
35-»5S excitation (see Table 1). In general, the ratio of one-photon induced fluorescence to
two-photon induced fluorescence is a function of laser power. The difference in laser powers
might also contribute to the observed increase in the dominance of one-photon-induced
fluorescence over two-photon induced fluorescence.

The next strongest Kne originates from the laser-excited 55-level, as in the case of 4£>
excitation. Transitions from levels above the SS-levd are markedly weaker, a possible ex-
ception being the 4D-»3J» transition. The fact that the 5S-level lies lower than the 4D-level
may account for the diminishad intensities of the SJ>-»3& 6S-»3J> and 5D-.3P transitions of
Kg. 3(c) compared with the corresponding lines of Fig. 3(b).

3.4
Saturation of an atomic level appears when the rate of stimulated emission becomes

comparable to the other decay rates of that level.* The population of the excited level
therefore tends to a Knrit when the laser power is increased. For every one of the two-photon
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transitions mentioned, saturation of the fluorescence was observed. We restrict ourselves to the
case of the 3S-»5S excitation shown in Fi|. 4. With low later powers, the log-log plot of
fluorescence against laser power shows a slope of 2, which is expected for a two-photon
transition. With increasing laser power there is a departure from quadratic dependence.

3.5 Saturation bro*4tnmg
Saturation broadening is to be expected when an atomic absorption line is scanned by a

tunable source under saturation conditions. This type of broadening has its origin in the
dependence of the absorption coeflfcient on the difference in population between upper and
lower levels. When the upper level is substantially populated, this population difference may
approach zero, thus lowering the absorption coeflkient; since the degree of saturation depends
on detuning from the line centre, the excitation profile is expected to broaden. The intensity of
the fluorescence signals is proportional to the number of photons absorbed. Therefore,
saturation broadening can be observed by monitoring the frequency-integrated fluorescence as
a function of laser detuning.

Saturation broadening occurred with each of the two-photon transitions mentioned. Figure 5
shows profiles obtained with different laser powers when the laser is tuned across the 3S-»55
transition. Since these proflies overlap with the relatively broad laser profile, the actual
broadening of the absorption-line proMe is expected to be even more pronounced.

10
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4. DISCUSSION

Pulse-to-pulse variations of the laser light, r.f. noise from the spark gap, irregularities of the
sprayer performance and fluctuation in the gas supply tend to depress the signal-to-noise ratio.
There are also long-term effects from the degrading of the dye solution, drift of the laser tuning
and changes in sprayer efficiency. These factors severely limit the precision of the measure-
ments.

One-photon excitation of the wings of the coMtionaUy-broadened 3S-»3J» transition was
observed with each of the three excitation modes utilized. A fraction of the atoms excited in
this way undergoes a phase-disturbing coHtskm which shifts these atoms out of the two-
photon resonance towards the centre-frequency of the 3S-»3J> transition; subsequently, they
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may absorb a second laser-photon which will bring them to the upper state. Other paths by
which the atoms may leave the 3P-state are by collisional deexcitation and spontaneous
emission. Another fraction of the excited atoms will immediately absorb a second photon; in

k this case, we speak of a direct two-photon process in contrast to the two-step process discussed
:• above.""'" The relative importance of the two processes was estimated on the basis of a
i three-level system consisting of the 35-, $P- and SS- (or 4D-) levels. The two-photon process

may be looked upon as wing excitation of the natural line profile of the 3S-»3P transition,
which is Lorentzian. The two-step process utilizes the collisionally-broadened wings of both
steps. These wings drop much more slowly than Lorentzians,"2' but their product appears in the

L two-step transition probability."3141 It can be shown"41 that the ratio of the two-photon
;. transition probability to the two-step transition probability may be approximated by

j * lr

i\
[V where P * is the normalized collisional profile function o f the transition from level / to level *:
i' the indices /. r and u refer to the lower-, relay- and upper-level respectively; y , i s the rate
' constant for spontaneous plus collisional decay o f level r, m represents the circular frequency
I o f the excit ing field. T h e values o f the functions Pri(u) and P w ( w ) for a mismatch o f approx.
j 100 A are estimated from Ref. (12). W e are led to the conclusion that the transition probability
> for the two-photon process e x c e e d s the transition probability for the two-step process by about
! o n e order o f magnitude.

The saturation experiments offer the opportunity to obtain est imates of the saturation
parameter and hence of the radiative two-photon transition probability. Saturation parameters
derived from saturation curves are subject to systematic errors such a s those caused by the

j: transversal"5'1*1 and longitudinal"7' mode structure o f the laser light, long path-ways o f the laser
r beam through the flame, and/or high atomic densities. In first approximation, errors introduced
f by the longitudinal mode structure are neglected because the F W H M of the laser profile
:' e x c e e d s atomic line widths in flames by a factor o f t w o or three. Negligible absorption along the
!'. whole path length can be deduced from the fact that, with the flame inside the laser cavi ty , no
[ drop in laser power could be detected when the laser was made resonant with the iS-*SS or
• 35-»4D two-photon transitions.
;•' A saturation curve is shown in Fig. 4. When we neglect the transverse non-uniformity of the

laser beam, it is seen that the dependent:? of the fluorescence fa on source spectral intensity
HV, as defined in eqn (A22), is given by"1*'

for a two-level system and two-photon excitation. The saturation parameter w\, is defined as
wJ»™Ta{ftj(l+*i/ft)}~li where fti'sum of the decay rate constants of the upper level;
0,2 - coefficient for two-photon absorption (see the Appendix, eqn (A2I)] and g, is the
multiplicity of level i. Thus, according to eqn (I), at w, = w* the value of the low-power
asymptote is twice that of the saturation curve itself.t Application to the data of Fig. 4 gives
H>w*2x]0~2ergcnT1s"1 as a rough estimate. A correction method, which accounts
phenomenologically for the transverse mode structure, assumes the laser beam to have a
Gaussian intensity distribution."*' For a two-photon transition, the dependence of fa on w* is
easily shown to be

(2)

in the case of a disk-shaped fluorescence volume; tv* is the spectral intensity on the beam axis.
Optimal correlation between the values given by eqn (2) and the data of Fig. 4 is obtained when

tTW MMlwn «K M M lo Mr. T. Wljchm for Mm uwtttio*.
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A third estimate for the saturation parameter may be obtained from saturation-broadening
experiments by utilizing the finite width of the atomic transition. When we assume the frequency
dependence of both the laser and the atomic profile to the Gaussian, the resulting overlap
function S is Gaussian as well, with the detuning between the line centers as argument. For a
simple two-level system, the dependence of the absorption coefficient and hence of the
fluorescence on S is given by [l + Cl + gtlgi)0n*>USlYzi]~', which may be written as [1 +

', from which we derive a FWHM be,c of

(3)

I' where AMOm and 4 t a « , represent the F W H M o f the atomic line profile and the laser profile,
!{:. respectively. The correlation coefficient between the values read from Fig. 5 and those
K calculated from eqn (3) on substitution of the appropriate values of wM, peaks at »„ =
V, 6 x IO~3 erg cm"3 s"2, which is of the same order of magnitude as the preceding estimates. From
%t the slope of the correlation graph, we deduce V(AL<n+A2

Mer) = 0.1 A. which has the correct
fc; order of magnitude since the FWHM of the laser is 0.14 A at 5890 A.
I In order to compare these experimental estimates with the theoretical ones given by eqn
1 (A19), we take ¥/„ = 1 x 10'2ergcm"V" as the mean value of the experimental estimates.
[.. Furthermore we assume that the rate constant yi\ of radiative plus collisional deexcitation is of
i: the order of 10* s*1. Substituting these values into the expression for the saturation parameter
I with a laser power of 1 kW gives r3S-ss = 1 x 109 s~', which is of the order of the theoretical
!: estimate (see Table 1).
?̂ '
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5. APPENDIX

TWO-PHOTON TRANSITION PROBABILITY WITH

BROAD BAND EXCITATION

We consider an atom with an upper state |u>, a lower state |l> and a

number of intermediate relay states |r>. We first assume these states to

be non-degenerate. Electric-dipole transitions are allowed between |1>

and |r> and between |r> and |u>. Two incident laser beams have spectral

irradiance (power/area x frequency) I.(oj) and I^do) and polarization

vectors e. and e~» respectively. The sum of the two bandwidths is assumed

to be large compared to typical collisional widths. None of the applied

frequencies is resonant with an atomic transition, but the sum of the fre-

quencies of the two beams is nearly resonant with the frequency separation

to . between the upper and the lower state. The classical electric field

corresponding to the total radiation field may be separated into positive-

and negative-frequency parts according to

E(t) = E+(t) + E"(t)

where

/£<«> -lwt . ,„
e dtii/2-n E~(t) E(u)e~ltl)t du)/2ir

The Fourier transform E(u>) is defined by

E(u) E(t)elut dt

(A.I)

(A.2)

(A. 3)

Both E and E are the sum of corresponding expressions for the two light

beams, viz.

E+(t) S2
E2 (t) (A.4)

The fields are stochastic variables. The relation between the electric

fields and the intensity is given by
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— J du>I. (to)e 1, 2, (A. 6)

where < > indicates an average over a stationary ensemble.

The state of the atom may be expanded as

?,; | r> (A.7)

where ee , e and e, denote the unperturbed energy levels of the atom.

Since - yE(t) is the interaction Hamiltonian between the atom and the

field, the Schrodinger equation gives a set of coupled differential

equations which, in the rotating-wave approximation, read

a u ( t )

ar ( t ) " k

<A'8)

' ( A ' 9 >

(A.10)

where u is the electric-dipole operator of the atom. We are interested in

the transition probability from |l> to |u>, and hence we consider the

initial conditions

a i(0) - I, ar(0) - 0, au(0) - 0

The solution for a (t) to the lowest order in the fields is

(A. 11)

a u ( t )

2+<*2>El+<

I / dt_ / dtie
luurc2

r 0 0 '

(A.12)

We assumed that to , is not resonant with the double frequency of either

of the two beams. We wish to evaluate the ensemble average of |a (t)| 2.

After application of eqn. (A.6), the resulting time integrals may be de-

termined. It can be readily shown that the terms containing the resonant

denominator (u.+ uu- <o j)" 1 are dominant, provided that the time t is

larger than the inverse detunings |<i>.- to -,1"* and |<d.- u |-1.

Furthermore, one may use the approximate expression
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+0) -ID )t

- e o>2- (A. 13)

if the inverse time t~l is larger than the sum A of the two bandwidths.

The final result is

(A.14)

where the probability per unit time for a transition from |1> to |u> by

two-photon absorption is given by

Jdo,,

I url url
(A.15)

Equation (A.15) determines the two-photon transition probability at broad-

band irradiation. The result suggests an extension to the case when the

laser bandwidth is not much larger than the collisional width. In this

case one is tempted to replace the delta function by the collisional

profile. Equation (A.14) shows that the increase in the population of the

excited state |u> is linear in tinie. This is typical for the direct two-

quantum process.

In the case of a single radiation beam, the two absorbed frequencies

are both selected from the same spectral distribution I(u). If we were

simply to replace I. and I_ in eqn. (A.15) by I, we would count twice the

effect of each pair of absorbed frequencies. Hence the probability per

unit time for two-photon absorption from a single beam with spectral in-

tensity I((i>) and polarization e is

4*3 du dm' I(u)I((i)l)5((i) + w1- u j)

U i u.
(A.16)

From the derivation of eqn. (A.15) and (A.16), it follows that these

transition coefficients are valid if there is a domain of values of the

time t which is larger than A"1 but which is sufficiently small for the
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lowest-order approximation to be justified. This is the case if T.^ is

much smaller than the sun A of the two bandwidths.

We wish to apply eqn. (A. 16) to the case of the 32S + 42D and 32S -*• 52S

transitions in sodium. For these transitions, the 32P doublet has by far

the smallest mismatch Jw .- u ., and we may therefore restrict the t u u -

tion over r to this doublet. The laser is assumed to have a frequency of

about !">ul» and a bandwidth which is much smaller than ju .- 10 ,•

| ( w - u.^)> Furthermore, this mismatch is practically the same for both

32P components. The degeneracy is accounted for by averaging over the sub-

states of the initial state. We obtain from eqn. (A.16)

I du I(u)I(u .- a)) (A.17)

We consider the special case of linear polarization, and we choose the

quantization axis in the polarization direction. Then only the transitions

i Mit « | and M, - - J -»• M " - J ^ M - - ! have to be

in terms of the Einstein coefficients
• u

considered. We wish to express I*.

A and A . for spontaneous emission. Here A gives the transition

probability for spontaneous decay from the upper S or D state, summed over

the two components of the 2P state. These coefficients are given by

•L1 (A.IS)

where L and L* are the orbital angular momenta of the coupled states. The

reduced dipole matrix elements <L||M||L I ; > are a measure of the strength

of the corresponding multiplet. After some standard Racah algebra, we

find from eqn. (A.17) that

*3, '—:J
wrl (wur" " r ^

*•
ur wrl (wur

A3P->3S (A.19)

and
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3S+ 4D 3 3

x A

(til "•" (j)

ur r

dw
.

4D-*3P
(A. 20)

In the evaluation of eqn. (A.20), we assuaed that the bandwidth of the

laser exceeded the fine-structure splitting of the 4D doublet, and we cal-

culated the total transition probability to both components.

With the definitions

6
12w3c6 5S-OP A3P-»-3S

3S-»-5S
(wur" "r

(A.21)

24w3c6 A4D-»-3P

(wur" "r

and

vul
-o dv - v) (A.22)

where u » 2nv and I1 - 2nl, the expressions (A.19) and (A.20) can be

written as

3S-*-4D I +4D wv
(A. 23)

by analogy with the transition probability of one-photon processes; the

subindices u and 1 are suppressed. 6 depends upon polarization and is not

affected by collisions.

A Gaussian laser-line profile with a FHHH of Av, gives at resonance

a 2 - (p2/AvT) /21n2/ir
V 1J

(A.24)

where p * P/sc is the frequency-integrated energy density of the field

(in erg C B ~ 3 ) ; P » laser power (in erg s"1) and s » beaa area (in ca 2).



C H A P T E R IV

REDISTRIBUTION OF POPULATION AMONG THE HIGHER LEVELS OF

Na ATOMS IN AN H2-O2-Ar FLAME

Abstract-A substantial fraction of the population of Na-atoms in an H2-
O2-Ar flame, is found to be distributed among the higher levels *» a re-
sult of two-photon laser excitation, spontaneous emission and collisions
with flame gas atoms and molecules. Several population inversions are ob-
served. From the laser-excited level upwards a partial Boltzmann equi-
librium, corresponding to the flame temperature, h*.s been found in some
cases. Estimates of weighted average rate-constant.* for collisional
energy transfer from groups of higher levels to the 3P-level are given.
Some level-pairs appear to be strongly coupled to each other.

1. INTRODUCTION

THE STUDY of collisional coupling of atomic levels in flames has con-

centrated so far on the coupling between the first excited level and

the ground state, and has resulted in the determination of specific cross-

sections for collisional transfer for various collision partners.t1'2' In

the present experiment we show the effect of collisional coupling and

spontaneous decay on the population of various higher levels of Na-atoms

under flame-conditions when one of these levels is populated far above

thermal equilibrium by laser irradiation.

