THE COLLISIONAL BEHAVIOUR OF Mg, Ca AND Sr [nsnp(3PJ)]
FOLLOWING EXCITATION WITH A PULSED DYE-LASER

BY

JOSE SCHIFINO

PEMBROKE COLLEGE
CAMBRIDGE

A thesis submitted for the Degree of .Doctor of Philosophy

in the University of Cambridge.

lestituto de YJuimses
Bibligtees

November 1983




PREFACE

The work described in this thesis was carried oﬁﬁ between October 1980
and October 1983 in the Department of Physical Chemistry, under the
supervision of Dr, David Husain, entirely by the author, unless otherwise

acknowledged in the text,

This thesis is the result of my own work and includes nothing which is
outcome of work done in collaboration. I further state that no part of this
thesis has already been or is being concurrently submitted for any other

degree, diploma or other qualification.

O sl

-ii-



ACKNOWLEDGEMENTS

I would 1like to thank the Conselho Nacional de Desenvolvimento
Cientifico e Tecnolégico, CNPq of Brazil for a Research Scholarship during
the tenure of which this work was carried out. I am also indebted to the
Universidade Federal do Rio Grande do Sul for leave of absence during this
period. I would also like to thank my supervisor, Dr. David Husain, for his
advice, good will and constant encouragement. A special thanks to my family
for their support and comprehension throughout this work. Finally I would
like to express my gratitude to the Department of Physical Chemistry and
to the technical staff for considerable assistance in the construction of
the experimental system. The technical departments including the glass
blowing department, the electronies unit, the engineering and electrical
workshops and also the photographical department are sincerely thanked

for their help.

-iii-



CONTENTS

Preface ii
Acknowledgements iii
Contents ' iv
List of Figures v
List of Photographs xi
1 - Introduction 1
2 ~ Time-resolved Emission Experiments 13
2.1 - Production of the excited species 13
2.2 - Gas handling system 17
2.3 - Detection of the fluorescence signal 19
2.4 - Materials 27
3 - Kinetic Study of Magnesium (33PJ) 26
3.1 - Mean radiative lifetime and diffusion in noble gases 26
3.2 - Diffusion of Mg(33p)) in noble gases 3Y
3.3 - Collisional quenching of Mg(33p,) 36
4 - Kinetic Study of Calcium (43p;) . uy
4.1 - Mean radiative lifetime for Ca(43p,) 46
4,2 - Diffusion of Ca(43PJ) in noble gases 53
4,3 -~ Collisional quenching of Ca(u3PJ) 55
5 = Kinetic Study of Strontium (53PJ) 65
5.1 - Mean radiative lifetime of sr(s3p)) 68
5.2 ~ Collisional quenching of Sr(53PJ) 73
6 = Conclusions ‘ 86
ieferenees A 93
Appendix

—-iv—



LIST OF FIGURES

Figure 1.1 - Energy level structure for magnesium 3

Figure 2.1 ~ Detailed diagram of the reaction vessel employed '
for the kinetic study of Mg(33PJ) by time—reéolved atomic emission
following pulsed dye-laser excitation of

Mg[3s%(155)1 —>Mgl3s3p(3P)] (\ = 457.1 nm) | 16

Figure 2.2 - Diagram of the flow system employed in the

time-resolved emission experiments. ' 18

Figure 2.3 - Block diagram of the apparatus for the kinetic
study of Mg(33PJ) by time-resolved emission following pulsed
dye-laser excitation of Mg[3s2(1so)] —¢M3[3s3p(3P1)] 19

Figure 3;1 - Examples of the output of the XY-recorder
indicating the decay of the time-resolved atomic emission (IF)
at \ = 457.1 nm {Mg[3s3p(3P;)] — Mgl35%("5) 1}
following pulsed dye-laser excitation of magnesium vapour to the

33p, state in the presence of helium (T = 800 K). 30
1

Figure 3.2 - Examples of first-order kinetic plots for the
decay of the time-resolved atomic emission [In(Ig) vs. t] at
A= U57.1 nm [Mg(33P1)-—9Mg(31SO)] following pulsed dye-laser

excitation of magnesium vapour in the presence of helium. 30

Figure 3.3 ~ Variation of the first-order rate coefficient
(k') for the decay of Mg(33PJ), following the generation of
M5(33P1) by pulsed dye-laser excitation, with the reciprocal of
the pressure of helium. (T = 800 K) 30

Figure 3.4 - Variation of the first-order rate coefficient
(k') for the decay of Mg(33PJ). following the generation of
M§(§§§13 By pulsed dye-laser excitation, with the reciprocal of
the pressure of (&) ncon and (b) argon. (T = 800 K) 30

-V—



List of figures (continued)

Figure 3.5 - Variation of the first-order rate coefficient

(k') for the decay of Mg(33PJ), following the generation of

Mg(33P1) by pulsed dye-laser excitation, with thebreciprocal _

of the pressure of (a) krypton and (b) xenon. (T = 800 K)

Figure 3.6 - Plots of (k! —‘k'em)/p versus 1/p2 for the
first-order decay of Mg(33PJ) in the presence of (a) krypton
and (b) xenon. (T = 800 K)

Figure 3.7 - Plots of (k' - k'om)/p versus 1/p2 for the
first-order decay of Mg(33PJ), in the presence of (a) helium
(b) neon and (c) argon. (T = 800 K)

Figure 3.8 - Variation of the first-order rate coefficient
(k') for the decay of Mg(33PJ), following the generation of
Mg(33P1) by pulsed dye-laser excitation, with the reciprocal

of the pressure of argon containing molecular oxigen as a trace

impurity (50 £ 10 ppm). (T = 800 K)

Figure 3.9 - Plot of (k' - k'em) /P versus 1/p2 for the

first-order decay of Mg(33PJ), in the presence of argon containing

oxigen as a trace impurity (50 £ 10 ppm). (T = 800 K)

Figure 3.10 - Examples of pseudo first-orders kinetic plots

for the decay of Mg(33PJ), derived from the time-resolved atomic

emission [1n(Ig) vs. tl at X = 457.1 nm [Mg(33P1)-—,Mg(31SO)J

foilowing the pulsed dye-laser excitation of magnesium vapour in

the presence of molecular nitrogen and helium buffer gas,

(Pgotal with He = 30 Torr, T = 800 K)

Figure 3.11 .~ Variation of the pseudo first-order rate
coeffieient (k') for the decay of Mg(33PJ) in the presence of
ta) Np and (5) €0, (Pyoral with ge = 30 Torr, T = 800 K)

Figure 3,12 = Variation of the pseudo first-order rate
eeeffieient (k') for the decay of Mg(33PJ) in the presence of
(a) Ho and (b) CHy. (ptotal with He = 30 Torr, T = 800 X)

-V i-

20

31

32

35

36

36

37



List of figures (continued)

Figure 3.13 - Variation of the pseudo first-order rate

coefficient (k') for the decay of Mg(33PJ) in the presence of
D2- (ptotal with He= 30 Torr, T = 800 K)

Figure 3.14 ~ Variation of the pseudo first-order rate
coefficient (k') for the decay of Mg(33PJ) in the presence of
(a) N20 and (b) C02. (ptotal with He = 30 Torr, T = 800 K)

Figure 3.15 — Variation of the pseudo first-order rate
coefficient (k') for the decay of Mg(33PJ) in the presence of
(a) CyH, and (b) CoHy. (Proral with He = 30 Torr, T = 800 K)

Figure 3.16 - Variation of the pseudo first-order rate
coefficient (k') for the decay of Mg(33PJ) in the presence of
(a) CFu and (b) C6H6. (ptotal with He © 30 Torr, T = 800 K)

Figure 4.1 - Examples of the output of the XY-recorder
indicating the decay of time-resolved atomic emission (IF) at
N = 657.3 nm {Cal4stp(3P{)] —sCal4s?(15))1} following
pulsed dye-laser excitation of calcium vapour in the presence of

helium. (T = 1000 K)

Figure 4.2 - Examples of first-order kinetic plots for the
~decay of the time-resolved atomic emission [1n(Ig) against t]
at A= 657.3 nm [Ca(u3P1)~—aCa(41SO)] following pulsed dye-laser

excitation of calcium vapour in the presence of helium.

Figure 4,3 ~ Variation of the first-order rate coefficient
(k') for the decay of Ca(u3PJ) in helium following the generation
of Ca(M3P1) by pulsed dye-laser excitation. (T = 1000 K)
(a) k' against Pyes (b) k' against 1/Pye

Figure 4.4 = Variation of the first-order rate coefficient
Ek') With the resiproscal of the pressure for the decay of Ca(M3PJ)
iR neon and argon following the generation of Ca(43P1) by pulsed
dye=1aser exoitation, (T = 1000 K) (a) Ne; (b) Ar

-vii-

37

37

37

37

49

49

49

49



List of figures (continued)

Figure 4.5 -~ Variation of the first-order rate coefficient

(k') with the reciprocal of the pressure for the decay of Ca(H3PJ)

in krypton and xenon following the generation of Ca(H3P1) by

pulsed dye-laser excitation. (T = 1000 K), (a) Kr; (b) Xe

Figure 4.6 - Variation of the first-order rate coefficient

(k') for the decay of Ca(43PJ

) in krypton and xenon following the

generation of Ca(u3P1) by pulsed dye-laser excitation.
[T = 1000 K, (k' - k' /p against 1/p2] (a) Kr; (b) Xe

Figure 4.7 - Examples of first-order kinetic plots for the

decay of the time-resolved atomic emission [1n(IF) against t]

at A = 657.3 mm [Ca(43P1)-’Ca(41SO)] following pulsed dye-laser

excitation of calcium vapour in the presence of nitrogen.

(Ptotal with He = 30 Torr, T = 1000 K)

Figure 4.8 - Variation of the pseudo first-order rate

coefficient (k') for the decay of Ca(43PJ) in the presence of

nitrogen, (pfotal with He = 30 Torr, T = 1000 K)

Figure 4.9 - Variation of the pseudo first-order rate

coefficient (k') for the decay of Ca(u3PJ

) in the presence of

hydrogen and deuterium, (ptotal with He = 30 Torr. T = 1000 K)

Figure 4,10 - Variation of the pseudo first-order rate

coefficient (k') for the decay of Ca(43PJ

) in the presence of

(a) CO and (b) NO. (ptotal with He = 30 Torr, T = 1000 K)

Figure 4,11 - Variation of the pseudo first-order rate

coeffieient (k') for the decay of Ca(43PJ) in the presence of .

(ﬂ) COZ and (b) Nzo. (ptotal w1th He = 30 Torr)

Eiggﬁgnﬁijg - Variation of the pseudo first-order rate

goeffieient (k') for the decay of Ca(43PJ

(&) NH3, (b) CHy and (o) cFy.

-viii-

) in the presence of

19

50

57

57

58

59

59

59



List of figures (continued)

Figure 4,13 - Variation of the pseudo first-order rate
coefficient (k') for the decay of Ca(M3PJ) in the presence of

Figure 5.1 -~ Examples of the output of the XY-recorder
indicating the decay of the time-resolved atomic emission (IF)
at \ = 689.3 m {Sri5s5p(3P1)] —ssr552('sy)1) following
pulsed dye-laser excitation of strontium vapour to the 53P1 state
in the presence of helium, (pye = 30 Torr)

(a) T=950K ; (b) T = 900 K

Figure 5.2 ~ Examples of first-order kinetic plots for the
decay of the time-resolved atomic emission [ln(IF) against t]
at X\ = 689.3 mn [Sr(53P;) = 5r(57Sy)] following pulsed
dye-laser excitation of strontium vapour in the presence

of helium, (pHe = 30 Torr)

Figure 5.3 - Variation of the first-order rate coefficient (k")
for the decay of Sr(53PJ), following the generation of Sr(53P1)
by pulsed dje—laser excitation, in the presence of helium.

(T = 900 K) (a) k' versus Pge + (b) k' versus 1/Pye

Figure 5.4 - Variation of the first-order rate coefficient (k')
for the decay of Sr(53PJ). following the generation of Sr(53P1)
by pulsed dye laser excitation, in the presence of the noble

gases at T = 950 K,

¥igure 5.5 ~ Variation of the first-order rate coefficient (k')
for the decay of Sr(53P;), following the generation of sr(53p,)
by pulsed dye-laser excitation, with the concentration of ground
state atomic strontium, Sr(s's,),

Figure 5.6 = Examples of first-order kinetic plots for the
deeay of 8r(53p;), derived from the time-resolved atomic emission
[in(Ip) against t] at X = 689.3 mm [sr(53py) —ssr(51s,)]
following the pulsed dye-laser excitation of strontium vapour

in the presence of molecular hydrogen and helium.

-ix~

59

68

68

70

70

71

75



List of figures (continued)

Figure 5.7 - Variation of the pseudo first-order rate

coefficient (k') for the decay of Sr(53PJ) in the presence of

(a) H, and (b) Dy . (ptotal with He = 30 Torr ; T = 950 K)

Figure 5.8 - Examples of the output of the XY-recorder
indicating the decay of the time-resolved atomic emission (IF)

at X = 689.3 nm (Sr(5s5p(3P})] —=5r(55°(1Sy)1} following

pulsed dye-laser excitation of strontium vapour in the presence of

nitrogen. (ptotal with He = 30 Torr, T = 950 K)

Figure 5.9 - Examples of first-order kinetic plots for the
decay of the time-resolved atomic emission [ln(IF) against t]
at A= 689.3 mm [Sr(53P1)-—aSr(51SO)] following the pulsed
dye-laser excitation of strontium vapour in the presence of

nitrogen. (ptotal with He = 30 TOF‘Y‘, T = 950 K)

Figure 5.10 - Variation of the pseudo first-order rate
coefficient (k') for the decay of Sr(53PJ) in the presence of
(a) N, and (b) CO. (Peotal with He = 30 Torr, T = 950 K)

Figure 5.11 - Variation of the pseudo first-order rate
coefficient (k') for the decay of Sr(53PJ) in the presence of
€02, N30, NH3 and CFy. (pgota) with He = 30 Torr, T = 950 K)

Figure 5.12 - Variation of the pseudo first-order rate
coeffioient (k') for the decay of Sr(53PJ) in the presence of
CHy, CpHp, CoMy and Celg. (Proral with ge = 30 Torr, T = 950 K)

5

77

77

77

78

78



LIST OF PHOTOGRAPHS

All photographs are presented after chapter 2,

Photograph I: General view of the apparatus for the kinetic study of

group IIA elements in the 3PJ states, generated by pulsed dye-laser
excitation and monitored by time-resolved forbidden emission (3P1 —9180),

using boxcar integration,

Photograph II: Quartz reactor employed in the kinetic study of

Mg(33PJ), indicating the water-cooled windows.,

Photograph I1I: View of the inside of the furnace indicating the

heating coils and the port holes for entry of the laser beam and exit of

the spectroscopic signal,

Photograph IV: Quartz reactor employed in the kinetic study of

Mg(33PJ), placed inside the furnace.

Photograph V: Front view of the vacuum system for dye-laser excitation

studies, indicating the main 1line, the gas handling system, pressure

measuring devices and bulb with magnetic stirrer for mixture preparation.

Photograph VI: Back view of the vacuum system employed in the dye-laser

excitation studies of the group IIA elements, including the diffusion pump
and the flow system,

Photograph VII: Detection system employed in the kinetic study of group

IIA elements showing the monochromator attached to the photomultiplier

tube and placed in front of the exit window of the &uartz reactor.

Photograph VIII: Electronic units employed in the dye-laser studies

ineluding the eurrent-tosvoltage converter, the boxcar integrator, the
¥¥-reeorder and the oseilloscopes for visual display. '

-Xi-



1. INTRODUCTION

The study of the collisional behaviour of atoms in specific électronic '
states, particularly electronically excited atoms, is an area that has
developed in recent years from both the experimental and fundamental view
points, The availability of tunable lasers, as excitation sources,
providing large numbers of photons in bandwidths comparable to the Doppler
width of an electronic transition may certainly be regarded as a major
contribution to the deveiopment of this field. Experiments on the
collisional behaviour of electronically excited atoms have grown in
detail and sophistication alongside with the development of new
experimental techniques. The present thesis is concerned with the study of
the 'collisional behaviour of group IIA elements, Mg, Ca and Sr, in their
excited 3PJ states, using pulsed dye-laser excitation and time-resolved

emission from a forbidden transition,

The study of fluorescence quenching of strongly—-alldwed emitting
atomic states, following excitation and using the radiative lifetime as an
ninternal clock", through the agency of a Stern-Volmer plot, is well
est:ablished.1 In the present thesis such studies will not be dealt with

other than to indicate their existence.

Recent years have seen a large development of the direct investigation
of exoited states arising from the overall electronic structure of the
ground state configuration. This is an area that has been extensively
revieW@daZ"'9 One experimental reason for the development of such an area
arises frem the optical metastability of the atomic state, once generated.
The lifetime of the atomic state is dominated by collisional removal,
including energy transfer and chemical reaction, and this brings the state
réadily within the time-rangé of modern electronics and data handling
apparatus in order to earry out kinetic measurements in "real-time" rather
than using the "internal olock" in the steady mode experiments of the
sparn-Volmer type."rhe faot that weny laser systems either in usz or in

vevelopment j.nvolve electronically excited states of metal atoms, and the

-



great interest in knowing the mechanisms by which these excited states are
collisionally de;activated. constitute a practical reason for the research
in metal atom quenching. Another fundamental objective is to investigate
in further detail the general relationship between electronic structure

and reactivity.

The collisional behaviour of electronically excited atoms has been

6 including reference to the group IIA

reviewedA in recent years by Husain
elements where there was an emphasis on the reactivity of the heavier
ground state species. The collisional quenching of electronically excited
metal atoms has been the subject of a recent reviéw by Breckenridge and
Umemot:o.9 These authors present the extensive body of rate data now
available and discuss the quenching mechanism of electronically excited
metal atoms by several collision partners. For fundamental and practical
reasons, this is an area undergoing continual change. However, detailed
studies on the 31’J levels of the group IIA atoms, leading to absolute
collisional rate data have been both very limited in scope and in

experiments employed themselves,

In the present work the collisional behaviour of the 3PJ states of Mg,
Ca and Sr is described in the presence of a wide range of collision
partners. The practical objective of this study is to assist our.
understanding of spontaneous emission, diffusion and quenching, of the

group IIA elements, including chemical reaction and energy transfer,

The [nsnp(3PJ)] states of Mg, Ca and Sr constitute the lowest lying
electronically excited states of these atoms above the [n32(1so)] ground
stateg, The energies expressed in e for these states are given in

table (111 ) 010

TABLE 1.1

Energy of the [nsnp(3PJ)] states for Mg, Ca and Sr in cm™!

(1 an~? = 1,2398 x 194 &)

Mg(33p ) ca(u3p,) sr(53p )
Juo 21,851 15, 158 14,318
=1 21,870 15,210 14,504
J=2 21,911 15,316 14,899



In the case of the heaviest member of the series, the Ba[635d(3D1'2'3)]
manifold is lower in energy than the states of the Ba(6s6p) manifold and
hence, the 301'2'3 states become the long-lived species of interest. The
study of the collisional behaviour of Ba is beyond the scope of the

present series of investigations.

The energy level structures for Mg, Ca and Sr are quite similar. The
relevant electronic states in the case of magnesium are shown in
figure (1.1). The present work will be concerned with the transition
connecting the 3PJ state to the ground 180 state (\= 457.1 nm for Mg). The
investigations that have been reported so far have employed mainly the
transitions connecting the 3PJ states to the upper 3S1 state, especia.ly
the 3P1a3s1 transition at A\ = 517.3 nm for Mg.

The relatively short life of the 3P1 state as compared to the 3P2 and
3P0 states of the 3PJ manifold makes this state and the transitions
assoclated with it the most important from the experimental point of view.
These 3PJ states form a triplet manifold which decay to the ground state
by a forbidden (3P1'—» SO) transition, The two- remainlng components of the
triplet act as reservoir states which are equilibrated to the 3P1 state
but show no appreciable radiative decay. Nevertheless, the role of these
reservoir states in the mean radiative lifetime of the 3P1 state has to be

taken into account as will be discussed later.

The experiments performed in this investigation on these particular

atomie states have in common the following aspects;

1~ The production of metal atoms in a flow sYstem using a heat
pipe. The flow system is equivalent to a static system for the
purpose of the atomic decay. In other words, the residence time of the
flowing gas in the reaction vessel is much bigger than the atomic
decay itself (see later),

2= Repetitive dye-laser excitation to the 3PJ levels from the 1So
greund states by firing the laser at a frequency of 10 Hz and tuning -

to the wavelengtn corresponding to the transition under

consideration,
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Figure11 - Energy level structure for Mg



3- Averaging of the particular signal used to monitor the 3PJ

state generated by pulsed dye-laser excitation,

The first two steps are 4inherent'; to the actual nature of the
experiments described in the present work. The production of atoms of the
group IIA elements 1n' the vapour phase by using heat pipes has been.
extensively discussed in the 1_1terature." The use of a dye-laser to
excite alkaline earth elements is becoming a very well known technique.
The detection of the optically metastable states produced by pulsed
dye-laser excitation may be made by several techniques, the choice
depending very much on the mean radiative lifetime of the transition to be

used for the envisaged kinetic investigation,

Among the alternatives for the experiments that will be described in

this work, we may consider;

1- Time-resolved resonance fluorescence: By photoelectric current
measurement of electric dipole allowed fluorescence signals following
further excitation with a resonance source. In theory, at least,
time-resolved resonance fluorescence using an allowed atomic transition
to a higher lying state could be used to monitor the kinetics of an
optically metastable state. The resonance fluore»scence signal, af‘terv
passing either through a monochromator or an interference filter may be
transformed into an electric current by means of a photomultiplier tube.
The amplified signal may be fed into a boxcar integrator and displayed in
a XY-chart reeorder for kinetic analysis, or using a signal averager for
analysis of the complete decay trace., Inspection of standard
compi!a{'}iorls"2 {ndicates conveniently placed strong atomic resonance
transitions for the 3P0.1’2 levels of Mg and Sr. For Ca, by contrast,
conveniently situated and relatively strong transitions are those for the

3P1 and 3P2 levels, respectively;

6at5a(3;) === ustp(3p)) at )= 612.2 nm
Bab5st3s;) == uslp(3p,)] at X = 616.2 nm

£ r TIPS Y s . S
This type of nmeasurenent, although not enployed in th= present work, mzy

be thought as a convenient alternative in cases where forbidden emission

-



measurements of the type (3P1 —>1SO) are excessively complicated by
scattered light from the laser source at the same wavelength, The
forbidden emission measurements (see later) are resonance measurements in
‘that the laser excitation and emission used to detect the decay of the
atomic states are at same wavelength and, of course, both connect with the‘
ground state. Time-resolved resonance fluorescence (and time-resolved
resonance absorption), as conventionally described, are resonance
measurements entirely with respect to the spectroscopic source. We may
pdint out that the scattered light from the laser is certainly far more
intense than that from a spectroscopic scurce, which makes the resonance
flwrescence technique an alternative to the time-resolved emission
method. The former technique would have been employed in the present
investigation if the gating system had not been able to overcome the laser

scattered light (see later).

2- Time-resolved resonance line absorption: In this case, a resonance
spectroscopic lamp is used to further excite atoms previously excited by
the laser, but unlike the method that has just been described, the
attenuation of the resonance source is employed"to’monitor the kinetics of
the excited atoms, In‘ this procedure the scattered 1light does not
interfere significantly with the measurements, provided a monochromator is
used to isolate the light from the spectroscopic lamp which is being used

as a probe,

3- Timeé-resolved forbidden emission: The forbidden transitions
(3pJ —>1So) for Mg, Ca and Sr are sufficiently strong to permit detection
of the SPJ states by direct emission, which is quite convenient for the
proposéd experiments, given that the effect of scattered light from the
laser @&n be overcome. The literature indicates the following values for

the mean radiative lifetimes for these forbidden transitions;



TABLE 1.2

Mean radiative lifetimes and Einstein coefficients for the
3P1-*1SO transitions

Atom ve/s }\nm/:’f"1 Reference
Mg 2.2 x 1073 4.5 x 102 13
Ca e x107t 7.2 x 103 12
Sr 1.5 x 1072 6.7 x 10% 12

The values of the Einstein coefficients make it quite evident that the
forbidden transitions are strong enough to permit détection of the 3PJ
states by direct emission, The Einstein coefficients for these transiti .ns
may be contrasted with an allowed transition for an atomic emission where
Anm is of the order of 108 s'1. On the other hand, for a highly forbidden
emission like the one used in the study of 0(21D2) generated by the laser

pulsed irradiation of ozone,’"

of(2'p,) »023p,)1 Ay, = 6.9 x 1073 57!

the extremely weak emission involves extensive signal averaging as the

number of quanta detected in any experiment is very small,

Because the transition under consideration has an Einstein coefficient,
Anmo nuch smaller than a fully allowed transition..but bigger than many
forbidden transitions, we may say that it is sufficiently allowed to be
pumped by the dye-laser and forbidden enough so that the excited states
have meafl radiative lifetimes that can be monitored in real time using
modern eleetronias, The advantages in using the direct forbidden emission
are eyident from the simplicity of such a measurement dispensing with the

spectroscopie lamp and the complications associated with it.