When several levels are populated, experiments on collisional trans-

fer become more complex for several reasons:

I) The measurement of the intensity of a transition from one level to

another arbitrary level is sufficient to determine the population of

the first level, provided its Einstein coefficient and the wavelength

of the transition are known. The intensities yield the knowns in the

rate-equations. The number of collisional rate-constants (the unknowns)

will in general exceed the number of knowns.

2} Not every level may produce an observable fluorescence line because

of the limits of the spectral range and the sensitivity of detection

systems.
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3) Computer calculations will generally ba necessary to solve the rate-

equations .

Therefore, we measured weighted average rate constants; a procedure which

also finds a justification in the partial Boltzmann equilibrium found

between level groups in some cases. Extensive experimental material re-

lating to the present article is reported in Chapter III, notevery detail

is repeated here. We merely rearrange some of the material with emphasis

on the resulting population distribution and the coupling between level

populations.

2. EXPERIMENT

The experimental set-up is described in detail in Chapters II and III.

A broad-band flashlamp-pumped tunable dye laser is used; pulse duration

is 1 ps and the full width at half maximum (FWHM) of the spectral laser

profile is 140 mA; this width exceeds known atomic line widths in flames

by a factor of two to three.t3) The laser power is several kW and the

laser beam is focused down to a diameter of approximately 100 um. The

flame is a premixed stoichiometric H2~02-Ar flame of approximately 1800 K

at atmospheric pressure into which a 2S60 ppm NaCl solution is nebulized.

A monochromator fitted with a photomultiplier monitors the fluorescence

in the uv and the visible region, and a silicon diode in combination with

filters detects near-infrared fluorescence. The spectral response of the

former detection system was determined with a calibrated tungsten ribbon

lamp and that of the latter was calibrated against a thermopile.

Three different two-photon transitions were excited as described in

Chapter III. From the resulting fluorescence spectra we derived three cor-

FI6. 1. Level diagram of the Na-atom with relative populations resulting
from two-photon excitation indicated by the length of the horizontal level
bars; blobs indicate statistical error limits. The Mj levels of a doublet
(doublet separation « kT) are assumed to be equally populated by fast
mixing collisions; the depicted populations n^ divided by the statistical
weight of the doublet g£ thus pertain to those of a single Mj level and
are plotted along the horizontal (logarithmic) scale. The 3P population
resulting from one-photon wing excitation (see text) is indicated with an
arrow. Slanted lines correspond to Boltzmann equilibrium at the flame
temperature. Asterisks mark the laser-excited level:
a. 3S-3D excitation; b. 3S-5S excitation; c. 3S-AD excitation.
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responding population distributions as shown in Fig. 1. These populations

are in arbitrary units. When the laser is detuned from a two-photon re-

sonance, each population shown, except that of the 3P-level, drops below

the detection limit; the remaining signal is interpreted as one-photon

excitation in the collisionally broadened wing of the 3S-3P transition

and its value is indicated by an arrow in Fig. 1. Excitation profiles of

the 3S-4O two-photon transition monitored with the fluorescence signal of

the 3P-3S and 4P-3S transition are shown in Fig. 2; one-photon wing

excitation is evident from a quasi-continuum in the profile of the 3P-3S

signal. A correction for self-absorption was made for the 3P-3S signal by

extrapolating to zero concentration; a curve of growth of the 3P-3S

fluorescence signal with 3S-4D excitation is shown in Fig. 3. By sub-

tracting the quasi-continuum from the total signal of the 3P-3S transition

one finds the signal relating to two-photon excitation.

Einstein coefficients were taken from Refs. 4 and 5, which agree

reasonably with experimental values.t6) Since the onset of saturation

was observed with each of the two-photon excitation modes (see Chapter

III), the population of the laser-excited state is expected to be of the

order of magnitude as that of the ground-state.

(QjJ.) FLUORESCENCE SIGNAL
,.0TJ
.8

LASER DETUNING
FIG. 2. Fluorescence signals as a function of the laser tuning across the
3S-4D two-photon excitation. The lower curve corresponds to the 4P-3S sig-
nal and the upper curve belongs to the 3P-3S signal, the quasi-continuum in
the latter curve is interpreted as the result from one-photon excitation in
the collisionally broadened wing of the 3P-3S transition.
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FIG. 3. Fluorescence signal of Che 3P-3S transition as a function of the Na-
aetal solution concentration. The laser was tuned to the 3S-4D two-photon
transition. The two-photon excitation experiments described in this Chapter
were done at a Ma-concentration of 2560 ppm. The dashed line has a slope
equal to one.

3. RESULTS AMD DISCUSSION

A common feature of the population distributions shown in Fig. 1 is

the large population of the 3F-level, which in each case exceeds the

population of the laser-excited state. Obvious inversions occur between

S-states and between D-states in the cases of 3S-4D and 3S-5S two-photon

excitation. Inversions in alkali vapours have been predicted for Rydberg

states by LAU et at. (7) and observed by KUNG et at. <8) Also, single-pass

stimulated collision induced fluorescence (SCF) in a thallium-argon

mixture was observed by CARLSTEN and RAYMER^9) who report an increase

in SCF with increasing Ar pressure. Table I lists the observed popu-

lation ratios n.g./(n.g-), where g-/g> and n./n. are the ratios of the

statistical weights and of the populations of the doublets i and j

respectively. Collisional doublet mixing is assumed to be sufficiently

fast*10"13' to justify the summation of the statistical weights and

populations of the doublet components. The experimental scatter in these

population ratios amounts to about 30Z. Fifteen inversions occur which

clearly exceed the experimental error; eight inversions are between
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• •
.8
.4

5P

(-1)
(-0

(-2)
(-2)

(-2)
(0)

(0)
(+1)

(-0
(+1)

(-4)
(-3)

2
6
4

6
3
5

9
2
2

1
5
6

6
4
1

.6

.4

.6

.0

.1

.4

.2

.9

.9

.3

.5

.1

.7

.8

.0

4D

(-1)
(-2)
(-1)

(-2)
(-1)
<0)

(-3)
(+1)
(+2)

(-3)
(0)
(+1)

(-4)
(-3)
(-2)

2
4
1

3
4
6

4
8
1

2
7
2

.3

.8

.2

.5

.5

.5

.9

.6

.3

.6

.4

.4

5S

(-1)
(0)
(+0

(-2)
(+2)
(+2)

(-3)
(+1)
(+2)

(-3)
(-2)
(-2)

9
5

2
1
1

1
1
2

.5

.4

.4

.2

.8

.1

.1

.5

.0

4P

(-1)
(+1)
(+0

<-2)
(+0
(+1)

(-2)
(-2)
(-3)

1
1
2

7
1
3

.4

.9

.1

.3

.6

.7

3D 4S

(-1)
<-O
(-1)

(-2) 5.2 (-«)
(-4) 8.3 (-4)
(-5) 1.8 (-4)

TABLE I. Weighted population ratios n£gj/(njg£> derived froa the fluores-
cence spectra of Ch. Ill: Levels i and j are indicated at the top and the
left-hand side of the table, respectively, in the order of their excita-
tion energy. The population of the 3P-level includes the contribution of
one-photon wing excitation (see text). From each set of three numbers the
upper number corresponds to 3S-3D excitation, followed by that for 3S-5S
excitation and the bottom one refers to 3S-4D excitation. Numbers in
parentheses are powers of ten.
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\

6S

5P

4D

5S

4P

3D

4S

3P

4.9
4.2
5

3
1

8
8
4

6
1
6

1
7
7.

5.
1.
9.

1.
5.
3.

7.
4.
6.

.8

.3

.4

.5

.1

.5

.5

.5

.0

6
7
4

8
7
6

3
1
1

3
8
3

5D

(-1)
(-0
(-0

(0)
(0)

(-1)
(-1)
(-D
(-1)
(-1)
(-1)

(0)
(0)
(+1)

(-1)
(+3)
(+3)

(0)
(+3)
(+4)

(+2)
(+3)
(+3)

7
2

1
1.
7.

1.
3.
1 •

3.
1.
1.

1.
4.
1.

2.
j.

5.

1.
1.
1.

7
4

7
9
7

3
6
0

2
8
3

2
1
7

6
2
4

5
t
1

6S

(0)
(0)

(0)
(0)
(-1)

(0)
(-1)
(0)

(0)
(+1)
(+2)

(0)
(+3)
(+4)

(0)
(+4)
(+4)

(+3)

(+4)

#

2
3

#

4
4

2
5.

..
5.
6.

..
1.
2.

• •

1.
4.

• •
.5
.2

7
.3

3
4

#

3
9

.
6
2

5
7

5P

(-1)
(-1)

(-2)
(-1)

(0)
(+0

(+2)
(+3)

(+3)
(+4)

(+3)
(+3)

7
1
1

1
9
1

6
2
2

,
6
6

8
6
!

.7

.9

.3

.8

.4

.7

.8

.1

.2

.5

.3

.9

.6

.1

.4

4D

(-1)
(-1)
(0)

(0)
(0)
(+2)

(-O
(+3)
(+4)

(0)
(+3)
(+4)

(+2)
(+3)
(+4)

2.
5.
1.

8.
1.
1.

1.
3.
5.

1.
3.
1.

4
0
2

9
1
6

9
4
2

1
2
1

5S

(0)
(+1)
(+2)

(-J)
(+4)
(+4)

(0)
(+4)
(+4)

(+3)
(+4)
(+4)

3.
2.
1.

8.
6.
4.

4.
6.
8.

7
3
3

0
7
1

6
5
5

4P

(-0
(+2)
(+2)

(-0
(+2)
(+2)

(+2)
(+2)
(+0

2.
3.
3.

1.
2.
6.

2
0
2

3
8
5

3D 4S

(0)
(0)
(0)

(+3) 5.8 (+2)
(0) 9.6 (-1)

(-1) 2.0 (-1)

TABLE 2. Listed numbers are the experimental values of Rjj, Which is de-
fined in the text as a. measure for the deviation of the population ratio
of levels i and j from partial Boltzmann equilibrium at the flame temper-
ature. Levels i and j are indicated at the top and the left-hand side of
the table, respectively, in order of their excitation energy. The popu-
lation of the 3P-level includes the contribution of one-photon wing ex-
citation (see text). From each set of three numbers the upper number
corresponds to 3S-3D excitation, followed by that for 3S-5S excitation
and the bottom one refers to 3S-4D excitation. Numbers in parentheses
are powers of ten.
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radiatively allowed transitions and have wavelengths in the infrared re-

gion. The magnitude of the inversions increases with increasing energy of

the laser-excited level.

Levels above the laser-excited level tend to be in partial Boltzmann

equilibrium with each other. This is more quantitatively shown in Table 2,

where values are given for the quantity

which measures the deviation from partial Boltzmann equilibrium of the

observed population ratio n.g./(n.g.)> here T » flame temperature (1800 K);

k « Boltzmann's constant; E. - E. » energy difference between levels i and

j. With each of the excitation modes the populations of the 4D- and 5D-

levels are approximately in equilibrium with each other. Similarly, there

is partial equilibrium between the SS- and 6S-level, between the 5D- and

6S-level and to a lesser extent between the 5S- and 5D-level. Large devi-

ations occur when the 3D-, AS- or 3P level is involved.

The approach to Boltzmann equilibrium within the group of levels above

the 3P-level in the case of 3S-3D excitation and vI thin the group of levels

above the 4P-level in the case of 3S-4D excitation presents an additional

difficulty for the determination of collisional rate constants between

levels within these groups. The reason is that in an equilibrated level

system, the rates of each endo-ergic and reverse exo-ergic transition are

in detailed balance; only if an external disturbance unbalances these

rates, we can determine — in principle — the corresponding rate constants.

Levels of such an equilibrated group of levels cannot have a coupling

constant with an 'outside' level which significantly exceeds its maximum

coupling constant with the 'inside' levels, because in this case the in-

side level would be drained. Therefore we assume the coupling of equi-

librated level groups with other levels to be rather weak and we

characterize this coupling by a weighted average coupling constant G.

Thus the system of Fig. la is reduced to a three-level system consisting

of the 3S-level, the 3P-level and the group of levels from 4S upwards; this

gives for the steady state population of the 3P-level the balance equation

5D
£ (Gj + Aj_3p)«£ * (A + k)n,p - (r + I" )n,g (1)
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where G. - weighted average collisional rate constant for transitions from

the group of levels from 4S upwards to the 3P-level for the case of 3S-3D

excitation; A.__p » Einstein coefficient for spontaneous emission from

level i to level 3F; A • Einstein coefficient for spontaneous emission of

the 3P-3S transition; k » quenching rate constant for the 3P-level; T^ =

transition probability per second for radiative excitation in the colli-

sional ly broadened wing of the 3S-3P transition; r « transition proba-
s

bility per second for excitation of the 3P-level due to reabsorption of

spontaneously emitted photons. In the summation we assume that all levels

above the 4S-level are equilibrated between each other, in particular the

4F- and 5F-levels are assumed to be in equilibrium with the other members

of the group, as these F-levels are at a distance of less than 100 cm"1

from the 4D- and 5D-levels (kT — 1200 cm"1) and cross-sections for mixing

between D-states and 1 > 2 states of sodium atoms colliding with argon

atoms are of the order of 103 A*2/11**

With the laser detuned from the two-photon resonance but still at

practically the same position in the collisional wing of the 3S-3P transi-

tion, the only remaining fluorescence signal is that ensuing from one-

photon wing excitation, and in this case one has
(A (2)

where T = r + r ; n,_ and n,_ denote the populations of the 3P- and 3S-
W S jjr Ju

levels respectively as a result of wing excitation only. In Chapter V,

which deals with ionization, we shall present experimental evidence that

the degree of ionization is negligible when the laser is resonant with

the 3S-3P one-photon transition or the 3S-5S two-photon transition for the

Na-metal concentration used. Therefore, we assume that the number density

of sodium atoms is virtually constant whether or not the laser is tuned

on a two-photon resonance; we therefore have

5D
I ai * n

i-4S x 3P n3S n3P n3S (3)

We eliminate the ground-state densities n«_ and n~c from eqns. (1), (2)
JO JO

and (3) and obtain
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(4)

5D
where we have written £ for £

i-4S

In the derivation of eqn. (4) we assume that the stationary state is

reached within the laser pulse; this assumption is justified by the mag-

nitude of the known rate constant (A + k) and of the rate constants found

in this work. We also assume that the rate constants for collisional

transitions from the 3S- and 3P-level to the 4S- and higher levels are

negligible; this can easily be justified by the appreciable endo-ergicity

of these collisions.

When we compare the population rate of the 3P-level caused by the re-

absorption of spontaneously emitted radiation with the population rate

produced by one-photon wing excitation in a cylindrical volume of radius

r {i.e. the flame volume irradiated by the laser beam) we obtain T /T =
s w

k(A)rY, as shown in the appendix to this Chapter; Y is the efficiency of

Na-D-fluorescence for our flame^1^ and k(A) » absorption coefficient of

the 3P-3S transition, as averaged over the absorption line profile. As

shown in the appendix, F is estimated to be 0.IF . V can be estimated
s w w

within a factor of two from the known laser irradiance and the value of

the absorption coefficient in the wing of the 3S-3P transition at the laser

wavelength (section 2 of Chapter VI); we find 0.8 x 106 s"1 £ r ^ 3 x 106

s"1. The value of A + k » (9.0 ± 0.05) x 107 s"1 is found from the fluores-

cence efficiency measurements of LIJNSE^1' for our flame (» his flame no.

20). We finally obtain Gj - (2.4 + 0.9) x 108 s"1.

In the case of 3S-4D excitation the group of levels above the 4P-level

is nearly equilibrated and we again replace the level system by a three-

level system, this time consisting of the 3S-level, the 3P-level and the

group of levels from 5S upwards. The 4S-, 3D- and 4P-levels are neglected

because an improbably large rate constant is needed to make the rates of

these levels comparable to the rates of the other levels. Analogous to

eqn. (1), (2) and (3) we obtain
nop «oP I A.n.

G2 - (A + k + T) — — (1 - -^£) + r — (5)

I \ "SP I n.
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where G. » weighted average rate constant for collisional transitions from

this group of levels to the 3F-level in the case of 3S-4D excitation, and
5D

where we have written £ for £ . By inserting the appropriate values one
i-5S

obtains: G» * (3 ± 1) * I08 s"1, which is of the same order as the esti-

mate for G..

The magnitude of G. and G- exceeds the Einstein coefficient for spon-

taneous emission by at least a factor five and the quenching rate con-

stand of the 3P-level by almost one order of magnitude.'1' The latter fact

might be indicative of a more general trend, namely that collisional rate

constants increase with increasing principal quantum number of a given

alkali atom.

The gases of our flame are composed of 83Z Ar and 172 H2O. The quenching

of the first resonance doublet of Na is almost entirely due to H2O,'1' but

for the quenching of higher levels the presence of Ar might be detectable,

since theoretical work done by PASCALE and VANDEPLANQUE<15> shows a number

of pseudo-crossings between the potential curves of higher levels of alkali-

rare-gas systems. At present, however, no theoretical estimates of cross-

sections for collisional transitions between higher excited states are

available. In this connection we draw attention to the results of GOUHAND

et at.(le) who claim to have measured a cross-section of 8 £ 2 for the

quenching of the K(lOP)-state by argon; argon, however, is known to have

negligible cross-sections for quenching of the first resonance doublet of

the alkalis.(17»18) Other experiments also report that various perturbers

show increased quenching efficiency on the higher levels of alkali atoms

compared with the quenching of the first resonance doublet.(*9~22)

GALLAGHER et aJ. (23) report cross-sections for quenching of the 5S- and

4P-states of Na by N2, which are two to four times larger than those found

by L L J N S E O ) for the quenching of the 3P-state of Na by N2. GALLAGHER et

at. t11*) suggest, however, that the cross-sections for quenching of the

higher excited states by rare gases are below 1 A2.

In the case of 3S-5S excitation the approach to partial Boltzmann equi-

librium is less pronounced; this could be explained as follows:

If the ratio of the coupling constant between the AD- and 5S-level to the

coupling constant with all lower levels is small for the 4D-level but large
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for the 5S-level, then n,_/n5s will be closer to the Boltzmann ratio in

the case of 4D excitation than in the case of 5S excitation.

As can be seen from Table 1, the ratios n5j)/ntc» n6s''n4D' n5D''n4D an<*
n3D^n4S rema^n approximately constant with various excitation modi. Strong

collisional coup.ling between the members of each pair thus exists.

Pulse-to-pulse variations of the laser light, r.f. noise from the spark

gap which fires the flashlamp, irregularities of the sprayer performance

and fluctuations in the gas supply tend to depress the signal-to-noise

ratio. There are also gradual effects from the degrading of the dye solu-

tion, drift of the laser tuning and changes in sprayer efficiency. These

factors severely limit the precision of the measurements. Another draw-

back is the low repetition rate of the laser (1 Hz) which makes the

measurements very time consuming. The mean value of the experimental

scatter in the relative populations plotted in Fig. 1 amounts to about 207.

With either G. or G_ the value of r is one order of magnitude below that

of A + k, errors in T will hardly affect the error in G.. A + k was meas-

ured by LIJNSEO) within 52; we repeated his measurements and found the

same value within an error margin of 101. The quantities *»__/£ n. and

£ A.n./y n. were calculated from the measured n. and known A.;(5>6)

we found n3p/J n. - 3.2 ± 1.1, £ A.m/J ni - (3.3 + 0.7) x 10
7 s"1 in the

case of 3S-3D excitation and n-_/^ n- « 17 + 5, J A.n./J n. » (4.8 + 0.9)

x 106 s"1 in the case of 3S-4D excitation. The magnitude of the term

£ A.n./£ n. is thus seen to be one order of magnitude below that of the

first term with both 3S-3D and 3S-4D excitation. When nlp/n.p is close

to unity, this quantity becomes the main source of error; consequently we

measured n_p/n_p with increased precision in the case of 3S-4D excitation

and we found 0.82 ± 0.06. In the case of 3S-3D excitation n-p/n™ -

0.07 ± 0.02.
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4. CONCLUSION

With two-photon excitation processes and laser powers of the order of

a few kW it is possible to create population inversions between some levels

of Na-atoms in a H2~02-Ar flame of I atm. The highest populations are

found in levels around the laser-excited level; from approximately this

level upwards a partial Boltzmann equilibrium predominates in some cases,

inhibiting the determination of rate constants between these equilibrated

levels.

The values of the weighted average rate constants G. and G_ relating to

collisional transfer from groups of higher levels to the 3P-level are at

least five times higher than the Einstein coefficients for spontaneous

transitions from higher levels. G. and G« exceed the quenching rate con-

stant of the first resonance doublet by almost one order of magnitude.

Because G. = Gj, the dominant levels of either group (.i.e. the 4S- and

3D-level with 3S-3D excitation and the 5S- and 4D-level with 3S-4D ex-

citation, see Fig. 1) are likely to have rate constants of the same order

of magnitude for collisional transitions to the 3F-level.

The assumption of a steady-state population produced by a laser pulse of

1 us seems justified since G. and G2 are of the order of 10
8 s"1 and at

least some of the coupling constants within an equilibrated group are

likely to be even larger. Specially strong coupling probably exists

between the members of the level pairs: (5D, 6S), (6S, 4D) and (5D, 4D),

because the levels of each pair maintain an almost fixed population ratio

with different excitation modi.
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5. APPENDIX

ESTIMATE OF THE RADIATIVE TRANSITION

PROBABILITY DUE TO REABSORPTION

Since the Na-atom densities used in the two-photon experiment are of

the order of 1012 cm"3 and self-absorption of the 3P-3S fluorescence light

is known to occur at these densities, it is desirable to have an estimate

of the amount of 3S-3P excitation caused by reabsorption of these fluores-

cence photons.

In the following we consider a volume V within the flame which is ir-

radiated by an external source. We derive an expression for the transi-

tion probability per second F for the reabsorption of spontaneous emis-

sion in terms of the transition probability per second V for absorption

due to the external source.

The atomic system is represented by a two-level system, i.e. the 3S-

and 3P-levels, with population densities n. and n» respectively. The upper

level is populated at the rate (T + T )n. and depopulation is assumed

to be by spontaneous emission and collisional deexcitation at rates of

Aiu and kn» respectively, where A » Einstein coefficient for spontaneous

emission and k - quenching rate constant. In the stationary state one has

Vni (Fw r s ) / ( A + k> (A.l)

if no saturation effects are present; the latter assumption follows from

the experimental fact that the 3P-3S fluorescence resulting from one-

photon wing excitation of the 3S-3P transition proved to be a linear

function of the laser power for the detunings involved.

The number of transitions per second within the volume V due to re-

absorption of spontaneous emission is

where

rgn,V - An2V£

eff

(A.2)

(A. 3)



It follows that

(A. 4)

1 - C is interpreted as the escape probability from the volume V when

£ « l;^2"*' k(X) » absorption coefficient as averaged over the absorption

line profile; I f. is a characteristic dimension of the volume V (average

length of escape path for photons). From eqn. (A.1) we note that

An2 - • rs)n, (A.5)

where Y • A/(A + k) is the efficiency of fluorescence. From eqns. (A.4)

and (A.5) we obtain, since £Y « 1

rs/rw - (A.6)

This ratio is independent of the detuning and the intensity of the laser

beam. The quantity 5 " k(\)l ,, can be found from curve-of-growth as the

relative deviation of the curve from the initial asymptote at the con-

centration (Z ,,/R)c, where c " concentration of metal solution giving rise

to the ground-state density n. and R " path length of the observed fluores-

cence beam within the flame; R is about equal to the radius of the cylin-

drical flame. We have assumed that the Na-concentration inside the flame

is uniform. From a curve-of-growth of the thermal emission of the 3P-3S

fluorescence of sodium we obtain for c » 2560 ppm, I .. % 100 urn, R "

7.5 mm and Y - 0.67 a value of CY = 0.1.



C H A P T E R V

COLLISIONAL IONIZATION OF Na-ATOMS EXCITED BY

ONE- AND TWO-PHOTON ABSORPTION IN AN H2-O2-Ar FLAME

Abstract—An ionization signal was detected when a flashlamp pumped dye
laser was tuned on resonance with various one- or two-photon transitions
of Na-atoms inanH2-02-Ar flame of 1800 K at atmospheric pressure. Ion-
ization signals were obtained by collecting the electric charge with two
thin iridium probes which were immersed into the flame. Relative ion-
ization signals were measured as a function of d.c. probe voltage, laser
detuning, Na solution concentration and free 02-concentration. Fluores-
cence signals served to monitor the relative populations of the higher
Na-levels.

A preliminary qualitative interpretation is given on the basis of
collisional ionization from the saturated as well as the higher levels,
which are mutually connected by population redistribution. With the as-
sumption of a quasi-steady state ionization, an effective Saha-equation
is derived, which connects the atomic concentrations of the saturated
level with the ionic concentrations by an effective ionization constant.
Values of this constant were estimated from the experiments and compared
for the different excitation modi investigated. One-photon wing excita-
tion of the 3P-5S transition might play a role in the ion production
when the 3P level is saturated.

The presence of excess O2 molecules enhances the degree of ionization,
whereas the addition of comparable quantities of N2 molecules does not
have this effect. This is explained by the positive electron affinity
of O2, which shifts the ionization equilibrium.

The contribution of multiphoton processes to the ion density is shown
to be negligible.

1. INTRODUCTION

AS AN EXTENSION of our interest in the population redistribution among

the higher levels of Na-atoms in a H2-02~Ar flame (see Ch. IV), we also

investigated the ionization of excited Na-atoms. Earlier investigations

proved the existence of ionized species in flames and the exponential

dependence of the rate of ionization on the ionization energy.'1*2'

Therefore, it is to be expected that the ionization rate will increase

when a fraction of the alkali-atoms is brought to a higher excited

state by laser irradiation.
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Notwithstanding the known disadvantages of electrical probes at ele-

vated pressures,'3' they seem a suitable means to detect ionization sig-

nals on a microsecond time scale. Probes appear to be better suited than

microwave or r.f.-resonance techniques for investigating the snail flame

region irradiated by a (focused) laser beam.

A number of workers have reported ionization phenomena following laser

excitation and the term 'opto-galvanic effect' is sometimes used in this

connection. (**~8) Experiments related to that of the present Chapter are

reported in Chapter III and Chapter IV, where two-photon excitation and

the resulting population distribution among the higher levels of Na-atoms

in a H2-O2-Ar flame are discussed.

Since our main aim was to give a preliminary qualitative interpre-

tation of the results, we generally restricted ourselves to checking

order-of-magnitude agreement between the measurements and simplified

models.

2. EXPERIMENTAL SET-UP

The excitation source is a flashlamp-pumped tunable dye laser with a

peak power of several kW. *9' Pulse duration is 1 vs and repetition rate

is approximately I Hz. The full width at half maximum (FWHM) of the spec-

tral laser profile is determined to be 140 mX at 5890 & (see Ch. II);

this width exceeds atomic line widths in flames by a factor of two to

three.'10' Rough tuning of the laser is carried out by tilting an inter-

ference filter; fine tuning is done with a Fabry-Perot etalon. Dyes used

are Rhodamine 6G dissolved in methanol, and a mixture of Rhodamine 6G and

Cresylviolet dissolved in methanol.

The flame is a stoichiometric H2~02-Ar flame at atmospheric pressure

and a temperature of 1800 K. The burner is of the MSker type and has a

mantle flame to prevent infusion of the surrounding air. The flow system

is identical to that described by LIJNSE.(ll)

The laser beam traverses the flame at a height of 10 mm above the com-

bustion zone. The diameter of the cylindrical flame at this height is

15 mm. A small part of the laser beam is split off for power monitoring.

Power calibration is derived from a pyro-electric detector.
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FIG. 1. Probe configurations used with an unfocused laser beam. Small
circle: cross-section of the laser beam, diameter is 3 mm approximately;
heavy lines: probes; dashed lines: outline of the inner flame; hatched
area: burner head. Fluorescence is detected at right angles to the laser
beam and the field of view of the detection system is sufficiently kept
clear by bending the probes slightly.
a. Beam incident on the negative probe;
b. Beam incident on both probes;
c. Charge-voltage characteristic obtained with the probe configuration

of Fig. la. The laser was tuned to the 3Sx/2~3P3/2 transition and
the power density was 7 * I01* W/cra2.

Ionization signals are detected with two iridium wires, with a rec-

tangular cross section of 0.1 * O.S mm2, which are suspended into the

flame in the vicinity of the laser beam (see Fig. I). These probes proved

to be highly corrosion-resistive, even with excess Oj present in the

flame, and showed no deterioration even after several hundreds of hours

of operation. A constant voltage is maintained between the probes and

ionization signals appear across a load-resistor which is followed by

an impedance transformer.

Fluorescence light is collected by a quartz lens which images a por-

tion of the irradiated flame volume onto the slit of a grating mono-

chroma tor. With the slits set at 1 mm this monochromator has a bandwidth
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of 23 8 (FWtW). A photoMiltiplier detects the visible and u.v. light at

the exit slit of the aonochroaator. The electric signals from the probes,

the photowiltiplier and the power-aonitor are processed by gated inte-

grators whose outputs are displayed on x-t recorders. The measurement of

the total charge contained in an ionization signal is facilitated by the

gated integrators and we assume that the signals Measured in this way

are proportional to the tiae-averaged density of charged species in the

excited volume.

The various detector outputs can be observed two at a tiae on a true

dual-beam oscilloscope which has a rise tiae of 10 ns. The relative spec-

tral response of the detection systea has been deterained with the aid of

a calibrated tungsten filaaent laap. The overall-displacement of a flame

portion during the aicrosecond laser pulse is of the order of 10 Mm when

the flaae gases have a rise-velocity of 10 a/s.

3. RESULTS AND DISCUSSION
3.1. General

In the experiaents reported below, the laser was tuned to several one-

or two-photon transitions of sodium and the resulting ionization signals

were detected (soaetiaes siaultaneously with a fluorescence signal) as a

function of soae paraaeter, e.g.: probe voltage, laser tuning, sodiua

concentration or free molecular oxygen content of the flaae. The simul-

taneous recording of ionization- and fluorescence signals facilitates

comparison between these signals.

Saturation and saturation-broadening was observed with both one- and

two-photon excitation. Detailed information concerning the observed

saturation may be found in Chapter III.

Froa the fact that no variation of the fluorescence signals was ob-

served whether the probes were in the iaaediate vicinity of the excited

volume or not, we conclude that the population distribution of the ex-

cited levels was not noticeably affected by the presence of the probes.