Whilst the precent thesis is concerned with the collisional behaviour
of the low l1ylng eleetronically excited states of the group IIA elements,
Mg; €4 and S Eﬁ§ﬁﬁégﬁdij; the bedy of work described here can be regarded
within the Breader fradework of exeited atom chemistry in general. This a
Faptdiy develsping area and it is clearly beyond the scope of the present’

Work t9 review bhia Puitiy.



The largest body of unified rate data for the collisional behaviour of
electronically excited states has been generated in recent years for the

elements in groups IV - VII,

C, Si, Ge, sn, b (np?) (3pg 4, 'py Tsp
N, P, As, Sb, BL  (np) (*S5s 2D3s5 5/ ZPs2,2/3)
0. S.> Se. Te, (npu) (3P2'1’0 1D2 130)

'F, C, Br, I, (np?) (293,2'1,2)

The rate data for these atomic states have been extensively reviewed as
indicated hi.ther't.o.z"9 Further, Golde15a has reviewed rate data for the
collisional behaviour of electronically excited noble gas atoms. The
fundamental structure for considering rate data for atom-molecule
collisions is governed by the magnitude and scope of the rate data
available, In principle, a given rate constant is ideally considered in
terms of the detailed construction of a potential energy surface and the
dynamics on that sur‘i‘ace.16 However, calculation of a realistic surface is
far from easy and many approximations have to be made. The massive body of
rate data for all these electronical'ly excited atoms, many of which are
heavy, and the large range of collision partners, requires some simplified
approach in order to consider the data as a whole. The approach used in
recent years by Donovan and Husai.n2 is to employ the symmetry of the
potential surfaces involved on collision tlﬁrough the agency of
correlation diagrams, This approach, using the method described by
Shuil.er17 was applied by Donovan and Husain2 in the construction of
correlation diagrams in Cg symmetry for light atom-molecule collisions on

2 have

the basis of a weak spin-orbit coupling approximation, These authors
employed 8ueh diagrams to discuss the difference in the collisional
behaviour of a given atom or molecule in different electronic states, and
this appreaeh is now, in fact, being used in bibliographical compilations
of rake 6&@@;18 Fer the heavy‘ elements, where the Russel-Saunders LS
coupling breaks down, tusain® has desoribed the method of JQ coupling for
atom=melesule collisions, This is a far more complex approach and the.

available pathways, given the loss of the spin selection rule, are less

restrictive and more numerous. The various considerations of the potential

-




energy surfaces for atom-molecule collisions will have practical
applications in particular systems. Its reference here is to provide the
overall framework against which the rate data for the group IIA elements

-will be eventually discussed, in the next chapters.

Murre1109D has, for example, indicated that potential energy surfaces
may be employed in this context. Recent reviews of the collision partners

1092 ponovan and

of electronically excited atoms include those of Callear
Gillespies, Klots and Se'cser7 and Clyne and Curran‘Sb, the 1latter
including the 'chemistry of the electronically excited halogen atoms
(2P1/2). However, the main review for the present work is that of
Breckenridge and Umemotog, who have covered the group IIA elements in
great detail, This review, of 1982, is a modern and complete' summary of the
work on Mg, Ca and Sr(3PJ) to that date., Notwithstanding this, as will
becqme evident in this thesis, a large body of work, in which the present

investigation may be included, has been carried out since then,

The studies that have been published so far on the collisional
behaviour of Mg, Ca and Sr, deal with f.he mean: radiative lifetime of the
3P1 states and collisional removal of these states by added quenching
gases, It is proposed to measure the mean radiative lifetime, to study the
quenching by a wider range of collision partners and, whenever possible, to
make studies on the diffusion coefficients of these excited species in the

noble gases.

Before embarking in the discussion of the present work, a brief
bibliographical review in this particular aréa is presented. The brief
reviey that follows is not claimed to be complete, and it is here presented
in order to place this work in context. The works that will be mentioned
constitute the framework to be used later (chapters 3, 4 and 5) in the

discussien of the experimental results of this investigation,

The measuremnent of the nean radiative lifetime of Mg(33P1) has received
attention frem beth theoretical and experimental viewpoints. Several
WBFK@F§1H§ have saleulated the lifetime of this excited state and Wright'
b mi, 13 uvaing pulsed  Jdye-laser excitation and atomic absorption

spectroscopy, made an experimental determination of the mentioned




lifetime, The static system employed by these workers made use of the
(3P1->3S1) transition to monitor the 3P1 state population. Quenching by
H2 and N2 is mentioned only as contaminants and the collisional quenching

constants for these two gases were not quantified.

Furcinitti et a1"24 using the same technique that has just been
described have made new measurements on the mean radiative lifetime of
Mg(33P1) in He and Ne buffer gés, extrapolating the decays to infinite
noble gas pressure. The effect of quenching by the walls, associated with
diffusion, was noted but no quenching has been ascribgd to the noble gas

atoms,

. Blickensderfer et al.,25 also using a static system, pulsed dye-laser
excitation and atomic absorption spectroscopy, have studied quenching of
Mg(3PJ) by a. limited number of collisional partners. Experiments were
conducted with 300 Torr of He buffer gas and quenching cross sections have

been reported for various collisional partners,

Quenching of Mg(33PJ). Ca(M3PJ) and'Sr(53PJ) by N,0 and 02'was observed
by Benard et al.26 studying the production of this metastable species in
low pressure flames, These aubhor326 discuss the mechanism of production
of the 3PJ states. and ehergy transfer' to a passive species 1like CO
(electronic to diatomic vibrational energy transfef) and active species

like N20 where highly exothermic chemical reaction takes place,

As opposed to the static systems that have been mentioned so far, flow
systems with production of Mg(3%PJ) by low and high current discharges
have al80 besn used. Taieb and Broiden27 have produced Mg(33PJ)'in a low
current diseharge and quenching was studied using the afterglow method.
Quenchifig eenstants have been presented and the reaction of Mg(33PJ) with
N,0 and 02 was oeonfirmed by photoluninescence of the B-X MgO system.
Benard &% 31"28 using the same technique, employed a high current
diS6RaFE8 f6F the production of the excited species and studied the energy
¢ransfer frem Mg(33p;) to caci’sy) atoms,

Atemia beaws of Mgy Ca = 3r, excited to the 3PJ states, have been used

by Kowalski?d in the determination of the total attenuation cross sections

for the reaction of these excited states with 012 molecules. The
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experimental values have been compared with the theoretical ones,
calculated on the basis of the "harpoon model" and a good agreement was

found.

The quenching of Mg(33PJ) by H2 has beeh recently studied by
Breckenridge and Nikolai,30 using emission from the forbidden (391-,156)'
transition following excitation by a pulsed dye-laser in a static system,
These authors have demonstrated the temperature dependence of such a
reaction and the change from a physical to a chemical exit channel
control. The samé reaction has been object of theoretical studies by Adams
et al..31 who carried out calculations on relevant portions of the
potential surface of the first triplet state of MgHz. The resulting ab
initio calculations have been used in a further study by Bfeckenridge and
Stewart32 on the temperature dependence of the quenching of Mg(33PJ) by H,
and D2. The experimental technique was the same employed before by

Breckem‘idge30 and the isotopic effect reported is in accord with the

results of the present work (see later),

Reactions of Mg(33PJ) with the halogens F2 and C12, and the reaction of
Ca(u3PJ) with Clé have been studied by Kowalski and Menzinger33 who have
measured cross sections for beam attenuation, chemiionization MX*(’EE) and

chemiluminescence from MX(ASTI).

Ihe reaction of Mg(33PJ) with N>0 has recently received attention by a
nunber of workers.3u‘36'38 Dagdigian3u has investigated the reaction of
Mg(33PJ) with O, and N,0 under single collision condition using the laser
fluorescence technique for the determination of electronic states of the
produgt Mg0O, The reaction dynamics were discussed in terms of Cq symmetry.
The study was complemented by Cox and Dagdigian35 who investigated the
reactions of Sr(53PJ) and Mg(33PJ) with N,0. The results are discussed and
compar@d with previous work on Ca(M3PJ).36 Bourguignon et al.,37 using the
same teehnigue have studied the reactivity of Mg(33p;) and Mg(3'P,) witn
NsO and have shown that both excited states react with N,O whereas the
greund state Mg(3189) does not. This result is confirmed by Yarkony38 who
perforiied ab initio self-consistent-field calculations on the lowest.

5}

singlet (A" and tripict (-2') petential energy surfaces of the rezction
Mg + N 0C('E") — g0 + Ny('sh)
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| This author38 comparcs the above mentioned reaction with the analogous

i e B

)c. + Ny0 system where Ca(1So) is reactive, unlike Mg(‘So).

The investigations on the collisional behaviour of Ca(l&3PJ) have been
more restricted than those on Mg(33PJ), although, more recently a number of

studies have been published on this subject.

McIlr"ath39, appear to have been the first to monitor Ca(ll3PJ) in the
time-resolved mode wusing atomic absorption spectroscopy with a
photographic plate following pulsed dye-laser excitation of calcium
vapour, but this was not exploited as a general tool for the determination
of fundamental rate data apart from relaxation measurements within the

“ca(43py) manifold 40

Despite thc:: routine use of dye-laser excitation to generate Ca(u3PJ),
time-resolved spectroscopic s‘tudies have not been extensively used to
determine collisional rate data with added gases. Malins et a1.41—ll3 have
employed modulated dye-laser excitation coupled with phase sensitive
detection énd Stern-Volmer analyses to study thg collisional quenching of
Ca(ll3PJ) by var'iovus gases including the noble gases, and by Mg, Ca and Sr
in the ground (180) states. Whiﬁkop and Wiesenfeld™ have employed
time-resolved atomic absdrption followihg dye-laser excitation to study
quenching of Ca(u3PJ) by Ba(61so). Atomic beam studies of Ca(43PJ),
generated by low voltage discharges through calcium vapour, have mainly
been used for detailed investigations of chemiluminescence cross sections
for reactions with Cl, and HC1,2933.85.47 ang §,0,3%36 a5 well as for
laser Induced fluorescence measurements on Ca0 following reaction of
cat43p;) with 0, and €0,.*8 The studies of the ca(43p; —4'sy) emission
from low pressure flames catalysed by N50 + CO with calcium additives have

not led to absolute rate data for Ca(u3PJ).26-”905°

The study of Sr(3PJ). perhaps because of the experimental difficulties,
as we shall see later, has been extremely lirqited. Solarz et al.>! have
studied the reaction of Sr(3P1) with HF and .HCI in a beam gas arrangement
employing laser induced fluorescence detection., Phase sensitive detection
of pulsed dye-laser excitation has been employed by Malins et atl.u2 to

study energy transfer. from Ca(Ll3PJ) to'Sr‘(S1SO) and quenching of the

1



resulting Sr(53PJ) by the noble gases. Apart from this study, no quenching
rate data appear to be available for Sr(53PJ).

In the present chapter the nature and the objectives of this

'1nvestigation have been established. The experimental techniques have been

mentioned and a bibliographical review on the collisional behaviour of Mg,

Ca de Sr[nsnp(3PJ)] has been presented in order to é11ow experimental
results to be discussed later. In chapter 2 the experimental technique
used in this work will be discussed, special attention being'given to the
study on Mg(33PJ). Modifications to the experimental technique, required
for the studies on Ca(u3PJ) and Sr(53PJ) are discussed in chapter 4 and 5,
respectively, Chapter 3 is dedicated to the investigations on Mg(33PJ),
including the radiative lifetime, diffusion in noble gases and collisional
quenching, The experimental results are presented and discussed where
appropriate, Chapter 4 and 5 present the analogous studies on Ca(43PJ) and
Sr(53PJ). respectively. Chapter 6 1is dedicated to the conclusions
resulting from the present investigation on the collisional behaviour of

Mg, Ca and Sr[nsnp(3PJ)].
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. TIME-RESOLVED EMISSION EXPERIMENTS

The objective of this chapter is to outline the experimental procedure
uhioh has been used for the present thesis. Although three different
elementé of the group IIA have been studied, namely, Mg, Ca and 3r, the
experimental procedure, if not identical, is quite similar. In order to
avbid unnecessary repetition, the experimental set up will be described
here in general terms. Those modifications con-cer'ning apparatus and
experimental procedure that were necessary for a particular element

studied will be dealt with in the appropriate chapter.

Broadly speaking, the syspem employed for the study of the collisional
behaviour of Mg, Ca and Sr[nsnp(3PJ)] can be divided into three major
parts; production of the excited species, gas handling and detection of the
fluworescence signal. This division is here made just for the sake of
olarity, as the system works as a whole integraﬁed apparatus., The three
parts above mentioned will be considered in great detail and it 1is
proposed to conclude this chapter‘i by describing the reagents employed in

the experiment as well as the purification processes, when that was the

case,

2.1 Production of the excited species

The excited species required for these experiments are Mg(33PJ).
Ca(u3i>J) or Sr‘(53PJ) depending upon the particular element of group IIA
being studied. The 3PJ excited atoms are produced by dptically punping the
ground state 130 atoms kept in the vapour phase inside a reaction vessel.
Light at the wavelength required for the transition 1SO—>3}>1 is derived
from a tunable laser-pumped dye-laser, Basically, a metallic sample of the
element to be studied is placed in the r:eaction vessel that will be
described later. The vessel is brought to a temperature sufficiently high-
for the vapour pressure to have a reasonable value for the experiment (ca,

0.1 Torr). By keeping the temperature constant, one hopes to achieve an

13



atomic density in the vapour phase which is near to that of the
equilibr'ium vapour pressure, The nature of the experiment does not
normally require the knowledge of the initial atomic density, provided it

can be maintained constant for each individual experiment,

The reaction vessel, where the production df the excited 3PJ acoms‘
takes place is placed inside an electrical furnace specially built to
contain the vessel and to keep it at the required temperature. The
temperature was monitored by a thermocouple placed inside the furnace and
near to the central body of the reaction vessel. The po_tential drop across
the thermocouple was read in a millivoltmeter (Cambridge Instruments Co.
Ltd.). The cold junction of the thermocouple was kept at room temperature,
which can reasonably be assumed constant throughout any particular
experiment. The furnace has four heating elements and the temperature
contrdl is dchieved by using a Variac transformer, which allows a

temperature setting of £ 5 K.

The tunable dye-laser used in t,\his work (J.K. Lasers, model DLPY4 2000
YAG) was pumped by means of a Nd-YAG primary laser. The Nd-YAG pumping
laser has a fundamental wavelength of X\ = 1064 nm (E = 450 mJ; pulse width
ca. 20 ns) and frequency doubled by a DCDA crystal allows a vertically
polarised beam at \ = 532 nm (E = 150 mJ) to be generated. By using a third
harmonic generator (KD¥*P crystal) the fundamental and the second harmonic
pbeams can be combined to produce a horizontally polarised beam at
»= 355 nm (E = 90 mJ). The laser can be operated at frequencies varying
_from 1 Hz to 20 Hz and has been used throughout this work at 10 Hz, since
this is the frequency that gives\ the best performance for the particular
Nd—YAC laser used. The possibility of choice of the primary laser
wavelength output enables a great number of dyes to be efficiently pumped
and increases the tunability of the dye-laser. In the study of the
collisional behaviour of group IIA elements, where 3PJ excited states had
to be produced by pumping the 180 ground states, the following

combinations of pumping beams and dyes were used.
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TABLE 2.1

Atom Pumping beam Dye Wavelength
Mg 355 nm Coumarin 460 457.1 nm
Ca 532 nm Cresyl Violet 670 657.3 nm
Sr 532 nm Nile Blue 690 689.3 nm

Details of concentration of the dye solution and output of the
dye-laser are given in the relevant chapters. The dye—laser'(J.K. Lasers,
System 2000) wés designed to be pumped by the harmonic output of a solid
state laser like the Nd-YAG. The laser has suitabie mirrors for use when
pumping by a 532 nm or 355 nm source., Two dye cells are provided; one to be
used as an oscillator and the other one as an amplifier. The output energy -
depends on the energy of the pumping beam (E = 150 mJ at 532 nm; E = 90 mJ
at 355 nm) and on the conversion achieved for a particular dye (ca, 10% for
the dyes employed in the present work). The primary Nd-YAG laser and the
pulsed dye-laser are shown in photograph I, which is a general view of the

apparatus employed in this investigation.

A couple of aluminium coated mirrors were used to direct the beam to
the furnace window.A.con;iderable loss of energy occurs during this beam
steering, especially at low wavelengths (X = 457 nm for instance) but, on
the other hand, great flexibility is achieved by using mirrors and the
energy reaching the excitation zone is enough for the desired production

of 3PJ excited species in the required concentrations.

Two kinds of reactors have been employed in the present work and
although they were made of different materials [quartz for the study of
Mg(33PJ) as opposed to stainless steel for Ca(43PJ)_and Sr(53PJ)] the
design remained basically the same, Previous workers have used reactors
made of quartz lined with tantalum  foi113:2%:25,52 . stainless
st.ee13o’32'u3 with slightly different designs. Stainless steel has been
preferred for the higher temperatures required in the study of Ca(43PJ)
since this element has the lowest vapour pressure53 of the three under
consideration, On the other hand, the higher reactivity of strontium makes'
the stainless steel more desirable than quartz, because the latter is

attacked at temperatures higher than 670 K.
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The quartz reactor, initially employed for the study of Mg(33p)) is
shown diagramatically in figure (2.1). As stated previously, it was
coristructed of quartz with optical Pyrex windows, sealed by means of

0-rings, orthogonally placed faor the entrance of the dye-laser excitation

beam on the one hand and for the exit of the time_-resolved emission signal'

on the other. Pyrex was preferred to quartz as a material for the optical
windows because of its low reactivity towards the group IIA elements. The
transmission of Pyrex, even for the 1lowest wavelength employed
(X = 457.1 nm for the study of Mg) is high enough to ‘justi’f‘y its choice,
The vapour of the metallic element was introduced into the reactor by
means of a slow flow of a noble gas, including, where necessary, a further
added quenching gas, over the heated metal in a side arm within the furnace
maintained at an appropriate temperature thermoelectrically measured. Gas
flow through the reactor was achieved by means of a further pair of side
arms, with pre;-heating tape a;’c the entrance of the reactor flow in order to
maintain a sensibly constant temperature for that part of the reactor
which lies within the furnace. The entrance and exit optical Pyrex windows
were external to the furnace and were water-cooled using a flow system

contained by means of O-rings within brass fittings.

The effective size of the reactor is-'not, of course, the physical size
of the quartz container but is of complex geometry, determined by the area
of the input dye-laser excitation beam and the light gathering power of
the small monochromator (see later), employing slits of finite width and
heightv. Simple considerations of heat transfer for the gas within the
effective reactor volume show this to be at the elevated temperature
required even though the entra;lce and exit windows are cooled. This
arranéement is particularly facilitated using the slow flow system,
kinetically equivalent to a static system, as mentioned earlier, By the
same token, the attack of the inner quartz surface (by magnesium in this
case) of the reactor with the furnace is of no consequence, The reaction
volume is effectively a small region within the overall reactor volume as

indicated; the quality of the fluorescence signals being determined by the

state of cooled entrance and the exit windows which were found to be’

totally unaffected by the matallic vapours that had fully condensed at tha
outlet edge of the furnace well, It was therefore found, in contrast to

previous dye-laser excitation studies on magnesium vapour, necessary to
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Figure 2.1

Dé'to,iled diagram of the reaction vessel employed for the kinetic study of Mg(33PJ)
by tlme-resolved atomic emission following pulsed dve laser excitation
of Mg(3sz(lso)) —_ Mg(3339(3P1)) (A =457,1 nm,)
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use neither a stainless steel r‘eac1:.or'30'32'u3 nor tantalum foil within the

13,24,25,52 even though deposition of magnesium took place

quartz reactor,
"on the quartz. Finally, we may emphasise the need only for reproducible

metallic vapour densities within the reactor during sampling of the

- emission, following the series of laser pulses f‘rom which is extracted a

decay curve for the 3PJ excited specieé exhibiting first-order kinetics.
An absolute atomic density commensurate with the equilibrium vapour
pressur"e. for a given temperature, is not necessary, although the dénsity
should be close to this in view of the proximit‘y of the side-arm
containing the metallie sample to the reactor volume and the slow flow
employed. Only in the special case of quenching by Sr‘(53PJ) by ground
state Sr(51SO) wés it necessary to estimate the absolute atomic

concentration (see later).

Photograph  II shows the quartz reactor employed in the kinetic study of
Mg(33PJ). photograph III shows the interior of the furnace with its four
heating elements and photograph IV .is a view of the quartz reactor placed

inside the furnace,

2.2 Gas handling systenm

The purpose of the gas handling sys_tem is to allow gas mixtures of
known composition to be flown through the reaction vessel, The gas
handling system must also provide facilities for preparation of gas
mixtures and eventually purification of gases to be wused in the
experiments, To that purpose a vacuum line was specially built for the
expertments described in the present work. Details of the vacuum line are
shown in photographs V and VI, The vacuum line was constructed in Pyrex
glass and it is a conventional line capable of holding a vacuum of ca.
10"5 Torr, with the addition of the flow system which will be described in
some detail later. The vacuum was achieved by the combinatién of a primary

rotary pump (Metrovac, GDR1, Associated FElectrical Ind. Ltd.) and an oil

diffusi’oh’ pump (Edwards 203B). For the flow system itself, another rotary.

pump (NGN, model PD/2), connected to the reactor gas outlet, was employed,
Pressure in several points of the line was measured by two spiral gauges, a

Bourdon gauge, two aneroid gauges and a capacitance manometer [MKS, 2214,
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Chell Instruments Ltd, 0 - 100 Torr, (1 Torr = 133 N.m“2)] which was also
used to control the pressure in the flow system. A Pirani (Genevac PGH3)
and a Penning type gauge (Edwards, model 6) were used to measure the vacuum

" achieved,

The flow system is represented diagramatically in figure (2.2). ’It‘
consists of two 10 litre bulbs; one to contain a buffer gas such as helium )
and the other containing a mixture of the buffer and the quenching gas. By
taking known amounts of gas from these bulbs, mixtures of varying
concentration of the quenching gas at .constant total pressure can be
prepared. The finallconcentr'ation may be varied from zero (pure buffer
gas) up to the quenching gas concentration in the relevant bulb, The
importance of keeping a constant total pressure 1is related to the
diffusion component of the first-order decay constant under ccnsideration
and will be dealt with later. Apart from these two bulbs B1 and B2 [(see
figure (2.2)] three needle valves N1, N2 and N3 were provided to control
the composition of the gas mixture flowing through the reaction vessel.
The needle valves control the admission of gas to the flow line FL, leading
to the reaction vessel RV and pumped by the flow pump FP through the
needle valve N4, The needle valve N4 controls the flow through the
reaction vessel and once it has been adjusted it should be kept unchanged
throughout the experiments. The pressure in the flow line FL was measured
by means of the same capacitance gauge MKS, mentioned earlier. Flow
caiibrations are necessary before a flow of known concentration and
constant total pressure can be set up. Fléw calibrations were made by
diverting the flowing gas to a 10 litre bulb B3 and measuring the pressure
variation as a function of time. The pressure in the bulb B3 as a function
of tifne was measured by the baratron MKS gauge for differing pressures of
helium in the flow line FL, The calibration is prepared as a linear
relationship between the logarithm of the flow rate (log f) and the

logarithm of the pressure (log p). Thus, we may write

log £ = a.log p+b . - (2.1)

Hence, once a calibration curve has been bullt and the values of aand b
are known, one can reaaily calculate the flow rate for a particular

pressure of gas in the flow line FL. On the other hand, if we have a flow
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rate f1 from the bulb B1 and a flow rate f5 from the bulb B2, we may write
for the total flow rate

f=1+ f5 (2.2)

The flow rate, f, will be the flow rate corresponding to the total-
pressure p. The flow rates f1 and f, are determined by the required

concentration of the quenching gas, using the relation;

py = [£;/(fy + £)1p (2.3)

where p represents the tbtal pressure (p1 + p2) in the case of a two
component system, Knowing the flow rates f1 and f,, it is possible to
calculate the pressures Py and p, required, by making use of equation
(2.1). The needle valve N1 can be used to set up a flow rate f1
corresponding.to the pressure Pq. The same procedure, with the needle valve
N2, is used to sei up a flow rate f2 at pressure Po. By allowing gas to flow
through the needle valves N1 and N2, simultaneously, a flow rate
f = f1 + f2 is achieved and the ffhal pressure should be p, according to
equation (2.1). Thus, although the final pressuré is not the sum of the
individual pressures Py and p,, its value can be calculated by means of
equation (2.,1) and (2.2) and a flow of varying concentration of quenching

gas at constant total pressure can be set up in this way.,

2.3 Detection of the fluorescence signal

Figure (2.3) shows a block diagram of the apparatus for the kinetic
study_qf the 3PJ states of group IIA elements, following excitation by
pulsed dye-laser and monitored by time-resolved emission from a forbidden

transition,

Following rapid optical pumping to the 3P1 state, the slower
time-resolved emission back to the 332(180) state is then used to monitor
the decqy of the electronically excited magnesium atom, for example, and to
separate the various first-order kinetic contributions arising from the -
spontaneous emission itself, diffusion and collisional quenching, %o
intense 1s the time-resolved emission that optical 1isolation can
conveniently be effected by means of a small monochromator (Minichrom,
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1-MC1-02, Fastie-Ebert mounting; f/4; focal length Ti mm; range 200-800 nm;
grating 20 mm square; 1800 lines per mm; 6 nm per mm). The system employs
fixed sIits (150, 300 and 600 P, 4 mm high), the present measurement using
"~ the larger slits and hence, dispensing with the grating resolution of the
monochromator (dWM\ = 2.8 x 107). Nevertheless, it was found that this
means of optical Separation dramatically reduces the effect of scatter'.ed
light compared with that encountered with the interference filter that was .
initially employed. In fact, the small monochromator is effectively
mounted on the. photomultiplier housing, as opposed to the converse. This
arrangement may be contrasted with that employing an interference filter
as described by Breckenridge and Nicolai.3® Photograph VIT shows the
monochromator attached to the photomultiplier tube and in front of the

reactor window. Because the signal to be detected is at the same
wavelength as the excitation Source, scattered light becomes a major
concern and has to be reduced as much as possible, The scattered light can
be significantly reduced by means of a pre-trigger gating system
associated with the photomultiplier tube EM.I. 6256B. The pre-trigger
gating system employed here is not a full gating arrangement with electron
defocusing but rather a convenient system devéloped to be used with the
photomultiplier tube already mentioned, as described in the work by
Husain, Krause and Slater on Sb(5”S3/2);5u The photomultiplier tube EM.I.
6256B, although not specifically designed for gating, allows suitable
access to the dynodes and a convenient gating efficiency can be achieved
(i.e., attenuation of the photomultiplier signal by a factor of ca, 100
during gating). However, unlike the study mentioned before, the facilities
in the laser system itself permit considerable simplification of the
circuitry employed, with the elimination of both a trigger pulse generator
and a delay circuit, The operation of the gating circuit in the present
application may be summarised as follows. The repetition rate of the laser
is set, by choice, in these measurements to 10 Hz. For each firing of the
pair of flash lamps in the primary laser system used to store energy in
the Nd-YAG rod, the laser control unit generates a pulse of magnitude ca.
8 V and &f duration ca. 10 us. The pulse is, of course, designed to initiate
the Pockels cell driver in the Q-switched mode, but it may also be used to.
trigger a monostable pulse generator, povered by means of a 18 V d.c.

- 3tabilised power supply. The circuit employed here is a modification to
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that described both hitherto®® and as originally reported by Acuna et
al.55 but further developed to apply considerably longer pulses, of length
up to 306 us and of magnitude ca, 100 V across the 5th and 7th dynodes of
the 13-dynode EM.I. 6256B photomultiplier tube, which are accessible, Thus,
the initial pulse generated in the primary laser, in conjunction with the
monostable pulse generator, is used to switch off the photomultiplier tube
for lengths of time to ca. 300 us. Following energy storage in the Nd-YAG
rod, the Pockels cell is switched on at an optimum fixed delay time fbr the
instrument of - ca. 180 us after firing the f‘lash lamps. Thus, the
photomultiplier tube is switched on at t = (300 - 180) pus, in this
-instance, after firing the dye-laser itself. One must not;ce that the delay
time for the Pockels cell drive (ca. 180 ps) cannot be changed without
affecting the Nd-YAG laser performance and the only way to vary the |
ngating time" would be by modifying the pulse length in the monostable
pulse generatér.In the described set up, only one delay time could be used
(120 ys) for gating because the monostable did not allow any other setting
between 180 ws and 300 us. In spite of this inflexibility, this was found
to be a very efficient.way of pre-trigger photomultiplier gating and
eliminates the large scattered light signals. éurther. the pulse used for
initiating the photomultiplier gating circuitry is also used to trigger
the boxcar integration system [figuré (2.3)]. The gating system was
subsequently modified for the experiments on Sr(53PJ) as described in
detail in chapter 5.

The photoelectric signal resulting from the EM.I. 6256B
photomultiplier tube was then amplified without distortion by means of a
current-to-voltage converter56 and fed to a boxcar integrator (Brookdeal
Electfonics, linear gate type 415, scan delay generator 4234) which had
been triggered, as described, by means of the initial pulse generated on
operation of the flash-launp discharges in the ﬁrimary laser system. The
current-to-voltage converter used to amplify the transient photoelectric
pulses employs a fast settling operational amplifier with a variable
feedback. capacitance and resistance, in orde} to preserve the inherent
time response of the photomultiplier, Resistances may be varied in seven
steps from 100 K} to 10 M) while capacitorsAmay be selected in nine stens
from 10 pF to 4700 pF. Exact values for each step are shown in the
circuitry presented in the appendix. A typical setting that may be used is,
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R= 220 K} and C = 100 pF, which gives a time constant of RC/2 =
1.1 )(10"5 s, The settings in the boxcar integrator are basically
determinéd by the magnitude of the first-order kinetic constant resulting
from the time-resolved emission, A constant gate (50 us for Mg and Ca and
20 us for Sr) was employed for all boxcar analyses and time bases of 1,2,5
and 10 ms, depending on the decay times of the 3PJ states under the various
experimental conditions. Most experiments employed a time base of 2 ms and
a "reading time" of 200 s, Thus, a decay curve using a pulse-laser
repetition rate of 10 Hz, was constructed by taking 50 us samples from
2000 pulses, The use of a.boxcar infegrator is, on the one hand a wasﬁage
of information since one is throwing away about 98% of the data, but on the
other hand it has the advantage of being much less sensitive to spurious
trigger than a signal averaging system. Individual emission pulses which
were sampled to construct an overall decay were monitored
oscilloscopicélly (Tektronix Storage Oscilloscope 56U4B) purely for the
purpose of visual display and not for kinetic analysis as in the previous
investigations involving dye-laser excitation of Mg(33PJ).13'25'3° The
output of the boxcar integrator was finally fed to an XY-recorder (Bryans

Ltd) for kinetic analysis.

Photograph VIII shows part of the electronics used in the present work,
including the current-to-voltage converter, the boxcar integrator, the
XY-recorder, the pm. power supply and the oscilloscope. The gating system

is not shown in this photograph.

2.4 Materials

The following materials have been used in the present work. The stated
purity of each material is given whenever supplied by the manufacturer,
Purification processes, when employed, are indicated. The materials used in
the present investigation may be subdivided in three groups; a) metals of
the group IIA; b) dyes for the dye-laser and; ¢) quenching gases and

vapours.,
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2.4.1 Hetals of the group IIA

Magnesium: (Johnson, Matthey and Co. Ltd.,, "Spectroscopically
. standardised rod", "H.S." Brand; purity greater than 99.98%; main
impurities: Fe, 0.013%; Mn, 0.0023%; Pb, 0.0013%. '

Calcium: granulated (East Anglia Chemicals)

Strontium: purum (Fluka A.G., Buchs S.G.), purity greater than 99%

2.4.2 Dyes for the dye-laser

~ Coumarin 460: (Exciton Chemical Co, Inc.)

Cresyl Violet 670: perchlorate, (Exciton Chemical Co. Inc.)

Nile Blue 690: perchlorate, (Exciton Chemical Co. Inc.)

2.4.3 Gases and vapours

Gas purity is a particularly serious cbnsideration in studies of
diffusion in the noble gases and in the associated measurement of the mean
radiative 1lifetime of group IIA eléments from extrapolating decay
measurements on the electronically excited atom to infinite pressure of
these gases. The kinetic contribution of the diffusional removal of *“he
3?3 states 1is relatively small and variations of this diffusional
component with typical noble gas pressures employed in this type of
investigation are also small. On the other hand, collisional quenching by
0, as an impurity is relatively efficient®7 k[Mg(33P;) + 0,1 = 3.0 x 10~
em3molecule™ s~ (room temperature) and its absolute effect may become
large at high total pressure. Hence, special note is taken of molecular

oxygen as an impurity in these studies, particularly for the noble gases.

The following gases and vapours have been used in the present work.
Unless otherwise stated, gases have been used directly from their

cylinders,

Helium: Matheson "Gola Label", stated purity 99.999%; major impurities:

e, 8 ppm; N2. 5 ppm; H,0, 15 ppm and 0y, 6 ppm.
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Neon: B.0.C. Research Grade, stated purity 99.999%; major impurities: He,

5 ppm; 02. ‘N2' H2. hydrocarbons and Hy0, 1 ppm each.

Argon: B.0.C. Research Grade, stated purity 99.999%; main impurities: N5,

5 ppm; H20. 2 ppm, H2, 002 and hydrocarbons, 1 ppm each, [A number of
experiments were also carried out with "zero grade Argon" (B.0.C.),
purified by means of a B.0.C. Rare Gas Purification Unit Mark 3. This
procedure, coupled with the use 6f a compressor, in fact, yielded a sample

with an 02 impurity of 50 + 10 ppm as measured mass spectrometrically.]

Krypton: B.0.C, Research Grade, stated purity 99.99%; main impurities: Xe
< 50 ppm, N5 < 25 ppm, 05, COy, Hy and hydrocarbons < 5 ppm each.

Xenon: B.0.C. Research Grade, stated purity 99.993%; main impurities: Kr,

50 ppm; N2, 20'ppm; 05, COp, 5 ppm each; Ar, hydrocarbons, H,0, 2 ppm each;
Hp, 1 ppm.

Nitrogen: B.0.C. Research Grade; stated purity 99.994%; main impurities:
Ar, 50 ppm, O,, Ne, and H,0, 2 ppm each. ‘ '

Hydrogen: B,0.C. Research Grade, stated purity 99.96%; main impurities: Ny
400 ppm, hydrocarbons, 20 ppm; O,, CO, and Hy0, 2 ppm each.

Methane: B,0.C. Research Grade, stated purity 99.9925%; main impurities:
No, 50 ppm; hydrocarbons, 20 ppm; H,, O,, CO, and Hy0, 2 ppm each.

Carbon Monoxide: B,0.C. Research Grade, stated purity 99.96%; main

impurities; N, 30 ppm; hydrocarbon\s 20 ppm; 05, CO, and H50, 2 ppm each.

Carbon Dioxide: B.0.C. Research Grade, stated purity 99.999%; main

impurities; N2 5 ppm; Hy0 2 ppm; Hy, Oy, CO and hydrocarbons, 1 ppm each.

Carbon Tetrafluoride: B.0.C., Freon 14; stabted purity 99.97%; main

impurities, H,0 10 ppm; CO 0.2%, air 1.0%, organic impurities 0.3%, free
acidity as HC1 0.1 ppnm.

Nitrous oxide: B.0,C. Research Grade, stated purity 99.997%; main

impurities; N2 20 ppm; CO, 10 ppm; nitrogen oxides 5 ppr; O, and Ex0 2 pen

each.
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Deuterium: Matheson, C.P. grade, stated purity 99.7%.

Nitric ‘Oxide: Matheson, C.P. grade; stated purity 99.0%; purified by

several freeze-pump-thaw cycles followed by distillation from a

dry-ice-acetone slush to liquid nitrogen temperature (-196 oC)

Ammonia: Matheson, C.P, grade; stated purity 99.96%; purified by several

freeze-pump-thaw cycles.

Ethylene: Mat':heson, technical grade; stated purity 99.6%; purified by

gseveral freeze-pump-thaw cycles.

Acetylene: Matheson, technical grade; stated purity 99,0%, purified by

several freeze-pump-thaw cycles.

Benzene: B.D.H. Analar, purified by several freeze-pump-thaw cycles

followed by fractional distillation from room temperature to liquid

nitrogen temperature (-196 oC).
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Photograph I: General view of the apparatus for the kinetic study of

group IIA elements in the 3PJ states, generated by pulsed dye-laser
excitation and monitored by time-resolved forbidden em1531on (3P1“*1SO)

using boxcar integration.






Photograph II: Quartz reactor employed in the kinetic study of

Mg(33PJ),indicating the water-cooled windows.






Photograph III: View of the inside of the furnace indicating the

heating coils and the port holes for entry of the laser beam and exit of

" the spectroscopic signal,






Photograph IV: Quartz reactor employed in the kinetic study of

Mg(33PJ), placed inside the furnace.






Photograph V: Front view of the vacuum system for dye-laser excitation

studies, indicating the main 1line, the gas handling system, pressure

measuring devices and bulb with magnetic stirrer for mixture preparation.






Photograph VI: Back view of the vacuum system employed in the dye-laser

excitation studies of the group IIA elements, including the diffusion pump

and the flow system,
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Photograph VII: Detection system employed in the kinetic study of group

ITA elements showing the monochromator attached to the photomultiplier

 tube and placed in front of the exit window of the quartz reactor,







Photograph VIII: Electronic units employed in the dye-laser studies

including the current-to-voltage converter, the boxcar integrator, the

XY-recorder and the oscilloscopes for visual display.
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3. KINETIC STUDY OF MAGNESIUM (33PJ)

This chapter deals with a range of. properties of the electronically’
excited magnesium atom, namely, the mean radiative lifetime, diffusion in
noble gases and collisional quenching. The general considerations have
applicability to the three lower 3PJ states of Mg, Ca and Sr. In this
particulér chaﬁter. the investigations and results for the behaviour of:
Ms(33PJ) are considered in detail. Reference will further be made to this
work later when describing the experiments carried out on calcium

(chapter 4) and strontium (chapter 5).

Among the three group IIA elements to be studied, magnesium was chosen
as the first étomic state to be investigated for a number of reasons. The
transition 3P1—--)'180 for magnesium exhibits an Einstein coefficient
smaller than those for the analogoué transitions of calcium and strontium,
In other words, one can expect a longer observed mean radiative lifetime
for magnesium compared with calcium or strontium, Bearing in mind tLhat
scattered light is a major problem to bg considered in these experiments,
it is easier, in theory,‘to work with relatively long decay times. The
amount of data available in the literature for Mg(33PJ) vastly exceeds the
limited data for Ca(H3PJ) and Sr(53PJ). This difference can be accounted
for in part by the astrophysical interest for the emission lines of the
metastable 3PJ states of Mg, but also, as a consequence of the greater ease

resulting from carrying out measurements in this larger time domain,

3.1 Mean radiative lifetime and diffusion in noble gases

The accuracy in the determination of the mean radiative lifetime (Te)
of a forbidden transition derived from a first-order kinetic parameter,
namely, the Einstein coefficient for sponténéous emission (Anm = 1/Te)'
measured in real time, is principally limited by the procedure in’
measuring a relatively small intercept of a plot obtained from a series of

first-order decay measurements as a function of composition. This has been
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{1lustrated hitherto, for example, in various measurements of

+e[1(52P; ;) —>1(52P3/5) + h¥ (X = 1315 mm)137-59

and similar kinetic considerations apply in the present measurements on

' Mg(33P1) with the addition of a further factor. We need, first, to note

that, from the viewpoint of emission, the 3s3p(3P0) and 3s3p(3P2) states
are "reservoir“ states within the 3PJ manifold, following Wiese et al. 60
Hence, emission f‘rom either Mg(33P0) or Mg(33P2) (teg = 29 and 76 min,
respectively 0). populated via collisions of Mg(33P ) with the various
gases present, subsequent to excitation to the 3P1 state by means of the
pulsed laser, can be neglected; Fufther‘, we may r.eadily assume that, at
pressures employed in the present investigations, the 33P0, 33P1 and 33P2
spin-orbit components (E = 21851, 21870 and 21911 em~!, respectively!0)
are maintained in Boltzmann equilibrium through collisions during the
kinetic measurements. This may be seen from empirical considerations of
the ‘number of collisions required to transfer such small amounts of
electronic energy to t.r*anslation61 [AE(3PO__,1) = 19 cm™ AE( P1—>2) =
!I1'cm"‘1].1° Thus, defining the standard equilibrium constants

Mg(33py) =2Mmg (33 ) K4 (3.1
mg33p) =m333p,) . K (3.2)
and considering, for the moment, the removal of all states within the

Mg(33PJ) manifold by emission only from Mg(33P1) we may write the
féllowing kinetic scheme; A

Mg(33py) === mg(33p) = mg(33p,)

I

Mg(3's5) + hv T Mg3'sg) + ho

The differential equation for this system, reads;

~d{TMg(33p)1 + [Mg(33p )1 + [Mg(33p,)1¥/dt = Ay, [Me(33p )] (3.3)

Using equations (3.1) and (3.2) we may write;

~aliMg(33p)1 + Tk ME(33p()] + KK Me(33pg)11/dt

L = Ak Me(33pg)]  (3.1)

hence,
(1 + Ky + K2K1){-d[Mg<33Po)J/dt} = Ap(XqM8(33P)] (3.5
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and rearranging (3.5) we arrive to;

~d{1nlMg(33P)1Vdt = A /(1 + 1K, + Ky)  (3.6)

By the same token, it is easy to show that;

-d{1n{Mg(33p,)11/dt

k' (3.7)

A,/ 1 +_1/K1 + K2)
and,

-d{ 1nlMg(33P)11/dt = A /(1 + 17Ky + Kp)

Ken (3.8)

At T = 800 K, which is the temperature used for the work on Mg, the
equilibrium constants defined in equations (3.1) and (3.2) are;

and,

vwhere 8y 81 and g, are the degenqracies of the 3PO, 3P1 and 3P2 states

respectively, namely 1, 3 and 5. Using the energy spacings between those
states;AE1 = ££(3P0_*1) = 19 em~! and ££2 = ££(3P1_,2) = 41 an~! and
considering that kT = 555.9 cn™! (T = 800 K), we obtain;

Ky = 3.exp(-19/555.9) = 2.899

and,

K5 = (5/3) .exp(-U1/555.9) = 1,548

thus,

(1 + 1Ky + Kp) = 2.893

At infinite temperature this function becomes 3 and arises solely from
the statistical weights in the-33PJ spin-orbit levels, In the present
experiments, for T = 800 K, the first-order kinetic contribution to the
decay of Mg(33p,) yields the mean radiative lifetime of Mg(33p,), (+,), via

the relation

k'ep = 1/(2.8937y)  (3.11)

where K'en has been defined in equations (3.7) and (3.8). Hence, emission is

restricted to the 3P1 state, but collisional removal by quenching gases
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(Q) and diffusional removal (B), which is inversely proportional to the
pressure, is ascribed to all states within the Mg(33PJ) manifold, The rate
parameters are assumed to be equal for each spin-orbit level in view of

the similar nature of the electronic structure., Hence,

+ B+ kolad  (3.12)

~d{1n[Mg(33P NI V/dL = k' = k'

Experimentally, the objective is thus to determine the overall
first-order decay coefficient, k', as a function of composition and to

separate the contributions to this quantity as given in equation (3.12).

It is assumed that B(s‘T) may be considered as arising from the
long-time solution of the diffusion equation,62'63 which for a cylinder

takes the form;

B = (/1% + 5.81/r2)D,, (3.13)

However, solving this equation requires the knowledge of boundary
conditions of an uncertain geometry, not the physical magnitude of the
reaction vessel but‘ the effective geometry of the combination of the
excitation area for the laser and the light-gathering power of the optical
detection system; In these experiments, B will be allowed for empirically
at a given fixed total pressure in the presence of varying quantities of

added quenching gas. Hence, equation (3.12) yields on integration;

(Me(33P )1, = Me(33P )T, g.exp(-k't)  (3.14)
and the resonance fluorescence emission is then given by
- 3
Ip = A (ME(33P T (3.15)
where ¢ represents a factor which involves the light-gathering power of

the optical detection system plus the sensitivity of the electroniecs.

Substituting in equation (3.15) the value of [Mg,(33P1)]t given by
equation (3.14) we may write;

ks

Ip = PALIHE(33P )T g.expl-kTt)  (3.16)

Thus, the semi-logarithmic decay of IF with time yields k'. The

variation of k' with [Q] at a fixed total pressure vyields kqw the
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second-order rate constant for collisional removal (see later).

Figure (3.1) shows examples of the XY-output for the variation of the
.emission (Ip) of the transition Mg(33P1-—,31So) (N = U457.1 nm) following
the pulsed dye-~laser excitation of Mg(31SO) in kelium buffer gas at two
differing pressures. First-order kinetic plots of ln(IF) as a function of
time for these two decays are displayed in figure (3.2). From these plots,
the first-order decay coef‘ficienﬁ k' is obtained by a linear computerised
least-square an;lysis. The first-order decay coefficient k', as one can see
from equation (3.12), is the result of three different processes;

spontaneous emission (A ), diffusion (B) and collisional quenching (kQ).

If we consider that the diffusion term B is inversely proportional to

the pressure, we may write;

k' = K'ep + B'/P + kglQl (3.17)

where B' is the pressure independent diffusion coefficient.

Equation (3.17) shows that measurements of k' for varying pressures of a
noble gas, where no collisional quenching is involved (i.e, kQ = 0), should
exhibit a linear relationship between k' and 1/p(noble gas). The intercept
of a plot k' vs. 1/p(noble gas) gives kK'ey and the slope gives B' the
relative diffusion coefficient of Mg(33PJ) in the noble gas used in the

experiment,

Figure (3.3) shows the linear variations of k' with 1/Pyes indicating
the variation of the diffusional contribution for Mg(33PJ) in the helium
buffer gas. A linear computerised least-square analysis yielded the slope,
and specifically in this context, the intercept of the plot of 1/pHe =0
#ith the appropriate error (1o) (0.16 % 0.0418 x 103 s=1) which in turn,
yielded Te = 2.1 2 0.5 ms through equation (3.11). Plots for neon and argon,
similar to that for helium are presented in figure (3.4) and yielded Te =

.6 £ 1.0 and 1.9 £ 0.4 ms, respectively.