Froa the ionization signals obtained with a blank solution nebulized

into the flaae and the laser at resonance with various one- or two-

photon transitions, we conclude that the contribution of natural flaae

electrons and residual sodiua ions to the ionization signals is negligible.
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Except in the measurements of the charge-voltage characteristics the

applied voltage across the probes was fixed at 300 V. A sodium solution

concentration of 2560 ppm was used throughout the experiments with the

exception of those reported in section 3.4. In most cases we used the

u.v. line of the 4P-3S transition to monitor the population of the higher

levels.

3.2. Probe characteristics

Because of the irregular shape of the probes, we restrict ourselves to

a phenomenological description and qualitative considerations; probe the-

ories at elevated pressures being complex, even with spherical or cylin-

drical shapes.(3)

We briefly investigated the behaviour of the probe signals when the

probes were in different configurations both with respect to each other

and with respect to the excited volume. In the configuration of Fig. la

the laser beam has a diameter of approximately 3 ma (unfocused) and

strikes the negative probe, the latter being at a distance of 10 mn from

the positive probe which is well outside the laser beam. A 2560 ppm

sodium solution concentration was nebulized into the flame and the laser

was resonant with the Ma (3Sj/2-3P3/2) transition. The time-integrated

ionization charge as a function of the distance d between the probes is

shown in Fig. 2; the probe which is exposed to the laser beam has a fixed

position with respect to this beam and is at the same potential as the

burner head. When the fixed probe is negative (with respect to the

movable probe), the measured charge is almost independent of d, but if

the fixed probe is positive, a considerable drop occurs with increasing d.

This observation shows that the current is limited by the sodium ions,

which move obviously too slow to cross the space between the probes

within the time that the gate of the integrator is open (s 10 us); re-

combination might also prevent the sodium ions from reaching the negative

probe. If we assume the mobility of the sodium ions to be of the order of

2 cm2 s"1 V"1, as is found in flames at atmospheric pressure,(12) we ob-

tain 60 ym for the distance crossed within 10 ps at a field strength of

300 V/cm, which is about twice the RMS-distance crossed by these ions

under the influence of thermal diffusion.
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-8*
FIG. 2. Ionization charge as a function of the distance d between the
probes, measured with the probe configuration of Fig. la, where the
lower probe is kept in a fixed position. The upper curve is obtained
with the lower probe negative and the lower curve is obtained with the
polarity of the probes reversed. The laser was tuned to the 3S1y2-3P3/r2
transition and the power density was 7 x 101* W/cm2.

The comparison of the results from both probe configurations of Fig.

1 offers the possibility of observing the effects of electron capture

by O2 in an oxygen-rich flame. Both kinds of charge carriers are able

to reach the positive probe in the case of Fig. 1b, whereas only the

fast electrons can reach this probe in the case of Fig. la (see section

3.5).

The charge voltage characteristic (cvc) of the configuration of Fig.

la is given in Fig. lc. The laser was tuned to the 3Sw2-3P3i2
 t r a n s i~

tion of Ha and the power density was 18 kW/cn2, which is far above the

estimated saturation value of 22 W/ca2.(13) The slope of the double-

logarithmic cvc is close to one,, from which we infer that the plasma

between the probes behaves alnost ohmic. From the slope of Fig. 1c and

the average current we estimate the resistance of the plasma to be of

the order of I megohm.

For two-photon excitation the laser beam was focused down to a spot

with a diameter of approximately 100 urn. To obtain an adequate sif.nal-

to-noise ratio it appeared necessary to locate the probes in the imme-

diate vicinity of the beam waist, but in such a manner as not to obstruct
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FIG. 3a. Probe configuration used with a focused laser beam. Small
circle: cross-section of the laser beam, diameter is 0.1 mm
approximately; heavy lines: probes; dashed lines: outline of
the inner flame; hatched area: burner head. Fluorescence is
detected at right angles to the laser beam and the field of
view of the detection system is sufficiently kept clear by
bending the probes slightly.

b. Charge-voltage characteristic obtained with the probe config-
uration shown in Fig. 3a. The laser was tuned to the 3S-5S
two-photon transition and the power density was estimated to
be 4 x io" kW/cm2.

the detection of fluorescence light and avoid as much as possible the

reflections of laser light on the probes; these reflections cause con-

siderably more background signal with a focused beam than with an un-

focused beam. A geometry which reasonably satisfied the above re-

quirements is shown in Fig. 3a; the double-logarithmic cvc is shown in

Fig. 3b, where the laser was tuned to the 3S-5S two-photon transition

of sodium; power density was 4 x I01* kW/cm2.

A time-resolved ionization signal resulting from excitation of the

3S-3D two-photon transition is given in Fig. 4. The ionization pulse

is seen to decay somewhat slower than the laser pulse, probably as a

result of the slow recombination after the cessation of the laser

pulse.

J
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FIG. 4. Time resolved pulse shapes obtained with 3S-3D two-photon exci-
tation and the probe configuration of Fig. 3a. A Tektronix 556 dual beam
oscilloscope was used, with the time basis set to 1 jjs/div.
Lower trace: laser pulse, power density 4 " I03 kW/cm2.
Upper trace: ionization signal as detected by the probes.
The ringing preceding the pulses is due to pick-up of r.f. noise which
is produced by the spark-gap which fires the laser.

With the probes at a distance of approximately 1 mm from each other,

we observed that voltages in excess of approximately 400 V produced

electrical breakdown of the flame portion between the probes; break-

down currents were in the order of 100 A.

3.3. Fluorescence exoitation-

and ionization profiles

Profiles of ionization- and fluorescence signals are obtained when

the laser tuning is varied across an atomic resonance (see Ch. VI).

Figure 5 shows the fluorescence excitation profile and ionization

profile of the Na(3Sj/2~3P3/2^ transition, obtained with the probe-

configuration of Fig. lb. The width of the ionization profile is seen

to be significantly different from the width of the fluorescence pro-

file, and both profiles are broader than 140 mA, which is the width of
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FIG. 5. Simultaneously recorded ionization profile (upper curve) and
fluorescence excitation profile (lower curve) of the 3Sif2~^3/2 transi-
tion. Probe configuration was that of Fig. lb; power density of the laser
pulse: 5 x 101* W/cm2; fluorescence monitor: the 4P-3S transition.
The dashed curves represent the square root of the fluorescence curve.
Both curves are normalized to a peak value of unity.

the spectral laser profile. As shown elsewhere (Ch. Ill), the broadening

of the fluorescence excitation profile is due to the dependency of the

absorption coefficient on the laser power and the laser tuning and is a

saturation effect (so-called saturation-broadening).

Fluorescence excitation and ionization profiles of two-photon transi-

tions were obtained with the probe configuration of Fig. 3a and are

shown in Fig. 6a and Fig. 6b for the 3S-3D and 3S-5S transition re-

spectively. A focused beam and appropriate tuning also produces ex-

citation of the 3pi/2~5S1y2 and 3P3/2-5Sj/2 one-photon transitions; the

profiles obtained with the latter transitions are shown in Fig. 7.

In all profile measurements, whether they are done with one- or two-

photon excitation and regardless the probe configuration, laser power

or fluorescence monitor, the width of the ionization profile exceeds

that of the fluorescence profile. This difference in width might be ex-

plained as follows: we assume the ionization to proceed according to

the single-step exo-ergic ionization process

Na* + Z Na + e + Z (1)

where Na* represents an excited Na-atom whose number density [Na*], is

enhanced appreciably above its thermal value as a result of laser

j
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FIG. 6. Simultaneously recorded ionization profiles (upper curves) and
fluorescence excitation profiles (lower curves) of two-photon transi-
tions. Probe configuration was that of Fig. 3a; fluorescence monitor:
the 4P-3S transition. The dashed curves represent the square roots of
the fluorescence excitation profiles. All curves are normalized to a
peak value of unity.
a. Laser tuned across the 3S-3D transition; power density

3 x 101* kW/cm2;
b. Laser tuned across the 3S-5S transition; power density

4 x 101* kW/cm2.

excitation. Z denotes an arbitrary flame gas atom or -molecule. The ex-

cited state involved is not necessarily limited to the directly laser-

excited state. Due to collisional redistribution of the population of the

Na-levels, other levels below and above the directly excited state might

also be involved (see Ch. IV). If we assume that the populations of

those excited levels (Na*) which occur in reaction (I) are proportional
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laser detuning (A)

! •

FIG. 7. Simultaneously recorded ionization profile (upper curve) and
fluorescence excitation profile (lower curve) of the ̂ i/2~^i/2 an<*
3P3/2~5Sj/2 one-photon transitions. The probe configuration used was
that of Fig. 3a; estimated power density 6 x 103 kW/cm2; fluores-
cence monitor: the 4P-3S transition. The dashed curve represents the
square root of the fluorescence excitation profile. Both curves are
normalized to a peak value of unity.

to the population of the laser-excited level [Ma*], we may express the

ionization rate R. (• number of ionizing collisions per second and

per cm3) by

R* - k*[Ha*] (2)

where k. is an effective ionization rate constant (in s"1) referring to

the laser-excited level.

Recombination is assumed to occur through the reverse single-step

process

Na+ + e + Z •+ Na + Z (3)

where the neutral Na-atom may be in any (excited- or ground-) state.

We have neglected radiative recombination processes, because at atmos-

pheric pressure collisions may be assumed to be dominant. The rate of

recombination R can be described by
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Rr - kr(T)[Na+][e] (4)

Here we have assumed that the bimolecular recombination rate constant

kr(T) (in cm
3/s) is not affected by the laser excitation of the neutral

atoms and equals its thermal value.

If the reactions (I) and (3) equilibrate each other during the laser

pulse, we have R. • R , from which we obtain an effective Saha-equation

[Na+][e]/[Na*] - kt/k = K* (5)

K. is defined here as an effective ionization constant corresponding to
1 t

the effective ionization energy E. (see below). We assume the partially

ionized flame volume to be electrically neutral as a whole, thus

[Na ] « [e], which gives, upon application to eqn (5):
[Na+] (6)

If the population of the fluorescence monitor level [Nam] is assumed to

be proportional to that of the laser-excited level [Na^, it follows that

the ion concentration is proportional to the square root of the popu-

lation of the monitor level; a behaviour which is in semi-quantitative

agreement with the experimental profiles (see Figures S, 6 and 7).

If we suppose that the majority of the excited levels between the

laser-excited level and the ionization continuum were in partial

Boltzmann equilibrium at the flame temperature T (see Ch. IV), k. might

be conceived as a quasi-thermal ionization rate constant k.(T). In

analogy with the experimental behaviour of the true thermal ionization

rate constant we might expect k.(T) to contain an activation energy

factor exp(- E./kT), where E. is the ionization energy as counted from

the laser-excited level. The latter level acts as a quasi-ground level

because of the saturation. The effective ionization constant K. in eqn

(5) might then be identified with a quasi-thermal ionization constant

K.(T), which would exceed the true thermal Saha-constant K.(T) by a
1 * $ 1factor of the order of exp(E /kT), where EY

6XC CsXC
E. - E.j E. -

ionization energy as counted from the ground level; E - excitation

energy of the laser-excited level. (We have ignored complications which

might arise from the appearance of partition functions in the statisti-

cal-mechanical expression of the true thermal Saha-constant.)
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3.4. Dependence of the ionization signal

on the Na-solution concentration

The equilibrium degree of ionization of a given species is known to de-

pend on the total concentration of that species in the flame. In order to

observe the behaviour of the degree of ionization under conditions of

laser irradiation, the laser was tuned to the 3Si/2~3P3/2 transition of

sodium and the probe configuration of Fig. la was used. Different Na-

solution concentrations were sprayed into the flame and the resulting

ionization signals, divided by the corresponding Na-solution concentrations,

are plotted against those concentrations (see Fig. 8). With increasing con-

centrations the value of the slope of the double-logarithmic curve is seen

to approximate -0.5. This behaviour might be explained from the effective

Saha-equation (6) and the definition of the degree of ionization 6:

6 = [Na+]/[Na]t (7)

where [Na] denotes the total sodium concentration:

[Na]t = [Na°] + [Na*] + [Na
+] (8)

and [Na°] is the concentration of sodium atoms in the ground state. B is

proportional to the ordinate value of Fig. 8 if we assume the probe signal

to be proportional to [e] « [Na ] and [Na] to be proportional to the Na-

solution concentration. We define a degree of saturation e as follows

e =. T ^ J . (9)
[Na*] + [Na°]

From eqs (6), (7), (8) and (9) we obtain

(10)
" M l""*J t

For [Na] » K. we have 6 « 1 and consequently

(11)
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FIG. 8. Ratio of ionization signal to sodiua solution concentration
plotted against the sodiua solution concentration on double-logarithmic
scales. The dashed line has the theoretically expected slope of -0.5
for large aodiua solution concentrations, which indicates that the
degree of ionization is small.

transition; probe configuration ofa. Laser tuned to the 3Sw2-3P3/2 transi
Fig. la; power density: 4 * \0k W/cm2

b. Laser tuned to the 3S-5S two-photon transition; probe configuration
of Fig. 3a; power density: 9 * 103 kW/cm2.
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We conclude that a slope of -0.S corresponds to the limit of small 6, that

is [Na+] « [Na] . For [Na]t « eKT we expect from eqn (10) that 8 tends

to unity and thus becomes independent of the Na-concentration.

A curve similar to that obtained with one-photon excitation was ob-

tained with two-photon excitation and is shown in Fig. 8b. As the latter

curve also exhibits a slope of -0.5, it might be inferred that, even with

two-photon excitation, the degree of ionization is small for concentrations

in excess of 100 ppm approximately.

From eqn (10) we conclude that the transition from the horizontal

asymptote at low Na-concentrations to the asymptote with slope -0.5 at

high concentrations, is marked by [Na]. = etc.. We assume the degree of

saturation e to be of the order of 0.5. If partial Boltzmann equilibrium

would exist for all or most of the levels above the laser-excited level,

K?(T) is expected to be of the order of K.(T)exp(+ E* /kT). Thus
1 X GXC

Kt(T) * 4 x 1011 cm^and = 3 x 1017 cm"3 at T - 1800 K, with the 3P-level

and the 5S-level respectively, being taken as the quasi-ground level. It

appears from Fig. 8a that the transition takes place at a sodium solution

concentration of approximately 100 ppm, which corresponds to a total Na

density in the flame of the order of 1012 cm~3.^14) This outcome is at

variance with the observation from Fig. 8b that for the two-photon ex-

citation of the 5S-level the transition region between the two kinds of

asymptotes also occurs at approximately 100 ppm of sodium solution concen-

tration. Thus, the expected difference of six orders of magnitude does not

show up, and both curves of Figs 8 seem to indicate an effective ion-

ization constant of the order of 1012 cm"3. The latter value is apparently

consistent with the K.(T) value of the 3P-level taken as quasi-ground

level: however, at the laser power densities used in saturating the 3P-

level, population of the 5S-level through one-photon excitation of the

collisionally broadened wing of the 3P-5S transition could play a role

in the ionization process (see section 3.6).

The discrepancy between the actual K. and the K.(T) values invites to

some speculations:

I) The partial Boltzmann equilibrium found between the levels above the

laser-excited level (see Ch. IV) need not necessarily to exist for

the great majority of the levels that are close to the ionization

limit and which were not observed in the fluorescence experiments of

- ftf! *fr ar ff ivn: nn-mrer-r^ri* TI rvr - m
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Ch. IV.