However, analyses of this type for the decay of Mg(33P1) in the gases _
rypton and xenon may not be carried out even though the diffusional
ontribution dominates the variation ¢f k' with Pxr and Pyee Desgpite

nefficient quenching of the excited atom demonstrated by these noble
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Figure 3.1

Examples of the output of the XY recorder indicating the decay
of the time-resolved atomic emission (IF) at » =457,1 nm
(MQ(3S3D(3P1)) — Mg(Ssz(lSO)) folluwing pulsed dye laser excitation

of magnesium vapour to the 33P1 state in the presence of hel{ium.
(T = 800 K)

Pyeftorr):  (a) 20; (b) 50
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Figure3.2

Examples of first-order kinetic plots for the decay of the time-resolved
atomic emission (In(Ip) vs. t) at A = 457,1 nm (Mg(3°P)) — Ma(3ls,))
following pulsed dye laser excitation of magnesium vapour

in the presence of helium, (T = 800 K),

DHe(torr): O 50, @ 20
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Figure 3.4

variation of the first-order rate coefficlent (k‘) for the decoy of Mg(33PJ),
following the generation of Mg(33P1) by pulsed dye laser excitation,
With the reciprocal of the pressure of (a) neon and (b) argon, (T = 800 K)
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Variation of the first-order rote coeffictent (k‘) for the decay of Mg(BSPJ),
following the generation of Mg(3%p,) by pulsed dve laser excitation,
with the reclprocal of the pressure of (a) krypton and (b) xenon. (T = 800 K)




gases (ca, 10"5, vide infra), this becomes kinetically significant at‘ high
pressures of tﬁe noble gases, the most observable effect of which is to
vield intercepts at 1/p = 0 for plots analogous to that of figure (3.3)
which are too large in relation to k'em [figure (3.5)]. For these two noble
gases, the measurements of k' may be used to demonstréte consistency; (a)
with the value of *e[Mg(33P1)] derived from measurements on the ligh’ter.
noble gases, (b) with sensible diffusional decay rates for Mg(33PJ) in Kr
and Xe and, (e¢) with collisional quenching efficiencies in accord with
e.stimates reported hitherto for Ca(lt3PJ)'“ in the absence of the
appropriate data for Mg(33PJ). Thus, assuming a.collisional quenching
contribution by Kr and Xe, we may write the first-order decay coefficient

for the decay of Mg(33PJ) in those noble gases in the form;

k' = k' + B'/p + ap (3.18)

in this case « represents the collisional quenching contributions by Kr

and Xe, Hence;

(K' - K')/p=a+B'/p2  (3.19)

where k'em is taken from the data derived for helium and « can be
determined as the intercept of a plot (K —k'em)/p against 1/p2.
Figure (3.6) shows the plots for the decay of Mg(33P1) in the form of
equation (3.19) for krypton and xenon. The intercepts of the plots in
figure (3.6) yield values of «(0.028 x 103 and 0.012 x 103 s~ Ttorr=1 for kr
and Xe, respectively) which may be used to estimate quenching data for
these noble gases, In view of possible contributions by impurities,

especially 02, these data are presented as upper limits.

It ‘may be readily shown that quenching of Mg(33PJ) by krypton and xenon
as indicated in the values of figure (3.6) is approximately ten times
greater than that expected from the 0, impurity leveis, coupled with the
previously reported quenching rate constants for that gas,27 and
substantiated in the present investigation (see later). Hence, it is found
that . € 2.3 %107 dmolecule™'s™! and k€ 1.0 x 10715
crtl3molect.112='."1s'1 at 800 X. The only data with which these result may be
compared are those reported by Malins and Benard'" for Ca(H3PJ) at T =
923 - 1173 K. These authors report kgp = 6.1 x 10~15 em3molecule~T5~" and
Kye = 6.7 x 10-15 cm3m61ecule'1s"1.
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Figure 3.6

Plots of (k' - kem!/ P versus 1/02 for the first-order decay of Mg(33PJ)
in the presence of (q) krypton and (b) xenon, (T = 800 K)




The linearity in the slopes in figure (3.6) indicates the diffusional
contribution via the term B'/pe. This type of analysis is of general use
and may be extended even to those cases where no quenching is expected by
the noble gas. Thus, if we g0 back to the data for He, Ne and Ar, and plot
(k' - K'en) /P against 1/p2, the graphs showed in figure (3.7) will be
obtained. These plots yield intercepté which pass through the origin
within experimental error and which demonstrate no significant

contribution to the removal of Mg(33PJ) by collisional quenching,

Table (3.1) lists various values that have been obtained for the mean
radiative lifetime of Mg(33P1) derived from both theory and experiment,
including the results of the present iInvestigation. Attention will be
concentrated on measurements of Te derived from rate measurements on

Mg(33PJ) following pulsed dye-laser excitation,

TABLE 3.1

AN

Mean Radiative Lifetime (+g) for Mg(33P;)—>Mg(375y) + my

te /ms . Reference
theory
0.53 (23)
.17 (22)
2.3 (60)
4.6 ‘- (21)
| experiment

5.3 (20)
4,0 (19)
1.9 % 0.4 (64)
1.8 £ 0.2 - (65)
_ 2.2+ 0.2 '(13)
4,5 £ 0.5 (52)
3.8 % 1,2 (72)
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TABLE 3.1 (continued)

Te /ms Reference
2.1+ 0.5 (this work;, buffer gas He
1.6 £ 1.0 o Ne
1.9 0.4 ' ‘ Ar
(2.1 £ 0.5) - Kr
(2.1 % 0.5) | Xe

We have seen that equation (3.12) clearly indicates that the
measurement of‘re[Mg(33P1)-,Mg(31So) + hV] through determinations of the
decay rates of the excited magnesium atom in fundamentally linked with
measurements of B for diffusion and with those of collisional quenching,

kQ[Q], where appropriate.

The 1initial measurements of Wright et al,13 following dye-laser
excitation simbly considered the overall decay of‘Mg(33PJ) in a buffer gas
of neon in the range‘SO - 400 Torr as du: solely to removal by spontaneous
emission of the excited atom with no contributions due to diffusion or to
quenching by impurities, This yielded Te = 2.2 % 0,2 ms13 (see table 3.1).
Later measureﬁents of a similar natured2 yielded Te = U5+ 0.5 ms
[table (3.1)] derived from the extrapolated value of the decay coefficient
for the Mg(33P1) at infinite noble gas pressure, However, a linear plot of
k' against 1/p was not constructed and hence, no systematic variation of
the diffusion rate for Mg(33PJ) in the noble gas was used to establish
intermal kinetic consistency for the various decays. The particular
importance of quantifying the diffusional rate in the present type of
investigation must be stressed, if k'em is to be determined by
extrapolation of k' to infinite pressure, as the error in the slope for a
plot constructed on the basis of equation (3,12) is reflected and
magnified in the error in the intercept. The present results for Te have
been derived from the decay measurements on Ms(33PJ) for a wide range of .
pressures in all the noble gases and with quantitative recognition of the

diffusional removal of the excited aton, Ssupporting the lower value of *e

which is reported as Te = 2.1 % 0.5 ms,
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3.2 Diffusion of Mg(33PJ) in noble gases

In the previous section, it has been clearly demonstrated that the

"decay of Mg(33PJ) occurs as a result of three separate processes;

spontaneous emission, diffusion and collisional quenching. Having examined ’
the spontaneous emission and the associated mean radiative lifetime,

attention may now be focussed on the diffusion component.

Whilst the diffusional removal of Mg(33PJ) in the noble gases is
clearly established, detailed measurements of the diffusion coefficients
are prevented by the absence of information on the boundary conditions
commensurate with the effective geometry of the reaction vessel, This is a
particularly restrictive consideration in the present circﬁnstances. as B
is related to the reciprocal of the square of the appropriate geometrical
dimensions, as seen through the 1long-time solution of the diffusion

equation,62'63

and where B will be sensitively influenced by the
monochromator slit height and width. In fact, what is being considered in
this particular geometry is the diffusion of the excited species out of
the reaction zone determined by the laser beam and by the light-gathering
power of the detection system. These factors must be kept as constant as
possible, within the experimental limitations, in order that the relative
diffusion coefficients may be. compared., This may be contrasted where
diffusional decay is determined by a geometry close to that of the cell
itsélf‘ if the emitted light at N\ = 457.1 nm were collected through a large
interference filter or if the Mg(33P1) were sampled through the whole
reaction vessel by atomic resonance absorption spectroscopy, even if the
light is finally focused into a monochromator slit. Thus, the present
measurements may be used only to estimate relative values of the diffusion
coefficients. The relative values of the diffusion coefficients obtained
in the present investigation are shown in table (3.2). The values have been
calculated from the slopes of plots in the form of equation (3,17) and

(3.19), the value for He being taken as unity.
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TABLE 3.2

Relative values of the diffusion coefficient, D12,
for Mg(33PJ) in the noble gases.

Noble gas - Dqp (relative)
He ' 1.00
Ne ' 0.90
Ar 0.32
Kr ' 1.04
. Xe : 0.96

The data for most §f the noble gases yield diffusion coefficients of
similar relative magnitudes, with the exception of that of argon, It is
difficult to ascribe serious experimental limitations to the kinetic
measurements themselves for this particular noble gas as the decay rates
in argon are consistent with the correct value for ve[Mg(33P1)] as derived
from measurements in the other noble gases, and with the quenching rate
datum for Mg(33PJ) by 0, (see later). In general, the diffusional removal
of Mg(33PJ) in the noble gases is clearly established and this constitutes
an important component of the kinetic measurements from which there is
extracted the mean radiative lifetime of Mg(33P1) via the measured

Einstein coefficient for spontaneous emission,

We may finally consider quenching of Mg(33PJ) by impurities within the
context of diffusion, At high pressures of the noble gases (near 1/p = 0),
when the diffusional component is relatively small, quenching by low
levels of gases characterised by ﬁigh collisional efficiencies, (e.g. 0227)
becomes significant, The direct application of a plot of the type given in
figure (3.3) for a sample of argon containing 0, at 50 % 10 ppm,
implicitly neglecting the growth of the term k02[02](kQ[Q]) with p,.,
yields an intercept and hence a value of Idem which is too large, as
expected [figure (3.8)]. However, plots in the form of equation (3.20) may
be used to study quenching of Mg(33PJ) .by added gases. Normally,
collisional quenching constants in pulsed experiments of this type are-
determined by measurement of the variation of k' with quenching gzas

concentration and at constant total pressure and hence with a constant
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contribution to removal by diffusion, This procedure will be employed and
described in the following section. On the other hand, quenching rate
constants may be determined using the variation of k' derived from decay
‘measurements on different total pressures of a quenching-gas + buffer-gas
mixture of defined relative composition (i.e. defined impurity level of
02)," provided the diffusional component is clearly recogniséd
. quantitatively, This is implicit in the use of equation (3.19). The
resulting plot for the O, mixture is shown in figure (3.9). The intercept
of this plot - (0.02 + 0.0002 x 103 s~ 'Torr~'), coupled with the 0,
analysis, [1] yields k[Mg(33PJ) + 05] =3.3%0.8x 10~ cm3molecule=1s1
(800 K). This can be compared with the result of Taieb and Broida2l of
k[Mg(3PJ) + 0] = 3.0 x 10~11 cm3molecule~1s™! (room temperature).

3.3 Collisional quenching of Mg(33p)

The experimental arrangement described in the previous sections has
been applied to the study of the collisional quenching of Mg(33PJ) by
monitoring the decay of the time-resolved emission, (IF) (X = 457.1 nm), in
the presence of var-ying low pressures of an added quenching gas, Q, and at
a fixed total pressure. Hence, the first-order contribution to k' from
spontaneous emission and from diffusion becomes constant in a series of
exper‘iments in ‘which [Q] is varied by means of the flow system and thus,

equation (3.19) becomes;

k! = K + kQ[Q] (3.20)

where kQ is the absolute second-order rate constant for collisional
quenching by the added gas. Figure (3.10) shows examples of the
logarithmic variation of IF as a function of time for a series of
experiments in which [N2] is varied at a fixed constant total pressure. In
the present experiments the total pressure, i.e, the pressure of
buffer-gas plus the quenching-gas, was kept at 30 Torr. The total pressure
in the 1line is determined by the flow for a fixed opening of the exit

needle valve (see earlier)., The variation of the slopes of these plots.

711 Mr. R. Grant, from the Department of Physical Chemistry, is thanked
for kindly carrying out the mass spectrometrical analysis of 0, in
"zero grade argon".
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Figure 3,10

Examples of pseudo first-order kinetic plots for the decay of Mg(SSPJ),
derived from the time-resolved atomic emission (In(Ig) vs. t) at A = 457,1 nm
(M9(3%1) —> Ma(3L50)) follauing the pulsed dye laser excitation of
magnesium vapour in the presence of molecular nitrogen and helium buffer gas.
(DtOtGI with He = 30 torr, T = 800 K)

10719 ', ] /molecules on3: O 0.7, 1.27; @ 1.81



(=k') with [N2] is shown in figure (3.11) for the series of measurements
investigated hefe. together with a similar plot for CO as the quenching
gas. Similar plots were obtained for the variation of k' with [H2] and
[CHu] as presented in figure (3.12). Pressures of quenching gases were
employed such that the helium buffer gas remained in Sufficient excess to'
avold significant departures from the He flow calibrations constructed
for this noble gas. The excess of buffer gas is also important to prevent a

temperature increase within the excitation zone.

This study of the absolute second-order rate constants for Mg(33PJ) has
been further extended to a range of édded gases. Quénching by deuterium, as
we shall see, demonstrates a considerable isotopic effect. Linear
molecules with 18-electrons closed shell structures, like N20 and C02 have
been also investigated and the results are discussed later. The result
obtained for CHy is compared with the one for another spherical molecule,
CFu, and finally a number of unsaturated hydrocarbons, namely, Csz, CoHy

and C6H6 have been investigated.

Plots of k' against [Q] for the species above mentioned are shown in
figures (3.13), (3.14), (3.15) and (3.16), the slopes of which give the

second-order quenching constants listed in table (3.3).
TABLE 3.3

Absolute second-order rate constants (kQ, cm3molecu1e"1s’1)

for the collisional quenching of Mg(33PJ) by added quenching gases, Q.

Q kQ
H, 7.3 % 0.6 x 10713 (800 k)3
6.7 x 10713 (800 K, calc.)P
9.1+ 1.0x 10713 (873 K)©
1.1% 0.5 x 10713 (room temp.)d
9.5 £ 4,2 x 10713 (800 K, calc.)®

37



19737571

1973171

5 | ! ! ! | | ] |

0 2 4 6 8 10 12 14 16

10715 [NZ]/MOLECULES n3

18

0 1 2 3 4

10715 [€0]/ moLecures w3

Flgure. 3.11

Vorlation of the pseudo first-order rote coefficient (k*)
for the decay of HQ(SSPJ) In the presence of (a) N, and (b) (O,
(Ptotal with He = 30 torr, T = 800 K)




103571

10

10°2¢ 71

(a)

0 1 2 3 4

1015 [y ]/ voLecuLes o3

(b)

1 2 3

10736 [CH,;]/ MOLECULES CH™>

Fioure 3.12

variation of:the pseudo first-order rate coefficlent (k')
for the decay of Mg(33PJ) {n the presence of (a) “2 and (b) CHu.
(Peotal with He = 30 torr, T = 800 K)




"1 008 =L cdd0y gg = O WIIM IDI0dyy .20 15 55u5sa.g 8y uj
Aﬁammvmz 40 ADI3D BU J0J- () IUSIDTJJ000 9IDJ J3PIO-1SIT4 OPNISA BYL 4O UOTIDIUDA

- SL°C aunbiy
Wy sarndaouw Oﬁ\ﬁmog .
¢- ST

9 ho 7 0

_ [ _ 0
S0
0'T
q'T
0'¢

§'¢C

'[_S EOI/ I>|



k' /103 571

k' /10% ¢1

2.0

1.5

1.0

0.5

(a)

| L ! ' ‘

0 1 2 3 4

[M0] / 101% molecules cm3

(b)

2 L] 6 8 10 12

[co,] / 101 motecutes en-3

Floure 3 .14

Variation of the pseudo 'f'lrst-order rate coefficient (k') for the decay of Mg(33PJ)
in the presence of (a) N20 and (b) c02. (ptotol with He = 30 torr, T = 80O K)



(a)

0 1 2 3 4 5 6

[cm] 1 10%3 motecules, en3

(b)

0 1 2 3 ] 5 6 : 7

LM, /1013 motecules cn3

Flgure 3 15l

Varlotlon of the pseudo flrst -order rate coefficient (k') for the decay of Mg(33P )

in the presence of (a) 62H2 cnd (b) CoHy. (Peotal with He = 30 torr, T = 800 K),

B s e R R R R A




ke /10% s

3.0
(a)

©oas

2.0
0y
w
S 1S
—~ -
x

1.0

0.5

0 | | |

0 1 2 3 4
[cr,]/ 2018 molecules cm3
(b)

8
6
4
2
0

0 0.5 1.0 1.5 2.0 2,5

[CeHe]/ 1013 motecutes cn>

Figure 3 .1 6

Variation of the pseudo first-order rate coefficlent (k') for the decay of M9(33PJ)
In the presence of (a) CF, and (b) Cle:  Protal with He = 30 torr, T = 800 K)



co

o,

N,0

CHy

CF )y

CoHp

CoH)y,

Cellg

Kr

Xe

TABLE 3.3 (continued)

1.9
3.5

4,9
4.2

7.1

3.3
300

4

+

t
:

1.4 %
1.0 i
2.0 £

1.0

u.g

2.2

1.1
2.8

6.5
3.8
3.0

1.4
3.4

3.5
1.1

H

H

1LY

1Y

0.1

0.2
0.2
3.3

0.8
0.8

0.1

0.7

0.2
1.7

0.1
0.4

2.3

1.0

(800 k)2
(800 K, calc,)®

(800 K)@
(873 K)©

(room temp,)d

(800 K)2@

(room temp.)d

(800 K)2
(873 K)©

(room temp.)d

(800 K)®@

(room temp.)d

(800 K)2
(room temp,)d
(300 k)T
(900 K)8

(800 K)2@
(873 K)©

(Bdo K)a

(800 k)2

(room temp.)d

(800 k)2
(873 K)°©

(800 K)2
(873 K¢

(800 x)2@

(800 )@



Notes to table (3.3)

(a) Dye-laser excitation + time-resolved forbidden emission (this work)

(b) Dye-laser excitation + time-resolved forsidden emission
(single-shot mode, ref. 30)

(c) Dye-laser excitation + time-resolved atomic'resonance
absorption (ref. 25) _

(d) Discharge flow + forbidden emission (ref. 27)

(e) Dye-laser excitation + time-resolved forbidden emission
(single-shot mode, ref. 32)

(f) Discharge flow + forbidden emission (ref. 37)

(g) Chemiluminescence + single collision conditions (ref. 67)

Comparison of these results are made, where appropriate, with values of kQ
for Mg(33PJ) obtained from measurements of forbidden emission on a flow
discharge system,27 time-resolved atomic resonance absorption following
dye-laser excitation?® and "single-shot mode" atomic resonance

fluorescence also following dye-laser excitation.30'32

The results a}e generally in good agreement with measurements reported
by Breckenridge et al.22 resulting from- dye-laser excitation coupled with
time-resolved atomic resonance absorption monitoring as well as, for the
datum with H2, ihe more recent studies restricted to this molecule using
time-resolved forbidden emission.30 The results are also in good agreement
with those reported by Taieb and BroideL27 who monitored emission from a

discharge-flow system.

\

In fundamental terms, quenching of Mg(33PJ) by H, and Dy, merits the
most detailed consideration of the collision partners studied in this
investigation., The absolute values of the individual quenching constants
for these two gases obtained both by the signal~averaging method of this
study and that of Breckenridge and Stewart32 using Atime—resolved
forbidden emission in the "single—shot"_ mode following dye-laser
excitation are in accord within the error iimits. It is clear from visual .
inspection of the single~shot output observed routinely in the present
studies, using standard oscilloscopic display, that there is a major

improvement in signal quality when employing boxcar integration, as
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expected. The present measurements have confirmed the significant isotope
effect observed for the overall collisional removal of Mg(33PJ) by H, and
D2 reported by Breckenridge and Stewart.32 These authors reported
ky /k02 = 2.7 at 800 K compared with the value 3.8 obtained here, agaln the

ratios agreeing within the error limits,

Neither the present measurements, nor those of Breckenridge and
Stewart 32 have yielded the braﬁching ratios for chemical reaction and
energy transfer following collision between Mg(33PJ) + Hy and D5, although
Breckenridge and Nicolai30 have detected MgH(XZEf) by laser induced
fluorescence in this chemical system, Breckenridge and Stewart32 did fit
their overall collisional quenching rate data for Mg(33PJ) + Hp,Ds to Lhe

form;

k = B + A.exp(-E/RT) (3.21)

ascribing the magnitude of the term B in each case to inefficient physical
quenching and the temperature-dependent term to chemical reaction on the
basis that the measured activation\energies were in accord with reaction
thermochemistries in both cases. The role of vibrational energy in these
chemical reactions is yet to be resolved, both experimentally and
theoretically, Whilst the observed ~activation energy (E) and the
thermochemistry for the reaction between Mg(33PJ) and Hy, are consistent
with chemical reaction of the Boltzmann fraction of H2(v;1) proceeding
with unit collisional efficiency, the rate data for Mg(33P ) + D, do not
fit a similar model where D2(v=2) would be required if vibrational energy
alone were the controlling factor. The gross features of the quenching
data are in accord with ab initio calculations tha£ have been carried out
on the appropriate potential energy surfaces.31'68 Breckenridge and
Stewart32 indicate that trajectory calculations using these surfaces are
in progress and should yield more detailed information on the role of

vibrational energy on chemical reaction for those systems.

The collisional behaviour,of atoms in general with the molecules N20
and Co, merits consideration together in view of their 1linear, 18.
electrons, closed-shell structures, Correlation diagrams, especially for
atomic reactions with such molecules, are of limited application as

predictive instruments as they do not include activation energy barriers
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for reaction, an aspect particularly important with these species where
electron promotion from the closed shell will be reflected in the
activation energy, even for exothermic O-atom abstraction process with
.N202,ll-6 [D(N2-—O) = 1.677 eV69]. Of course, these diagrams nevertheless
indicate the relevant potential surfaces involved in reaction within theA
confines of the appropriate coupling case., Chemical reaction betweén
M8(33PJ) + Ny0 to yield ground state Mgo(x'>*) would be highly exothermic
(M = -4.,56 eV, D3(Mg0) = 3.53 eV70), Bourguignon et a1.37 have presented a
correlation diagram connecting the states of Mg + NZO and MgO + N5 in Cs
symmetry using the weak spin-orbit coupling approximation and have
concluded that Mg(33PJ) + N20 only corf'elate with the low-lying a3I'I
state and a low—lying b3z" state, a conclusion supported by laser-induced
fluorescence measurements.37 On the other hand, the quenching rate
constant resulting from the present investigations for Mg(33PJ) + N20 is
clearly found to be an order of magnitude slower than their result, which
was derived from forbidden atomic emission on a flow discharge system37
[table (3.3)1, a result which is, in turn, an order of magnitude slower than
that found by essentially the same method hithe_ert027 [table (3.3)], Whilst
detailed in the range of observations reportéd, the system described by
Bourguignon et a1.37 involving many secondary reactions, "including
Mg(33PJ) + Mg(33PJ) annihilation, and Eeactions of the resulting Mg(3'p)
and various electronic states of Mg0O, is complex, Further, a rate as high
as that privately communicated by DagdigianT! in rer. (37) for T = 900 K
[table (3.3)] would mean that no fluorescence signal could be effectively
observed for the present experimental conditions in figure (3.14),
notwithstanding a further personal communication by Yarkony and
BauscblicherWZ in that paper of a small, not quantified, energy barrier in
the Mg(33PJ) + NZO energy surface., Furthermore, the bea.m attenuation
cross-sections reported by Dagdigianw1 are not consistent with the rates
of formation of the various electronic states of Mg0.37 Similarly, in view
of revision of the reported quenching rate constant of Mg(33PJ) + N20 by a
factor of ca., 10 for the two groups of forbidden emission measurements on a
flow discharge system,27:37 , similar reduction in the value of the
Quenching rate constant for Mg(33PJ) + CO, would bring the result into
accord with the present eeasurements, We may reasonably conclude that the

C(iccharge system is c:omplex?--""37 compared with the arrangement for optical
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excitation of Mg(33PJ) employed in the present measurements.
Unfortunately, quenching of Mg(33PJ) by N>0 and €O, have not been reported
in other investigations wherein the atoms were generated by dye-laser beanm

-exeltation,

The rate constant for the overall collisional removal of Mg(33PJ) by
- CHy obtained by the present method for T = 800 K [table (3.3)] is found to
be marginally slower than that obtained hitherto using the single-shot
mode for the higher temperature of 873 K.66 This may arise from both the
combination of'technique and the overall energy barrier for the total
collisional process. Whilst an upper limit of the chemical reaction rate

constant for this endothermic process

Mg(33P;) + CHy —> MgH + CHy L = 0,336 eV

[D3(MgH) = 1.34 eV, 70, D(CHy-H) = 4.406 ev09] would be ca. 2 x 10-12
cm3mole<>ule"1 -1 at 800 K, overall removal appears to be dominated by
physical quenching. Breckenridge and Umemoto!3 report a branching ratio
for chemical reaction of < 0.01 from laser-induced fluorescence
measurements on MgH(X2>*) at what is presumably 426 ©C (not 426 K)73,74
from the quoted 'vapour pressure of magnesium that was employed (eca,
10-3 Torr). No data have been reported previously for the collisional
removal of Mg(33PJ) by CFu with which the present result can be compared
[table (3.3)]. In this case, chemical reaction is thermochemically more

favourable;

Mg(33P)) + CFy —» MgF + CFy M = -1.6 eV

[Dg(MgF) = 475 eV7°; D(CF3—F) = 5.3 ev?2] and may play a greater role in

the overall removal of the excited atom on collision.