2) Ionization cross-sections might have an upper limit (or even decrease)

when the principal quantum number n increases, in analogy with the

behaviour of the cross-sections for quenching of the higher excited

states of Rb by rare gases.

Kinetic calculations, including the (de-)population of high lying levels

by inelastic collisions as well as by ionization and recombination could

give a clue to the population distribution between those levels. Of inter-

est for such calculations might be the result of Gounand et a£.,(15>16)

who argue, on the basis of theoretical work by Smirnov,^17) that the

ionization cross-sections are negligible compared with the quenching

cross-sections. Lack of specific ionization cross-section data impedes

such calculations at present.

Further complications in the quantitative interpretation of our

measurements are the spatial- as well as the temporal non-uniformity of

the degree of saturation e and the degree of ionization &. Ambipolar dif-

fusion might complicate matters: diffusion coefficients D in flames being

of the order of 10 cm2/s,'18^ a sodium ion covers a RMS-distance of

(r 2 ) * » (8Dt)* = 90 Mm during the time t of the laser pulse (- 1 us);

the diameter of the focused beam is of the same order of magnitude. We

considered only the radial direction when we calculated the loss in ion-

density due to ambipolar diffusion.^19) Furthermore, we used the fact

that the value of the ambipolar diffusion coefficient is twice that of

the corresponding ionic diffusion coefficient.'2°) Ambipolar diffusion

in the one-photon excitation of the 3P-level can, however, be neglected,

as focusing was not applied in this case.

3.5. Dependence of the ionization- and fluorescence signals

on the free oxygen content of the flame

Since molecular oxygen is known to have an appreciable positive elec-

tron affinity,(21) it seems interesting to investigate the behaviour of

the ionization and fluorescence signals as a function of the oxygen

content of the flame. This/experiment was done with the laser tuned to

the 3Si/2~3?3/2 transition and the probe configuration of Fig. 1b. In

Fig. 9a we plotted the observed ratio of ionization signal to fluorescence
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FIG. 9. Effect of free 0 2 and H2
on various ratios and with differ-
ent probe configurations. The laser
was tuned to the 3Si/2~3P3/2 tran-
sition; power density was 5 * 101*
W/cm2; fluorescence monitor: the
4P-3S transition.
a. Ratio of the ionization signal

to the fluorescence signal
plotted against the partial
pressures of free oxygen and
free hydrogen. Probe configura-
tion used was that of Fig. lb.
The lower part of this Figure
shows the fluorescence pulse
shapes obtained at two differ-
ent partial 02 pressures: the
left one close to the stoichio-
roetric point, the second one at
a partial 0 2 pressure of several
percent. The former pulse re-
produces the laser pulse whereas
the latter does not. Time base
is 1 us/div.

b. Ratio of the squared ionization
signal to the fluorescence sig-
nal plotted against the partial
pressures of free oxygen and
free hydrogen. The probe con-
figuration used was that of
Fig. 1b.

c. Ratio of the ionization signal
to the fluorescence signal
plotted against the partial
pressures of free oxygen and
free hydrogen. The probe con-
figuration used was that of
Fig. la.
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signal (of the monitor level) as a function of the calculated, free O2-

content of the flame. We assume this ratio to be proportional to

[Na ]/[Nam], which in turn can be used as a measure for the degree of

ionization under saturation conditions, since we observed that 6 « 1 in

the stoichiometric point and at the sodium solution concentration (2560

ppm) utilized. Thus the behaviour of the curve of Fig. 9a might be ex-

plained as an increase of the degree of ionization with increasing O2-

content. Since the degree of ionization depends on the effective ionization

constant K., we infer that the addition of free 02 to the flame results in

an increase of L . An enhanced transfer rate of excited Na-atoms to the

continuum state by collisions with 02 was also suggested in Ref.'
13^ to

explain the change in the decay rate of the time-resolved fluorescence

signal from the 3P-level when the 02-content of the flame was increased.

A similar change — be it less pronounced — was found by us in the time-

resolved fluorescence signal of the 4P-3S transition (see Fig. 9a) upon

the addition of O2 to the flame.

In order to explain semi-quantitatively the effect of 02, we consider

the following reactions

Na* + 0 2 * Na+

Na* + 02 + Na+ + e + 0 2

where Z is an arbitrary flame gas atom or -molecule. If each of these

reactions is equilibrated one obtains, on using [Na ] « [e] + [02 ]

and eliminating [e] and [02 ] between the laws of mass action:

[Na+]2/[Na*] - {1+

(12a)

(12b)

(12c)

with

(13)

Here K* and K* are the effective ionization constants

of the reactions (12a) and (12c) respectively, under saturation conditions,

defined in a similar way as K. in eqn (5); K. (T) is the equilibrium con-

stant of reaction (12b), which is not affected by the saturation. Ac-

cording to eqn (13), it might be of interest to plot the ratio of the

square of the ionization signal (I2) to the fluorescence monitor signal
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(F), against the calculated, free 02 content of the flame; this is done in

Fig. 9b. The qualitative agreement with eqn (13) is apparent: the quantity

I2/F increases sore or less linearly with free 02 content.

A closer analysis of the influence of oxygen on the ionization- and

fluorescence signals should take into account the effect of wing-excitation

of the higher levels (see section 3.6); 0~-foraation; the effect of excess

(>2 on the flaae temperature and the quenching of the fluorescence by Oj.

Capture of free electrons by 02 Molecules night explain the behaviour of

the ratio I/F against the calculated, free 02 content as shown in Fig. 9c.

The probe configuration of Fig. la was used, with the positive probe at a

distance of several MM froa the excited voluae. The flattening of the curve

of Fig. 9c observed at increasing 02 content is possibly due to the current-

liniting effect of the slow 02~ ions, which night have captured a sub-

stantial fraction of the electrons.

In Fig. 10 is plotted the ratio of the ionization signal to the fluores-

cence Monitor signals against excess nitrogen content of the flane. In con-

trast to the electron affinity of 02, the electron affinity of N2 is

negative, so that no effect on the degree of ionization is expected upon

addition of N2, which accords with the constant graph of Fig. 10.

1.0-

«o.e-
|0.4

• 0.2

•M—I 1-

OO2 OO4 0.06^
partial N2 pressure

().O8 oio

FIG. 10. Ratio of the ionization signal to the fluorescence signal plotted
against the partial pressure of free nitrogen. The probe configuration
used was that of Fig. la; the laser was tuned to the 3Si/2-3P3y2 transi-
tion; power density was 4 x 10* W/cnfc the SS-3P transition served as
fluorescence Monitor.
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3.6. Dependence of the ionization signals

on different laser excitation modi

As already mentioned in the Introduction, the ionization rate is ex-

pected to increase when an excited level is promoted to quasi ground level

by strong laser irradiation. The behaviour of the effective ionization

constant K., when different levels serve as quasi ground level, was tenta-

tively investigated. Unlike the measurements reported in section 3.5, the

measurements reported in this section were done in a stoichiometric flame.

At a constant laser power density of 9 * 103 kW/cm2 and the probe con-

figuration of Fig. 3a, the laser was tuned successively to the
3sl/2"3P3/2» 3S-5S and 3S-4D transition. In the case of the laser being

tuned to the 3si/2-3P3/2 transition, we monitored the fluorescence of the

AF-3S and the 3P-3S transition. In the case of two-photon excitation, the

4P-3S fluorescence was monitored. Simultaneously with the fluorescence

signals, the ionization signals ensuing from the various excitation modi

were measured (see column 4 of the Table). From the fluorescence signals,

using the known einstein coefficients,*22' the relative populations of the

3P-level and the 4P-level are calculated, allowing for self-absorption

with the aid of a curve of growth.

TABLE. VALUES OF THE RELATIVE EFFECTIVE IONIZATION CONSTANT K
rel

Quasi
ground
level E

Ionization
energy

I (eV)

Relative
population

of the quasi
ground level

Relative
probe
signal

I

K .rel
(from

eqn (14))

Normalized
Arrhenius factor

exp(- E?/kT)
A 1

exp(-

3P
5S
4D

3.03
1.02
0.86

7
1
4

0.4 x 10"2

1
1

2 x

The various quantities appearing in this Table are normalized to those of
the 5S-level, with the exception of the ionization energy.
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The relative populations of the 5S- and 4D-levels are derived from the

relative population of the 4P monitor level by using the appropriate popu-

lation redistribution schemes from Chapter IV. The relative populations

[Na*] thus obtained are shown in column 3 of the Table. From the
rei .

values of [Na ] 1 and the assumed proportionality between the ionizationrei ^
signal I and the sodium ion density [Na ], we obtain (using eqn (6))

rel
(14)

'rel

where K , is defined as a relative effective ionization constant. The

values of Ky . obtained from eqn (14) are listed in column 5 of the Table.

Note the almost equal KT , values of the 5S- and 4D excitation modi.

Values of the normalized Arrhenius factor

exp(- E?/kT)

exp(- E?S/kT)
(15)

.5Sfor a temperature of 1800 K are given in column 6 of the Table; E. de-

notes the effective ionization energy of the 5S quasi-ground level. It ••

can be seen from the Table that order or magnitude agreement exists

between the K* . values and the corresponding A values in the cases of

the 5S-level and the 4D-level serving as quasi ground levels. However,

a discrepancy of four orders of magnitude exists between the K* . value

and the A value in the case of the 3P-level taken as quasi ground level.

This discrepancy night be diminished by the assumption that, in the case

of 3Sj/2~3^3/2 excitation, one-photon excitation of the collisionally

broadened wing of the 3P-5S transition occurs, giving rise to a relative

population of the 5S-level of the order of 10"2. Thus, the 5S-level

serves as quasi ground level, rather than the directly excited 3P-level.

The latter assumption is supported by the observation that the ratio of

4P population to 3P population as observed with the monitor signals in

the case of 3Sj/2-3P3/2 excitation is of the order of 10~
2, whereas it

would be of the order of 10~5, according to Boltzmann equilibrium.

Obviously an excess of population of the 4P-level occurs as a result of

the one-photon wing excitation of the 3P-5S transition.
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5S 3PThe value of K. /K. - 1, obtained in section 3.4 from the ionization

curves of Fig. 8, show a discrepancy of the order of a factor of fifty
5S 3Pwith the value of K ./K .. obtained from the Table. This discrepancy

might be partly explained by the effect of ambipolar diffusion, as al-
3Pready mentioned at the end of section 3.4. The K. value of the Table
1 3Pwas obtained with a focused beam, whereas the K\ value of the Table

was obtained with an unfocused beam. Since the RMS-distance covered by a

sodium ion as a result of ambipolar diffusion is comparable to the radius

of the waist of the focused beam (see section 3.4), the cylindrical volume

occupied by the ions has roughly grown by a factor of four during the

laser pulse (1 us). The ion density appearing quadratically in eqn (14),
3Pthe value of K. as determined with a focused beam might be too small by

a factor of roughly sixteen.

3.7. Multiphoton ionization, versus

oollisional ionization

If three-photon ionization of the ground state sodium atoms by strong

laser irradiation would be the dominant process, the quasi-steady state

ion density would be expected to depend on the 3/2 power of the power

density of the laser. This can be seen from eqns (5) and (6) when we

assume that the ionization constant for three photon ionization, which

would replace KT in eqn (6), depends on the third power of the laser

power density. Even with a 3S-3P transition fully saturated, the ion-

ization signal would depend linearly upon the laser power density, as two

laser photons are required to raise the atom from the saturated 3? state

to the continuum state. We observed (see Fig. 11) that the ionization

signal with the laser tuned to the ^S^fy-JV^i^ transition and the probe

configuration of Fig. la, did follow the square root of the laser power

density for low laser power densities and tends to a constant value for

higher laser power densities. The latter behaviour of the observed ion-

ization signals reflects the behaviour of the population density of the

3P-level, which acts as a quasi ground level (<?/. eqn ( 6 ) ) ; this popu-

lation density is proportional to the laser power density for low laser

power densities and saturates with increasing laser power densities.

Besides, should multiphoton processes play an appreciable role, then the

i
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FIG. 11. Ionization signal as a function of the laser power density on
double logarithmic scales. The laser was tuned to the 3Sx/2~3?3/2
transition and the probe configuration of Fig. la was used. The dashed
line has a slope of 0.5.

dependence of the degree of ionization on the free oxygen content of the

flame as reported in section 3.5 would be hard to understand.

He therefore conclude that the contribution of multiphoton processes

to the observed ionization signals is negligible in the case of

3S\/2~3P.ii2 excitation.

4. CONCLUSIONS

Tuned to one- or two-photon transitions of the sodium atom, a laser,

with a pulse duration of approximately 1 us and power densities ranging

from 40 kW/cm2 to 4 * 10u kW/cm2, enhances the collisional ionization

rate of these atoms. A pair of thin iridium probes, immersed into the

flame and biased to 300 V, proved to be a suitable means to detect the

ionization.

The larger width of the ionization profiles as compared to that of

the fluorescence excitation profiles is explained qualitatively by the

assumption of an effective Saha-equilibrium. This equilibrium might

also explain the dependence of the ionization on the sodium solution

concentration; from this dependence it follows that the degree of ion-

ization is small for sodium solution concentrations in excess of 100 ppm

approximately.
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Addition of O2 to the stoichiometric flame appears to shift the ion-

ization equilibrium in the direction of increasing ion concentration,

whereas the addition of N2 does not have this effect. This difference in

the behaviour of 02 and N2 can be qualitatively understood from the posi-

tive electron affinity of O2, contrasted with the negative electron af-

finity of N2.

A deviation from the Boltzmann ratio of the population ratio of the

4P- and 3P-levels is found upon saturation of the 3P-level. One-photon

excitation in the collisionally broadened wing of the 3P-5S transition

offers a possible explanation for this deviation; the excess population

of the 4P-level being a result of cascade processes from the 5S-level.

The same excitation might cause the relatively large ionization signals

found under these conditions.

From the dependence of the observed ionization signals on the laser

power density we conclude that the contribution of multiphoton processes

is negligible.
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C H A P T E R V I

LASER L'XCITATION PROFILES

Summary—In this Chapter we present excitation profiles of various transi-
tions of sodium atoms in an H2-02~Ar flame obtained with a flashlamp
tunable dye laser. In section 1 are discussed profiles with high laser
power densities, obtained from the fluorescence signals of the 3D- and 4D-
levels. Various radiative and collisional population mechanisms are pro-
posed to explain the observed resonanced and underlying continua.

Section 2 is dedicated to the one-photon excitation profile of the
sodium D-lines measured in the same flame with non-saturating laser ir-
radiation. The latter profile is assumed to approximate closely the ab-
sorption profile of the D-lines, and can be used to obtain estimates of
the transition probabilities for absorption in the far wing of the D-lines.

1. JOINT EXCITATION PROFILES OF SEVERAL SODIUM TRANSITIONS,

OBSERVED IN AN H2-O2-Ar FLAME

Abstract—Several resonances and underlying continua were observed in the
excitation profiles of sodium atoms in an H2-O2-Ar flame, irradiated by
the focused beam of a tunable pulsed dye laser. These profiles are ob-
tained by tuning the laser through the spectral range of Rhodamine 6G and
detecting the ensuing fluorescence signals from the 3D-3P and AD-3P transi-
tions. We observed resonances corresponding to the 3Si^2~3Pl/2> 3Si/2~3p3/2»
3Pi/2~5Si/2» 3F3/2~5Sw2 one-photon transitions and resonances corresponding
to the 3Si/2~5Si/2» ^l/2~^3/Zt5/2

 t w o~P^ o t o n transitions. Several excita-
tion mechanisms are proposed to'explain the occurrence of resonances and
continua. One of the observed resonances is the sole result of radiative
excitation, others are brought about by different sequences of radiative
and collisional excitation. The presence of the continua is explained by
absorption of laser photons in the collisionally brcadened wings of ab-
sorption line profiles. The spatial inhomogeneity of the laser beam and
hence of the saturation, is probably responsible for differences in the
population mechanisms of the 3D- and 4D-level when the laser directly
populates a 3P-level.

1.1. Introduction

WITH RHODAMINE 6G as a dye, a tunable laser permits one to obtain excita-

tion profiles of sodium atoms, since several resonances of these atoms
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are within the tuning range of such a laser. These profiles may provide a

clue to the various population mechanisms of the higher sodium levels in

a flame — apart from the information on line broadening collisions which

they may contain.

The spectral width of atomic transitions will, in general, increase with

increasing perturber pressure.Oi2) It is therefore to be expected that, in

flames at atmospheric pressure, the wings of spectral lines might give rise

to noticeable absorption upon irradiation by an external source. Off-reso-

nance excitation of an atomic transition might thus result in population of

the corresponding level. The difference between the energy of the laser

photon and that of the atomic transition can be supplied (or carried off)

by collisions with other flame gas atoms or molecules. The resulting fluo-

rescence is called collision-induced fluorescence and has been observed

and discussed by several authors'3"7) in conjunction with Rayleigh- and

Raman-scattering. The latter experiments were carried out in vapour cells

at low temperature and low pressure.

In this section, we present experimental evidence that collision-in-

duced population of an intermediate level may proceed to higher levels by

absorption of a second laser photon. These observations supplement earlier

presumptions (see Ch. Ill), concerning the relative contribution of such

a two-step process in comparison with that of a direct two-photon process,

for the population of higher sodium levels in a flame.

1.2. Experimental set-up

A flashlamp pumped tunable dye laser is used, with a pulse duration

of 1 us, a peak power of several kW, repetition rate of I Hz and an ap-

proximately Gaussian line profile with a full width at half maximum

(FWHM) of 140 m& (see Ch. II, section 3). The laser beam is focused down

to a spot with a diameter of approximately 100 um and is at a height of

10 nm above the combustion zone. A small portion of the laser beam is

split off for power monitoring.

A 2560 ppm sodium chloride solution is nebulized into the central

part of a premixed stoichiometric H2~02~Ar flame at 1800 K and 1 ato.

The composition of the burnt flame gases is 83Z Ar and 17Z H2O.(8)
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Fluorescence is detected by a silicon diode (Harshaw S13Q), whose spec-

tral response extends into the near infrared region. A spectral filter in

front of the silicon diode was used to select the 3D-3F fluorescence sig-

nal. For the detection of the 4D-3P fluorescence a Hilger & Watts grating

monochromator, in combination with an RCA 1P28 photomultiplier, was used.

Both the silicon diode and the photomultiplier view the same fluorescent

flame region at right angles to the laser beam and opposite each other.

Doublet structure in the fluorescence signals was not resolved by either

detector, hence we suppress the J-quantum number when referring to these

signals. Nebulizing a blank solution into the flame causes the fluores-

cence to disappear at every detuning.

The tuning of the laser is carried out by tilting an interference fil-

ter (coarse tuning) and a Fabry-Perot etalon (fine tuning). The absolute

wavelength calibration of the laser output was determined with the aid of

a Leiss nonochromator and spectral lamps. The accuracy in the wavelength

setting near sodium line centers is 10 mA and is derived from interpo-

lation on the micrometer head of the Fabry-Perot etalon. The accuracy de-

teriorates to 2 X in the far wings of the profiles.

The signals from power monitor and fluorescence detectors are fed in-

to gated integrators, after which they are simultaneously recorded with

x-t recorders.

The calibration of the power monitor was derived from that of a pyro-

electric detector (Molectron J3-0S).

1.3. Results and discussion

1.3.1. General

The laser was tuned through the range from 5765 A to 62IS K in steps

varying from 5 A to 20 A; the magnitude of the steps depending on the

amount of structure found in the profiles. Three signals were recorded

simultaneously: the fluorescence signals from the 3D-3P and 4D-3P transi-

tions shown in Fig. la and Ib respectively, and the laser power density,

shown in Fig. 1c.

Figure la shows resonances corresponding to the 3SJ/ 2-3PJ/ 2, 3S1f2-

3?3/2» 3P!/2~5Si^2» ^3/2~^^l/2 one-photon transitions and the 3Sj#2-

t,%(z two-photon transitions. The doublet structure of
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FIG. 1. Fluorescence signals of two higher sodium transitions and laser
power density as a function of the laser tuning. The three curves were re-
corded simultaneously.
a. Fluorescence signal of the 3D-3P transitions;
b. Fluorescence signal of the 4D-3P transitions;
c. Power density of the laser; misadjustment of the transmission of the

tuning interference filter caused some deviating points, these are of
no consequence for the fluorescence signals.

the 4D-levels is too small to be resolved by the laser. The resonances of

Fig. 1b are the same as those of Fig. la, apparently with the exception of

the 3Si/2~3Pi/2 and 3sl/2~3P3/2 r e s o n a n c e s«

In discussing these profiles, we distinguish between processes which

populate higher levels by means of one or more laser photons, and the pro-

cesses which feed the ensuing population to the 3D- and 4D-levels. The

choice of the latter levels was motivated by the acceptable signal-to-noise

ratio of the 3D-3P and 4D-3P fluorescence signals throughout the lasers

tuning range.

1.3.2. Saturation

Saturation was observed not only at the center of each of the resonances

but also in the fluorescence signals of the 3P1/2~3
si/2 and 3P3/2~3Sl/2

transitions, when the laser was detuned several A from the center of the
3Sl/2~3Pl/2 or 3sl/2~3P3/2 transition. This observation means that satu-

ration in the wings of the 3S-3P transitions occurs. The laser power den-

sity being in excess of the 3S-3P saturation parameter(9) by a factor of

2 x 10s, saturation is expected to occur up to detunings of approximately

10 £ from the center wavelength of each of the 3S-3P resonances. At the

latter detuning the absorption coefficient has dropped by a factor of

2 x 10s (see Fig. 5).

Saturation distorts the excitation profiles as can be seen by comparing

the non-saturated excitation profiles of Fig. 5 with the corresponding

profiles of Fig. 1: whereas the former profiles change by seven orders

of magnitude in a range of 200 X, the latter do so by only two orders of

magnitude.
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1.3.3. The 3P-SS resonances

The population of the 5S-level, which is evident from the resonances

at 6154 A and 6160 &, obviously results from resonant laser excitation of

atoms in a 3P state. This population of a 3P state might be the result of

two different processes: 1) absorption of a (non-resonant) laser photon

in the collisionally broadened wing of a 3S-3P transition; 2) collisional

population of the 3P-levels. In the latter case, the ratio n,p/n,s of the

population densities of the 3P- and 3S-levels can be estimated by using

the Boltzmann equilibrium distribution at the flame temperature: we find

that exp(- AE/kT) is of the order of 1 * 10~6 (AE - energy difference

between the 3P-level and the 3S-level).

To estimate the contribution of absorption in the wings, we use a two-

level model. In this model, the population ratio of the 3P- and 3S-levels,

with the laser tuned to a wavelength X, and exciting the atomic transi-

tion centered at a wavelength X is given by

n3P/n3S " <BuX / S(X» dX

where B - Einstein coefficient for absorption; u^ - spectral volume den-
L

«ity of the laser light; y • sum of collisional and radiative decay con-

stants of the 3P-level. S(X, X_) and L(X, XT) represent the normalized
S Li

spectral profiles of the 3P-3S transition and of the laser, respectively.

The overlap integral can be estimated with the experimentally determined,

non-saturated excitation profiles of Fig. 5 and the laser profile (Ch. II,

Fig. 4). Using the appropriate detuning and the known laser power density,

together with the value of y calculated from the fluorescence efficiency

measurements of LIJNSE for our flame,'") we conclude that the value of

n,p/n,_ in the case of wing excitation exceeds the collisional population

ratio by five orders of magnitude. This justifies the conclusion that the

population of the 3P-level, with the laser tuned into resonance with a

3P-SS transition, is the result of absorption of a laser photon in the

collisionally broadened wing of the 3S-3P transitions. Additional ex-

perimental evidence for the wing excitation of the 3S-3P transitions at

other wavelengths can be found in Chapter III, section 3.
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1.3.4. The 3S-3P resonances

The 5890 % and 5896 % resonances in the fluorescence signal of the 3D-

3F transitions (see Fig. la) can be shown to originate by thermal popu-

lation fro* the 3P-levels. This is evident from Fig. 2, where the fluores-

cence signals of the 3D-3P and 3P-3S transitions are plotted against the

laser power density, with the laser tuned to the 3Sj/2-3P3/r2 transition.

Since these curves have the same dependence on the laser power density,

we conclude that the populations of the 3P- and 3D-levels are linked to

each other by a collisional process.

We made certain that the continua in Fig. la and 1b were not due to

straylight at other wavelengths by placing a second, identical filter in

front of the silicon diode which detected the 3D-3P signal. An analogous

check for the 4D-3P signal was aade by scanning the monochromator for each

Fluorescence signal
(a.u.)

10'

1O"S

laser power density
(kW/cm2)

1OJ 10- 10

FIG. 2. Fluorescence signals of the 3D-3P and 3P-3S transitions as a
function of the laser power, on log-log scales. The dashed line has slope
one. The laser was resonant with the 3Sj/2-3P3/2 transition and a low
sodium solution concentration was used in order to avoid self-absorption.
Saturation causes the slope of the curves to be smaller than one.

^̂ C)S£ttCSW;:j;B^̂  —"
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setting of the laser wavelength, and observing the (small) maximum in the

fluorescence signal, located at the 4D-3P wavelength-setting of the mono-

chromator drum. The increased noise at the location of the 3S-3P resonances !•

in Fig. Ib is due to straylight from the 3P-3S fluorescence, scattering in-

to the monochromator. Resonances and continua disappeared from both the ;

3D-3P and 4D-3P fluorescence signals upon replacing the sodium salt solu-

tion by distilled water.

We offer the following explanation for the fact that the 3D-3P signal

(Fig. la) shows the 3S-3P resonances, whereas the 4D-3P signal apparently

does not: when the laser frequency has passed the point in the wing of a •

3S-3P transition where saturation sets in at the beam axis, the flame region

where saturation is found will spread laterally when the laser frequency is

tuned towards the line center of the transition (this spread explains the

absence of a plateau in the saturation curve)/9'10' Although in the volume

where saturation is complete, the concentration n,_ of sodium atoms in the

3P-level will not further increase upon tuning the laser closer to the

resonance, this volume and consequently the total number, N__, of sodium

atoms in the 3P-level will continue to rise when the laser is tuned into

resonance. This increase in saturated volume, however, contributes negli- i

gibly to the two-step excitation of the 5S- or 4D-level. This follows from

the fact that the second step is not saturated, as it takes place in the ,

far wing of the 3P-5S or 3P-4D transition (detunings of the order of 100

A); also, the radiative transition probability for these one-photon transi- ;

tions is relatively small. Significant two-step excitation of these higher j

levels thus occurs only in the flame region near the beam axis, where the

laser power density is maximum. When the laser frequency has passed the •

point where the population of the 3P-level is fully saturated at the beam

axis, no further contribution to the 5S or 4D populations can be expected ]

from this beam region when the laser is tuned closer to the resonance. s

In contrast, the collisional population of the 3D-level from the i

saturated 3P-level increases proportionally to N,p, which quantity, in '

turn, increases proportional to the saturated volume. The observed pro- ,;

portionality between the population of the 3D- and 3P-levels (see Fig. 2) ]

supports the latter conclusion. Thus, the fluorescence signal from the 3D- ]

level will continue to rise when the laser is tuned into resonance with a \

3S-3P transition. This explains the occurrence of the 3S-3P resonances in =

\
\
I

i
f
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Fig. la and their apparent absence in Fig. Ib.

If there was collisional population of the 4D-level from the 3P-level

then 3S-3P resonances, identical in shape to those of the 3D-3P fluores-

cence signal, are expected to show up in the 4D-3P fluorescence signal.

As these resonances are lacking in the latter signal within the experi-

mental error, we conclude that the collisional population of the 4D-level

from the 3P-level is negligible.

The above explanation of the differences between the 3D-3P and 4D-3P

signals in the case of the 3S-3P resonances is supported by semi-quanti-

tative calculations. These calculations were based on the non-saturated

excitation profiles of section 2, to describe the behaviour of the radi-

ative absorption probability of the 3S-3P transitions as a function of

the exciting wavelength. A four-level system was assumed, consisting of

the 3S-, 3P-, 3D- and 4D-levels and saturation was assumed to occur

between the 3S- and 3P-levels only. We assumed the laser beam to have a

Gaussian dependence on the radial coordinate. With this model and the

utilized laser power densities, we could roughly fit the experimental

profiles of Fig. la and lb in the region between the 3S-3P and 3S-5S re-

sonances. It was also found from this model that the FWHM of the 3S-3P

resonances in the case of the 4D-3P signal exceeds the FWHM of the same

resonances in the case of the 3D-3P signal by more than an order of

magnitude. The broadening, and consequently the lowering of the peak

values, merges the 3S-3P resonances into the continuum.

We conclude that the continua in the neighbourhood of the 3S-3P re-

sonances are the combined effect of 1) absorption of laser photons in the

collisionally broadened wings and 2) the spatial inhomogeneity of the

laser beam and hence of the saturation. The presence of the 3S-3P re-

sonances in the 3D-3P signal and their apparent absence in the 4D-3P

signal results from the difference in spatial behaviour between the

collisional excitation from the 3P- to the 3D-level and the laser ex-

citation in the wing of the 3P-5S (or 3P-4D) transitions.

The model can be refined by replacing the spatial Gaussian beam shape

by the measured shape (Ch. II, Fig. 5) and the inclusion of self-ab-

sorption and diffusion effects.
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1.3.5. The SS-5S and 3S-4D resonances

The resonances at 5787 8 and 6022 X correspond to the 3Sa/2-4D3/2j5/2

and 3Si/2~5S>i/2 two-photon transitions respectively. From the presence of

an underlying continuum (see section 1.3.4) at these resonances we infer

that a fraction of the population of the 4D- and 5S-levels results from

off-resonant two-step processes, which can be described as consecutive ab-

sorption of a laser photon in the collisionally broadened wings of the

3S-3P and 3P-4D (or 3P-5S) transitions, respectively.