Regarding the unsaturated hydrocarbons, the agreement between the
result of the investigation of the quenching constant for Col, and that
derived from the flow discharge technique27 [table (3.3)] may be
fortuitous in view of the complexities discussed for that method in the
case of N20 (see earlier), The use of an efficient quenching gas would not
significantly reduce the effect of secondary processes37 as experiments
are generally performel Yy the control of pressures of addzd gsses to

rield decays of Mg(33PJ) that are commensurate with the time-resolution of
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a technique, The present measurements of rate constants for quenching by
CoHy and CgHg yield values [table (3.3)]1 for these two gases that are
approximately a factor of three greater than those derived from
"single-shot measurements using dye-laser excitation.2? Certainly, for a
vapour such as C6H6, where adsorption in the vacuum system is a standard.
problem, especially at low pressures, this effect should be significantiy
reduced in the present type of repetitive signal averaged technique which
employs a flow system where losses of reactant vapour are effectively
réduced, yielding higher quenching rates. Collisional removal of Mg(33PJ)

clearly broceeds at a rate approaching that of the collision number.

With final regard to this particular technique, it may be considered no
accident that there is a sparsity of collisional rate data for the removal
of Mg(33PJ) by corrosive, oxidising gases, bearing in mind that magnesium
vapour is generated from the solid at elevated temperatures. Surface
oxidation, whilst trivial in concept, is significant in restricting the
use of the present kinetic method. Thus, the rate of quenching by O2 was
determined by the present technique using low pressures of this gas and
the measured decay§ of Mg(33PJ) corrected for diffusional losses. The use
of 02 at significant pressures in the flow system in order to obtain
quenching data for Mg(33PJ) through conditions that permit equation (3.20)
to be used simply results in the loss of the resonance fluorescence signal
at M = 457.1 nm. Quenching of Mg(33PJ) by O, using the single-shot method
hasl hot, apparently , been reported.30 presumably for this .type of
experimental reason., Similar limitations have been observed with the study
of Ca(43PJ) where Ca(41SO), in equilibrium with solid calcium at elevated

temperatures,was optically excited using a dye—laser.u3
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4. KINETIC STUDY OF CALCIUM (43P))

In the previous chapter a range of time-resolved resonance
fluorgscehoe experiments on Mg(33PJ) have been described. Proceeding with
the invéstigation of the collisibnal behaviour of the group IIA elements
in generalk and following the natural order, the study of Ca(M3PJ) will now
be considered, Although the same experimental technique that was used for
atomic magnesium is to be employed'for calcium, differences in chemical
and physical properties between these two elements dictate some

modifications that will be discussed briefly.

One significant change concerns the reactor, Quartz was abandoned in
favour of stainless steel as the material for construction of the réaction
vessel. The choice of stainless steel is due to the higher temperature
required in the study of ca(43P;); 1000 K as opposed to 800 K for Mg(33p ;).
The temperature increase is related to the relatively low vapour pressure
of calciwa compared with magnesium.53 In order to achieve the same vapour
density as the corresponding to magnesium at 800 K, calcium has to be
maintained at 1000 K. the temperature in which calcium has a vapour
pressure of ca. 0,2 Torr.53 The higher temperature, allied with the higher
reactivity of calcium compared with magnesium, precludes quartz being used

in the reaction vessel,

The stainless steel reaction vessel used for the experiments on
Ca(43§u), apart from slight modifications that will be mentioned, has a
design that was essentially kept similar to the one successfully used with
Mg(33PJ). The use of stainless steel in kinetic studies on Ca(M3PJ) has
normally been adopted by previous workersf”'43'although Furcinitti et
al.zu have used a tantalum-lined cylindrical quartz reaction vessel for
measurements at somewhat lower temperatures (ca. 800 K) with a sealed

system, . -

The stainless steel reaction vessel was built with inlet and outlet

Pyrex windows for the incident laser beam and the emergent resonance
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fluorescence signal. The windows, situated externally to the oven, were
sealed on to the system by means of O—rings and orthogonally placed with
respect to each other. The steel arms leading to the windows were
‘water-cooled by means of copper tubing wound .around the arms, Heat
transfer between the stainless steel and the copper was achieved by means‘
of a graphite-containing cement ("Thermon" Heat Transfer Cement, Grade
T63). Calcium was loaded into the reaction vessel by means of a special
stainless steel spoon which could be introduced through the additional
opening located. in the gas inlet arm. The opening, sealed by a stainless
steel cap and O-ring, allowed the calecium sample to be replaced by a fresh
one, whenever necessary and without disturbing the geometry of the light
detection system, This procedure proved to be necessary in order to
overcome the effect of contamination of the caleium samples (see later)
and the necessity of a fixed geometry in order to compare the values of
the diffusion coefficients obtained. With the stainless steel reactor it
was possible to dispense with the pre-heating tape used before for the
QUartz reactor (see chapter 3). When the central body of the reaction
vessel was kept at T = 1000 K, the temperature used in the experiments
with Ca(N3PJ), the gas inlet arm remsined ho£ enough to pre-heat the
flowing gas and guarantee an homogeneous temperature within the

excitation zone,

The quantum efficiency (Q.E.) of the EM.I. 6256B photomultiplier tube
used in the studies on Mg(33PJ) (chapter 3) is much lower at the longer
wavelength employed for the studies on Ca(H3PJ). [Q.E.(N = 657.3 nm) =
0.2%] compared to that at X\ = 457.1 nm (Q.E. = ca. 5.5%). However, the
advantages of pre-trigger photomultiplier gating that have been describegd
for using with this particular laser system, so critical in the necessary
elimination of the massive scattered light signal, overweigh any increase
in efficiency that would result from employing a pum., tube with a
sensitivity extended to longer wavelength (e.g., a standard "SQQ" response)
but for which the relevant gating circuitry was not readily available, at
»the time the experiments on Ca(43PJ) were carried out. Unlike the previous
studies on Mg(33PJ), the operating voltage used on the tube (pam. power”
supply Brandenburg QfSB, operating voltage = ca. 1100 V) was both greater
5n‘accoupt of the lower quantum efficiency at the‘longer wavelength and

the smaller signals obtained when studying Ca(43PJ) at low pressure of
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“added inert gas. Quite apart from the kinetic effects on Ca(N3PJ) due to
the pressure of the noble gas, the absolute magnitude of the fluorescence
signal at \ = 657.3 nm decreased with decreasing pressure on account of
‘line narrowing arising from the reduction in pressure broadening coupled
with the relatively large finite bandwidth of the laser excitation source
{(ca. 0.1 cm“). Thus, the absolute yield of Ca(43P1) generated byl
excitation from the dye-laser decreases. This effect, as it will be seenm
~later, is further noticed when the inert gas is changed, the signals for a
given pressure with xenon being considerabiy greater due to the larger
line broadening by this gas. These effects are readily observed in the
quality of the "single~shot® traces, monitored routinely,
oscilloscopically, purely for visual inspection, and emphasising the need

for signal averaging.

The dye-laser, used for pulse excitation of calcium vapour at X =
657.3 mm was pumped by the second harmonic (N = 532 nm, E = ca. 150 mJ per
pulse) of a Nd-YAG primary laser at a repetition rate of 10 Hz. Cresyl
violet 670 (Exciton Chemical Co. Inc., U.S.A.) was employed as a 7 x 10~ M
solution in methanol to produce light at the required wavelength (\ =
657.3 nm; pulse length = ca. 15 ~ 20 ns; pulse width = 0.1 cm‘j; output =

ca, 10 mJ per pulse).

The adjustments of the boxcar integrator were essentially the same as
previously described for the experiments on Mg(33PJ) (see earlier). Owing
to the smaller mean radiative lifetime of Ca(&gPJ) as compared with
Mg(33PJ) the decays were registered in shorter time scales [usually 2 ms

as opposed to 5 ms for Mg(33PJ)].

4,1 The mean radiative lifetime of Ca(u3PJ)

The mean radiative 1lifetime for Ca(43P1)'*@ Ca(41SO) has been
investigated by a variety of experimental methods, including absolute
intensity - measurements of various types,12976“78 interferometric
measurements,20'79°80 atomic beam techniques,81'82 and time-resolved atomic

24,41

resonance absorption following dye-lazer excitation, as w21l as being

+he object of theoretical calculations,23'60'83’87. These will be dealt
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with, where appropriate, in detail, in the light of the results of the
present series of studies yielding Too McIlrath,39 has monitored
Ca(M3P0'1’2) in the time-resolved mode wusing atomic absorption
spectroscopy with a photographic plate following pulsed dye-laser
excitation of calcium vapour, but this was not exploited as a general tool

for “the determination of fundamental )rate data apart from relaxation

measurements within the Ca(&BPJ) manifold, 0

The principal experimental objective in the determination of the mean
radiative lifetime for Ca(u3PJ)~«%Ca(41SO) + hv from time-resolved
measurements on the electronically excited calcium atom is the quantified
description of the removal of Ca(43P1), once generated, of both .he
Einstein coefficient which is one parameter representing the kinetic
decay, and also the competing kinetic processes involved in the overall
removal of the excited atom, These are normally collisional processes and,
in the present system, diffusional processes as well. Two extremes for
extrapolation procedures can be considered for measurements of Ay under
the present collision conditions. Both depend uﬁon rapid collisional
Boltzmann equilibration within the M3PJ manifold EHBPO. E = 15,158 cm”T;
43p,, E = 15,210 en™! and 43p,, E = 15,316 oo™ )10 during the actual decay
measurements themselves, a justifiable assumption from empirical
considerations of such energies to be transfered on collision for normal
experimental conditions.ﬁ1 McIirath and Carlsten%ﬂ have observed that a
Boltzmann equilibrium was established in the Ca(&BPJ) manifold within
40 ns subsequent to dye-laser excitation of Ca(41SO) to Ca(M3P1) at py, =
10 Torr, Hence, for the time scaleg employed in the present investigatiorn,
this equilibrium may be applied for all the conditions of pressure used in
these measurements, Defining the standard equilibrium constants, as

hitherto for magnesium [equation (3.1) and (3.2)1;
Ca(l3py) w= ca(u3p,) Ky .1
Catt3py) == ca(s3p,) Ko (4.2)

the rate equation for the decay of Ca(43P1) is entirely analogous to that
presented previously for Mg(33PJ) given the high optical metastability of
the Ca(M3PO) and Ca(43P2),38 namely,
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~d{ ln[Ca(l%'J’PO)} Ydt = =d{ 1n[Ca(?43P1)} }/dt = «d{ln[Ca(u3P2)] }/dt
= k! ‘ (4.3)
‘and k' is defined as;

k' = A /(1 + 1K) + Ky) + B'/p + XkQ[Q] (4.4)

wher;e the symbols have their usual meaning as definedr‘in chapter 3. Thus,
Anm may be determined experimentally through the use of kinetic equation
(4.4) by two different procedures. Experimental conditions mbay be chosen
through the use of inert gases which are characterised by low collisional
quenching efficiencies for Ca(l}?’PJ)gn such that the term ERQ[Q] is
negligible, Hence, A, may be obtained by ‘extrapolation to infinite
pressure of the noble gas from the linear plot of k' versus 1/p to 1/p = 0.
The rate constant k' may also be determined from extrapolation to infinite
pressure directly from the plot of k' versus p(noble gas) as in the
measurements of &the decay of Ca(43?1) following pulsed dye-laser
exclitation using time-resolved resonance absorption spectroscopy as
described by Furcinitti et a1.24 Alternatively, the ternm EkQ[Q} may be made
dominant by the choice of experimental conditions, as in the study of the
decay of Ca(QBPJ) following pulsed dye-laser excitation in the presence of
Ba(61SO) and excess helium buffer gas as reported by Whitkop and
Wiesenf‘eld.m The decay of Ca(l¥3PJ) is then monitored by time-resolved
atomic resonance absorption and extrapolated to.[Ba(6180)3 = 0. M4

The former alternative of extrapolation of k' to infinite pressure
(1/p = 0) through the diffusional component measured at relatively low
pressure is chosen here. This procedure enjoys the advantage that the
extrapolation may bc made without employing significantly high pressures
and the accompanying kinetic complexities arising from both physical
quenching of Ca(1%3PJ) by the noble gas itself and by impurities. These
become important at high pressures, and will be considered quantitatively
later, For the conditions of the present experiment with calcium, where T =
1000 K, equations (3.9) and (3.10) give K; = 2.784% ; K, = 1.431 and
(1 + ‘I/K1 + KZ) = 2.794. Hence, the objective in the present studies is to
determine k' described by equation (4,4) in the region where R'/p is
significant for this atomic state compared with the magnitude ol A . and

where, with the exception of xenon (see 1ater),§kQEQ3 is not.
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Figure (4.,1) shows examples of the XY-output for the variation of the
emission (Ig) at X = 657.3 nm following dye-laser pulsed excitation of
Ca(‘ﬂso) at this resonance wavelength in the presence of two different
‘pressures of helium gas. There is clearly a significant decrease in the
decay rate on increasing the noble gas pressure., This difference can be
further seen in the first-order plots [1n(Ip) against time] constructed
from such decays, as indicated .for these two particular examples, in
figure (’4,2‘). The slopes of these plots yield XK', the overall first-order
decay coefficient for each composition. Figure (4.3a) shows the variation
of k' with PHe and the effect of the diffusion component is noticed in the
region of low pressures (below 10 Torr). Furcinitti et 31.2”@ have used the
flat portion of such a curve to obtain a value of Te by plotting all the
data on a single graph for Ne and Ar for pressures in the range ca.
20 - 500 Torr. All their measurements were carried out in the regime where
no diffusional component was detected.zl} Figure (4,3b) shows the variation
of k' against VpHe‘ The intercept of the plot at 1/pHe = 0, as we have seen
before, yields k'em which is defined by;

k'_em = Anm/“ + 1/K4 + K2) < (4,5)

and hence, Anm is derived from the limiting rate at infinite pressure of
helium, using all the rate data and uncvo'mplicated by impurity quenching at
high pressures. The intercept of figure (4.3b) is found to be 954 x 68 g1
which, when combined with the value 2,794 for (1 + 17Ky + Kz), yields v =
0.376 + 0,027 ms., Similar plots of k' versus 1/p for neon and argon are

shown in figure (4.14), again yielding values of v, listed in table (4.1).

In contrast to the equivalent studies on Mg(33PJ), it is only in the

case of xenon that quenching of Ca(M3PJ) becomes significant whereas

" collisional removal by krypton is relatively inefficient, Figure (4.,5)

shows plots of k' versus 1/p for these gases. The plot for krypton is
similar to those for the lighter gases, although the intercept is ca. 20%
smaller than observed with helium, closer to that for neon [figure (4.5)]
and yieldi}jg a comparable value for =, [table (4.1)1. It is seen that in
the case of xenon there is 1little variation in the decay rate with-
pressure, the observations hence indicating an approximate balance betwzan
the increase in diffusion on decreasing the pressure accompanied by a

decrease in the collisional quenching rate. We may therefore use the
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measured values of k' for xenon and k’em from the decay measurements for
helium, for example, to determine the absolute collisional quenching
constant for Ca(ll3PJ) by Xe. Employing equation (3.19) as we did before in

the studies on Mg(33PJ) we may write for xenon;

(k' = k') /Py = @+ B'/pZ,  © (4.6)

The meaning of B' which represents the diffusional loss of Ca(?43PJ) and
its dependence on the boundary conditions have been discussed earlier
(chapter 3). Figure (4.6) shows the plots both for xenon and also for
krypton in view of the contrast with earlier work on Mff(33‘P) The
intercept for xenon was found to be 2,31 % 0.21 x 102 Torr™ 1s"'1, yielding
the quenching constant Kyo = 2.4 £ 0.3 x 10=14 cm3mole<>ule”"‘s’"’1 (1000 K).
The intercept for krypton, using the same equation (U4.6), is very small
(¢ = 38 ¢6 Tor‘r"1s‘3) and, indeed, comparable to &%that for neon for the
equivalent plot (“Ne = 39 % 19 Torr-'”s”'T) and, thus, lying within the
error of passage through the origin Similarly, the plot of argon yielded

=8 % 17 Torr™ 1 =1 . Of course, the value for Oye may not be determined
in this maner as the values for « are obtained using the value of k’ m for
this particular gas. These results for « are thus used only to 1ndlcate
upper limits for quenching by these three gases, namely, k‘\le' kAr and kK

4 x 10-15 3molpcule 1 '"1 in view of the error in the measurements of

k' em through the use of intercepts for these gases.

For the mean radiative lifetime, the average of the observed values are
reported, including that used in the extraction of kXe‘ as T4 =
0.34% £ 0.02 ms (26)., The values of v, for measurements in the different
noble gzases are compared in table (4,1) with those reported hitherto from

a wide range of investigations.
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TABLE 14,1

Mean radiative lifetime for Ca(M3P1)~>Ca(R1SO) + ho

Te /ms Reference

0.32 (83)3

0.33 : (84)a

0.22 (23)@

0,34 (852

0.26 (86)2

0.34 (87)2

0.38 (60)P

1.37 (76)°

0.52 (774

0.14 (12)d

0.53 (784

0.52 (20)¢

0.38 + 0.15 (79)¢

0.4 (80)¢

0.55 & 0,04 e f

0.50 + 0,04 (82)f

0.39 % 0.04 (24)8

0.33 + 0,03 (4y)8
0.376 £ 0.027 (He buffer gas) (%)
0,294 % 0.022 (Ne buffer gas) (%)
~ 0.378 £ 0.031 (Ar buffer gas) (%)
0.264 &£ 0,005 (Kr buffer gas) (%)

(0.376 % 0.027) (Xe buffer gas, He) (%)

(a) Theoretical

(b) Compilation

. (¢) Estimate from Fraunhoffer reversal

(d) Intensity measurements

(e) Hook method (interferometric)

(£) Atomic beam technique

(g) Dye-laser excitation + time-resolved atomic resonance absorption

(*) This work
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The present set of measurements is in accord with the high pressure
measurements of Te by Furcinitti et al.2" and the intercept of k' for
[Bal = 0 reported by Whitkop and Wiesenfeld™ in which ZkQ[Q] was
dominant [equation (4.,4)]. Both of these earlier workers employed

dye-laser excitation., The agreement with Furcinitti et alagu

is
par’cicularly striking as the high pf'essure procedure imposes severe
restrictions on gas purity., The quoted typical purities for He, Ne and Ar
(table 14, p. 77, ref 24) are clearly in accord with their reported results.

Atomic beams should offer an ideal route for the determination of +_ for

e
Ca(43P1) as collisional processes do not participate in the removal of the
excited atom. Unfortunately, the beam experiments are so designed that the
transit time of Ca(l&3P1) in the apparatus is comparable to the radiative
decay time of the excited state; the kinetic analysis is complex and the
resulting values of Te tend to be marginally high (0.55 % 0.04 msvgz

0.50 = 0.04 ms™) [table (%.1)7.

The final set of experimental determinations of T for Ca(ll3P1 ”’MSO)
that may be compared with the results of the present investigations are
those derived from steady intensity measurements or 1line shapes via
interferomet.ry12'20°76"80 Ltable (4.1)], The accuracy in the determination
of Te from intensity measurements is determined by various factors,
particularly in\tensi.ty calibrations. In many cases, this results from the
use of relative intensity measurements using atomic 1lines of known
intensity as internal calibrations., Such restrictions are significant in
the case of the transition Ca(’i3P1)‘—> Ca(41SO) + h? as the Einstein
coefficient is approximately f‘ive orders of magnitude lower than that of
an allowed transition with whicf; it may be compared, and further, the
assumption of a Boltzmann equilibrium density in the emitting state is
ceritical to the analysis, These considerations account for the range of
values of Te that have been reported by this type of method. The value
reported by Corliss and Bozmann (-re= 0.14 ms)gz is the lowest and
indicates one end of the range, while that estimated by Fraunhoffer
reversal (Te = 1.37 ms).% the other. Finally, we may note various
theoretical calculations that have vielded values of Teas Which are in good °

agreement with experiment [table (4, N1,
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As with the previous studies on Mg(33PJ> (chapter 3), the present
measurements, carried out at a similar atomic density of calecium as
calculated from detailed v apour pressure measurements and
assessments,gs*go yield mean radiative lifetimes for_Ca(M3P1) in general
accord with those derived from a range of alternative techniques [table
(4.1)]. Thus, the role of electronic to translational energy transfer for
quenching of Ca(H3PJ) by the ground state Ca(MTSO) cannot be significant
in this system. It is difficult to assess the status of the measurements of
kCa for this process reported by Malins and BenardQ? of 5.1 x 10-12
an3molecule“13”1, derived from phase shift measurements, as that technique
yielded quenching rate constants for the noble gases which were incorrect
by many orders of magnitude in some cases (see later). It is clear from the
measurements of Furcinitti et al.2% of fe[Ca(43P1)], carried out in a
sealed system where [Cal would have reached the equilibrium density value,
that the term kCa[Ca] would have been negligible even in terms of the
value of kCa reported by Malins and Benardu1 and [Cal calculated for T =
520 °¢ (793 K).24:88,90

Of course, in the present measurements, [Ca(u1so)] may well not reach
the value of the equilibrium vapour pressure in the region of the reactor
exposed to the 1laser Dbeam., Notwithstanding calculated values of
kCa[Ca(H1SO)] the present measurements are in accord with those derived

from a sealed system where the effect was clearly negligible,

4,2 Diffusion of Ca(MSPJ) in noble gases

Thé kinetic analysis leading to the determination of the mean radiative
lifetime of Ca(43P1) from measurements on the decay of Ca(M3PJ) at
relatively low pressures of noble gas shows that tﬁe rate process of
diffusion and spontaneous emission are intimately 1linked. Before
proceeding with quantitative consideration of diffusion itself, we may
'immediately contrast the present measurements on Ca(U3PJ) employing plots
based on equations (4,4) and (4.6) with analogous measurements on Mg(33PJ).
that have been described in chapter 3., This is immediately apparent on

considerinug the difference in the Einstein coefficient, Anm' for;
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Mg(33Py) — Mg(3'3y) + by (h= ¥57.1 nm)
and
ca(u3p;) —» Ca(t’sy) + v (h= 657.3 mm)

The data in table (3,1) and table (4.1) indicate that A,q for the Mg(33P1)
emission is approximately a factor of seven times smaller than that for
Ca(H3P1). Thus, the term B'/p only competes significantly with A, in the
present studies at much lower pressures than in the equivalent study on
Mg(33PJ), notwithstanding some modifications in the design of the
stainless steel reaction vessel, as described previpusly.ihe contribution
of the term §°/p to the first—order decay in the present system occurs at
pressures of noble gas of ca. 10 Torr. By contrast, Furcinitti et alﬂzu who
studied the decay Ca(M3PJ) in the presence of Ne and Ar observed no
significant variation between k' and the noble gas pressure. Pressures
below 20 Torr were not imvestiga‘c;ed.2"3 Further, the use of atomic
resonance absorption on a cylindrical reaction vessel in those

' experimentsau

would require the use of even lower pressures before
diffusional losses become significant compared with Anm in the case of
Ca(ﬂ3P1). Thus, only by the use of low pressurés and the limited light
gathering power éf a monochromator slit when using fluorescence can

diffusion be studied in the present system.

As indieateé in chapter 3, absolute diffusion coefficients cannot be
determined by the present method in the absence of data for the boundary
conditions of the diffusion equation. However, we may, as for Mg(33PJ). use
the plots given in figures (4,3b), (4.4), (4.5a) and (4.6b) to quote
relative values of Dy, for Ca(M3PJ) which are presented in table (4.2),

TABLE 4,2

Relative diffusion coefficients (D,) for Ca(43p))
in the noble gases

Noble gas D12
He 1.00
Ne 0.69
Ar 0.35
Kr 0.34
Xe 0.46



The principal difference with the earlier relative measurements of
D12[Mg(33PJ), noble gases] (chapter 3) 1is the relatively greater
diffusional rate for Ca(MBPJ) in He compared to the other noble gases. The
value for xenon also reflects the greater weighting given to measurements
at low pressure through the use of equation (4.,6) compared with

equation (4.4),

4.3 Collisional quenching of Ca(43PJ)

The present measurements on the study of diffusion of Ca(MBPJ) in the
noble gases and of the mean radiative lifetime (v¢) have led to
c¢ollisional rate data for quenching of Ca(u3PJ) in those noble gases which
are presented in table (4.3). Thus, xenon exhibits a measurable
deactivation rate but the data for the remaining gases indicate negligible
quenching efficiency. Hence, these results are in disagreement with Malins
and Benard™ who report a monotonic variation of Kpe = 2.13 x 10715 1o
kXe = 6,7 X 10-15 cm3malecule'1s“1 across the noble gases and discuss the
results in fundamental terms, The upper limits described in the present
work for‘Ne, Ar and Kr arise from the errors in the measurements using
standard electronics and pressures conventionally employed in flow
systems., The comparable magnitudes between the upper limits reported here
and the actual rate constants reported by Malins and Benardni is
fortuitous. The most striking disagreement concerns the lighter gases, and
this can be seen further from the high pressure measurement of Furcinitti
et al.2u For the gases argon and neon, Furcinittid? fitted the high

pressure data (in the notation of the present work) to the form:

k' = a+ bp (3.7

where b would be the second-order quenching constant. This yielded b = ca.
10~" Torr~1s=197 25 a rate constant, this yields Kne ¥ kpp 8 x 1021
cm3moleeule'1s“1, approximately six orders of magnitude lower than values
reported by Malins and Benard,qq Thus, within experimental error, all the
values of k' for the conditions of Furcinitti's measurements across the .
whole pressure range were of magnitude 915 s~1 and could be attributed to
decay solely by spontaneous emission. If, for example, one uses the value

of Malins and Benard! for kAr = 4.8 x 10"15 cm3molecu1emls“1, for the
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highest pressure of argon (or neon) used by Furcinitti of 500 Torr, k' =
K'om + KprlAr) = ca. 3 x 10% 571 at 520 ©¢ (793 K). For the lighter noble

a1

gases at least, the data of Malins and Benar require serious

reconsideration,

The determination of absolute rate data for the removal of
electronically excited calcium atoms, Ca[llslip(3PJ)], by added gases
constitutes a significant aSpeét of the general development of our
understanding of the relationship between collisional behaviour and
electronic structure:0s7 ‘and its application to group IIA elements in

particular .,9

The collisional quenching of Ca(M3PJ) by added gases was studied in a
manner similar to that employed hitherto for the study of Mg(33PJ-)
(chapter 3), namely, by carrying out decay measurements at a constant
total pressure at which first-order removal by diffusion and spontanesous
emission are constant in a ser‘\ies of kinetie runs in which the

concentration of the quenching gas [Q] is varied. Hence, we may write;

k' = K + kQ[Q] (4.8)

where kQ is the absolute second-order quenching rate constant.
Notwithstanding the apparently straight-forward nature of such an
experimental approach, its use in the measurement of absolute rate
constants for collisional quenching of Ca(U3PJ) has been very limited

indeed, in marked contrast to Mg(33PJ).25’30’32

Apart from the present work, it would appear that the only other
quantitative measurements of this type, leading to absolute quenching rate
data for Ca(43P;) are, firstly that of Whitkop and Wiesenfeld™ o
employed time~resolved atomic resonance absorption spectroscopy to
determine the absolute rate constant for the removal of Ca(M3PJ) by
Ba(61SO). Secondly, a similar method to that employed by Whitkop and

dau is described by F‘urc:initti91 who reports quenching rate data

Wiesenfel
for Ca(43PJ) by H2 and Ny, and from whose thesis upper limits for quenching
rate constants by neon and argon may be derived., These time-resolved

’ 35 vy deya o e oo vy 43 e Ve . o Yo e o e T 3 e SR
studies may be controstzad with the use of phasce-zensitive debeobi

coupled with Stern-Volmer analysis following modulated dye-laser
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excitation to determine collisional rate data for Ca(N3PJ5.u1“m3 The
interpretation of the measured phase shifts is model dependent and,
certainly, in the case of the noble g,ases,!ri has led to quenching rate data
for Ca(M3PJ) which are often too high (see earlier). The study of Ca(N3PJ)
in atomic beams has yielded detailed measurements on chemiluminesoence_
cross sections for reactions with the molecules C12, HC1 and
N20’29,33,l&5,145.67,92 Laser-induced fluorescence measurements on CaQ have
been employed to determine cross sections for reactions of Ca(MBPJ) with
O2 and CO2 in atomic beams.u8 Whilst various measureménts and mechanistic

interpretations have been éscribed to the emission

Ca(¥3Py) —» Ca(d'sy) + ho (X = 657.3 nm)

in low pressure flames with caleium additives and catalysed by N>O + CO
mixtures, absolute rate data for Ca(N3PJ) have not been reported.26°u9*50
In this work, the collisional quenching of Ca(H3PJ) by a wide range of
added gases following pulsed dye-laser excitation of Ca(41SO) is
investigated. It is clear, from previous studies reported in the
literature and from the present investigation that the main limitation in
the measurement of collisional quenching arises from the effects of
surface poisoning of the solid calcium from which the Ca(u1so) is derived,
by the added gases at elevated temperatures. Reduction in the fluorescence
signal was observed with added gases, particularly’Nz, as also observed
hitherto by Nicks et al.u3 This is overcome sufficiently in the present
measﬁrements which employ time-resolved forbidden emission at \ = 657.3 mm
in a slow flow system, kinetically equivalent to a static system, The use
of repetitive pulsing on a flow system and the regular change of the sol:id

calcium sample has permitted rate data to be determined,

Figure (U.7) gives examples of first-order kinetic plots for the decay
of Ca(MBPJ) in the presence of nitrogen, Figure (4.8) shows the plot of k'
against [N2] constructed from the slopes of plots of the type given in
figure (4.7), yielding the absolute second-order rate constant for
collisiongl quenching by this molecule of kN? = 8.9 # 0.9 x 10713
em3molecule™Ts™1 (1000 K). This may be compared with the value of ky, =-
1.80 * 0,39 x 10~13 an3molecule“1351 (793 X) derived from timenresolied
atomic resonance absorption spectroscopy following dye-laser

excitation.91 That work was not subsequently published further, perhaps
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Examples of first-order kinetic plots for the decay of the time-resolved
atomic emission (1n(IF) against t) at x = 657.3 nm (CG(QSPI) —— Co(ulso))
following pulsed dye-laser excitation of calcium vapour in the presence
of nitrogen, (Dtotol with He = 30 torr, T = 1000 K)
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‘for similar reasons of experimental difficulty. Nicks et azl.!‘;3 report a
value of kN2 = 5,1 x 1013 em3molecule™ ' s~! (ca. 1073 K), with no quoted
error, using phase shift measurements. Whilst the agreement within ca, 209
between the result for Hy, using the phase shift technique and that
resulting from time-resolved atomic resonance absorption91 was noted%.
(see later), this disagreement for N>, by ca. a factor of three, was not,
possibly also on account of the experimental difficulties which are
particularly significant for this gas. Nicks et al®3 report that the
atomic density of calcium rapidly drops to a level which results in a
reduction of the signal in their system which. becomes too low for
measurements when employing N2. This is attributed to poisoning of the
surface of the metallic calcium, Similar effects with nitrogen were
observed in this system. Figure (4.7) results from a series of kinetic
experiments in which the metzllic sample was changed a number of times,
Hence, the highest concentration of N, employed in these measurements was
not determined by the magnitude of the decay constant due to quenching of

Ca(n PJ) by N‘2 but by the loss of signal due to surface poisoning,

Figure (4.9) shows the variation of k' for the decay of Ca(li3PJ) in the
presence of Hg and DZ’ respectively. These plots yield kH2 =
6.0 + 0.6 x 10~14 en3molecule™ s~ (1000 K, 16), lower than values observed
by previous workers [k = 3.4 x 10~13 cm3molecule T~ (800 C>E3 kH =
2.26 £ 0,15 x 10~13 cm3molecule Tg-1 (793 K)m] although these var'lous
measurements have been carried out at different temperatures, and kD =
2.7 % 0.3 x 107 cm3molecure™'s™! (1000 K, 16) [table (4.3)], a result
which has not been reported hitherto.‘ This yields an isotope effect of
ng/kQQ = 2.2 which can be compared with the analogous ratio for Mg(33PJ)
of 3.8 reported previously in this work (chapter 3) and that of 2.7
reported by Breckenridge and Stewart.32 These authors>2 have demonstrated
that the kinetic isotope ratio for this type of overall removal process is
critically dependent on the role of vibrational energy. This clearly
requires more detailed investigation, including the study. of CaH and CaD
. by laser induced fluorescence in order to determine the branching ratio
between chemical reaction and energy transfer, at elevated temperatures

where vibrational energy in the colliding molecule becomes more important,
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Figure (4,10) shows the variation of k' with [CO] and [NOT,
respectively. The slope of Figure (4,10a) thus yields the absolute
sécond~order rate constant for the collisional removal of Ca(u3pJ),
"1.885 eV above the Mlso ground state,19 by CO [table (4.3)]. Figure (4.10b)
gives the analogous plot for the other diatomic quenching molecule studied
in this investigation, namely, NO. For these two gases, and, indeed, for all
the ‘quenching gases studied in this investigation with the single
exception of benzene (see later), the sample of solid calcium had to be
changed a number of times in order to construct a given plot of X' against
[Q]. Inspection on removal of each sample clearly shows the effect of
surface reaction, The value of k' for the blank ([Q] = 0) was checked for
each change of calcium sample, However, the absolute intensity of the
fluorescence signal in the presence of added gases was significantly
reduced By surface poisoning and this is the principal cause of the larger
scatter in plots of the type shown in Figure (4.10) compared with the
analogous plots for Mg(BBPJ) presented previously (chapter 3) using the
present technique. It is this reduction in the absolute magnitude of
Ig(X\ = 657.3 mm) rather than the size of the effective time constant of
the overall decay of Ca(M3PJ) (1/K') that determines the largest value of
[Q] that may be employed in a kinetic series yielding a plot of k' against
fQl.

Figure (4.11) shows the relevant plots of Kk against [Q] for the
triétomic molecules CO2 and NZO. These linear, 18-electron molecules with
closed shell structures are of broad fundamental interest in atomic
reactions in generalz°u“6 and will be considered later in further detail
in the light of orbital correlations and data derived from atomic beam
studies. Figure (4.12) shows the results of the investigations with the
' saturated molecules NHB' CHy and CFy and figure (4.13), the results for the
unsaturated molecules 0282, Cgﬂu and C6H6. In terms of experimental
quality of plots of the type based on equation (4.8), that for benzene was
found to be the best in these studies [ figure (4.13¢c)]. There was no loss
. of signal due to surface poisoning and figure (4.13c) was obtained from a
single Sample of solid calcium, Further, the measured decay rates for =
Ca(&3PJ) at the higher concentrabions of 06H6 clearly show that
-imitations in construction of the plots k' versus [Q] do not arise from

restrictions based on the value of k' but on the reduction in the magnitude
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of the absolute signal of I, Notwithstanding these limitations, these
experiments clearly show that the present method can be used to determine
absolute rate constant for the collisional quenching of Ca(R3PJ) by a wide
range of collision partners. These values of kQ,derived from slopes of the
plots given in figures (4.10) to (4.13), are presented in table (4,3)

together with data, where available, from other investigations.
TABLE 4,3

‘Absolute second-order rate constants (kQ, cm3molecu1e“13‘3)
for the collisional quenching of Ca(43PJ), generated by

dye-laser excitation, by added quenching gases, Q.

Q | . kQ Refe
He CSu x 1071 (1000 k) ()2
2,13 x 10~1%  (ca. 1050 K) (u1)b

Ne - £ux107% (ooo k) (%)a
2.23 x 10712 (ca. 1000 K) (u1)b

~8 x 10721 (793 k) (91)¢

Ar <4 x 10”15 (1000 K) (%)@
4.8 x 10712 (ca. 1050 K) (u1)P

~8 x 10721 (793 K) (91)¢

Kr €y x 10715 (1000 K) (%2
6.11 x 10=15  (ca. 1050 K) (91)P

Xe 2.4+ 0.3 x 10-"™ (1000 K) (%)@
6.70 x 10~15  (ca. 1050 K) (41)P

H, 6.0 £ 0.6 x 10°" (1000 k) (#)3
2,26 £ 0.15 x 10™13 (793 k) (91)¢

3.4 x 1013 (1073 K) (43)b
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TABLE 4,3 (continued)

Q kQ Ref.
D, 2.7 £ 0.3 x 10~ (1000 K) (w3
N, 8.9+ 0.9 x 10713 (1000 K) (»)a
1.8 £ 0.39 x 10~13 (793 K) (91)°¢
5.1 x 1013 (1073 X) (13)b
co 3.7 £ 0.5 x 10713 (1000 K) _ ()@
3.2 x 10°13 (1073 K) (43)Db
NO 3.2 £ 0.3 x 1013 (1000 X) (%)
co,, 3.1 % 0.3 x 10713 (1000 K) (#)@
1.5 x 10713 (1073 ¥) (u3)P
N,0 6.5 + 0.5 x 10~13 (1000 K) (%)@
NH 2.5 £ 0.3 x 10713 (1000 K) (#)8
CHy 5.4 % 0.4 x 10713 (1000 K) (%@
3.1 x 107" (1073 ©) (u3)b
CF), 1.9 £ 0.2 x 10™13 (1000 K) (¥)2
CH, 1.4 £0.2 x 10713 (1000 K) (%)@
CHy,  2.3%0.3x 10713 (1000 K) (%2
CgHg 6.0 x 0.2 x 10712 (1000 K) ()@

a - Pulsed dye-laser excitation + time-resolved atomic resonance
fluworescence *

b - Modulated dye-laser excitation + Phase shift measurements

¢ -~ Dye-~laser excitation + time-resolved atomic resonance
absorption spectroscopy

(*) This work

The absolute rate constants for the collisional quenching of Ca(MSPJ);

by the noble gases, Hy, Dy and N, have already been considered in detail,
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although comparison with analogous data for Mg(33PJ) has not been made
apart from reference to data for the noble gases. Thus, for Mg(33PJ), the
gases Kr and Xe exhlbit measurable quénching rates whereas only xenon of
-the noble gases demonstrates a measurable efficiency for collisional
quenching of Ca(l&3PJ). In broad comparative terms, quenching of Ca(l§3PJ)

by H, and D, proceed at rates approximately one tenth of those for the'
analogous processes with Mg(33PJ) [table (3.3)] whilst, for Ny, the
deactivation rates are similar for both electronically excited atoms
[Table (4.3)]. For the data on Ca(43PJ) derived in the present
investigation, that for CO [table (4.3)] is in agreement with the quenching
rate constant obtained from phase shift measur'ementslB though, in view of
the difficulty in interpreting such phase shifts, it is not clear if one
can conclude whether this agreement is fortuitous or not. The disagreement
with the data for the noble gases resulting from phase shift
meas{urements.m has been discussed in detail. It is found, further, that, as
with those gases, the present technique yields a lower value for kCHu [see
later, table (H.B)].IB For NO, and the remaining collision partners studied
here, there are no rate data for Ca(43PJ) with which the present results
may be compared, neither does it appear that;a quenching constant for
Mg(33PJ) + NO has been reported. The observed quenching erficiency for the
removal of Ca(43PJ) by NO [table (4.3)] presumably reflects the strong
chemical interaction between these two species, a property observed in the
kinetic behaviour describing collisions between other metal atoms in 3?

states [e.g. Pb(63pg, 63p,, 63p,);93:M sn(s3p, 53p,, 53p,) 95496,

The collisional quenching of Ca(u3PJ) by the triatomic molecules €O,
and NZO is described in a detail similar to that given previously for

Mg(BBP;I) (2.71 eV) following analogous considerations of orbital symmetry

- and the effect of the 18 electrons closed shell structures of these

~molecules on atomic abstraction reactions in g;er1er’al.3'"6 Firstly, we may
note the comparable magnitvudes of the quenching rates constants for
Ca(43p;) [table (4.3)] and for Mg(33py) + N0 (KIMg(33p,) + N,01 =
4.9 £ 0.3 x 10~13 cm3xnolecule“1s"1, (800 K)}, obtained by a similar
technique as described here, O-atom abstraction is highly exothermic for -

the electronically excited caleium atom;

Ca(43P ;) + N0 —»Ca0 + Ny M = =497 eV
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[D(N,-0) = 1.677 eV;%% D3(Ca0(xs*) & 1,76 £ 0.15 €VT®] and hence a set of
electronically éxcited states of Ca0 are energetically accessible. Irvin
and Dagdigian92 have studied the chemiluminescence from the reaction of
Ca(u3PJ) + N20 under single collision conditions. Emission from the
electronic states of CaO arising from the reaction of Ca(u1D2) genefated

in the low voltage discharge from which the atoms are derived is.
relatively small and corrections from this contribution can readily be
made, The emission resulting from the collision of Ca(43PJ) + N5O arises
from a group of states of Ca0 in the region of 3.5 eV (C15?} 3'157, DT[; d3ﬁ3
35?. B1II and 3I'I) to the low lying,A1II and a3II states. The emission is
further complicated by the role of highly rotationally excited emitting
molecules overlain by continuous emission. Clearly, the system is too
complex for the large number of pathways to chemical products, including
CaO(XTE?) and also to physical quenching, to be characterised
quantitatively at this stage, What is clear is that these observations are
not in accord with the correlations based on Cs symmetry using the weak
spin orbit coupling approximation,17“g2 the correlation diagram for which
is given by Irvin and Dagdigian.J? Quenching of Ca(M3PJ) by €O, [table
(4.3)], marginally more efficient than reborted from phase shift
measuremem:s,l43 is found.’co be a factor of approximately three times
slower than that for Mg(33P;) {KIMg(33P;) + CO,1 = 1.0 £ 0.1 x 10=12
mn3molecule“1s‘1 (800 K)}. The thermochemistry indicates that only the low
lying a3TT (1.03 eV)T0 ang Al (1,085 eN)T0 states are accessible on

reaction;

Ca(u3PJ> + €Oy —» Cal + CO M = -1.19 eV

[D(CO-0) = 5,453 eV69]. Pasternack and Dagdigian,u8 who argue for a
therméchemistry of -1.38 eV for the reaction, have monitored these two low
lying states as well as the ground state of Cad by laser-induced
fluorescence, in the single-collision condition and report that for the

pt;OCGSSGS;
ca0(adt1, A'TI) + co(x'zh)
k1///)?

ko

ca(u3p)) + co,

caox sty + cox'sh)



k1/k2 = 0.3 to within a factor of two. The part played by physical
quenching is also clearly of interest here. As with NZO, it is apparent
that the weak spin orbit coupling approximation breaks down in the

production of singlet states of CaO.

For the larger polyatomic molecules, we may only note general
comparisons with analogous data for Mg(33PJ) and with thermochemistry,
Quenchiﬁg of Mg(33PJ) by NHg has not been reported. H-atom abstraction
from NHy by Ca(HBPJ) would be endothermic [D(NH3) = 4.38 ev:®9 My -
+0.795 eV] hence removal must proceed via physical quenching. The
quenching rate [table (4,1)] is of similar magnitudé to those reported for
Hg(63PD) and Od(53P061) by this molecule.] The collisional removal of
Ca(H3PJ) by CHy and CFy are characterised by absolute rate constants
[table (4.1)] which are significantly greater than those for Mg(33PJ) for
no obvious reason apart from the quantity of energy to be transfered on
collision. H-atom abstraction by Ca(ugPJ) for the former would be highly
endothermic whereas F-atom abstraction for .the latter, highly exothermic
DCCHy) = W.H06 o789 D(eF) = 5.3 6w DOcan®®D)] £ 1.70 w70
DgCaF(zi?) = 5,48 gVTo}, By contrast, quenching of Ca(M3PJ) by the
unsaturated molecules Czﬂz. CoH)y and C6H5 proceeds at rates which are at
least a factor of ca. 100 slower than the analogous processes for Mg(33PJ>,
Detailed discussion of individual quenching processes by these
unsaturated molecules is too speculative to be fruitful. Clearly, the
scatter in the rate data for Ca(M3PJ) is considerably larger than that for
the analogous study with Mg(33PJ) though not for CgHg [figure (4.,13¢)1,
for experimental reasons indicated above, However, the orders of magnitude
differences for the unsaturated molecules lie well outside the range due
to scétter. It is clear that the study of absolute rate constants for the
collisional quenching of Ca(43PJ) by corrosive,oxidiSing gases will need
to be carried out by an alternative procedure to that of a flow of the

reactant gas over a heated metal.
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5. KINETIC STUDY OF STRONTIUM (53P)

The investigation on SP(53PJ), using .experimental techniques similar to
those described in the preceding chapters for Mg[3s3p(3PJ)] and
Ca[llsllp(3PJ)], respectively 2,71 and 1.883 eV above their ns2(1so) ground
states, presents some further features that deserve a brief consideration.
Firstly, the forbidden transition Sr‘(3P1—; 1SO) is much more allowed than
the corresponding transitions for Mg and Ca, which may easily be seen by
comparison of the Einstein coefficients, Anm' As a consequence, “he
production of the 3PJ states by optically pumping the ground 180 state
should be easier than it was in the previous studies of magnesium and
calcium, On the other hand, a bigger Einstein coefficient implies a shorter
mean radiative lifetime, The energy spacings in the 313J manifold are
bigger than those for Mg and Ca, which might result in a non-Boltznann
equilibrium following optical excitation. Further, there will be a greater
breakdown in t_he weak spin-orbit coupling assumption, and the
corresponding effect on collisional behaviour as seen through symmetry
arguments. For effective optical pumping of the ground (180 state of
strontium to the 3P1 excited state, the dye-laser must operate at \ =
689.3 nm, which is achieved by pumping the dye (Nile Blue 690) with the
second harmonic of the Nd-YAG primary laser (N = 532 nm)., The dye was
employed as a solution Y4 x 1515 M in methanol, since this is the
concentration which renders the maximum laser output, The output energy at
X\ = 689.3 nmm was ca, 5 mJ per pulsé (pulse length = ca. 20 ns; pulse width =

ca, 0.1 cm"1; repetition rate = 10 Hz).