In Fig. 3 we present an excitation profile of the 3S-5S two-photon tran-

sition and vicinity, obtained from the 4D-3P fluorescence signal, using a

higher wavelength resolution and better SNR than with the corresponding

resonance of Fig. lb. At the center of the resonance the population of the

4D-levels due to two-photon excitation is seen to exceed that due to off-
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0.6

0.4

0.2

0.0

Fluorescence signal
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1— j I ' -l—h -K-
6016 6018 6020 6022

laser wavelength {
6024 6026 6028

FIG. 3. Fluorescence signal of the 4D-3P transition when the laser i s
tuned through the 3SW2-5SW2 two-photon resonance. This rcrofile i s from
a scan with a higher wavelength resolution and better SNR than the cor-
responding resonance of Fig. 1b.
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resonant two-step processes (the continuum) by a factor of 30 i 10. If we

account for saturation of the two-photon resonance with the aid of Fig. 4

of Chapter III, and assume the two-step process to be non-saturated because

of the large detunings involved, then the peak value of the two-photon re-

sonance exceeds the value of the continuum at the center of the resonance

by a factor of (3.6 + 1.5) x io2.

1.3.6. Population mechanisms of the 3D- and 4D-levels

Finally, we take up the question as to how the 3D- and 4D-levels are

populated. In the case of the 3D-level (Fig. la) we saw, with the aid of

Fig. 2, that the 3S-3P resonances are the result of the combined process:

absorption of a laser photon resonant with a 3S-3P transition, followed by

an endo-ergic collision from the 3P-level to the 3D-level. The origin of

the population in the remaining resonances of the 3D-3P signal is less

simple. We observed in Chapter IV (Table 2, entry n3D/
n3p) t h a t the 3D

and 3P populations are roughly in thermal equilibrium with each other when

the 5S- or 4D-levels are populated by direct laser excitation. Furthermore,

in the 3P-3S fluorescence signal with 3S-4D two-photon excitation as shown

in Fig. 2 of Chapter IV, the ratio of the two photon signal (the super-

imposed maximum) to the one-photon signal from wing excitation (the con-

tinuum) is smaller than one. Should the population of the 3D-level be

linearly related to that of the 3P-level, then the same ratio of peak

value to continuum value is expected tc show up at the 3S-4D resonance in

Fig. ia. However, in the latter Figure, the ratio seems to be reversed.

This discrepancy casts some doubt on the validity of the assumption of

thermal equilibrium between the 3P- and 3D-levels. Differences in radi-

ative losses between these levels might set up the latter equilibrium.

We conclude that the population mechanism of the 3D-levels might de-

pend on the level which is directly laser-populated: when the laser is

tuned to a 3S-3P transition, endo-ergic collisions from the 3P-levels

populate the 3D-level. When higher levels {i.e. the 5S- or 4D-levels)

are laser-populated, downward cascading from the higher levels probably

dominates in the population of the 3D-levels.

Wing excitation of the 3P-3D or 3P-4S transitions is probably negli-

gible, as the detuning for these resonances exceeds that of the 3P-5S

and 3P-4D resonances by an order of magnitude.
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The origin of the 4D population in the case of 3S-4D two-photon exci-

tation is straightforward.

When the laser directly populates the 5S-level, collisions from this

level to the 4D-level are endo-ergic by 0.17 eV, which can be easily sup-

plied by the thermal energy of the collision partners, since kT = 0. J6 eV.

Moreover, in Chapter IV we observed that the 5S- and 4D-levels are members

of a partially equilibrated group of levels, which means that strong

collisioual coupling exists between these levels.

5P

d'

FIG. 4. Simplified level diagram of sodium with main population modi, cor-
responding to the various observed resonances in Fig. 1. The upper (lower)
part of the Figure refers to population of the 3D-level (4D-level). Heavy
arrows: laser excitation; thin arrows: collisional transitions; dashed
arrows: alternative population route to the 3D-level by collisions; dashed
lines: energy of the laser photons (detunings not to scale); dots: line
broadening collisions.
a and a': laser tuned into resonance with the 3S-4D two-photon transition;
b and b': laser tuned into resonance with a 3S-3P one-photon transition;
c and c': laser tuned into resonance with the 3S-5S two-photon transition;
d and d': laser tuned into resonance with a 3P-5S one-photon transition.
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1.4. Conclusions

With the aid of Fig. 4 we enumerate the main population mechanisms

which can be inferred from the profiles of Fig. I:

1. Resonant two-photon excitation followed by exo-ergic and/or endo-orgic

collisions (Fig. 4a, a', c and c'). Some ambiguity exists as to the

dominant population mode of the 3D-level in Fig. 4a and c.

2. Resonant one-photon excitation followed by co^llisional excitation

(Fig. 4b).

3. Resonant one-photon excitation followed by wing excitation of a higher

transition (Fig. 4b'). This process involves considerable saturation

broadening.

4. Wing excitation followed by resonant one-photon excitation (Fig. 4d

and d').

The occurrence of wing excitation found here, agrees qualitatively

with theoretical work by NIENHUIS and SCHULLER.(J1) According to the

latter authors, population of an upper level (i.e. the 5S- or 4D-level)

may arise from a two-step process, whose transition probability depends

on the amount of collisional broadening of the profiles involved.
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2. EXCITATION PROFILES OF THE SODIUM DDOUBLET IN AN H2-O2-Ar FLAME

C.A. van DIJK
Fysisch Laboratorium. Rijksunneniteu Utrecht. The Netherlands
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Excitation profiles of the non-saturated Na 3 2S — 3 2P doublet have been measured over a range of 300 A using a flash-
lamp pumped tunable dye laser. At dctunings corresponding to the virtual levels of the two-photon transitions 3 2S -* 5 2S
and 3 SS -» 4 2D the absorption coefficient has dropped by a factor of approximately 107. An upper limit for Rayleigh
scattering has also been obtained.

2.1. Introduction

In flames the far wing profile of atomic lines is
dominated by collisional interaction with other flame
atoms and molecules. This interaction causes the wave-
length dependence of the profile to drop less rapidly
than that of a loientzian profile. This would have con-
sequences for possible competition between a two-
step process with a real intermediate level and a two-
photon process with a virtual level. In order to esti-
mate the contribution of the two-step process it is
necessary to know the transition probability at the
wavelength of interest. This estimate can be made for
the 3 2S -* 5 2S and 32S-*42D transitions by means
of the excitation profiles presented in this work.

The excitation profiles are obtained by wavelength
scanning of an excitation source (laser) over an atom-
ic absorption profile and by measuring the spectrally
integrated fluorescence power as a function of the ex-
citation wavelength. Essentially the method makes
use of the fact that the absorption coefficient K(X) =
£}2AXrj5(X)Hj/c (£12= einstein coefficient for ab-
sorption; XQ: wavelength at atomic line centre; 11 j :
number density of the ground state) depends on the
wavelength X of the exciting light through the nor-
malized line profile function 5(X). This dependence
holds if the exciting line is narrow compared with the
width of S(X).

The fluorescence power is proportional to the pop-
ulation of the upper level if
a. there is no self-absorption;

b. the detected fluorescence signal is proportional to
the spatially integrated fluorescence power.
The fluorescence power is proportional to the ab-
sorbed power if

c. there is no saturation;
d. the contribution of neighbouring transitions is neg-

ligible throughout the range investigated;
e. the detected fluorescence signal is corrected for

Rayleigh scattering.
Conditions a and c can be satisfied by keeping at-

omic densities and beam irradiance sufficiently low.
Condition b requires isotropy of the fluorescence light
at every detuning if one detects the fluorescence light
at a fixed position with respect to the fluorescing vol-
ume; this kind of isotropy is known to occur with the
type of flame used in this experiment [1J. Since the
detunings used (~ 200 A) are small compared tc the
energy differences between the neighbouring levels,
condition d is satisfied. It will be shown that the con-
tribution of Rayleigh scattering is negligible.

2.2. Experiment

The experimental set-up consists of a flashlamp
pumped tunable dye laser with a pulse duration of 1
lis, peak power 10 kW, repetition rate 1 Hz and an ap-
proximately gaussian line profile with a time-averaged
FWHM of 140 mA. A 10 ppm sodium chloride solu-
tion is nebulized in the central part of a premixed
stoichiometric H2-O2-Ar flame at 1800 K. The com-
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Im-

position of the burnt flame gas is [2] 83% Ar and 17%
H2O with possibly a slight amount (of the order of
1%) of H-> or O2, due to uncertainties in the settings.
The totai pressure of the flame gas components is 1
atm. The FWHM of the sodium D-lines in this flame
is estimated to be 66 mA [3].

After splitting off a small portion for power moni-
toring the main laser beam (diameter 3 mm) passes
through the flame in a region well above the reaction-
zone. The resulting fluorescence is detected by a pho-
tomultiplier following a monochromator with a slit-
width of 3 mm corresponding to a bandwidth of 70 A,
which is tuned to the sodium D-doubJet. On nebul-
izing a blank solution into the flame the fluorescence
disappears at every detuning.

The tuning of the laser is carried out by tilting an
interference filter (coarse tuning) and a Fabry-Perot
etalon (fine tuning). The absolute wavelength setting
near line centre is known within 10 mA and is derived
from interpolation on the micrometer head of the
Fabry-Perot etalon. The accuracy deteriorates to 2 A
in the far wings, due to uncertainties in the calibra-
tion of the setting of the interference filter. In order
to eliminate long-term effects arising from variations
in sprayer performance and/or fluctuations in the gas
supply, we monitored the peak value of the D2-lino
throughout the course of the experiments.

The signals from power monitor and fluorescence
detector are fed into gated integrators, after which
they are simultaneously recorded by a two-pen re-
corder. This facilitates corrections for varying laser
output. The power calibration of the monitor was de-
rived with the help of a pyroelectric detector.

With the central laser wavelength at or near atom-
ic line-centK the necessary attenuation of the laser
beam was accomplished with calibrated neutral densi-
ty filters with a total minimum transmission of ap-
proximately 10~*. The remaining overload on the
photomultiplier output was removed by a calibrated
lowering of the voltage across the dynodes. When the
detuning increased the neutral density filters were
gradually removed and the voltage across the dynodes
was raised, thus increasing the gain of the photomul-
tiplier in a known manner. We checked continuously
to ensure that no saturation was present.

The measurements could possibly be affected by
the finite bandwidth of the detection monochroma-
tor. According to [4] it is necessary to detect the

frequency-integrated fluorescence in order to include
the contribution of the Rayleigh scattering. This en-
sures that the detected fluorescence is proportional to
the absorbed energy, as required by condition e. To
estimate the contribution of the Rayleigh scattering
we fixed the detuning of the laser at 10 A on the blue
side of the D2-line and scanned the spectral profile of
the re-emitted light with a monochromator with a
slit-width of 0.15 mm (corresponding to a bandwidth
of 3 A) over a range of 50 A, including the peaks of
the D-lines. This measurement showed the ratio of the
intensity of the Rayleigh component (scattered at 90°
to the exciting beam) to the intensity of the collision
induced fluorescence to be of the order of 4°/oo or
less. In a similar way an upper limit of 1°/00 was ob-
tained for a detuning of 10 A on the red side of the
D| -line. Thus we can safely neglect Rayleigh scattering
outside the monochromator bandpass.*

2. i. Results and discussion

After necessary corrections for the wavelength de-
pendence of the power monitor and the pulse-pulse
variations of the laser the profiles of fig. 5 were ob-
tained. The detuning range is restricted to 200 A on
the red side and to 100 A on the blue side of the line-
centres, owing to the spectral operating range of the
Rhodamine 6G dye.

A detailed analysis of the line profile near line
centre would require deconvolution of the measured
profile in order to eliminate the influence of the laser
profile. This analysis does not seem warranted in view
of our present purposes and in view of the experimen-
tal scatter. However, an estimate of the effect of the
laser profile can be made when one considers the fol-
lowing two extreme cases: it can be shown that the
convolution of the laser's gaussian profile (FWHM =
140 mA) with another gaussian profile with a FWHM
of 66 mA results in a broadening and a lowering of
the resulting profile by a factor of 2.3 compared to
the case where the laser profile approximates a delta-
function; on the other hand, one obtains a factor of
2.7 for the broadening and a factor of 3.1 for the low-
ering of the profile when one convolutes the laser pro-
file with a lorentzian profile with a FWHM = 66 mA.
As the real atomic profile in this flame is voigtian with
an a-parameter of the order of unity [5] the correction
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Fig. 5. Log-log plot of the fluorescence signal when a laser is tuned across the sodium D-lines. The drawn lines represent a fit
through the measured points. The dashed lines give the profile after a conection for the contribution of the laser profile has been
applied. Values of the slopes are given alongside the profile; these values are obtained from a linear least square fit. The calibration
point of the vertical scale is the peak value of the measured D2-line. The detunings A\ = 103 A and &\ - 126 A correspond to the
locations of the virtual levels of the 3 *S •» 4 5D and 3 2S — 5 2S double-photon transitions, respectively.

factors will be somewhere between those for the
cases considered. As the value of the absorption co-
efficient at the wavelength of interest is determined
by the superposition of the D-lines rather than by the
individual lines, no resolution of these lines was at-
tempted. The values of the log-log slopes are affect-
ed by the superposition of the D-lines, but the effect
seems to be negligible for detunings larger than 10 A
[6]-

After correction of the graphs for the contribu-
tion of the laser profile we deduce a drop of (1.7 ±
0.3) X 10~7 in the value of the absorption coefficient
for a detuning of 126 A on the red side of the D^ -line
centre. This detuning corresponds to the virtual level
of the 3 2S -»• 5 2S double-photon transition. The vir-
tual step of 3 2S -» 4 2D double-photon transition is
located at a detuning of 103 A on the blue side of the
Dg-Iine centre. For this detuning the drop in the val-
ue of the absorption coefficient is found to be (4.4 ±
0.6) X 1 0 - 7 .
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A P P E N D I X

Pulsed-Laser Mode Competition with a Na-Colored
Intracavity Flame

C. A. VAN DIJK, C. Tii. J. ALKEMADE and P. J. Th. ZEEGEBS
Fysisch Laboratorium, Rijksuniuersiteit Utrecht, The Netherlands

A mode competition effect is observed with a Na-colored H:-O,-Ar
flame located inside the cavity of a pulsed tunable dye laser tuned
near one of the D-linei. When the Na-concentration ii sufficiently
high, laser action in the dominant mode is temporarily suppressed
and develops in an adjacent mode. Meantime, the saturation of the
Na-vapor progresses and, ultimately, laser action in the dominant
mode is restored. This explanation is supported by semiquantitative
computer simulation.
Index Headings: Intracavity flame; Mode competition; Saturation.

INTRODUCTION
There are several advantages in conducting experi-

ments inside the cavity of a laser. The radiant energy
density inside the cavity is higher than outside and the
effective absorption pathlength through the sample is
increased. Because the laser output is very sensitive to
internal losses, intracavity methods have been applied
to detect absorbing species contained in a sample cell1"'0
or as a trace component in flames.""15. A disadvantage
may be the increased complexity of the set-up and of
the theoretical relationships between output signal and
absorption properties of the species considered. In intra-
cavity work, competition between the various modes of
the laser field is expected to play an important role.6 In
this paper, we report some observations concerning
mode-hopping when a flame with Na atoms is located
inside the cavity of a pulsed tunable dye laser.

Our interest in intracavity experiments originated
from the possibility of increasing atomic fluorescence
signals without focussing an external laser beam into
the flame.

I. EXPERIMENTAL SET-UP
The laser utilized is a flashlamp pumped tunable dye

laser (Zeiss, type 807101) with a pulse duration of
approximately 1 jus and a repetition rate of 1 Hz (Fig.
1). Coarse tuning is accomplished by tilting an interfer-
ence filter and fine tuning was achieved with a Fabry-

Received 6 August 1977; revision received 24 October 1977.