The use of the long wavelength fluorescence transition at \ = 689.3 nm

to monitor Sr(53P1) subsequent to dye-laser excitation at the same

wavelength requires special attention to the elimination of scattered
light. This primarily arises from the need to enploy a photomultiplier
with a ]:ong wavelength "S20" response (pm. tube EM.I. 9797B; operating .
voltage = 750 V; Brandenburg power supply 415R, 0 - 2.2 kV) and the short
decay times over which the fluorescence is monitored. The principle of

initiating the gating system of a photomultiplier tube using the initial
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pulse generated in the primary laser in order to apply a voltage across a
pair of dynodes, and so switch on the gate for length_f, follows that
described in the previous chapters. By employing the delay between the
"process of energy storage in the neodymium-YAG rod and the operation of
the Pockels cell 180 us subsequent to this, the pum. tube is switched on at
a time (t - 180 us) following the dye-laser pulse. The practice, howevef,
of using fixed "gate times" in a circuit of the type Originally reported
by Acuna et a1.55 for the pm. tube EM.I. 6256B and subsequently employed in
this type of measurement for t = 300 us, is clearly not ideal when
fluorescehce needs to be measured in the range 50 - 200 us, quite apart
from the construction of a circuit appropriate to the "S20" tube. In this
particular application, a circuit has been employed which permits fine
tuning of the gate léngth in order to minimise the value of (t - 180 ps)
for the operating conditions of this system. [1] The essence of the
circuit is based upon a CMOS 4001B NOR logic chip connected as a
monostable, The circuit includes seven switched timing ranges each with
fine tuning effected by means of a helipot, permitting continuous tuning
over the range 8 - 720 pus. The proceduge for T'"gating off" the
photomultiplier -is to employ a high voltage switch (BF 259 transistor) to
short the D4, D5 and D6 dynodes of this eleven stage pm. tube for the time,
_E. The minimum gate length (t - 180 us) should be a function of the "rise
time" of the pm. tube (ca. 2 ns). In practice, it is determined by light
col;ectiop of the optical system. Thus, using a set of circular baffles in
the outlet arm of the stainless steel reactor yielding greater physical
elimination of scattered light, a gate time of (t - 180 ps) = ca. 1 us can
readily be achieved. This is, of course, at the expense of the magnitude of
the fluorescence signal. It was found preferable to increase the light

gathering power of the detection system by the elimination of this baffle
| system, requiring a gate time of (t - 180 us) = ca. 5 us but permitting
monitoring of the exponentially decaying fluorescence signal at much

longer times,

e . ne - e

¢1] Mr. J. Guttridge and his colleagues of the electronics workshop of the
~ Department of Physical Chemistry are deeply thanked for the design
and construction of this circuit.
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The vapour pressure of strontium is high enough for the work to be
carried out about the same temperature as that employed for magnesium,
Actually, the experiments on Sr'(53PJ) were carried out at T = 950 K, which

correspond to.a strontium vapour pressure of 0.3 Torr,

By contrast with earlier studies, ( Chapteré 3 and 4), fluorescence
measurements were made across a convenient temperature range (ca.
850 - 1000 K) over which the cbncentration of ground state strontium
atoms varies by a factor of ca. 100.88'89 This was carried out in order to
investigate the role of radiation trapping in this system and also the
quenching of Sr(53PJ) by Sr(51SO). The lowest temperature employed was
simply determined by the magnitude of the fluorescence signal that c¢culd
be monitored with the present experimental arrangement, This is, of course,
much higher than the temperature range employed in the sealed system by
Havey et al.‘ (643 - 733 )37

The boxecar integrator, taking into account the relatively shorter mean
radiative lifetime of Sr'(53PJ) was adjusted so that a gate of 10 us was

scanned through the signal in a reading time of 100 s.

Unlike' the various measurements that have been described on Mg(33PJ)
and Ca(43PJ) resulting from monitoring of the emission 3P1-—»130 + hv in
the time-resolved mode following dye-laser excit;,ation (see previous
chapters), the only analogous study that has been described for Sr(53PJ).
appears to be a measurement of the mean radiative lifetime reported by
Havey et al.97 The rate constants that have been reported by Malins et
al.%2 for the collisional quenching of Sr(53PJ) by the noble gases were, in
fact, derived from phase shift measurements following dye laser excitation
of Ca(H1SO) to Ca(ll3P1) and subsequent energy transfer from Ca(M3PJ) to
Sr(51SO). These measurements were not, of course, carried out in
"real-time", Detailed investigations of collisional procesées undergone
by Sr‘(53PJ) with added molecules have primarily been carried out using
chemiluminescence from electronically excited product molecules in
molecular beams,29:35,51,98,99 Atomic emission from Sr(53P1) has been
detected from flames containing strontium with added N5O + CO and has been

considered from a mechanistic viewpoint.zs’ms
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5.1 Mean radiative lifetime of Sr(53PJ)

The present investigation describes a study of the atomic emission,
sr(53p)) —»5Sr(5'5y) + ho at A= 689.3 nm in the time-domain following
direct pulsed dye-laser excitation of Sr(51SO)..These studies, as stated .
eariier. involved particular modificatién to the detection system employed
previously on account of the much shorter mean radiative lifetime (re) of
Sr(53P1). Time-resolved emission at \ = 689.3 nm in the "single-shot mode"
following pulsed dye-laser excitation on a static system and employing
oscilloscopic monitoring ‘has been used by Havey et al. to measure
ve[Sr(53P1)].97 Various other techniques have been employed to measure
ve[Sr(53P1)] including steady emission intensity rneasurements.12'2°'1o1
the "hook" interferometric technique,80 double resonance methods!02-104
and atomic beam studies employing a modulated discharge,105 The resulting
values vary'ﬁy about a factor of ten (see later). The mean radiative
lifetime of Sr(53P;)—ssSr(5'5y) + hv at N = 689.3 nm has also been the
subject of theoretical calculationéa.23'87 Ih the present investigations,
time-resolved emission has been investigated in gll the noble gases and at
different temperatures, primarily to study the effect of radiation
trapping, which is significant in this system, and also the collisional
quenching of Sr(53PJ) by Sr(51SO). This is found to be negligible as is
collisional quenching by all the noble gases, and only upper limits for
the rate constants may be assigned. This latter aspect may be contrasted
with the collisional quenching of Mg(33PJ) and Ca(u3PJ) by the heavier

noble gases.

Figure (5.1) shows typical examples of the XY-output‘for the variation
of the fluorescence intensity (Ig) at N= 689.3 nm with time
[Sr(53P1) ~’Sr(51SO) + hv] following dye-laser excitation of strontium
vapour in helium at two different temperatures (900 and 950 K). These
decays may be contrasted immediately with analogous measurements on
Mg(33PJ) and Ca(43PJ) where typical decay times were, respectively, 5 and
2 ms. First-order kinetic plots [ln(IF) against t] may readily be
constructed from decay traces of the type shown in Figure (5.1) and these
are shown in Figure (5.2) for the experimental conditins of the former,

The negative of the slopes of these first-order plots then yield the
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‘_Exomples of first-order kinetic plots for the decay of the time-resolved atomic emission
(ln(IF) against t) at » = 689.3 nm (Sr(53Pl) — Sr(51SO)) following pulsed dye-laser
excitation-of strontium vapour in the presence of helium. (DHe = 30 torr)
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overall first-order decay coefficient (k') for Sr(53PJ). Following the
procedure of the previous investigations for Mg(33PJ) and Ca(43PJ).we may

write:

~d(1nlsr(53pg)11/dt = -afInlsr(53p,)11/dt = —dl1nlsr(53p,)11/dt
= K= Apg/(1+ 1Ky 4 Kp) + B'/by + Tkgla] (5L1)

The 53P0 and 53P2 states, as in the case of Mg and Ca (see chapters 3 and
4), are highly optically metastable with respect to the 5180 ground state
and are so called "reservoir" states, spontaneous emission from them being
neglected.g'60 By empiricai considerations6'of the energy to be transfered
on collision (53py, E = 14318; 53p,, E = 14504; 53p,, E = 14899 an~1)10 ang
by analogy with the direct observations of McIlrath and CarlstenZ© who
reported the establishment of Boltzmann equilibration in Ca(43PJ) under
comparable conditions (pHe = 10 Torr) within 40 ns, Boltzmann equilibrium
is assumed to be maintained within Sr(53PJ) during decay measurements
recorded here. The appropriate equilibrium constants connecting the spin

orbit components are characterised in the usual manner:

sr(53py) == sr(53p,) Ky
sr(s3p)) = sr(53p,) K,

and Ay (= 1/7g) is the Einstein coefficient for the 53p,—5's,
transition, the only state involving emission. Apart from emission, kinetic

parameters are thus ascribed to the Boltzmannised Sr(53PJ).

Unlike the investigations deseribed for Mg(33PJ) and Ca(43PJ). the
diffusional temn,B'/pM in equation (5.1), is barely detectable in these
measurements. In view of the reciprocal relationship>of this term with
pressure, it was shown that the contribution to diffusional 1loss of
Ca(43PJ) had to be detected a2t lower pressures than in similar experiments
on Mg(33PJ) on account of the greater dominance of Apm for
Ca(u3P1) ~>Ca(41so) + hV compared to the analogous emission for Mg(33P1).
It has also been shown that the approximation of the use of the "long-time
solution" of the diffusion equation62’63 leads to a value of‘B'in equation
(5.1) consistent with the slit dimensions of the monochromator in
expariments of the prescnt type, The term B'will cong=quently be larger
than either would be the case for resonance absorption measurements or

resonance fluorescence measurements using an interference filter.
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Nevertheless, the term A here [egn. (5.1)] is totally dominant in the
absence of significant collisional quenching, }ZkQ[Q] This is the case
with all the noble gases in the present study.

Figure (5.3a) shows that the first-order decay coefficient (k') is
essentially constant over the pressure range of helium employed and hence
the loss of Sr'(53PJ) may be totally attributed to emission from Sr(53 Py,

namely:

k'em = Anm/(1 + 1/K1 + K2) (5-2)

Figure (5.3b) shows the data of figure (5.3a) plotted in the form of k'
against 1/pHe to investigate the decay of Sr(53PJ) according to the form:

k' = k' + B'/Pye (5.3)
Whilst a posi_tive slope is just detectable and leads to a value of
comparable with those observed in the cases of Mg(33PJ) and Ca(43PJ), the
first term in equation (5.3) is so dominant on account of the large
Einstein coefficient, Apms that the\decay 16 helium (and the other noble

gases, see later) is taken to be described by equation (5.2).

At first sight, the mean value of k'em in figure (5.3a) (k'em
2.0 £ 0.2 x 10" 57!, 15) coupled with the value of F(900 K) =
(1 + 1/K) +Ky) = 2,335 yields Ay, = H4.67 0.5 x 10% s~1.  However,
measurements in all the noble gases, M, at T = 950 K [figure (5.4)] yield,
consistently, lower values of k'em which are in sensible accord within the

errors (16):

Noble gas ' k', (950 K)/10% s~
" He 1.74 £ 0.07
Ne 1.54 + 0.09
Ar 1,45 £ 0.10
Kr 1.49 % 0.14
Xe 1.47 £ 0.08

Radiation trapping is clearly playing a role in this system, This might
appear surp;‘ising as the true value of Anm for the forbidden transition .
Sr‘(53P1) —’Sr‘(51SO) + hV is approximately 2 x 103 times smaller than that
for an electric-dipole allowed atomic transition, Various radiation

trapping calculations, using the diffusion theory of radiation for a

70



A
AJ},—-AA 2 A
2 A\
. = 8 A fa
3
kY’
=
(a)
: 1 | | | I |
0 10 20 30 40 50 60
DHel torr
3
JAN
FANIA A A
2 = JAY
i
:'U)
=
1 -
(b)
. ! I I |
0 4 8 12 16 - 20 24

102/ Phe (torr )

Figure 5.3

Variation of the first-order rate coefficient (k") for the decay of Sr¢(

53PJ), following

the generation of Sr(S3Pl) by pulsed dye-laser excitation, in the bresence of helium,

(T = 900 K) (@)

k' versus pyo {b) Kk’ versus 1/pye



k' 104 ¢

10

| ] ] ] ]

0 1 2 3 4 5

(M1 1017 gtoms cm™3

Figure 5.4

Variation of the first-order rate coefficient (k') for the decay of Sr(53PJ), following

the generation of Sr(S3Pl) by pulsed dye-laser excitation, in the presence of the
noble gases at T = 950 K,

\

O te: @ New +2x10"sh);, @ ar ok +0x10% 5]y

O xraw+ex10'sh; @ xek +8x 10" shy




number of electric-dipole allowed atomic transitions, have been described
by Husain and co—workerssu'ms‘ws. Typical ratios for the effective to
true radiative lifetimes (T*/Te = Anm/A:m) were found to lie in the range
'} to 5 for atomic densities in the region of 1012 atom.cm™3. In the present
case, atomic densities greater by ca. four orders of magnitude are being '
employed and the effect of radiation trapping is of the order of 30% in
terms of the value of Anm or. r_. Radiation trapping was therefore

e
investigated in some detail in the case of helium buffer gas, -

Figure (5.5) shows the variation of k' for emission as a function of the
atomic density of Sr(51so) derived from measurements in the temperature
range 850 - 1000 K over which [Sr(51SO)] was varied by a factor of ca.
100.88'89 The extrapolation procedure may be simplified By employing a
mean value of F = 2,34 in the range 850 - 1000 K as this function does not
vary greatly over this temperature range [F(850, 900, 950, 1000 K) = 2.31,
2.34, 2.36, 2.38, respectively] and most fluorescence decay measurements are
carried out in the region of T = 900 - 950 K, Furthermore, in fact, one only
requires an extrapolation to an atomic density of strontium where
radiation trapping is negligible, Figure (5.5) shows this extrapolation
(O), yielding A = 4.98 + 0.10 x 10%s™" and v, = 20.1 £ 0.4 s,

The above value of v, may be employed together with the values of k' in
figure (5.4) and F(950 K) to note the magnitude of radiation trapping in
this system through the ratio T*/'re resulting from the atomic density of

sr(51sy) at 950 K:

Noble Gas "'*/"e
He 1.21 £ 0.06
Ne 1.37 £ 0.1
Ar 1.46 £ 0. 11
Kr 1.2 £ 0.16
Xe 1.44 £ 0.15

Table (5.1) shows the present result for = [53P, =555 + hv (\=
689.3 nm)j and the range of values derived from previous investigations. -
Of the various comments that may be made of these data, one immediately
notes the large value of =+
beams,10>

e derived from the use of modulated atomic
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TABLE 5.1

Mean Radiative Lifetime (Te) for Sr(53P1) ——+Sr(51SO) + hv

(X = 689.3 nm)

Te/ps ' Ref.
19.9 (87)2
14.5 (23)8
18 (20)P
16.4 (101)P
15 (12)b
25 (80)°
21 | (102,103)4

6.4 (104)d
74 ’ (105)e
21 1 (o7 f
20.1% 0.4 (#)8

a. Theoretical

b. Intensiiy measurements

¢, "Hook method" (Interferometric)

d. Double resonance measurements

e. Atomic beam technique

f. Dye-laser excitation +‘time-resolved atomic fluorescence
(Single-shot) .

g. (*) This work. Dye-laser excitation + time-resolved atomic

fluorescence (Signal averaging) .

Similar behaviour was observed in the case of v [Ca(u Py) ~rCa(4 S )181.82
and appears to result from complexities in the analysis arising from

separating the time-dependence of the spontaneous emission and the.
transit time through th2 peanm apparatus, Larger values of Te Obtained by

experimental methods [Table (5.1)] other than from beams are prone to some



radiation trapping at suitable atomic densities, Clearly, the present
signal-averaged result is in excellent agreement with the single-shot
measurements of Havey et a1.97 [Table (5.1)] carried out at temperatures
‘and densities of Sr where there was no significant radiation trapping.
Esbecially striking is the agreement resulting from the correction due to
radiation trapping, and the demonstration of radiation trapping itself in
the time-domain for this forbidden transition. Finally, the excellent

agreement between experiment [Table (5.1)] and theory87 may be noted.

5.2 Collisional quenching of Sr(53PJ)

The only rate data reported hitherto for the collisional quanching of
Sr(53PJ) are those described by Malins et al.*2 derived from the phase
shift technique for the noble gases and for Ca(M1SO). That particular
sys’t,‘em"2 is more complex than the arrangement described by Malins and
Benard™! for the study of Ca(43PJ) itself in that not only is the
interpretation model-dependent, but that the experimental arrangement
required indirect ggneration of Sr(53PJ) by electronic energy transfer
from Ca(M3PJ) following the generation of Ca(43P1) by dye-laser
excitation, Thus, Malins et a1.2 report an abuolute second-order rate
constant for the near resonance (M = +0.085 eV) electronic energy

exchange process:

sr(53p)) + ca(dlsy) —> sr(5'sy) + ca(u3p))

of k = 1.1 x 107" em3molecule~ts™! (T = 900 - 1000 K). These authors also
report a set of rate constants for the quenching of Sr(53PJ) by the noble
gases which is given in table (5.2). The present measurements only yielded
. upper 1limits for quenching of Sr(53PJ) by these collisional partners
estimated from the scatter in the data (26) in figure (5.4) together with

the range of noble gas concentrations employed [table (5.2)].
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TABLE 5.2

Absolute second-order rate constants for the collisional quenching

of Sr(53PJ) by the noble gases (kQ, em3atom™1s~1)

Noble Gas . kQ

He (950 K) < 5.5 x 10-15 (%2
He (913 K) 2.57 x 10~15 ~(uz)b
Ne (950 K) < 3.5 x 10-15 (v)a
Ne (913 K) 3.33 x 10-15  (u2)b
Ar (950 K) < 3.9 x 1015 (%)a
Ar (913 K) 3.78 x 10715 (u2)b
Kr (950 K) < 5.5 x 10~15 (#)2
Kr (923 K) 3.51 x 10-15  (u2)P
Xe (950 K) <3.1x10°1  (m3
Xe (962 K) 4.83 x 10715 (u2)P

(*) This work

a. Pulse dye-laser excitation + time-resolved atomic fluorescence
(Signal averaged)

b. Phase shift measurements following dye-laser excitation of

Ca(M3PJ) and energy transfer with Sr(51so).

In chapter 4 similar limits for Ca(43PJ) with most of the noble gases have
been presented although quenching by xenon was found io be a factor of at
least ca. 10 faster than the lighter gases and the values for Sr(53PJ)
estimated here [table (5.2)]. The resulting accord between the 1limits
obtained hgre and the absolute magnitudes reported by Malins et al.uz
should be regarded with caution. The model-dependent nature of the.
phase-shift technique can lead to incorrect data. Thus, that methodll1 led
to quenching rate constants for Ca(M3PJ), itself, by neon and argon wvhich

were many orders of magnitude greater than the values clearly established
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by Furcinitti et al.zu who employed .time—resolved atomic absorption
spectroscopy following pulsed dye-laser excitation in the presence of
high pressures (up to ca. 500 Torr) of the noble gases. Similarly, in the
present work, only a crude upper limit for the quenqhing of Sr(53PJ) by
sr(5's,), may be estimated from the data given in figure (5.2). This is
simply based on the assumption of a linear relationship between léem and
[Sr(5130)] due to radiation trapping (O) across the narrow range of v*/ve
involved. The 28 scatter in the resulting data corrected for radiation
trapping [@®, figure (5.5)] and the range of [Sr(51so)] investigated thus
yields kIsr(53p)) + sr(5'sp)l <2 x 10713 emdmolecure's™! (T -
850 - 1000 K) This rate limit describing electronic to translatiocnal
energy transfer of ca., 1.8 eV would be expected to be slower than near

resonant electronic energy exchange between Sr(53PJ) and Ca(u1so).

Clearly to optimise the present technique as a kinetic tool for
studying collisional quenching of Sr(53PJ) by added gases, the term EkQ[Q]
in equation (5.1) must be made significant compared with the relatively
large term, k' . [eqgns. (5.1) and (5.2)], diffusional loss being neglected.

Hence, we can write:

k' =K'y + kqlQ] (5.4)

The collisional quenching of Sr(53PJ) by H2 and D, was investigated
first in view of their fundamental interest. The isotope effect which
occurs in the collisional quenching of Mg(33PJ) and Ca(u3PJ) by H, and D,
has already been demonstrated and one may expect an analogous effect in
the case of Sr(53PJ). Figure (5.6) shows examples of first-order kinetic
plots of the decay of Sr(53PJ) in the presence of chosen concentrations of
Hy. Similar plots were constructed for the various experiments carried out
with D,. Figure (5.Ta) and (5.7b) show the resulting&plots of k' against
[H2] and [D,], respectively, whose slopes, following equation (5.4), yield

the following absolute second-order rate constants:
_ kH =3, 7T+0.4 x 1012 cm3molecule1s~1 (950 K, 16
kp, = 3.0 0.2 x 10712 em3molecule~'s™1 (950 K, 16)

these data are incorporated in table (5,3) for the purpose of comparing

the results with those for Mg(33P)) and Ca(43p)),
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Examples of first-order kinetic plots for the decay of Sr(53PJ), derived from the time-
resolved atomic emission (ln(IF) against t) at A = 689,3 nm (Sr(53Pl) — Sr(5lso))
following the pulsd dye-laser excitation of strontium vapour in the presence of
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All.the data for the quenching of Mg(33PJ). Ca(u3PJ) and Sr(53PJ) show
.some isotope effects [table (5.3)], though that for Sr(53PJ) is clearly
small, Comparison of ratios of kHZ/sz are restriéted here »to
investigations in which both quenching rate constants were determined by a
given method. Thus, for this ratio, the value obtained is 1.2 * 0.15 for
Sr(§3PJ) (950 K). This may be compafed with the value reported in
chaptér 4 for Ca(u3PJ) of 2,2 £ 0.3 at 1000 K. A value of 3.8 % 0.4 was
given in chapter 3 for Mg(33PJ) (800 K) which may be compared with the
ratio calculated for this same temperature from the data of Breckenridge
and Stewart32 of 2.7 1.8;Whilst these latter authors32 have demonstrated
that vibrational energy in the colliding molecule plays a eritical role in
influencing the branching ratio between chemical reaction and energy
transfer for Mg(33PJ), further detailed consideration of the dynamies will
be simplified in the case of Sr(53PJ). H(D) atom abstraction by Sr(53PJ)
is highly endothermic7o and for vibrational energy to play a role in
chemical reaction, for H2, the minimum level involved would be v" = 2,
Hence, physical quenching is preéumed to‘ be dominant at temperatures

accessible in measurements of the present type.

Figure (5.8a) shows an example of the XY-output for the variation of
the fluorescence intensity at N\ = 689.3 mm [Sr(53P1)-—,Sr(51SO) + hvt]
following the pulsed dye-laser excitation of atomic strontium in the
presence of helium at T = 950 K. Figures (5.8b) and (5.8¢) show examples of
the effect on the fluorescence intensity decay profiles by the presence of
small pressures of molecular nitrogen. First-order kinetic decay plots
[ln(IF) against t] may readily be constructed from such profiles
[figuge (5.8)] and these are given in figure (5.9) for the data presented
in figure (5.8). The negative of the slopes of these plots [figure (5.8)]
yield the first-order decay coefficients (k') for the removal of the
"Boltzmannised" Sr(53PJ). Following earlier practice, diffusion is
neglected and the first-order contribution to the collisional quenching
of Sr(53PJ) by helium buffer gas would also be constant and relatively
small for the fixed pressure of He (eca. 30 Torr) employed in this system,
Figure (5.10a) shows the plot of k' against [N5] on the basis of equation
(5.4), the slope of this plot vielding the absolute second-order rat.
canstant, kNa' for the collisional quenching of Sr(53PJ) by Ns. The

analogous plot for carbon monoxide is given in figure (5.10b).
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Figure 5.9

Exanples of firsg-drder kinetic plots for the decay of the time-resolved atomic emission
(In(Ig) against t) at A = 689.3 nm (Sr(5°P;) —» Sr(515,)) following the pulsed dye-laser
excitation of strontium vapour in the presence of nitrogen,
®¢otal with He = 30 torr, T =950 K)
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Similar measurements to those described above for N2 and CO were
carried out for a wide range of gases (002, N20, NH3, CHu, CFu, C2H2, C2Hu
and C6H6). However, investigations with those different gases varied

-considerably in experimental difficulty particularly for oxidising gases,

which caused surface oxidation and the subsequent loss of fluorescence

signal resulting from a coating of the strontium sample, preventiﬁg
vaporiiation of the atoms. Similar effects have been reported for
analogous studies on Mg(33PJ) and Ca(ll3PJ). This experimental limitation
is aggravated here further by the short time scales over which Sr(53P1) is
monitored., Figures (5.11) and (5.12) summarise the decay data for these
gases in the form o'f‘ equation (5.4). Any limitations in the range of
concentrations employed for these quenching studies [e.g. figures (5.11)
and (5.12)] generally result from the effects of surface reaction rather
than the upper limit for k' that can be measured. The resulting overall
absolute second-order quenching rate constants, kQ derived from the slopes
of the plots k' against kQ[Q] are given in table (5.4). In the absence of
collisional quenching data for this atomic state with which the present
results may be directiy compared, the data for Sr‘('?‘3PJ) are compared with
those for analogous processes involving Ca(u3PJ) and Mg(33PJ)
[table (5.4)]. For the range of collisional partners investigated here, the
most striking general contrast between the rate data for Sr'(53PJ) and
those for either Ca(M3PJ) or Mg(33PJ) is the considerably greater
quenchi'ng efficiencies exhibited by most gases towards the heavier
Sr(53P;) [table (5.4)]. This is particularly notable considering Ca(u3P)),
where the electronic energies to be transferred are coﬁparable [1.8 eV for
Sr(53PJ), 1.88 eV for Ca(M3PJ)]1° and where physical quenching processes
as opposed to chemical reaction must clearly take place. For Sr‘(53PJ), this

would be the case for N2, co, NH3. CHy, C2H2. CQHu and C6H6 from
| consideration of the bond dissociation ener.gies,69'7°'75 particularly the
low bond dissociation energy of SrH {DgESr‘H(Xzf)] < 1.66 evT0} which
would make H-atom abstraction by Sr(53PJ) endothermic, For the gases CoHy
and C¢Hgy no significant difference can be ascribed to the collisional

efficiencies for those two molecules [table (5.4)], On the basis of the

reduced masses, quenching of Sr(53PJ) by both these molecules can be

considered as proceeding at the eollision number. In the absence of

cztalled considerations of donor and acceptor energy levels, discussion is
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Variation of the pseudo first-order rate coefficlent (k') for the decay of Sr(53PJ) in the presence
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clearly directed towards those quenching gases where atomic abstraction

may compete with physical quenching.