Perot etalon. Nominal peak power is several kilowatts;
internal beam diameter is 3 mm. The Brewster windows
of the dye cuvette cause the laser light to be polarized
in a horizontal plane (= plane of the drawing of Fig. 1).
The length of the laser cavity was extended from 60 to
80 cm in order to accommodate the flame. Under these
circumstances, the spectral bandwidth of the laser is
1.40 x 10"2 nm (full width at half-maximum (FWHM)).
An intracavity diaphragm was provided in order to
suppress the higher transverse modes and also to pre-
vent stray light of the flashlamp from entering flame
and detection system. The reflectivity of both end mir-
rors of the cavity was close to 100%.

The flame is a premixed stoichiometric H2-O2-Ar
flame of approximately 1800°K, surrounded by a metal-
free mantle flame of identical gas composition. The
latter flame prevents infusion of oxygen from the sur-
roundings. The burner is of the Meker type. The FWHM
of the Na D-lines in this flame is estimated to be 6.6 x
10 a nm.IB The laser beam passed through the center of
the circular flame at a distance of approximately 10 nun
above the reaction zone. The diameter of the flame at
the height considered is 15 mm.

The detection system consists of two vacuum photo-
tubes (SI and S2), each fitted with a linear polarizer
and a photomultiplier (S3), preceded by a spectrometer
for wavelength selection. The privileged directions of
the polarizers PI and P2 are perpendicular to each other
and one of them (PI) has its privileged direction parallel
to the polarization direction determined by the Brewster
windows of the dye cuvette. A quarter-wave plate in
front of the slit eliminates polarizing effects of the
grating and mirrors of the spectrometer.

The signals from the detectors SI and S2 are fed to a
true dual-beam oscilloscope with a rise time of 10 ns.
The signals from the wavelength monitor (S3) are
processed by a gated integrator, but can be observed on
an oscilloscope as well.

II. EXPERIMENT
We start with tuning the laser close to one of the D-
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FIG. 1. Flasblamp-pumped tunable dye later with intneavity flame
and detection apparatus. C, dye cuvette; D, diaphragm; F. flame;
FP, tuning Fabry-Perot etalon; GI, gated integrator; IF, tuning
interference filter; M, laser end mirror (-99%); O, true dual-beam
oscilloscope; PI, P2, and P3, linear polarizers; Q, quarter-wave plate;
S, spectrometer, SI, detector for light polarised in plane of drawing;
52, detector for light polarised perpendicular to plane of drawing;
53, detector in spectrometer channel. Tuning elements are tilted
around axes in the plane of drawing.

lines, say A = 589.0 nm to be specific. (Because the same
hopping occurs with the laser tuned at either the D,- or
D2-wavelength, the following discussion holds for both
cases.) The signals from the detectors SI and S2 when
no sodium is present in the flame are shown in Fig. 2a.
In this case, only a signal is seen from detector SI; this
signal has a polarization direction determined by the
Brewster windows of the dye cuvette. In fact, the laser
behaves as if no flame was present. We call this case
"the undisturbed laser."

When one sprays a NaCl solution into the flame,
there appears a signal-pulse (Fig. 2b) on detector S2,
whose polarization direction is perpendicular to that
determined by the Brewster windows. The pulse on this
detector lasts for approximately 0.5 /is and is followed
by a second pulse detected by detector S2. Together
these pulses last for roughly 1 pis, which is the pulse
length of the undisturbed laser. The amplitude of the
second pulse depends on the exact tuning of the laser: if
the detuning, with respect to the atomic line under
consideration, is zero, the amplitude of the second pulse
is very small or zero for the Na concentrations (100 to
2560 ppm) utilized. This amplitude reaches a maximum
for a detuning of the order of the FWHM (0.0140 nm) of
the laser and decreases for increased detuning.

Moreover, the two pulses of Fig. 2b have a different
wavelength as is checked with the spectrometer channel
S3. The first appearing pulse has a wavelength which is
shifted by the free spectral range of the Fabry-Perot
etalon; the shift being with respect to the wavelength of
the undisturbed laser. The wavelength of the Becond
pulse is identical with that of the undisturbed laser:
589.0 nm.

III. DISCUSSION
With Na present in the flame, the pulses differ in the

following three aspects: time of appearance, wave-
length, and state of polarization, for which differences
we offer the following explanation.

In Fig. 3, we depict qualitatively the situation with
respect to the tuning elements of the laser. We suppose
that the interference filter has its transmission maxi-
mum almost coincident with one of the transmission

maxima of the Fabry-Perot etalon and that the main
maximum is tuned close to the D2-line of sodium. The
free spectral range of the Fabry-Perot etalon is 0.75 nm
and the (active) half-width of the etalon and interfer-
ence filter is 0.0140 and 0.3 nm, respectively.

We assume that the radiation losses in the neighbor-
ing maxima of the tuning combination are sufficiently

. S2

SI

S2

St

FIG. 2. Oscilloscope traces from laser pulses; laser tuned close to Na
Di-line. Time scaie is 1 ps/div. (a) Blank solution nebulized into the
flame. Detector 32 (upper trace): no signal. Detector SI (lower
trace): signal with wavelength 589.0 nm (D,-line) and polarization
direction in plane of Fig. 1. (b) With a 2560 ppm NaCl solution
nebulized into the flame. Detector S2 (upper trace): pulse with
wavelength 589.75 nm and polarization direction perpendicular to
plane of Fig. 1. Detector SI (lower trace): pulse with wavelength
589.0 nm and polarization direction in plane of Fig. 1. Pulses are
shifted in time relative to each other.

5890 6896

[avity loss

Fro. 3. Sketch of profiles and relationships between them. AH
wavelengths are in nanometers, (a) Absorption profile of Na atoms
in flame, (b) T,F, transmission profile of interference filter; TIF x T,T
= product transmission of interference filter and Fabry-Perot etalon.
Widths art quoted intracavity. Central maximum is assumed
slightly detuned with respect to Dt-line center. Transmission of
interference filter favors (arbitrarily) mode to the red side of central
maximum. Fixed cavity losses are assumed small because of the
high reflectivity of the end mirrors, (c) Laser profile with a blank
solution nebulized into the flame, (d) Laser profile with a 2560 ppm
NaCl solution nebulized into the flame. The 589.75 nm pulse appears
in time before the 589.0 nm pulse (see Fig. 2). Shifting the peak of
the interference filter slightly to the blue side of the D,-line causes
the laser to produce a pulse in the adjacent mode to the blue aide as
a first pulse, followed by a pulse through the central maximum (not
shown).
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large so that with no Na present the only signal to be
observed is that generated by the main mode (Fig. 3c).

Nebulizing sodium into the flame introduces an extra
loss for the main mode. If this loss is large enough, this
mode may be temporarily suppressed and the intensity
in one or both adjacent modes may develop, because
now their losses are comparable to or smaller than those
of the main mode at 589.0 nm. We further suppose that
we can choose conditions in such a way—by slight
detuning of the laser from the Na line center—that the
589.0 nm mode is initially not entirely extinguished in
the presence of Na, but retains sufficient intensity to
saturate partially the 3SU2 -» 3P32 transition. Thus, an
increase in saturation is accompanied by an increase in
intensity and vice versa until both have grown enough
to make the mode at 589.0 nm dominant and oscillation
in the adjacent mode is then suppressed. Time-depend-
ent saturation seems an essential feature of the experi-
ment. When a blank solution is nebulized into the flame
and the transmission peak of the interference filter is
situated such that two maxima of the Fabry-Perot
etalon have approximately equal losses, then there also
appear pulses with different wavelengths, but these
pulses start simultaneously.

We checked this hypothesis by computer calculations
on a set of rate equations similar to those employed by
Keller et al.2 This computer simulation is based on
measured or estimated laser parameters, such as the
time-dependent flashlamp flux function, coupling effi-
ciency between flashlamp and dye cuvette, transmission
profiles of the tuning elements, and dye properties.16

The known atomic line profile,17- " the density of the
sodium atoms,19 and the known efficiency of fluores-
cence quenching of the flame2" enter into the calcula-
tions as parameters governing the losses.

The computer simulation confirmed in a qualitative
way the supposed mechanism for the mode competition
and time-dependent saturation behavior. Thus, two
separate pulses were obtained with a time delay be-
tween their peaks comparable to the length of the
pulses. These pulses correspond to modes separated by
the free spectral range of the etalon. The dependence of
the effect on Na concentration or laser detuning was
also found in qualitative agreement with the experi-
ment.

Closer agreement between computer simulation and
experiment, mainly with respect to the time deriva-
tives, is expected from further adjustment of laser
parameters, inclusion of the space- and frequency-de-
pendence of the saturation, time-dependent narrowing
of the laser line,21 and refractive index effects.

The simplified formalism employed by Flamant and
Meyer21"" gives qualitative agreement with experiment
in the transition region between the pulses.

In order to explain the polarization behavior, we
assume that Brewster windows and interference filters
have different transmission profiles for light polarized
in the plane of incidence and perpendicular to this
plane, respectively (Fig. 4). A slight disalignment of the
Brewster windows is assumed. Because the planes of
incidence at the interference filter and of the Brewster
windows were perpendicular to each other, the peak
product transmission of both elements is the largest for

• o1
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H

FIG. 4. Semiquantitative sketch of the transmission profiles of the
intracavity interference filter and windows of the dye cuvette. The
latter are assumed slightly off the Brewster angle. C, dye cuvette;
W, window; IF, interference filter, (a) Different transmission pro-
files for light polarized into (||> and perpendicular (x) to the plane
of incidence at the interference filter, (b) Planes of incidence at
interference filter and Brewster windows are perpendicular to each
other, (c) Transmission of Brewster windows in the configuration of
Fig. 4b. (d) Product transmission profile of interference filter and
Brewster windows in the configuration of Fig. 4b has a maximum
for 1 light, but favors |l light in its wings. (b'> Planes of incidence
at interference filter and Brewster windows are parallel to each
other, (c'l Transmission of Brewster windows in the configuration of
Fig. 4b'. (d') Product transmission profile of interference filter and
Brewster windows in the configuration of Fig. 4b' has everywhere
the largest transmission for || light.

light polarized perpendicular to the plane of incidence
of the interference filter, whereas, in the wings of the
transmission profile, light with the other polarization
direction has the largest transmission. If this hypothe-
sis is correct, then this difference in polarization behav-
ior can by removed by making the planes of incidence of
the interference filter and Brewster windows parallel to
each other. This actually turned out to be the case in
the experiment. Thus, by turning the interference filter
about an axis perpendicular to the plane of incidence of
the Brewster windows, the difference in polarization
behavior between the two pulses disappeared. Light
from both pulses then showed a polarization direction
determined only by the orientation of the Brewster
windows (Fig. 4d'). These windows actually were
slightly off angle, resulting in a reflection coefficient
different from 100% for light polarized perpendicular to
the plane of incidence.

IV. CONCLUSION

Time-dependent saturation of an atomic transition
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results in diminishing losses for a laser mode tuned in
the vicinity of the line center. Laser oscillation in an
adjacent maximum of the tuning elements disappears
when the main mode is sufficiently deblocked.

Different transmission profiles of filters and windows
for mutually perpendicular polarization directions are
responsible for differences in polarization behavior of
the laser light. These differences can be an inconveni-
ence, but can also be exploited, inasmuch as a simple
linear polarizer serves as a wavelength selector.
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S A M E N V A T T I N G

DE EXPERIMENTEN die in dit proefschrift beschreven worden, zijn een poging

om enig inzicht te krijgen in de manier waarop de bevolking van energe-

tisch hogere toestanden van natrium atomen in vlammen over deze toestan-

den verdeeld is. Daartoe werd gebruik gemaakt van een verstembare kleur-

stoflaser, die elke seconde een flits met een duur van een microseconde

levert met een vermogen van enkele kilowatts.

De hogere toestanden van het natrium atoom, die door middel van een

resonante dipoolovergang met de grondtoestand gekoppeld kunnen worden, kon-

den niet rechtstreeks met genoemde laser bereikt worden vanwege het beperk-

te golflengtebereik van de laatste. Het vermogen van de laser bleek echter

toereikend om twee-foton overgangen van de grondtoestand naar sommige ho-

gere toestanden te bewerkstelligen. Door nu de optredende fluorescentie te

analyseren naar de golflengte, blijkt dat er bezetting optreedt van niveaus

die niet rechtstreeks door de laser bevolkt worden; dit wordt aangetoond in

Hoofdstuk III. Sommige van zulke niveaus kunnen uitsluitend door middel van

een botsing tussen het aangeslagen natrium atoom en een ander vlamdeeltje

bereikt worden, andere kunnen bevolkt worden door zowel een botsingsover-

gang, als spontane emissie van straling.

Uit de gevonden verdeling van de bevolking bleek, dat in sommige geval-

len de botsingen voldoende veelvuldig waren om een thermisch evenwicht tus-

sen de bezettingen van de hogere niveaus te bewerkstelligen. Enerzijds be-

moeilijkt dit snelle 'verkeer' tussen de niveaus het bepalen van de kans op

zo'n botsing, anderzijds geeft het de gelegenheid om een groep van zulke,

in evenwicht zijnde, niveaus als een geheel te behandelen. Voor enkele van

dergelijke groepen werd bepaald, hoeveel botsingen er gemiddeld per seconde

plaats vonden, waardoor bevolking van een groep gebracht wordt naar een

energetisch lagere toestand; getallen van de orde van 3 x 108 werden ge-

vonden, zoals beschreven in Hoofdstuk IV.

Op empirische gronden werd verwacht dat een natrium atoom in een ener-

getisch hogere toestand gemakkelijk zijn valentie-elektron verliest, Be-

halve interessant op zichzelf, is het ook voor een samenhangend beeld van

de bevolkingsuitwisseling tussen de hogere niveaus van belang om inzicht

te hebben in de mate waarin deze ionisatie optreedt. Daartoe werd gebruik
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gemaakt van twee, in de vlam gestoken, metalen sondes die opgenomen waren

in een stroomkring met een batterij en een weerstand. Een elektrisch sig-

naal werd waargenomen als de golflengte van het laserlicht gelijk was aan

die van een stralingsovergang van het natrium atoom. Deze proeven zijn

beschreven in Hoofdstuk V.

In de eerste paragraaf van Hoofdstuk VI worden proeven beschreven waar-

uit blijkt dat de bevolking van sommige niveaus van het natrium atoom in

de vlam niet geheel verdwijnt als de laser verstemd wordt ten opzichte van

een resonantie van dit atoom. Deze rest-bevolking wordt toegeschreven aan

kleine, tijdelijke verstoringen van de energieniveaus van sommige natrium

atomen door botsingen; daardoor kan de laser zulke atomen exciteren met

golflengten, die verschillen van die voor een ongestoord atoom.

Tijdens een van de voorbereidende experimenten werd de vlam met natrium

atomen in de trilholte van de laser geplaatst. Bij zekere afstemming van

de laser, in de buurt van een resonantie van het natrium atoom, werd een

splitsing van de laserflits in twee delen waargenomen. Deze verschillen in

golflengte en polarisatietoestand en verschijnen na elkaar. Dit verschijn-

sel is beschreven in de Appendix en wordt verklaard met behulp van de ver-

zadiging van de natrium «tomen, gepaard met concurrentie tussen de tril-

lingswijzen van het stralingsveld van de laser.
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