Dealing now with the quenching gas CFy, where orbital symmetry will not
be significantly involved for the six atom collisional intermediate, the
relative high bond energy of SrF {‘Dg[SrF(XZI*)] = 5.58 eV10} makes

chemical reaction thermochemically favourable:

Sr + CFy —»SrF + CFy M= -0.28 evl0+T5

[D(CFB-F) = 5,3 evi®], For the 53PJ state, the analogous reaction for the
excited atom becomes exothermic to the extend of 2,08 eV, and population of
the A2TT state of SrF, situated 1.885 eV above the X22+ground state wonld
still be described by a process which is exothermic overall (MH =
-0.,2 eV).1°'69'75 A further consequence of the absence of significant
orbital restriction is the influence of energy on the population of
product states resulting from chemical reaction. The detection of
chemiluninescence of the electric-dipole allowed A-X emission in the
region of A\ = 660 nm should be fea;sible as a result of the spin allowed,
exothermic process resulting from F-atom abstraction process by Sr(53PJ).
The quenching rates .for CHu and CFu, chemical reaction for the former
being endothermic, are equal within the 16 errors [table (5.4)] and
physical quenching for CF,4 may dominate removal of Sr(53PJ). However, the
A-X emission in the time-resolved mode may still be employed both to
indica’cé the reactive channel itself and as a kinetic spectroscopic marker
for Sr‘(53PJ) even if the branching fraction for chemical reaction were

small.

It would appear that, the reaction of strontium atoms with CO2 has not
been investigated in any detail in molecular beams. For Sr(51SO), the
O-atom abstraction reaction is endothermic {D[CO2(X1§‘E)] = 5,453 eV;69
Dg[SrO(X1Y)J = 14,88 ev/0) though there 1is correlation between ground

state reactants and products:
. 1
sr(5180) + co,(x'sh) A5 srox's") + cox'sh)
L = +0.573 eVv2:29,30°
on the basis of Cq symmetry in the collision complex, coupled with the weak

spin-orbit coupling approximation.” By contrast there are
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symmetry-allowed routes for the chemical removal of Sr'(53PJ) which are
marginally exothermic leading to electronically excited Sro(a3ni):

3 3
A' 4+ 3pn

sr(53p)) + cop(xsh) sro(adrry) + coxs)

M = 0,093 ev10,69,70

This presumably accounts for the relatively rapid quenching raté,
significantly faster than the analogous overall processes for Ca(43PJ)
and Mg(33PJ) [table (5.4)], notwithstanding energy barriers normally
observed for O-atom abstraction reactions for such symmetr y-allowed
channels with this 1linear 18—allov;ed, closed shell molec:ule."'5 The
" breakdown of Cy symmetry in the "least symmetrical complex“17 for this
four atom collision complex would still yield a reaction for the 53PJ
state which was spin disallowed but highly exothermic (-1.893 eV) but even
this condition might be significantly relaxed for the heavy strontium

atom,

Dagdigian and co-worker s32199 have reported extensive
chemiluninescence from electronically excited 8ro i‘ollowmg the reaction
of Sr(53PJ), generated in a low voltage discharge, in a molecular beam with
N2O The emission is complex, similar to that observed in flames containing
Sr + N20 + CO.‘%'ug'100 and the electronic transitions were not assigned
in the beam measurements. Again, employing Cs symmetry in the "least
symmetrical complex" for this four atom collisional complex, correlaticns
based on the weak spin orbit coupling approxJJ’.mation17 indicate
symmetry—allowed; exothermic channels to chemical products arising from
O-atom abstraction for both the ground state and the low 1lying

electronically excited state of atomic strontium:
1 1 ar 1 1
Sr(5780) + Nx0(X'Zp) —Ef5  sro(x's*+ Ny (x =)

M = -3.203 ev10.69,70

t

3
Sr(53p;) + Nx0(x'sh) Jat s 3my sro(a3II;) + Np(x'sh)
] M= -3.118 ev10,69,70

Whilst the observed rapid collisional quenching of Sr'(53PJ) by N5O [table "
(5.4)1, corresponding to ca, one in ten collisions, may be presumed as
arising from the 3A' + 3A" surfaces available for the highly exothermic,

" symmetry-allowed process, the departure from unit collisional efficiency
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is considered to arise from a small energy barrier as with the removal
with Coz.u's Again, as with C02, the overall collisional removal of
Sr(53PJ) by N0 1s considerably more efficient than the analogous
processes with either Ca(M3PJ) or Mg(33PJ) [table (5.4)].

TABLE 5.4

Absolute second-order rate constants (kQ, cm3molecu1e‘1s'1) for the
collisional quenching of Sr(53p;), ca(3p;) and Mg(33P;) by added

quenching gases, Q.

Q sr(53p) ca(u3p;) Mg (33P )

<4 x 10-15
(1000 K) (%@

He <5.5 x 10-15
(950 K) (¥)2@

2.13 x 10~15
(ca. 1050 K) (20)P

2.57 x 10~15
(913 K) (u2)b

Ne <3.3 x10°15 <4 x 1015

(950 K) (%)@

3.33 x 10715
(913 K) (42)P

< 3.9 x 10-15
(950 K) (®)2

3.78 x 10~15
© (913 K) (42)P

(1000 K) (%)@

2,23 x 10~15
(ca. 1050 K) (41)P

~ 8 x 10~21
(793 K) (91)¢
<y x 10-15

(1000 K) (%)@

4.8 x 10=15
(ca. 1050 K) (41)P

~ 8 x 10~21
(793 X) (91)¢
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TABLE 5.4 (continued)

Q sr(53p;) ca(u3p)) Mg(33p )
Kr <5.5 x 10°1° <y x 10-19 < 2.3 x 1013
i (950 K) (%) (1000 K) (#)2 (800 K) (%)@

3.51 x 10~15 6.1 x 10~15
(913 K) (42)P (ca. 1050 K) (41)P

Xe < 3.1 x10°15 >4 +0.3x10° " <1.0x10°"

(950 K) (%2 (1000 K) (®)?2 (800 K) (¥)2

4.83 x 10~1° 6.70 x 10~12
(913 K) (42)P (ca. 1050 K) (41)P

sr(5'sy) <2 x 10~13
(950 K) (%)@

H, 3.7+ 0.4x 10712 6.0 %0.6 x 107" 7.32£0.6x 10713
(950 K) (®)2 (1000 K) (%@ (800 K) (%)@
2.26 + 0.15 x 10-13 6.7 x 10~13
(793 K) (91)2 (800 K, calc.) (30)d
3.4 x 10~13 9.1 % 1.0 x 10713
(1073 K) (43)P (873 K) (25)¢
1.1 2 0.3 x 10~13
(ca. 300 K) (27)¢€
9.5 % 4,2 x 10-13
(800 K, cale.) (32)d
D, 3.0 £0.2x 10712 2,72 0.3x107™ 1.920.1x10713
{950 K) (#)2 (1000 K) (%)@ (800 K) (¥)@

3.5 + 1.7 x 1013
(800 K, cale.) (32)4
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co

Co,

N0

Sr(53PJ)

3.2+ 0.2 x 10~1
(950 K) (%)@

2.0+ 0,1 x 10~
(950 K) (#)a

1.3+ 0.1 x 10~11
(950 K) (%)@

1.5 + 0.2 x 10~
(950 X) (¥ 2

TABLE 5.4 (continued)

8.9 % 0.9 x 10~13
(1000 K) (%)@

1.8 £ 0.39 x 10-13

(793 K) (91)¢
5.1 x 10-13

(1073 K) (43)P
3.7 £ 0.5 x 10~13

(1000 K) (%)2

3.2 x 10-13
(1073 K) (43)P

3.1+ 0.3 x 10-13
(1000 K) (%)@

1.5 x 10~13
(1073 K) (43)P

6.5 + 0.5 x 10~13
(1000 K) (%2
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Mg (33p ;)

4.9 £ 0.2 x 10713
(800 K) (¥%)a

4.2 £ 0,2 x 10-13
(873 K) (25)¢

7.1+ 3.3 x 10~13
(ca. 300 K) (27)2
1.4 £ 0.1 x 10-12
(800 K) (*)a

1.0 £ 0.1 x 10-12
(873 K) (25)¢

2.0 + 0.7 x 10-12
(ca. 300 K) (27)®
1.0 £ 0.1 x 10-12

(800 K) (%)@

1.20 x 10~

(ea. 300 K) (27)€

4.9 £ 0,3 x 10~13
(800 K) (%)2

2.45 x 10~
(ca. 300 K) (27)¢€

2.2 £ 0.5 x 10-12
(ca. 300 K) (37)¢

2.1 x 10~10
(900 K) (71)f



NH3-

CHy,

CFy

CoHy

Coly

2.2 0.1 x 10~
(950 K) (%)@

1.0 £ 0.2 x 1012
(950 K) (%2

7.8 £ 0.7 x 10713
(950 K) (¥)2

1.3 £0.1x 10~11
(950 K) (%)@

4.2 £ 0.3 x 10~10
(950 K) (%2

TABLE 5.4 (continued)

ca(43p)

2.5 i‘
(1000

5.4 %
(1000
3.1 X
(1073

1.9 %
(1000

1‘” i
(1000

2o3i
(1000
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0.3 x 10~13
K) (9@

0.4 x 10-13
K) ()@

10~ 14
K) (43)P

0.2 x 10713
K) (%3

0.2 x 10~13
K) (%)@

0.3 x 10~13
K) (9@

Mg(33p ;)

1.1 £ 0.2 x 10~
(800 K) (%@

2.8 0.1 x 10~

(873 K) (25)°

6.5 + 0.2 x 10~ 4
(800 K) (©)3

3.8+ 0.2 x 10~
(800 K) (¥@
3.0 + 1.7 x 10~

(ca. 300 K) (27)¢

1.4 + 0.1 x 10~10
(800 K) (®@

3.4 % 0.4 x 10~

(873 K) (25)°



TABLE 5.4 (continued)

Q sr(53p;) ca(u3py) Mg(33p ;)
CeHg 2.420.2x10710  6,0£0.2x10°'2 3.,51%0,1x 10710
' (950 K) (%)@ (1000 K) (#)2 (800 K) (*)3

1.1 £ 0.2 x 10~10
(873 K) (25)°¢

a - Dye-laser excitation + time-resolved forbidden atomic emission:

b - Modulated dye-laser excitation + phase shift measurements;

¢ - Dye-laser excitation + time-resolved atomic resonance absorption
spectroscopy;

d - Dye-laser excitation + time-resolved atomic forbidden emission
(single-shot mbde) H

e - Discharge-flow + forbidden atomic emission;

f - Chemiluminescence + single-collision conditions;
(%) THIS WORK
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6. CONCLUSIONS

The previous chapters have contained an account of the kinetic
behaviour of the low-lying 3PJ electronic states of group IIA elements,
namely, Mg, Ca, and Sr, including measurements of the mean radiative
lifetimes, diffusion in the noble gases and collisional quenching. The
technique of time-resolved resonance fluorescence following dye-laser
excitation of the atomic metal in the vapour phase has proved successful
in the study of group IIA elements., Particularly important in these
experiments is the slow flow system employed, equivalen£ to a static
gystem, and without which these experiments would not have been feasible,
The‘experiments performed, although similar in technique and objectives,
presented a variety of experimental problems which, it is hoped, have quite
satisfactorily been overcome by modifying either the techniques or the way
the investigations themselves, have been conducted, In spite of their
chemical similarity, arising from a common electronic structure, Mg, Ca,
and Sr behave in quite a different way in relation to collisional
partners, From the experimental viewpoint, this behaviour is important and,
to some extenﬁ, dictates the experimental conditions and the limitations
of the technique employed. Also important is the reactivity of the ground
1Sd states of the group IIA elements, which constitutes an important
factor for reactor design as shall be discussed later. The differences in
reactivity, allied to the varying metastability of Mg(33PJ). Ca(43PJ) and
Sr(53PJ) have been fully discussed in chapters 3, 4 and 5 respectively. The
objective of this chapter is not to repeat those discussions, although
reference to them is occasionally made, but to consider the behaviour of
Mg, Ca, and 3r (nsnp3PJ) as a whole by comparing results, drawing
conclusions and, hopefully, leaving some suggestions for a future work in

this important and interesting area.
The use of reactive gases in the experimental set up employed in this.
work presents some experimental difficulties that will require a

different reactor design. As has already been described (see chapter 2), a

mixture of carrier gas (helium) and quenching gas passes over the heated
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solid metal and.carries its vapour into £he reaction zone. The advantages
of this flow system, kinetically equivalent to a static system, have been
fully discussed, However, when the quenching gas passes over the heated
metal, reaction may occur leading to surface poisoning. The extent of}such
a reaction depends of the reactivity of the alkaline earth metal towards
the  particular quencher employed and is also a function of the
concentration of the quenching gas. Considering the reactivities of Mg, Ca
and Sr, the latter should be the most difficult to study because of its
rélatively high reactivity. In this study, however, Ca turned out to be the
most difficult element to study due to surface contamination. Several
sample changes were necessary during the experiments with Ca, since the
fluorescence decay signal, due to surface contamination, became too weak
for any practical measurements. On the other hand, the reactivity and
concentration of the quenching gas have to be considered, It has been
.pointed out by Nicks et al.u3 that oxidising gases are more difficult to
use in this sort of experiments. This observation has been confirmed and
it has been noticed that experiments with reducing gases such as hydrogen
and deuterium impose less difficulties than tho§e performed with gases
such carbon dioxide, nitrous oxide and other oxigen-containing molecules.
The concentration of the quenching gas is an important parameter and has
to be carefully chosen at beginnihg of an experiment. As a result of
experimental conditions, that have already been described, the
concentration of the quenching gas may be varied from zero up to a maximum
determined by the concentration of the mixture quenching gas + buffer gas
employed in the flow system (details are given in chapter 2). If that
concentration is set too low, the variation of the quénching constant may
lay within the experimental error. On the other hand, a concentration too
high may result in surface contamination and consequent loss of signal. A
successful experiment requires a concentration high enough to give a
reasonable variation of the term kQ[Q], but low enough to prevent loss of

signal due to surface reaction between the quenching gas and the metal.

A new reactor design preventing direct contact between the quenching
gas and with the hot metal sample, should allow experiments with reactive’
gases to be performed. Two independent gas inlets would be required in
this case; one for the buffer gas which would carry the metal vapour into

the reaction vessel and a second one for the mixture of quenching + buffer
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gas. These two flows would be mixed before reaching the excitation zone,
careful design being required to assure homogeneous composition. In other
words, it is suggested that the mixture buffer + (buffer + quenching) be
prepared inside the reaction vessel as opposed to being prepareq in the

flow line as it was done in the present investigation.

The mean radiative lifetime for Mg(33PJ), Ca(H3PJ) and Sr(53PJ) has
been determined in the presence of all the noble gases and the results are
presented in table (6.1). In general, it can be concluded that quenching by
the noble gases 1is too inefficient ¢to compete significantly with
spontaneous decay at sensible préssures,with the exceptions of Kr and Xe
in the case of Mg(33PJ) and Xe for Ca(43PJ). The mean radiative lifetimes
indicated in table (6.1) as measured in xenon and krypton were found to be
consistent with that observed for He when quenching by these heavy noble

gases was taken into account,

TABLE 6.1

Mean radiative lifetimes for Mg(33PJ) (800 X), Ca(M3PJ) (1000 X)
and Sr(53PJ) (950 K) in the presence of the noble gases.

Gas Mg(33p ) . cau3py) sr(53p )

He 21 £ 0.5 ms 376 £ 27 M 24 £ 1 ps
Ne 16 £ 1.0 ms 294 £ 22 ws 27 £ 2 ps
Ar 19 £ 1.0 ms 378 + 31 ps 29 % 2 ps
Kr (21 £ 0.5) ms 264 £ 5 us - 28 + 2 us
Xe (21 £ 0.5) ms (376 % 27) ms 29 £ 2 ps

The quenching of Mg(33PJ) by krypton and <xenon, albeit very
inefficient, can be accounted for by the greater interaction with these
two heavier noble gases as seen empiricaliy using the atomic
polarizabilities, making collisional removal more efficient.
Alternatively, this can be expressed in spectroscopic terms of the change
from Hund's case (a) and (b) for the lighter noble gases to Hund's case (c)
for éollision between the metal atom and Kr or Xe, facilitating
non-adiabatic transitions. The same argument may be used for Ca(H3PJ)
where collisional quenching by xenon was detected. The absence of

noticeable quenchiﬁg of Ca(u3PJ) by krypton is more difficult to detect
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due to the shorter radiative lifetime of Ca(43p;) compared to Mg(33p ).
For the same reason, quenching of Sr(53PJ) by the noble gases is not
expected to be readily observed and certainly would lie within the

.experimental error in the type of determination employed here,

The quenching constants determined in the présent study for Mg(33pJ),‘
Ca(M3PJ) and Sr(53PJ) are presented together in table (6.2) in order to
compare them. For the sake of simplicity, the experimental errors have not
been included. The errors can be found in the relevant chapters and are of
the order of 5 to 10% when taken as the standard deviation of the

computerised least squares analyses.
TABLE 6.2

Absolute second-order quenching constants, kQ(cm3molecule'1s_1),

for Mg(33P;) (800 K), Ca(43P;) (1000 K) and Sr(53P;) (950 K) by added

quenching gases, Q.

Q Mg(33p;) ca(43p ;) sr(53p )
N, 4.9 x107'3 8.9 x 10713 3.2 x 10-1
Hy 7.3 x10°13 6.1 x 107 3.7 x 10712
D, 1.9x 10713 2.7 x 107" 3.0 x 10-12
co 1.4 x 10~12 3.7 x 10~13 2.0 x 10~
NO | 3.2 x 10713 |
N0 8.9 x10713 6.5 x 10713 1.5 x 10-11
€0,  1.0x1072 3.0 x10713 1.3 x 107"
CFy 6.5 x 10~1% 1.9 x 10713 7.8 x 10~
chy 1.1 x10° ™ s x10713 1.0 x 10712
CHy 1.4 x10710 2,3 x10713 4.2 x 10710
CH, 3.8 x 10711 1.4 x 10713 1,3 x 1071
Celg 3.5 x 10710  6.0x 10712 2.4 x 10710
NH ) 2.5 x 10713 2.2 x 10711

Inspection of table (5.2) shows that, for the collisional partners
studied, Ca(H3PJ) presents the lowest quenching constants while Sr(53PJ)
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appears to be phe most reactive of the three elements which have been
investigated in the present work, Quenching by spherical molecules like
CFu and CHy is very low and may be contrasted with the efficient quenching
by hydrocarbons, specially benzene. In each case the collisional queng:hing
may occur via chemical reaction or physical energy transfer, Whether ‘the
queﬁc}'{ing is chemical or physical, remains to be decided, although several
.individual cases have been discussed in detail in the previous chapters. A
study of the collisional quenching as a function of temperature would help
t‘o decide which type of quenching is predominant. A study of the
collisional quenching of Mg(33PJ), by Hy, and D, as a function of
temperature was presented by Breckenridge and S’cewart32, but such studies
are not yet available for Ca(M3PJ) or Sr(53PJ). Another possibility to be
considered is the identification of the final products in cases where
chemical quenching appears to be the exit channel. An obvious example of
such a situation is the identification of MgO, formed in the reaction of Mg
with 0,

A natural continuation of the present work is the study of quenching
constants at different temperatures, in order to d;etermine energy barriers
which provide further information on the course of the collisional
process, While changing the temperature, of course, one must bear in mind
the minimum temperature below which the vapour pressure of the alkaline
earth element is too low to allow the atomic densities, required for
detection of the resonance fluorescence signal, to be achieved. On the
other hand, as demonstrated for Sr'(53PJ). radiation 'cr;apping may occur at
elevated atomic densities even for such a forbidden transition. There is a
practical limit to the temperature range that may be used in this kind of
investigation and this is determined by the vapour pressure on one end and
by radiation trapping on the other. Nevertheless, thév temperature range
over which the experiments can be performed is wide enough to allow a
study of the variation of the second-order quenching constants with

temperature,

-

The study of the kinetic behaviour of group IIA elements, even-
restricted to Mg, Ca and Sr, is a broad field of research which can not be
completely covered in a set of studies as discussed in the present

investigation, In this work, although 1limited, the technique of
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time-resolved resonance fluorescence following pulsed ’dye-laser
excitation, has been developed and extended. The success of such a
_technique has resulted in an enlarged body of collisional data for the

‘low-lying electronic states of magnesium, calcium and strontium.

Before commenting finally on this technique, it is useful to examine,
‘briefly, other available techniques for the purpose of considering further
work., The beam techniques, althéugh very detailed in its results and
allowing studies of energy distribution among reaction products, are
limited to those cases where products are susceptible of detection, such
as chemiluminescence and laser induced fluorescence. The phase-shift
technique is model-dependent and may, as in the case of the noble gases
(see chapter 4) lead to results which are wrong by sevéral orders of
magnitude. The studies which have emploved 'f‘lames are characterised by
being mechanistic by their own nature and the measurements of mean
radiative lifetimes and collisional quenching do not constitute their
primary goal. The standard time-resolved absorption spectroscopy
techniques, following dye-laser excitation make use of a static system
which, in turn, presents severe problems of surfacAe contamination of the
metal, Furthermore, because the observation zone is very large, compared
with the one employed in the experiments that have been described in this

work, diffusion .can not be studied,

The technique that has been developed here is based on employing a very
small reaction zone coupled with the limited light gathering power of a
small monochromator attached to the photomultiplier system, Diffusion out
of the observation zone, which is that fraction of the reaction zone which
the monochromator is able to sample, may then be studied in those cases
- where its effect is comparable to the spontaneous decay rate. In these
cases a noticeable variation in the rate constant k', as defined in the

previous chapters, can be recorded.

The flow system employed made possible the 1investigation of
collisional quenching by a variety of collisional partners including;
diatomic molecules (Hy,, Dy, N5, CO, NO), triatomic (co,, N>0), tetratomic
(NHB)' hydrocarbons (02}12, Colly, 665{6) and molecules with spherical

syruetry (CHy, CFy). The study of 0, was only possible in the case of
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Mg(33PJ) where the quenching constant was determined for 0, as an impurity

of argon (see chapter 3),

It is believed that the teghnique can be extended for the study of
collisions with reactive gases, provided some changes are made in the
reactor design. The development of the gating syétem with variable gating‘
time ahd taking advantagé of the pulse generated by the laser unit (see
chapter 5), allows very fast quehching constants to be measured, Further
improvements in this direction should permit metastable atomic states
with even shorter radiative lifetimes to be brought within the range of
the present technique. This would include the study of optically
metastable atomic barium [Ba(63D1)-—>Ba(61SO) + h, gA = 7.6 x 100 513,12
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APPENDIX

Electric diagrams of the current-to-voltage converter and pre-trigger
photomultiplier gating systém. including the monostable pulse generator

and the gating circuit.
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